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| NCREASI NGﬁMW"lHWMMO\I OF ETHANCL FROM M CROBI AL, FERVMENTATI ON FI ELD OF

| NVENTI ON The pﬁﬁ&gnt invention is directed to inprovenengs JAN 2005r obi al
fermentation nethods for. the production of ethanol from a gaseous substrate
contai ni ng Qo d.A8/k one reduci ng gas using anaerobic (or §&gedykasiive)
acetogeni ¢ bacteria. BACKGROUND OF THE | NVENTI ON Met hods for produci ng

et hanol, anong ot her organic acids, alcohols, hydrogen and organic acid
salts) fromthe mcrobial fernmentati on of gaseous substrates to in nedia
containing suitable nutrients and trace mnerals using certain anaerobic

bacteria have been discl *'. C g DEER %g the inventors
have previously disclose - ?A‘B- I&o uced into a
 bi oreactor containing one It eria that

utilize the waste gas (h%gl‘%onents by a direct pathway to produce a desired
conpound. The cél Q.E . _EIgI@@'coyered fromthe agueous phase in a separate
vessel or vessels) Ufhd jrgleRdninfdH it 8PdcRd S FR SV AR MR- fenarAPOUNd
produced. Exanples of recovery nethods include extraction, distillation or
conbi nat i onsS t hatedwotls fos theprotuctiant dfietharal fromeaassesny subsir#te gentainpeatdesst eri a can
be renoved from ph nd_ o \areactor to

mai ntai n hi gh cé)?\?%ggﬁyc%g#?g?? %%gr,ogl'? ﬂ%rs&%%v%dazc%%ggﬁfg 'ltjeglta ivity. Cell
separation, if 20 desired; is acconplished by centrifugation, nmenbranous

filtration, or q i exanpl e, International Patent

Appl i cation m.%ﬁéﬁ%&%%ﬁﬁ@&%@éﬁﬁuary 8, 1998; U. S. Patent No.
5,807,722; U S. PateMetiNas fo? pRATciBSEnABH aldons: ot loBstnicNeids 21Bhdls, 111. I n
addition to its nmgjor pr oducf, acetic acid, strains of the anaerobic

bact eri um 25 O dwéiogei 3ndorgapigaeid saisi from the migrplialifermentafomelatsrons BoRE as a
product in the g LOROf o6 ; [ U 0880 abishicand car bon
di oxi de (colgl. %ﬁg‘%ﬁﬁg%'ﬁ{é‘?‘?%%ﬁg?‘pg@gﬁ%%gﬁge‘%@%‘é@gﬁ “and et hanol ( CzH50H)
from CO COZ andabterimhaye btrnwiscloyedtblyehesoinkanirn gF an\esaraple, the ioventtrohaveri c

equati ons: p ~ JAN 200 108438 .PCT/ USQ1/ 2 + H20 CH3COOH
+2 CoZ(1) 4 HZ preddiiaRscit gte $asi“‘i5f,“ff€%e gt bk D S0

Q02(3) 6 Hz + 2 dfiningoncdHNEH straids 6i2A44dbiSRerriathatutiizp kigrwasetgasi ns of C
jurlgdahlii include strain PETC (1J.S. Patent, No, 5,173, 4%?%«: st ra(Ln ERI 2
(LJ.S. Patent No°OmpoBYMsbygglrectpathaiay if paduce efesifat comeynd-uInEompgidh | -, To.
6,13 6, 577)s Thes&estidhilfe %ﬁo&%&e%@ﬁhrﬁﬁ@eésg drRessOERItlifiAda duiRsle Cul ture
Col l ection, 10S01 Uni ver5|dté oul evard, ntissas, VA 20l 10-2209, under
Accessi on Nos.: B538® mfthedier thy commendiprody@s SExamEeas pecosay gethodnidclsdnsg 10
respectively. Ea t e Skl al f ' L oo helb&s)

gram positive ba‘%{areaﬁol? ma%l?ﬁgngérgégﬁﬁn?\tg “%ﬂ‘ggggt@ %%%’Jeef?%i%%cn[}gf eotide
content of about TiDbanelietén bEhesered fomehd auersie phase and erycladfto thelbiareagtas$o f or
grow h, but not nethanol, o |actate. These.strains, dif.fer.jn their .

tol erance, speci FFE"Y: g’hcﬁ[l QWC‘P(H’&‘QES’ &Ham%n@gingip&od&%\a{yctqel}!s%pla %gf?ﬁ’llﬁot he
“wild" straigs fesnel; iTacBehpikiRd byfééd{riﬁﬂ];zitffoh,ﬁnéiﬁﬁﬂmﬁé filradsh) of bther technihbesnot ed.
Strains of C. jingdahlii operate ideally

) at 37C__and %&l cal l g_sggcgduce an
ethanol to acetyBeg forexanph, dMernationnlPatest Applination do. SFORWAeHIPHPlishedt i ¢ aci d
and acetate salt dikek. 17&L bReS N2 . Rags. 5493aR@hnders. 20 parts
acetyl) in the "\?\%nf@&(gé'%%:s’eﬁ%g%gﬁgﬁo' g’gg%é%fﬁ'caéf%ﬁs are’typi ca?l y only 1-2
g/L,. Wile thisPabntiNd.\$,82b1pr.oduce et hanol is of interest, because of |ow
et hanol productivity {he,.w]d' bacterja capnot, 20 . - j.cally
produce ethanol on a %‘oﬁﬂ’g%ioéfs rﬁaé%rip&d”gﬁf il '?’rfcrln%Pgﬁﬁ?e?#gﬁgna%r@%ﬁ%g‘?gﬂngn t he
above-nenti oped Closrith@f Giklgduhistafedbltao BRY proberrthisclds b rqiucdude et hanol and
acetyl with a product ratio of 1:1, (e&ual arts_eth noL and 'SC@@Q)T but
the ethanol conc&ATYEERINGH c3raon rerexids § OEGJYCBPSP,“ () and geroeh dpxife &l sThey | ow
productivity, bel oy, 18 rhd@Y acili ICALYAENUG Sthdol (G HSORPEbIICO,ICO,aRd B Sue,
25 primarily due pt out h(—‘? rel at ia(\:/lgr?/ hi gh )( S-10 g/ E)zf.l?:ongent ration of acetyl
(2.5-3g/1, nol ecareshownby ihe fellowing dvaralt shelshinmetrio aquations:t he presence of
et hanol. Furthernore; as the gas rate is increased in an effort to produce
nore ethanol, the culture is inhibited, first by nolecul ar acetic acid and
then by C0. As a result, the culture becones unstable and fails to uptake

gas and prod mm“wm“wmﬁl product: Further, early work 30 by the inventors
showed diffim ucing nore than a 2:1 ratio of ethanol to 2 05
JAN 2005 acetyl idaomrsteady state operation. See, e.g., Kl asson et nl.,

| 990 Applied Biochem stry and Bi ot echnol ogy, Proceedings of the 11" "'
Synposi um on Bi ot echnol ogy for Fuels and Chemi cals, 24/25: 857; Phillips et

al ., 1993 Applied Biochem stry and Bi ot echnol ogy, Proceedi ngs of the 14"
Synposi um on Bi ot echnol ogy for Fuels and Chenicals, 39/40: 559, anobng




1o addition of reducing agents, pH variations, and the addition of
exogenous gases. See, e.g., Rothstein et al, 1986 .1. Bacteriol.,
165(1):319-320; Lovitt et nl, 1988 J. Bacteriol., |170(6):g809AN Dagger zadeh
et al) 1996 A@?" M crobiol. Biotechrrod., 4G 176. There remains a need in
the art of tH8 HEHH i ng of industrial gaseous substrates, p&/idigaly ity to
extract valuable commodities fromsuch gases, particularly waste gases,
such as H,, CO and COz. There is a need to enhance the production of
et hanol relative to the production of the other products nornmally generated
by the fernentation of such gases by acetogenic bacteria. SL;Y OF THE
| NVENTI ON 20 I n response uqohe ¢ e present invention
provi des' novel nethods which ar%%rﬁ}gﬁégﬁseirgpégzy state nmet hods and
which may result in ethandifcoh€st} EHGOGHgr2HI@R) t han 10 g/L) and acetate
concentrations | ower than ty 8+ : | ontinuing to permt :
culture growt h and good Cl?m%g %@%ﬁ%ﬁ(}ﬂ\%&@@ aspect, the invention
provides a stable conti nuéd$ neCoer fOH,0H edugjopg) 25 et hanol fromthe
anaer obi ¢ bagterial fg@rment atilon of. a gaseous substrate, the nethod '
conmprising: cul turing 1 noa FBPAYAN o divsgdadli oeludastraindETOWIS. Pacat ogeni c
bacteri um whi ciNo.s5, 7apiab); etroif ERIPAVSI 194 4 i, qui ut r,i_ent

o (et EN B Ll Bl apE 5 5.

medi um conpri si ﬁJ Ci uw pant ot henate and at 'a ess
05 JAN 2005 supB?{# G oMl 1P % 10D e Bessostrainsiact @els deposited bt MateticzOIyE| Si Ng

car bon nonoxi de;Cwfiee ORleBlhicH Mo e cium.pant ot henate in said
bi oreactor at an anount "ot 0. 5@0%%@%@P%ﬁ§d’§ga'ﬁfvs’e‘g‘flZ%E)lfo'%?é’@t‘éﬂdiela
produced in sai d*6PBEANSeH53BriformeinATCOING 4D587) 3850, 5503sT Ades 50§ CO upt ake

in said biopgact n f.at .l east 0.5 mol gramcel |l dry

wei ght of bact e:;a %f%rvﬁ%t S?‘Hpm?ffgb%ﬁwlfggf 6 Dagdahil i aRragaielic, Stimapasiiven sai d
bi oreact or by r édteiivmg withe guedexandel@8hé &+ C)HuclbOtak ' 3 H TO
NAD(P) ratio, i Ry heb fer.nment ati.on b??t h gﬁ e)r ga{)}gie%g@%@%%%g% T%Eé"a
stabl e cel | conceéntrAtieghuiet Raely obpubstsates for grofitle butae triethamt brllaétatepr oduced
in said bior eactTheseitraids SRREAMLGAEH ! an e gLl free acid, said
et hanol is produced at .a product_li Vi ?@e‘g};‘%a%’z‘?ﬁégaasﬁpgk&#ﬁf aB‘i?peff ¢, and
wherei n both et REYFIERY. deteanddastein faod deshtirs, varf IREBABE frodudabish i n

sai d bi or eags or pgfeda st fy; | t cetate from1:1 to 20:1. In one
embodi ment of this rretrﬁ%%j?f(t? lﬁ’%‘%ﬁ?’gﬁ?%ﬁ? ﬁﬁﬁé’ta@& Cnedtyrically peoduge avor e of

the fol | owi ng stedpaol terheatyli(ing whichirefars to BSIR B AHBESar S&kE S8 shd 4.0t he
group consisting i ) nutrient feed rate) aqueous

i ent di contents
feed rate, oper a?l%@%g?gets%ttﬁﬁ%t p%ﬁ@r?@“ﬁﬁ?“@asmﬂsamxl)riaﬂ@ “eald? ent s,
gas feed rate, BerarEthaibl @hciit@tibnsagd ikl L& o1 Pr Labibition step,
cell density, ang s(gbs‘#r.at e inhibiti ottr}{.gl Iﬁ%gﬁca)itﬁg/rl" éﬁn@%ﬁ“ﬁ%bﬁlﬂyg? prpﬂw
met hod, the maniCPBIAL] Hgnieicetpbecavssof basetbanplprgduntjvitycths “ivith” bhaetaahest sai d
gaseous subst r abe us@pebdoRttalli [.n as, CO . a desired rate of
uptake. This rate is o_lesi_roablayy rogl?n&%%ngé’gfcﬁmdcﬂ%gﬁfsam of dry cell of
bacteria in said bi oMathdrioes mitnant manipMatyﬁttheaabBué.EnbﬁronééQﬁfﬁk:ﬁd&ﬂﬁ?sth{ﬂr}éenti on

u

provi des a meth i i t he mani pul ating step of the nethod includes
feeding into sa?gvef%?')(rr@egr? g? P r8§u%eie(r§}fa8§@f‘ Fcegﬁwhﬁ%?quétrﬁatlmﬂﬁihfﬁqadmpmsi ng a

limting anmpunt ething etxhhdetyl)Destith@dthahol ddREenfaBAHE ]eggth&pmudgg‘aél Iﬂﬁg range of

from5 to 100 ugesglggag%gégns_ of dry cell of bacteria
sai dbi or eact or . i BY VA YsiemoblgB: decTinsgditio aduee stabiliayistah éssue,

embodi ment , 25t he primbdtgdudfo thORe14tMIG Riak P81 1 es pLevent | |} mation of
said bacteria in sai g bi c_?r eact or ?g&"s‘g?éb g’%g%@g at‘858§7cf{g'gg;'ascﬁ:gg/#1t ai ning a
const ant cobal t MogRElaNele acih) impemtiukitios ith theqneseqve offethendp aF . RefneSrs asSUCh as

gas rate, |iquigsr adi jon_rate and gas partial pressure.

Addi ti onal opt i g"r?aﬁ% gditee%%l%‘%g dﬁ‘éé %W&H%‘Ei;ﬁW[&Fé"aélelbf}‘é&tﬂiqﬁ@lsan@aﬁl e of
the broth to cefitst by mgketilaracttic 22id didmehey €. | £ AR ﬂw%ﬁurgpéc%m% ography to
noni tor the naig%gﬁﬁnc% QEﬁthe ati o and/ or ppqducth|ty val ues. I n anot her
enmbodi ment, t he Pt RotIdgisse PRtake gas aed prgducs additionphpreducs. Eurbist, ratlewark anpunt
of HZ in slioght bp#eesenfs shbBReSbidi G L unt for ethangl to
production. In sfill anot her éﬁ%gﬁﬁﬂéﬁgﬁ&@héggggﬂﬁﬂéa2&6§P#§F§“?ﬂf?her
conpri ses an anount of COin slight excess of the anmounts required by the
bacteria, wherein uptake of HZ by the bact®ria is inhibited and the NAD(P)H
to NAD(1') ratio in the broth is increased. In yet another enbodi nent of
the method, a step is provided in which 15 inhibition by nol ecul ar acetic
acid is reduced by increasing the aqueous feed rate when the nol ecul ar
acetic acid present in the fernentation broth approaches or exceeds 2 g/L,.
I n anot her enbodi nent of the nethod, the mani pul ating step may include
agitating the nedium bacteria and gaseous substrate in the bioreactor at a -

. ~ R . o o o -, = .



0 5 JAN 2005 WO 021 08-t38 PCT/US01/ 23149 In anot her enbodi nent of the

met hod of this invention, a two stage CSTR (bioreactor) is used which
consists of a growh reactor which feeds the fernentation BrotANt 2805
production reactor in which nost of the ethanol is produced. |In another
aspect of the invention, the nethod described above includes the optional
steps of recovering ethanol by renoving the fernentation broth fromthe

bi oreactor; distilling ethanol fromthe broth; and recovering the ethanol.
Additionally or preferably, a sanple of the broth is subjected to
centrifugation to elimnate cells; and the maintenance of the ratio is
moni t or ed usi REEtYHB 2eKkRrGhette gperptign. Jen esg.iKlassametdied 9¥WsAmwdied t he net hod of
the invention ggy.f.. - ny 0 additional.gtep of recycling water
(containing up to’e}éﬁ%}u E’gggg({}%h?wpg’égr?cﬁ%ﬁ sﬁgﬁgﬁlp%ﬂ%@fuimo ! back to the
reactor so thaiotachnelpgy farfuelsnmd Chesicad) 2ivalicgb 7bRRiNpes o hEooetdpaingdd  and
acetyl in theoé‘.ezctor. A3 a i[]%su}gt, nmore of the ), COz and HZ fed to the
react or and cdHCBPYEEYEE2 Biderinee ﬂ’gé‘lﬂe?cgnﬁsﬁfgleﬂén&mbqsmi on. O her
aspects ansl ada&atla&ra@@%yﬁrftuhg aRdl EREfHkald, BYADL$50NaRE My SiRFCr i bed further in 15
the followi ng detailed description of the preferred enbodi nents thereof.
BRI EF DESCRI PTI ON @érangemuphengfdas mengs degcribs the use hbanatrotic Hictagieather
illustrating gu&ont i i j r eppv
according to ? kﬁf‘?lyﬁ@gﬁﬁéﬁﬂl seohesaaéhu‘g%%?a gggml&c};l}log C?‘gg’ﬁ‘% gbpﬁgégﬁdynutri ent
medi um 2 are fl&dotpooducosodentsordn 8n etemppitcprogide high giakls eféthdnal; & earieat of20

culture. Conversion of the sequs, .Substrate .to et hanol and acetic acid
Cakes pi ace | PeCHE BT BMEev R e Rngtdeganer s PG Ua G teher ¢ han
C0, CO and Hadaiidn bheonsiey dgeets B vaariomNthdihe AddRBnkf @X R Easds. a8eR, Vent ed,
combust ed as fuel flared. Wth cell recycl i d effluent 5 is sent

0 h _ e, liguid e
to cell separ zft?()’rR‘éI:‘W’iéF@lt Pﬁ=§5c/e1BF'€‘e’701-aﬁé5(ilé$]I9-'3?10é%0¥5%ﬁ4ﬂfﬁa}c9§3Ef- are
separat ed. - Celparefioht Prof@isobafel:udhlePAICR,oP 1ADIL R HRBLATRALC B 15 sent
to product recovery. Ethanol ’can be recotere Fr’omthe'per meateé 8 (or
alternatively 46ldf the effluent 5 if cell separation is not enployed).
Perneate 8 is separ I istil.latign.colum. 9 to.produce 959% et hanol
over head 10, and vva@éér%qﬁﬁ?%% ﬁéreéiér;/c eeaptt%@\? hf“ga?lﬂ'?’8£1§g\€sfrggga:§?°ufﬁuebsggt%et hanol
overhead 19 i shsahility toexract @uaBRNo2@38itiYIrékR sichGade3 RaRicllakkp01dt 2 Zdkd
nol ecul ar sieve 12 re drous ethanol 13) the desired_ final. product;
i s separated stf}}ﬁsﬁgpea”ggﬂj;n ere4s pged ko PR ihe HRRYCtioR ok sangl sti |l ati on
colum 9. Fi g.relktivetoaheSsrb@itibh 6f thedeePPRolct@n el BdeAtBed 6P el NUOUSI Y
stirred reactor (CSTR) system for inproved culture stability. G owh stage
CSTR 1 is fed feimsniatiomplfughezses binacsingerie battegias 3 from the Production Stage
CSTR is fed to Gowmh Stage CSTR 1. Production Stage CSTR 4 is fed a fresh
gas feed 5, and fresh nmediumfeed 6 as well as culture feed 7 from Gowh
St age CSTR 1. SCBVIMARS Wi BB INYVENSEANt o get the nost production out of the
R TR g LAt L Nt A T F A
fermentati on biettidds ivhichaedoatthons sty stitdabthelis shd Whish AP raie@deianorand i s
recovered as anhydrouys ethanol as in Fig. 1. DETAI LED DESCRI PTI ON OF THE
| NVENTI ON The SSP&SEAYOTS lasHY than 10/8flo prdasetaretcrpreatratipns fopisr Bamehogb$-d0
fermentation qf ‘ r o BEVL AL Of educi ng gas,
particularly t e’gglggggﬁtéﬁi}%ﬁggﬁspngﬁceﬁag %?Voehrr% 33%?4 %ﬁtﬁfﬁ/asgat%@'t%nd synt hesi s
gases (e.g., CO O, 40 d iRvéntiBnolidesd\ed% dBRENBESmYthEd fr F&)B@cﬂ%t
producti vi %I es greater t%an 10 g/ Lday by manipulating the bio ogl cal
pat hnays 67 t lstharalHioathe tnaerobicibacterih Ermentaion obp sasreusispsEptei thhmetheses an
abundance of NA 5})5% over NAD(P). The oxidation of NAD(P)H to NAD(P) causes
acetic acid produced by the culture to be reduced to ethanol.
Al ternatively, 20 6Gulisingine frogentstion bigieacior eHeEPRiR: asttosaniftbagietit®nt r at i ons
of ethanol in_ gt J i 4 RliSed i b educi ng
t he redox pot ﬁﬁhﬁ&??ﬁ?h@r?ﬁ{c%%ﬁﬁlgﬂa girlu(;% ﬁl{ltﬁ%{{rﬁg% fe lﬁ?r%@?@ﬁ%t%ﬂ% acetic
aci d to et hanobntotiénaterand At of lesstihan abputdrX i on pr oduce hi gh et hanol
concentrations (i.e., greater than about 10 g/L, and preferably greater
than about 15 g/L) and | ow acetate concenfrations (i.e. |ess than about 5
g/L 25 free acetic acid in the bioreactor). These nethods al so maintain and
control nmethod conditions for continuous ethanol and acetic acid production
to help the system



recover rapidly from nethod upsets. Further, the nethods of this invention
hel p prevent culture acclimation to | ow nutrient concent ratﬁtwbﬁg can
be detrinmental to 0 5 JAN 2005 w0 1l 2/08. 138 PCT/ US01/ 231

performance, The present invention provides a viable comercial nethod for
et hanol production. 1. Definitions Unless otherw se defined, the follow ng
ternms as used throughout this 5 specifi cation are defi ned as follows. The
term "conti nuous met}h:l asrée er % Q 8 resr mcgt%tl on net hod

whi ch incl udes cortf Mﬁ'ﬁsoﬁtﬁl?‘?rghctmrts@ 4 gaseqisY th lt"% EEEPM product i on in
t he bi or eact omonozitle] andenoval (or pur ge) fromthe bioreactor, and product
renmoval . This continuous fe val s or cel ctlon cur in
the same or in di fPEPEHMES! c?lfelgh%antoi“eg%htnlSﬁ@(?uosrgaﬁ{r)oceagsamro %%d’?l P g(%l n the
achi everrent 040 ji/ghaclydr tel of badtérdi produded ihissid Bedacior; aldy " st eady state” is
meant that all of these ne sura | e V%{é(?bl %%SI (g f eed rates, fubstrate
and nutrient conceMPPRININETES SPEFIHE B pptehgdn pridPiRueagioy at an.apquint of af

concent r at i onehgno 5 AEmAICT/gamicen daivkige bl bacef@walutd;r om t he bi or eact or,
product renoval from t he anr eact or, L‘i%wel I Sgecondl tional bl es such

as tenperatures antyherein sgi ?W@ﬁ“ﬁ?‘%p srkin 3¢ bigtrastot yred “Wéﬁetré % "gaseous
substrat es" agotdhtield o i@éredshg TRANADEOHAONAD(IG@ut) th the-feriédfatdan Broth aftepr O,
COz and H2, optjonally m xed th ot her el enents.or conpounds, .including

ni trogen and ¥ basicE? P?‘i“eé(ebaaﬁgéw &%eﬁatgﬁwa@@Sﬁ?r%&?ﬁ%‘g § ncl ude
gases gr str emh Aceg\'ﬁi sgia badrealctoyac eficaﬂnbéjltrﬁtﬁinﬁﬁﬁdthﬁlﬁ gbIJ‘f&ldl &blﬁdsatdastﬁahg_ f
at nosphere either, 20 direct or t onbystion., I n sope._enbodj nents o
thi's met hod t HETuesda P@dﬁ%‘%ﬁ&%@“&@%ﬂ?\% 25, ol ?E%FHE‘&H?%?# s of
this method, ideRtOASHOUT S HISTeFRintitiEOBIdH if e5id Gickaaticht kiZatiolof ethbiridl to Ot her
enbodi nents, the gaseous substrate conprises CO and H2. In a particularly
preferred enbMFaFFei?ﬂm R Q;éseous substrate conprises CO, CQZ and Hz. Still

ot her substrates £ ntioned
above and at Ieas?fnoéﬁggagémﬁ ?%lhddn%é&%é’%ﬁﬁ Stgn ‘38%%;%%; us such
subst rat es i nef theéliabvirtg steps: cahmwgm Ieesn@hb yarkeéter seledtet! romsthé grpngas” or

synt hesis gas_from t ation of car product s cl.udi ng net hane),
as vel | as wa%?"é‘sgl%s‘ré}?‘“ FB%H‘%‘F%F?‘EW BH""‘F‘HgiFéltr?tFaarquﬁ%Fl(ﬁfgsa ®The term

"reduci ng gasbpdringpresird spein® Pl Nzatdou®subkidate &dtténfﬂﬁﬁw'fé@&@te an 30 am)u_nt
of reduci ng ggs greater than that required for growh of the bacteria" is

nmean s e beeiyagisatignratg e 1@@@[‘1’7%@ cell depsipyhand syhBARR  of
reduci ng gas inhdttiogxceeds the anmount that the bacteria can use for growh
or nmetabolism given the nutrient nediumingredients. This anount can be
achi eved by i ncr eabi angthehembedimentrofithis rr@fhod,etdumiamigulgm stapmom?rismduci ng key
nutrient ingred eFr excess % w t hout
i ncreasi ng thggdé)gsﬂr?gst 8r3§lg %p%tgtroegas'? %aée%uﬁéubrsgotg °8’i‘"p” x‘gﬂge’l’elﬁ"\llcgr(}:iléat% éﬁh
bacteri a. V\heat atmlrbchmteedsﬂu@taaé eTRX oSS desirablyRoR Or?edm:mmgl Q@granhafdryequi r ed
for gr owt h, e%ﬁ%terla r@@ ond b i ncreasi ng .the produci ng of ethanol.

" Subj ect bact é?l agieRa Yo ?ﬁctf”&t'ﬂi‘éer obic (or facultative) bacteria,
which are able to %Pfh\f%t&nﬁépas%@ét 86 Entioh ptdztdepym%dtmmcmbanol and
acetic acid products. to Useful bacteria accordind to this invention
i ncl ude) wi t honanipulating step @frthe metpd)glelndestfcﬁdlngvmto|saldﬁ§felt=rt$§i&@tbe?rfﬁ¢qbﬁf woodi i,

B o BRG] S s AP B Ml paher 1 m

ace vl T8N oace
Errbcrcterirr rﬁfbbﬁattﬁmlajrﬁ@e)ofﬁonj Mo g0l ak cbbalt/gindsDf doy cqlirofyatesrhl i1 El u2, C.
1 rntgdalilii jungderlrlii O SZT and Pept ostreptococerrs pr oduct us.
Ot her acet ogerﬂf%dufgj‘ér?&‘étbt%?aét%acter| a are selected for use in these
nmet hods by one of skill in the art. By the term"m xed strains,"” it is

meant a m xed culture of two or nore of the subject bacteria. Such "m xed
strains" of the bacteria enunerated herei nabove are utilized in the nethods
of this invention. The terns "bioreactor ' "reactor," or "fernentation

bi oreactor,"” include a 20 fernentation device consisting of one or nore
vessel s and/ or towers or piping arrangenent, which includes the Continuous
Stirred Tank Reactor (CSTR), Lnnobilized Cell Reactor (ICR), Trickle Bed
Reactor (TBR), Bubble Colum, Gas



lift Fermenter, Static Mxer, or otiter device suitable for gas-liquid
contact. Preferably for the nmethod of this invention, the fernentation

bi oreactor conprises a growh 25 reactor which feeds the f@E§ i 2005 on broth
to a second fernentation bioreactor, in which nost of the product, ethanol,
i S produce®o ®2Ma438i ent nmedi um' is used generally to descpébhesogRmignt i onal
bacterial growth nedia which contain vitamns and mnerals sufficient to
permt growh of a selected subject bacteria. Sugars are not included in

t hese nedi a. Conponents of a variety of 30 nutrient nedia suitable to the
use of this invention are known and reported in prior 0 5 JAN 2005 1Y0
02/ pf 3~38 PCT/ US01/ = b ions, .including those ofthe j.nventors.
See, e.g. the nutri gﬁg‘“&ﬁ%eé?é%%ﬁ‘%1 tﬁ%’“&%‘&%?#%&ﬁ“’ ‘°FH}°§H"F\H'F‘§HQ3 Pat ent
Appl i cati on No.acule8iod @5 & bacteSa irRaldeidredNtor tdsaBDamol@Rof dobsh byRadigtatninko.

5, S93, 886, and U, S.t Ptatgr]t No. 5,821, 1%1, .as well as in the publications

i dentified aboVSOMHRRSPRHePnER Rtien 490 édiutiing ong @i meie Raragetefpuchps gas ‘

| aborat ory nut ria@liquieeite) B3ifa8bn ACELIRTE ggiggﬁ@g;egﬁrg_rom 0, C®2, and HZ
contains 0.9 ng/L cal ci um pant ot henat e. wever, a typical |aboratory

nutri ent medi um f or Additipnalioppersdistensiof these meth@®inobniz sutjeting & sanple cfiths 0. 02

ng/L calciump . JLi qkimting substrate” or Slimting
nutrient” defi ?gggttggﬂg%%ﬁact;eghitﬁel%'ﬁéﬂ%ﬁet“rsFrgntf’g ﬂ]rﬂﬂﬁﬁ&raﬁgstgm?g‘t%ﬁglst rate
whi ch, during bagotendna¢ ofttht tativendfoopbductivitytvares.o bi oreactor, is depleted by
the culture to a IevIeI V},gich n@ Ion&er %Bports sfeady state or stable
bacterial growh in TROBIEFRIGMER thametiof ferpprisgteedingcasehe gasee nut ri ent
nedi um or gas sdubsitat@ireantdudt SfTHLSn BIgBE&REss bNh8 ¥ORFRmMeARANBL/R for @Rmbi M ting”.
The evidence far linmitation is that an increase in the rate of addition of
the |imting subietycHpr Instll angtherembodimenti hpgasprisdubstiate fathegsampriserr ate, to
the cul ture cauggsing B BSH I ! oy ake
(mmoUm n of gas) dueoﬁoﬁﬁﬂlfgﬁg&?%ﬂggw&f gsﬁgﬁ'ﬂﬁabm%é’é%&?f g{"%rgﬁlgltp Fl%%vm se,
the term "acet afé%; biyshatettrie & infelgted ntubthe NADP ) Lo ADP) matlceia tHeebrotbiis f r ee
acetic acid an%?r%&%é‘te salt present in the fernentation broth. The ratio
of nol ecul ar acefic acid to acetate is dependent upon the pH of the system
i.e., 20 at a const dntyet'momtodmbodHRACEMEE MEthe) a scePesdr@M@éd ihkaicAH, the

hi gher the nol e.cblhar gcet l?c acid concentration relative to acetate salt.
"Cel | conceht r af'fBfon PhMPifFdarsisei aciddnterensd py Inseeades thmagHepustesdgmte of
bacteria per | iR 18 msRBRA@cetfecld p?&eﬁ%{hé?ér}ngﬂaﬁo%b?aﬂagﬁr‘s&hgé&e“'y or by
calibration to a correlation with optical density. 25 The term "natural
state" descri be¥cedly 2&rpound, el enent, or pathway having no additi onal

el ectrons or proton Sent . nver sel t.h erm
"reduction state" d?g%??tbgie(@g&ﬂ%(ﬁ)ﬁﬁgg%n ,tﬁoedr g‘ﬁ@“ﬁﬁ% Uﬂé{r%ngpsg?%r\?@'ﬁnﬁ%%/ei ng an
excess of one ogitatingthe meditmpbesterizlaed gasemls subiswate &1 tht Bidreaconathiseleaed by

addi ng one gr npre.electrons to the "natural .state", i.e. by |oweri t he
redox pot enztai al *RPUPTHE &3(}%{ 8’?%#? é%f"ﬁﬁ“_lﬂ@? peitapign fatve%@&meémesntyﬂé / 08438
PCT/ US01/ 23149) trarsfeivat d the fpmleRbtionitioth. This ddGetbRliniiBYdtd 6f GO ARG chdey Of

et hanol, calculated as the ratio of the steady state ethanol concentration
and the |iquid ¥EPERESEdnt sangersiomTp thantheserturing sess Hs yspresest indhe biereagtert i o of
the ethanol congeRtd.abffle A '

concentration in batsch tggé"?)g}r#rhs?eg%hég‘ep r°g§‘3%b{%?’gah&g %‘gg%t%‘%?f %‘gﬁéeﬁi vity"
descri bes a vol simiartyi redused tndsicrepseaticimbownt d§CO fragpfeeat ghertbhyaincrdBing/H,day. The

phrase "hi concent rat | f, et hanol " ans greater than about 10.9/1,, .
pr ef er abl yg%r eater ertsﬁans°c1{gat§71feé‘t%&8?’ I'g’r‘?fs P@Feﬁ’fe‘r‘h%g? {CB?F"W'(?P IOFRCQ" B oduct
rati o of ethanokxcess oitietgrbwthabquirerhe$ of TRE BacteribExcess H," is avail able for
et hanol production when the ratio o es of to Hz in the feed dgas to

f the nol
the sum of tvvo ti meksfilhanqigar smbedimentof ewmethod the hesterial adtutei maydnititlly Beol es
of GO Conyertegroh§ht95ﬁ%to%§ireﬁi%@iﬂc cfhtralidn iBWe%iJr@%:'té?bH%r lﬁﬁignclﬁ@@aléi a
excess HZ is not available and ethanol can only be produced t rougH a
di f f erent cont r pdntothenatesrisabaltsaoncebtratiohind BieowogntoatdiPat hways Utilized in the
Met hod of this Invention 15 Wthout w shing to be bound by theory, the
inventors theorize that the nmethods for increasing the anaerobic production
of ethanol fromthe nmethods descri bed herein are based upon the biol ogical
pat hways i nvolving the conversion of NAD(PH to NAD(P) in the basic pathway
cycles of the acetogenic pathway for autotrophic growth. The invention
i nvol ves mani pul ati ng those pathways to enabl e 20 continuous production and
mai nt enance of high concentrations of ethanol with | ow acetate
concentrations under stable operating conditions, thereby providing
comercially useful methods for ethanol production fromindustrial gases.
The essential involvenent of NAD(P)H to NAD(P) in the biological pathways

Y o o o o,



CO+ H~ + HO~ CO + 4 HH m 05 JAN 2005 WO 02/08-t38 PCT/US01/ 23149 The
products of step 1 are then converted to acetic acid, a st URRt20@5equUi res
NAD(P) H: NAD(P)H -~ NAD(P) CO + COZ + 6 H+ --~ CH3COOH + H20 5 Finally, if
excess NAD(YWPH2PE3®vai | abl e because the reaction of step PCTHSOUZe4s at a
faster rate than the reaction of step 2, acetic acid is reduced to ethanol.
NAD(P)H -r NAD(P) CH3COOH + 4 H+ --~ CZHSOH + H20 Thus, the availability of
excess NAD(P)H from substrate oxidation |eads to the |0 production of

et hanol fromacetic acid. There are two known basic pathway cycles in the
acet ogeni ¢ pat hvay: Thhhothé@mBE&k¥hr R rlifddrdiidintentiod, Rewd g CESTR, 10
which CO- is reduced to a nmethyl group. The sequence for the generation of
et hanol and acefbicseagtortis used veishmonsists offd arewthaeastbr which feers thefférmentpioret al .,
1994 Applied Bi i ; L Qt echnol o =l . 5/46:.145.. The 15 Acetyl - CoA
cycl e has an inﬁfé?‘e‘?@l"%d,“@?%}‘g?°?&e’dgﬁ olchg%tl)or@éeseﬁfaﬂe ‘%:6%8%/“8 ‘e. As the CO .
cycle normal |y reactln acdtberkepeseof theinwetiox ithe mahddedbsaribed atfose inelldas the can al so
be reduced hy HZ as .t is.oxidized on the enz dr ogenase. . As result,
Phe Aceryl G CORTOResteeh S dRiAe A Sente) Bacmetnts e PrBURAIo Dreh BRPdRY a1 1
the inner CO cybsiba&df] disti@ng&8insl fr&a heBisthOant 8a6lerl theltehaBalMA ddRioASIly
ferredoxin is in a redox-state 20 equilibrium If however, these two cycles

do not occur at % Hefeealye? sagipde ofithebrothinmbierted {ncgeatrifugatiantogliminae selisr rat e

t han the Acetyl ; =l ehueedd &t b e ' B so with excess
HzZ, reduced fer?rgd)g‘fiqﬁﬂégﬁn%l SO qgtl{ﬁg( ﬁg%&lﬂsrllﬁgz%(aggyg&a#ﬁfa @éxcess reduced
f erredoxi n causes t hin sNAB{d®er agpebte the erpthvd rofithednventeducay drtheoedfiby B) H, whi ch

bui |l ds an excess,that, nust. be relieved to.equilibriu in doing so,
reduces 25 acet ?%théocﬁabSt?poOfé‘?cﬁgWSIwa?gfﬁ%‘m%al‘—‘?ﬁ‘ggﬂf’ctf’é %ﬁ%}yﬁgﬁ@ &‘8?8‘8%‘& growt h
and i s necessar prddottion baektbithdiRbiorCsd|thdi b€ equilibELRfiDdsRblished BatREdh the
conpletely stoppgld. Reduci ng the THF cycle rate al so serves to_cause a

hi gher NAD(P)H £Ganehppdaceiyhinithe repghoy Pysia resiltoRpigioz g Gh GQagndHated o thsy
limting this ox@atkffeonMHed o YAULs LSRR it BfarblirBluch&l | ul ar NAD(P)H to 3o
NAD(P) ratio in balance, the NA]%F(BP H1s used to reduce acetic acid to
ethanol. 12 0 5 JARtRO@HectOEIRM08 a8 8o RBTPreigotinEatidaradesedlond durtles irc

met hod of causi 4 a0 be reduced to ethanol | directly

| oweri ng thgyr e oxfggo lg‘r‘lgeﬁ%{egg%s(%f'??t °nf°2§‘r?e°ﬁ?%r ?doer'?’ 8&8}% B 'ﬂ%re%ducti on state
sufficiently lower than the natural state of the culture causes NAD(P)H to
be in abundance [ ction of acetic acid to ethanol. 111.
The Met horl s of %Fﬁﬁm%é%gﬁ%ﬁ@ 9§ of the method include the

follow ng: A conti numgs1fsearsaﬁé?ﬁa@t:idpaerapfﬁnmgltmgatéanmu@dyféﬁmén&qewﬁfemohs
|

described by reference to Fig. 1 and exenplified in Exanple 1 below. A

conti nuous f | owVdth Rjadusbissoveihaseerding ta thisamyspiian Faseaws subsieate b ligeguci ng
gas, e.g., CO or . j . Q4 .and a
cont i nuous flowp(})llfg% |“."E’§F§H§ﬁja“'%gqﬁeﬁ%? ?oeﬁr?l‘?rlea?r;g%?&% g%%gecggféjlg%g?éeﬁl%ut rient
feed rate are suplircefon@rsionf afitimegasatus substinitotosstizharand acstinted takegplacesubj ect
bacteria. In the bi.oreactor_3, the di um and sequs supstrate are
fernented by thzh‘f) 8&68(%?%;&%3‘6?%§E§c‘g§°é‘fal‘f5f?%ﬁaseé%g‘e @é"t‘ g@eegéf“bdfﬁ e a
stabl e cel |l conaRBéiva#EdDO] GOAMAIIE R bio@edtorst Sadntddll edntbusted ad fuklasrs, t he
conmponents of the continugus system are mani pul ated to 15 reduce the redox
potential, or i rfFead¥ith ¢rll regxeiesiardieSiueury ipsent i Gebb sepapptqrifaviiess the Aelst’ on
broth, while keepyRgi-kbErd aGaL | L0 bidtedetds 3RL@r eact or
| ess than Sg/L. ed%hgarré?f%d@@%? tgﬁisgﬁﬁrﬁgdé;ttefﬂgﬂg‘g%&%%ﬁgnedeato permt and
mai nt ai n pr dductpeoneadd 8 stsbraho prodnet recoeerat Bthamo! tindefresonerad fromdihe parmedie such

t hat the ethanol, proguct.i vi i eater, than 1 / Lda t _an ol to
acetate ratio of8 oétaaeergﬁw lyi‘%g\&ﬁa%u%sif_ce\{i]ﬁepgrﬁgorg%%o%n r'?goﬁfe @ tPEérFe%?ea%i o1is
greater than 3: lis sdparadedqi bistillaciobeslim® o tg profitt 95Btetanoldverheat 1O atdnasteS: 1. I n
still anot her enbofgi ment , tgat ratio is greater than 10:1.. In still another
embodi ment t hat Haior Boyde back 1g biprepgians. 15ie P> %rathanakavitigatl i fE 19 Hvention i s
alternatively effective in enhancing stable continuous (steady state)
production of high ethanol concentrations (15-35 g/L ethanol) and | ow

“acetate 25 concentrations (0-5 g/L acetate), i.e., ethanol to acetate

product ratio of 3:1 or nore, from-CO CO=,6 and HZ with good met hod
stability. Periodically, during the course of the nethods of this

i nvention, sanples of the broth are renoved to determne the ratio by a
conventional assay nethod. For exanple, the cells are separated fromthe
sanple, e.g., by centrifugation and the cell 30 free sanple is then subject
to an assay nethod, such as the preferred nethod of gas



13 0 5 JAN 2005 ~~'0 02/0%$433 PCT/ US01/ 231491 chronat ogr ap&g. Wﬁ@ger,
ot her conventional assay nmethods are sel ected by one of skil i‘h art.
The additi oM 2§t3%onal steps of the method are added to BEHYEN@34hd/ or
maintain the ratio. Exanple 2 denonstrates such an assay nethod. Steps used
to mani pul ate the system conponents and nai ntain and/or achi eve the desired
et hanol productivity or the ethanol to acetate ratio include at |east one,
and desirably, conbinations of the follow ng steps: altering nutrient’

nedi um cont ent s, méledular €i8Ve {200%kré AhGdroaLBIRANISI3f B8 desirdd Rnal PRALAL §s REpaPAtES S UT €,
operating pH, gaseous substrate contents, gas feed rate, fernentation broth
agitation rate, EBABiteethanobttiwhich itsensibakdn theidisillativa cplemsiOng cel | density
in the bioreactor, Of; LNG: St Lohi Bt ferred
mani pul ati ons i ncl udg lgg Eg%ﬁ}?‘%‘gﬂﬁ%@ﬁ%’g%?&’ gtrag%% ﬁk’\n‘%’% séﬁ% a%ag{oﬁut rient
(pant ot henat e or(C8@Basbyts)end fonintpaevedmyltuae sthbilfint Geoedle stageo€STROL dnfidd khuidn t he

t cod ) T : L i o 1
w1 Daui d phaserii 2o BeSataar 1FoBHePasitis MePpsthu biibierd™ ' " °
suitable cell coftagsCSER 1 OProdiictRdnlSedgBIOSTRI4/s fed G ifreblagR fect Bl Sidesh Adiyk of

the culture abovfg 4.5, purging hacterial cells from 15 the bioreactor to a
cel | concent r at i 57 § esucliaseultirg feed 7 fiomeCropanitpeest TR 1.c GRL BRYTISS isdised toat
utilizes all redé&k%%&@ﬁro@ﬁcti@h‘%ﬁﬂvﬁ?ﬁeé %eﬁ?t%%odu@ti&ri@ta@ GfReg! ekiedd

i ncreasi ng the aqueous feed rate en the tree acetic acid portion of the
acet ate present arpnetrecyclsd hethe Lrowth WigerGSARt duquisk Rrofuat 1¢ eerdstidgefiidiluteher eby
i nhibiting y u ; increase in.t.he concentratign.of. fre ceti.c acid.
AT of 't nasetyr ot bl GRS bR P RRIRS 6 bE b Puhich bRy de A €

cont ai ni ng gasesreobveex ak halrydGWs et@ihd] avid Fid, 1.and unconverted CO, 02 and H2
fromthe reactor are vented fromthe reactor and are used for their fuel
value. |If excess HZ as a controlling nmechanismis enployed, the H2 parti al
pressure in the purhetEyaEserdeT@N OF eHEHINVENTIOR! pressure to CO2 parti al
pressure in the 25 exit gas are used to identify the control of the ethanol

to acetate ratio by tHgtpreseetinvemian involisy giedodsforbe anaembic feanentgtion efjui r ed)

to increase the i s LS, NS . bi .k t hus
provi de nore bi oggt@%@gé‘%ﬁf“%?@" ,lmﬁgg le':f‘rslﬂ(j‘n' fﬁggﬁmﬁgarsséagtﬁlﬁ 7 %e%%%srecycl e,
l'iquid effluent €ompontiigofiedistrol wisté sdsembesis gasas (2. | CQ,6(y @t §F,) ® athamob t he
cells 7 and per te (cell free |iqui,d).8 are separgted., The cells.7 are
sent “back to 50 Thee BeiPesursEhas Pudistienind B O ghicey Pomrnuie
recovelry. hlg ] Otlfe bibAdYicaDPRhWAPs B Subset !EﬁfoEﬁéJS@%d 'ﬁ&mé&?@gé 1nvéiﬁiﬂalb;aisie?n is |
acconpl i shed by using,a continuQus centrifuge, hollow fiber or ir woun
filtration systef a@g?"’é‘ﬁ?e Nﬁpﬁ’gﬁ Wy ARy %bﬁ Watlgbpfﬂﬁpf@ﬁta@g%@r%at or.
Et hanol can be regRuakat dfaPRdiesd PEhIBAR thBE rAlianhatnhyd! Xitdgirfyf | uent
fromthe reactor 5 if cell separati'on is not enployed) by a variety of

t echni ques i #cl uathegmehedsdor the atddoetion vl highl sucptiations oPethanodinean@npesoiepar at ed
inadistillatio . . 95% et han overh \ 11
for recycle back?e[r%g){tﬁg& rotggg 18%%%8&%@\/? reeéfféﬂggi‘%%‘%"r p@%%g%%tt%eﬁ%gm%féé S
nutrients not usécbth,iand therebg redatihgiidetidiacidtatettamyl. EXemsthods dfalitt msedtioam
fermentation or cel| lysis are destrqyed by thermal distillatjon e 95%
et hanol over head PiQusechigispanpheogcsptie %'\il(‘a'fr» gé‘ia?\?@aﬁb%é{)&}laﬁ?f{ﬂre{?ﬂ;swyet hanol
13, the to desir ggafer Mah aRERASIGIL) ahFlofORARR LR AtFBBh G b UES tiRh RBARIS g8 whi ch
is sent back to the distillation colum 9. The continuous conbinati on of
growt h, deat RS andree asetic peid ipetherbipreeeipns These othpdaralsogadintaia 6AE eantiohmedrd such
that a conti nuou [ [ : I %gants of
acetic acid) can%gg%tﬁ%? go#grgt%ﬁgﬁsyaﬁgﬁgq%ﬁ%@?ﬁgd!flégngﬁ%s and H,

al ong wit h nutri eetoserwhpitiip fittmadethed wpseth. Burhenthe nstipyds efihistiastentdon helthe

met hods of this inve tiRn mail.ntfli n_and cantrol conditions fgr dcar&ltei npgus

et hanol and acet iPEEVAYiCHIWe BeRTERIYhtoAR nyiFieRs SpRcematiop, whisl cap Re Aerepist

nmet hod upsets. The nethods of this invention also help prevent culture
acclimation to low nutrient concentration, which can be detrinmental to
culture performance. In the descriptions below and in the 20 exanpl es,

unl ess otherw se indicated, the pressure uséd is 1 at nosphere and the
tenperature used i s between 36-41- C. Desirable tenperatures and pressures
may be determ ned by one of skill in the art, depending on the

m croorgani sm sel ected for use in the bioreactor. A variety of

mani pul ati ons, described specifically below, added to the basic 25 steps of
this invention permt the enhanced production of ethanol. Preferably,
liquid phase nutrient limtation (pantothenate or cobalt) or the use of
excess HZ or CO are the nethod steps of the invention, described in detail
bel ow, used to achieve and maintain the desired ethanol productivity and

Y T o e . o - v ..



Cal ci um Pant ot henate Limtation In one specific enbodinent of this

i nvention, the nethod for manipul ating the biol ogi cal pat hvva(y? JAN §U@gor

et hanol production and |imt acetic acid production involves imting the
amount of cgl Cium g)ant othenate in the nutrient nediumto an @m)unt which is
| ess than reqi¥PEd®to maintain the bacteria at a stable, SER42%t%te
concentration that would fully utilize the cal ci um pantot henate provi ded.
to Pantot henate is a conponent of Acetyl-CoA and therefore, by limting
cal cium pantothenate in the nutrient nmedium the Acetyl-CoA cycle rate is
reduced relative to the CO cycle rate. This causes a build-up of reduced
ferredoxin and tlleire pafoeinhed, The PREOPhvétioNMHdEdh vighidcdrhasrailimdiiuerfeases

t he production of ethanol as the final product. 15 Pantothenate limtation
i s observed \/\heﬁthﬁ'ﬁ&?i’ﬁd&?t&@r ans (pg) of cal cium pantothenate fed to the
reactor per gram (g)D%;;mf,-g)t; s (dry weight) produced in the reactor is in
the range of 0. S to I00. A nore desirable pantothenate |imtation is in
the range of 2 to 75Uplgssoftharalse definepaht follbeingtempeyusgd thmoyghutdifis dry cel | s
produced in the [ Skidl | eferred pantothenate limtation is in

t he range ofSt 0. gﬁet%gﬁgtgonuaée %efﬁnido%cfgp%‘?lsum pant ot henate per gram (g) of cells
pr oduced icn tlhe reacu‘bdstenﬁhﬁnﬁﬁﬁowImﬂdidmi.ts)ed)ﬁefrtih'réii‘?rh 'tdﬁﬂ'eghénmgoi\ me&xﬁdabout
1-25 ug of calci pant ot henat e per, gr of .c roduced i n the
reactor. Anot her"vlf"g]ﬁl?ﬁ%‘fdr“réﬁ?“t‘a‘?°"tst‘i‘i‘g‘ep‘i %frgb g‘?"ﬁ% efe§§’é’t"?8 dutioa ity ug of

cal ci um pant ot hepaéRtdp Edell B Pa @} p@%e mh EheBIoPABGE @nd Prodhi& r&RARE OFhis Thi s
amount of the nutrient maintains ethanol production in preference to
acetate 25 prod§ertingaus fepfs, wmovals arsell psfductiingnayecersdn ths same erdn differeat i n
Exanpl e 4. g a%ﬁ&iﬁ?s‘. @&?\%ﬁ&o gfpréclgéssresqx?tg [}Rﬁi acﬁn}éﬁer@eﬁ‘ﬁf&f ar@éa'd? Elat%fwitthnmethe
bacteria in the Fermentatl on Broreactor to 1w lim rng caf crum

pant ot henat e corveedctaat Bylistezlyatats”’dechedy thregldfaldsemesnrabldjvagdbles .« Heed
fernentation paraneters, so,that a constant cal ci um pant ot henate
concentration ig%ise‘?%?tr?é‘aq NPTt OBt rRiost m&‘ﬁ@‘,“egﬁ‘&ﬁ%%ﬁt?fege bore than 30
one, paraneter aon@atatiRad thedidReactdratd delf @@val f68 theddoreatdroprotiat famoval HZ
partial pressure 16 0 5 JAN 2005 w0 021118. 138 PCT/ US01/ 23149 is

adj ust ed. Maj or TEaHgdIreastos as el s songitional\variables sughgs tenpegatuses apdl v const ant
nutrient fegd C%Eﬁu%g)gﬁ-é st VB¢ fh@i ned. If the culture is allowed to
acclimate to low liqui'd phase limting nutrients, poor product ratios of
1.0 g ethanol /g acet dthe tom “gessuscmbsirasesi’ as wed hareieweansiG5) elone CRod Hihus,

hut d ' ' [ 1D bl
b ol 0gi cal _pat g T Theti v art Qe SRR et bl FlfleBR olsorhitfngs

acetic acid produetdingnitggdnians metHapPiny dageoax €8s Sirbh daseolibisubltepe ighaiet 0 t he

bi oreactor, and then limti ng. cal ci ym paqtot henat e |ﬁ51 tFe nut ri ent  nedi um
as descri bed abokASSs qristrFaRRs Whish awtupieally seleaseteor sehataled (P (e AMOSRIGTa SHE o
phase nutriegt caleiyan RARERENRNALSH |1 sKRPEMbJIUIRRESTShil AeAYPind giebhd Mati on
to low nutrient concentrations, a to condition that can result in very poor
performance and $uhetratoesmpises ¢, Euptherrembodiatsnts iof fhistrestindothe Geseaustiubsi@tehi gh
et hanol producti yifi K i £, e j .

enpl oyed. An exa#p#ergig)sf@ésh%ﬁ }f’;ézﬁﬁgﬁjtgeﬁ%é#oﬂ@%(n&%heﬁ%? %E]?%dgrstédrtéf&e}'?@s or a
particul ar bact e€Dand &yl Trua pariicildrlyl pnefenral excbodimehty thegh®ods/subfrateodoalprises

Limtation 1s | n.anaqther i ment of this,invention,.th t hod for

mani pul ating t hecg'r gba@?%ﬁm@t%}%%bsfr@tef %f\s}B? IEEHAN BRY }5’?‘85%@5?‘:’@ and imt
acetic acid produshpoents MéMiones abdvilahd Atdedstéhe 2APSMHitrdzen, T Abthareand he
nutrient nediumto an anount which is less than required to naintain the

bacteria at a st BSthanestBwusysudh wbgratesiedyremdet is gonvertionpliyurigrredio 3 “sinsts ze
t he cobalt provi | i LA 4 ' 3 ' ans
(pa) of cobai ¢ 1 oGop gt ML Rikaliod & BEFbHARIIRAS indind) B 0N
produced in the bswastagtserfromsaivaridthef indusyial méth&dst o 100. Preferably, a
cobalt imtation invg]ves providing, bet ween about ~20 0.~ f .cobalt
to the reactor per gr bﬁt(?fmcré‘ﬁ‘fcé"gpgagdﬁgaéﬁe'i 'fh o‘{}llg ccfrg_g'. iﬁ‘i}?e aér%%u?ﬁ of
cobal t mai Nty NS a@bHARS tednEiNg bldrferitRanAhR rQTEBETCRr fowHC 6T tht Bacterial i3@nean
process. Exanple 18 illustrates an enbodi nent of the 25 nmethod of limting
cobalt to. the reactor according to this nethod. Limting cobalt in the
fermentation broth nay al so reduce the Acetyl-CoA cycle rate. Because
cobalt is used to transfer a methyl group fromthe THF cycle to the

Acetyl - CoA cycle, Iimting the amount of cobalt in the fernmentation broth
al so reduces the THF cycle function by not permtting the transfer. Cobalt
limtation 17 0 5 JAN 2005 WO 02/08438 PCT/ US01/ 23149 reduces the THF
cycle rate, which also causes a higher NAD(P)H to NAD(P) ratio, thereby
produci ng ethanol. The nethod is further manipul ated by preventing

R 1 e . 1. 1 o o o - o o o



limting cobalt in the nutrient nmedium as described above. At start-up, the
limting |iquid phase nutrient cobalt is kept in excess to avoid
acclimation to low nutrients 15 concentration, a conditioms JAN 20850 result
in very poor culture performance and the loss of the culture's ability to
produce pr@0¥eSH¥ati os greater than 1:1. C Oversuppl yi ngddHEIEgaw I n still
anot her enbodi nent, the nmethod for manipul ating the biol ogi cal pathways to
favor ethanol production and limt acetic acid production involves feeding
20 excess HZ in the feed gas or limting gaseous carbon which results in
excess H2, which is then used by the biological pathway. Preferably; the HZ
reduci ng gas ithat dnRURCETEAIcRDhE Bt dxBecPihe ARButIRat WeRSRrikanGREERS t he
bacteria to produce a high ethanol to acetate ratio in the fernmentation
broth. 1f the $apftoognetehplisppgiyarsharitipnt gadiumdngredients Hehissampust canks Ti nes
the CO( in no I : in. nol es of
gas) convert ediqf\s&vgc{r %gi? zr%as%?\%gﬁeeﬁeft g@%‘%{eg g{eﬁ{éﬁrfgeéasyg%gggﬁigﬁgﬁfnf‘x dt%g . The Hz
parti al preseningfediehtyesoahatthegasess ampure bBgald achgvebwitiiout marradingtheapas, Final |y

the ratio of HZ partial essure to .CO/ rtial, pressu st be greater
than 3.0 tg asSubangraedta et en detvery 1 B hoferial a7 SR e ePhe oow. I 1
the CO parti abxpokdis wicte feﬂu@ﬁ@@s%antr&\%ﬂé@fol g&iv\l‘fh, thé bdcteriairdspbnd tiyhat growt h
has been otherwise limted. See, Exanple 20 for an 30 illustration of this
method step. i@creagngsthg pQdvengolqian9) 08438 PCT/ USO1/ 23149 During start-up,
the use of excess ""‘Su’o_[%rctflﬁ.&‘aﬁ?’darg’)(@e[o ML AdeRbic! (bifab@aliPd) ballBrd) WhicRGraUSe 1t
is easier to control. The benefits ofg enpl oyi ng excess H, are that it

avoi ds excess agetd enyet §Omnd avatsriooH, andtG@fintozthaneladd rectigeed pduetsct rati os

and potentj.at I,C j o inhihiti.on s well, as.,acgli. o) |.ow

Ut ent - cBhee ey ol S BiMalo b PuarBa Bl BRI RhbRel B o

n'agi pul ati ng thﬁuﬁ:ﬂﬂ&)ﬂm&m‘i‘mnﬁfoowh,@%)daﬁzhm%b;cimvﬂbt\z‘ﬂf&, dloar;ﬁupp&cﬁ'rm@:,t C\E )
reduci ng gas, in he gaseous substrate for use jn the pathway, iC
serves to di _regfc’)b@}’bf’ﬁ_%é‘f”gi’"ﬁ J’é@'ﬂk’f%“ﬁb@eﬂfﬁ’%ﬁ“bil’ﬁ’,""'t _éh“f"'@’f’ﬁ&ﬂf’&'f'i on broth.
Thus, accordi n%ub&btérh)nﬁlhﬁ%ﬂﬁ;dCU?}M-ngaﬁI}?@EITCOCe?& hhlli ERES, IO BYAgHaNiL - gaseous
substrate to conprising CO wherée the anount o present in the bioreactor
i s greater thafltGejagduhdi OrEgaid Buptasteptedoseiaiprodiatys hRbeerdetpgatica st abl e,
steady stage C%H&?ﬁé%tcleﬁgﬁxte%%ct‘é@fb'rq JiH'n+e¥e HEhbaZKBat BEGnREOME ded. CO
oversupply as a method of tavoring et hano productlon over acetic acid
producti on when t heBgplectefn tmixed strabds,” @Gs mphralkienixed dulturewf @0 of mG@ofiére gr am

of cells (dry i.gh in the reactor.per.mnpute, or nml/g 15 cellmn) is
greater than Oggbjg%%%er& g‘&‘? afB‘I"?g Stfaf{\gs°%‘ﬁl]8Ba°it?ﬁ\?§F%%rat§d Q%&‘Ei‘ V&2%ate of CO
upt ake of greatgilizddi@theQndthodIBF isTBAAgort hat each cell on the average is
utilizing COin its_petabolismat a rate _of at |east or

“«r. e " 13 &« '0' 3 rrnPI / . n. !
more ideally at a rabetesms dioneasen” ‘oeaston) 6| tegrpnRtiopPigreaftan| V‘,Cr% B2 COis
provi ded atya r 1o\ ; j BtdvikrLo he CO/ gram
DelT Cary i gﬁ??’ﬁggt‘%ﬁ@ét@raéﬁ“ﬁ%%?’ﬁ?"é’lﬁi‘{“’f?\{ee&rgé‘gﬂ’etrrboéi PR e 0O | s
provi ded at a reataegenfent, mdioh(nchidentht Continoks BidregrEark Retdtor (@SFRMei ght )  of

bacterial mnute. |n.an e i t CO.is vy t,.a rate of
about 1 ol CAMGRHRERER T R A5 B AT GO B a2
provi des an il Iifster@titen Satic MiterSarivaitth 8ide saftabldfos gaselignticcontactp Prefbdablyr at e
of CO uptake nai ntains ethanol production in preference tp acetate 25

production. |f f@ﬁ“?@@lﬁ’ﬁrﬂff}éﬂm%"d’é‘ﬁ“: thefermeniatign BIERAGIOHCARDTISF & §1aWih
fermentati oo brhdiod whig GEisTthER ool BRUPIASRIIR imeRlibFBIIcigoar mass
transfer, the fermentation broth becones nore reduced. Oversupply of CO has
two additional wedehpstof tEpcedist, @barmd,yis prodeeedt he CO cycle to operate at a

faster rate, and if the.Acetvl -£CoA cycle §s, of hesw It not
coep up wi th the co NIRRT R A Eal iR bF s8Rty M R SRR

sl ow down step Redipwhidhebrtaln vitimindigndinih@rleegificét tapahitgrawihdf aistedtee 19 0
5 JAN 2005 WD 02/1)8.t38 PCT/US01/ 23149 overall three-ste mafthod t hr.ough
substrate i nhi biUPiesrbacterp.sSyasey g Betdngluded ingthessmsdiap q°|'PPP8$'¥§5c yapigly &f ep 1
causes an &%ce syl e Riktabiel idlisk 8RR ihnfidil 'R0 Rho W RA4ELRA d fridravor of
acetic acid. Al though excess can result 1n 1ncreased ethanol production
by directly 5 reducing the redox potential of the fernentation broth, the
presence of excess CO also inhibits growh?by inhibiting the

CO dehydrogenase and therefore the uptake of Hz. The presence of excess CO
unfortunately also results in poor H= conversion, which may not be

econom cally favorabl e. The consequence of extended operation under
substrate inhibition is poor H- uptake. This eventually causes cell lysis
and necessary to restarting of the reactor. Were this nethod has an

uni ntended result of CO substrate inhibition (the presence of too nuch CO



than the ability of the bacteria to utilize the dissolved gases. For
exanple, if a bioreactor containing C. jungdahlii is fed CO %3@3 HZ and
is operated without limtation on nutrients (such as pantotﬂén

cobal t) or Wwheyeyugsence of excess HZ, cell growth is Iinptpdshnhsfilge amount
of gas transferred into the liquid phase and the 25 system producés acetic
acid as the product. If the culture is fed a slight anount of CO or HZ in
excess of that required for culture growh, it produces ethanol. However,
if too nmuch gas is transferred into the |iquid phase for the culture.-to
use, substrate inhibition occurs, which can |ead to culture upset and cell
deat h. Thus, t hRiblicatigng ingludipg these ofithe iavagtorofSee reg. slte rutriant medie forewkemass

transfer. Exanp, i 3Q ., illustrati i t.h ZO 05
S 2005 W0 oo acrEe BRI En S Baes ApplciTorf r‘gﬁ%@‘?;&gt‘ﬁéﬁ%&%@mA cycl e,
in order for thB3&KIRsH.S. Patentdlb. 56598 888 xAdTUISOPAIENt o082 B D11, bievellRY mycl e or
the reduction oi‘ f%redoxi B(téthrou h hydrogenase nust, occur faster than the
Acet yl - CoA cycl Q¢ PHHISAIRLE 1ed aRQYe; BHEGPTHieE Qithe RIESENt iInYGRHOR A4S whi ch the
or gani Sms can Ukabdratesy futentineSigh Y§Gcdas Fl%d@aﬁoﬁ %Hw,tct@z? akd, ddtdnsd).0 Whi ch
essential nutrients e,g., calciumpantothenate or cobalt, or’ other
substrates, suchekcatonym pantotheate. Howpveals|typicablabgratoryamtiéant medivm by provi di ng

excess substrat gy ols t I EURe. o Letd mass
transfer, which igﬂéstgﬁlﬁgw éttﬁe&]rza%“g I-gtcmmﬁ'&'céisfﬁéﬁb%gcﬁl er ‘S%rt%g%abese
substrate, even wi t HbhettertsiEmiting sabbtedte " con Slimiciaginbigent’ad it at@dtantointhat rat e,
when achieved, is.limted by the natural .growth rate of the organjsm
Therefore, the w@g?r{t B}egﬁ'i]‘cqrig@%mésrﬁﬂgﬁ‘iaﬁémcq‘i &rWﬂ@?Céerfah@JIWé%%’°Wha‘ﬁ§fFee_r (gas
flow rate om agbibahétorn is@bRiedb§ tHeaBheE td 18! ivhith AdioBg@supong Brehdiesttb ghest
possi bl e concentration of cells can utilize the subsfrat,e W t hout any
limtation. ThePestaisibagiena esowib i th hioreastono Pk athar sebstanprydn themutsiesubst r at e

i nhibition coul ge@indfbys SBYSE a it g by product
concentration Whiefchl i sgt_soxi C toaqig hgs @ﬁﬁ“{]? g&g?f aé&ﬁ%ﬁ?m’é‘{‘@%c'eﬁpco and Ha
| n anot her enboeigraae foslimiativatittbat apfincrdasesn thevaedf sidjtiopodithiellinityng n t he hi gh

et hanol concent ion/.limted aceti cid oductiop i s achieved in the

met hods whi ch | it‘%ly[rﬁg’dﬁaﬁthedlru”éegf%mirﬁ%poéﬁ?s%wg'ﬁtﬁt té’,tp%?ﬁtﬁfeo?ﬂ’%fé %an abundance
of HZ or CQ5 2ocdresspormdingdndrénsé iitke 12fe@P gasaptak@nifdlniib bEgASH @ tb MLr@ISROUS
substrates CO I—% dand CQZ as the carbon and energy sources, CO and H2 are
supplied in sli§ kdepsiless. A slight excess of CO and HZ is achi eved by
attaining steady opeyakisQiudnindies 1 @t abdide 0GRS hEribd Re BRQufeRRd rate
and/or agitation rate (10%or |less increnents) until the CO and HZ

conver si ons j ustolgewlpt orifege deaticiasie andrispigteisalt preeniip srefemfentation biotly Fhes 25
transfer limtatj i [.C:.acl i l.yi ng
excess reduced ?déﬁbé‘g%oﬁl@ri%@t\éf{ girtgtg ggtdrtée:ﬁggeeq?\ﬁﬁ)?&“%%%@%gﬁ %Ffﬁ'eﬁroduce
et hanol . |f20CO ahaicdrZtanir‘ecatait” ®upgntratéa, thelosler tha pHethe digher thessletulansf er
limtation occur Sui ang t he Fagt hv%%/ i s bal anqed. This results in poor

ethanol to acet &F%° SO GORENFALPM Batvh oAscalE sttt e concentrations). Hi gh

acet ate concentr ati ONgell adhceHtfatibRRtithys sF&ﬁwhttonimbaa@a%‘éd it lbacteRad JAN
2005 WD 02/ 08438 PCT/US01/ 23149 inhibition, which limts the ability of the
bacterium to talerliigr ofsample; eeliroacantietioaliy peasusedidirastly of kygabibretion torde. ~ St eps
to avoid mass tr iHdokiah g@Rd ncl ude an increase in the agitation rate
or gas rate to tcggﬂét enr‘J“hhrlgaré1 Qrglrg% HZ into the liquid phase, and thus 5
return to the presendbe tsfménagirplglate” aewabs aGCampdutd] eletmentp poghttovay alingi t i on
occurs as a resuylt .of s.transfer limtatio it i s necessary to increase
the Iiquid feedli!‘P & étl?rga?gla%gps P Otzgﬁsetllhir"p@red@ma{yﬁﬁ?sﬁ?tt Frél)’ﬂ‘,'er%e?)’ ’ Wﬁtﬁ‘i"i‘ ng to a
| ower resul ting “edeithattdniesmibésainy Bdmpobhd) eRmeMCorgathiwag hhvifg MMedkicesnodfeed

rate woul d i ncrease the E)% pant ot henate or cobalt/g-cell produced, this
must be done onl%P® B At SECPns: Hae efeductian pant isaehiavad by #ldngdaI0f MEst be to
el imnated by agj A i 3 af | i : ivag t he wat er
feed rate, Cont %éldﬁnsgggzzegtﬁiatgﬁg%%gﬂ’%gggﬁaﬁehﬁ%kh?E?O??ghiéwﬁ?z%@n the net hods
descri bed abbve fermsetatien brethd product i nhibition can occur if too nmuch.

nol ecul ar acetic acid, i.e., >2 g/L, accunulates in the bioreactor to allow
cell growth and further ethanol production, Another manipulating 15 step is
used to avoid culture failure. One nodification involves briefly increasing
the liquid or aqueous feed rate to reduce the |iquid phase concentration of

inhibiting acetic acid to lower than 2 g/L,. Anillustration of this step
for a particular culture in a reactor is denonstrated in Exanple 23. Water
recycle step 2o Still another optional nethod step for maintaining a stable

cul ture



whi ch produces ethanol as the only product with no net acetic acid
production in the nmethods of this invention involves adding water recycle
fromdistillation back to the fernentation reactor (see, d 5§.JANEN@Pl e 15).
As was noted earlier, water (containing up to 5 g/L acetate) recycle has

t he beneﬂtdo,gb§43§ecycl ing the produced acetate back to 3@ s88ctor so
that no net acetic acid is produced. An equilibriumis thus established

bet ween the ethanol and acetate in the reactor. As a result, all CO (02
and HZ fed to the reactor and converted to products results in ethanol
production, except for that used for culture maintenance. 22 0 5-JAN 2005
WO 02/08. 138 PCT/ US01/23149 S. Reducing Cell Density Still another

mani pul ating st ep Eigerolprofyetiving 1#7’616Wébmeé'lctRﬁoqlWP’e’lF)anéﬂﬁéP‘r erdgulater as

conti nuous p @9&9’? t he
cell concent lrr‘rge? ?Q"#ﬁr}e 9 Eﬁg'%{%eaée%a%ta ! JOECJPF{%%H}‘% Y ”?‘?’Coe%&é‘é'ﬁ Ev?’é‘é to reduce

t he cel |l condecntimidusystems| ebe tatiaiof ﬁresttmbdlepn&heamn amtl dhtetinpsedetjuired

concentration that |I|zes all.r cin [ bstrates in the
bi or eact or . &Pt"ﬁtﬁ%ﬁt %fl“f’%‘iﬁf‘tr‘iﬁ‘c‘t‘l‘febaé‘g'iﬁVStg’@ga?'P%/phr?sﬁe ‘ﬁﬁS@ﬁ%‘t‘lr on of ethanol
is favored ogecr utt@tyD? 6 Q3Hisds la ¥0luBletrREBIaA 1P roductifiey dfigdéaeachiaarlo ghoday.e. g. ,
Exanpl e 25. 0 Stage CSTR to One of ‘the problens associated with

et hanol product i oﬁhthrhsenétsilamcrrtmttoapfdhalr% meass grsater thpn apout di@ncy of t he
culture to e:ﬁ?&g@}: g%at%?’ﬁr@htf Q/Ltér?ltt%hhh drnBRa GRbE RRrédidt Qb ofONt i NUe to

produce et hano r severa operation. Instead acetate iscone
eventual | y tredtad@lrtbraecmate pf mtlocmoreThi s acclimation to low limting nutrient

I d h
ctnanol (et hanol -t stetniCebibitiaf el ol 5 iRy g Bhy ol o T ow

et hanol qoNceamtif eHel fodtiSzab KOINE bUBSIWRStInhed the@olds 6f €O codapd atd threemas | i kel y
occurs when the culture is not .provided wiith suffjcient nu}ér ents_during

start-up, wheéPemglesft hOr canyerted ingieates thijol- Pamﬂs“ls Fetie 18 ferhat {-Br 88eethon rate.

Addi tional | 'y,js hiek St afd SRRMEEant dHRY belghEuEd tHEhGATT et _6MEdIRRL ed to |ow
limting nutrient concentrations during steady state 20 operation

' particularly ragchamiem| i miting nutrient concentrations are adjusted downward

torid the reﬁ’Ctl %zesl}/lgfoglz}l%aﬂaiq(?y r‘?’ {.erl-lrg tﬁ%ﬁfef}zoglry_é'?hz.aﬂgg%@ﬂ on when using

t he pantothenate or ¢o ar t all owi ng the
culture to grow verhhddnenﬁmgrw aebtnc&mdtry theeryt, the isvedtorhtheatema gieat theent i oned

above, anot her ication t he, met hod, c ed. A 25 t wo- st age
CSTR system V\m%‘[m‘grfff’f ‘H&rF?SI‘“f %eFGB‘FtP[PIrgecb?“o‘?%t ﬁ‘%@?ﬁ)& SStirst stage
on a slight ex&@fadfbrelniad basetDugdHtilid BabScd pethivapsinvdltifg amomas’uﬂ ¢fg acetic
aci d’ producti wed by productron stage where the culture fromthe

first stage |EA§&WHtOrMJéG’)wythﬁhemq patfiveay wyclenfthesnetogatc PEhWSER t 0 produce
hi gh concentr h hod. This
nodi fication %ﬁ‘%ﬁ‘rﬁ‘ O"Jt i gﬂgaqvﬁétg)ﬁgﬂr}gteﬂgkamgh&%%q%éce?athﬁjragQ\e/\cﬂ?%%t does not
accl i mat e20t 0 catincad pp:aiubtmdaedataett@\an@@f high cBNeEAINGLZO 5f SIBObWIB G

PCT/ US01/ 23149 obalt concent rat s. This y ves operating
a two-stage C¥f e??t':tmtagﬂnsé'“a‘t’o\ﬂgﬁ PERERSDFO r;@g'to%gﬁef%b?' pré\?allg% a production
reactor (St agem%)reeataw@sefulnﬁxemutkfoaéthtrr@epxeahamlfrqm industfidl g@mseaccurs. The

grow h reactor is not operated with the nutrrg&;&érmt t.ion steps described

above, so the cul t Giheesseptipldrvolemsntaf SR (BN te ) i Biglasiea) PAPRYS ¢ ed
condi ti on. EMentsSsueh@yn i n
F o 5 Cand t BOSRAREL s BIRRL YR hodBich Jrbin) R EsiOhs Ry Sitnlss sieh

Accor di ng2t o 0O, §3Qandmdd-[1mecrtr$ mtahereamwbnl@tab@eﬁhsd ob’éh%tﬂ@d%ﬂ: ﬂé? liquid

t ent t TR 1 fed
reﬁoﬁghl Bgnt :)Pﬁ‘éq(ﬁgf‘ 8& adggglateqxhd”te (5"3- S%’?%Qatq Aife{? ‘a heal ![f]y gul ture

(and may produce sone acetic acid asaDl-+ NADFlHUS, excess acetic acid is
produced in the reactor, but wé@ulgqmﬁ%e,dc@t ajfitty. This pantothenate or
cobalt concentration is in excess at woul’d normally be fed to a single
CSTR used to produce ethanol. The gas feed to this reactor is unconverted

-gas 3 fromthe Production Stage 4 and the liquid feed is fresh nedium 2.

The G owmh 15 Stage CSTR is operated wi thout cell recycle. The purpose of
this Gowh Stage reactor is to provide a healthy culture for |later ethanol
production that does not acclinmate to | oy pantothenate concentrations. The
Production stage reactor 4 is operated at a nom nal LRT of |ess than 20
hours. This CSTR with cell recycle is fed a fresh gas feed 5, and nmay have
20 I ow conversions. It is fed fresh nediumfeed 6 as well as culture feed 7
fromthe Gowmh Stage. M ninmal pantothenate or cobalt is fed to this
reactor since the excess fromthe Gowth Stage is available. Cell recycle s
|s used in thrs reactor in order to get the rmst productron out of the

e . a e . I S



p 5 ,JAN 2005 CVO 021115-t38 7. Start-up nodifications PCT/US01/ 23149 Still
ot her nethod steps, which are preferably utilized in the practice of this

i nvention, involve cell production in the initial start-uf SUANhES
fermentation culture. The start-up of a bioreactor fed CO CO, and H, to
produce et\WaAYP84Ehd acetic acid is acconplished by bat clPPGTHAESURHH? on from
stock culture (Exanple 11) or by enploying a continuous inoculumfrom an
exi sting reactor as culture feed (Exanple 12). As noted earlier in the

di scussion of avoiding culture acclimation to | ow pantothenate or cobalt
concentrations, the culture is nmpst desirably brought up to a high cell
concentration pri Qhebdhétsbt dtdpon Wiﬂeh%mﬁne@%tacéﬁb%wh@&p%@%ﬁlﬁir& to the
culture. This rapid start-up I'0 avoids culture acclimtion and yields good
product ratios (high ethanol and | ow 2&PEH: concentrations). Tf the rapid
start-up is not enployed, poor prodygbeiat i@egsan occur and the culture can
acclimte to low liquid phas utrient concentratio and require reactor
rei nocul ation. The reactor i (:CCETQOG_e Hi R 39&%+Bi8ui d phase (liquid
medi umis ot Eally)iftekedsd M ECI9 B il BBIObEShuke ki rbdiBioh BRGEPT brocddds lai
agitation rates (perhaps 400-600 rpmin a |aborat O;% New Brunsw ck

Sci entific Bi ofdStr Fasathanihy reastonsef stene, ersti¢ reidiispeducathio athagal d phase in the
reactor thus consists of a batch of ks 8néap@di um containing vitam ns and
salts, with a nom nal concentraj]j folimtli trient, either calcium
pantotienate or cobalt (20 gg@sﬁﬁﬁ%ﬁgﬁaﬁ’@ﬁ?@%%ﬁ cobalt as an

exanmpl e). |'f z@heQHHd AEiRYHty dTREAELNNDITOR fedin Qubs@4te BLIdAIRAAELE td theenpl Oyed,
batch |iqui d phase operation likely is not necessary. In this case, gas is
fed conti ntousPirdugtiansf ethael fiom ageftqasl- i nitial start-up at a slow rate.
Ideal ly, the gas phaggeafe txbahy T nRPAIGAYL (19pd the
gas rate and agitati onerate miﬁvﬁgﬁ}gﬁlég‘g&apg)fc%gg\(/v{h?g\c/eé{;%nt gﬂavopd( ?:o

subst rat e i nhi BiceiybfoA2Zgcl@andgRptip TaIF\cyde newhich §Qaig redycep tot oethly! §ronp.
produci ng and tainin merci.al |y viabl e ethangl, concentrations from
G0, ooz and +iz SEna BBl e dh aflid 2o abd AR e R P Blee BB
where cel |l pro®®hiliy el 4., ap94 Apdled Bid2hersisiay ddBiotkigiotogp) 5ME:1450The at e
becones critical; d (c teady state gperatjon. Esseptially, (nitial
start-up i 4 chgrcéﬁ’?gf’ﬁfé%le By et piter sherise t%fﬁ%aﬂehawifgmge; #i5the SOhoni nal
limting 30 nUtc'j{&I@Hénmagﬂ'e‘ﬁ@tg Bl QT FA @AM is (R OP PerRlio il tEbRant ot henat e
(20 ~tg/L) at a'desired 2~ 0 5 JAN 2005 WO 02/ 08438 PCT/ US01/ 23149 pH
(typical |y 4.5rgluwyd byrl, §sdtis lokidizedosthaenzymp hydragengses Ascergsuliathe Agetyl-
agitation rate efer [ . ke I Swhi | e ' [ . The
cause of et hano@%?)%%uaésg ir%[r%ES Sgrclkc%’bs e’satggget“%\él%\"%(\g O%@(':Jgg's kﬁl—&% ﬁlﬁcﬁrtd&)_ gﬁ'ﬁ Ea

i mtation occuhsAtayleCaA Tiulegeace xitbs sandeirgtes, derredbxin ésnih 8 redos-statd ual | y present
during staré-up t avoiﬂ. unwant ed cultu[e acclimation to Iotw.nuttri§ ts. As
the fernmentati &I“@P%%-e DOYGYE, thesp L9 exgled o BRIRSFY] at FiS AR ZEd - BTl ati on,

C02 i s producecyaladedd? at & f8RN Rt Meh thd ARetGINEEW Bfcld, Fedubaiserredviixss buitlivpat ed
that the agitation rate should be nomnally increased slowy %ﬁ)_erhaps by
}

200300 rpmin aAlsawih gxsists eadusediferredoun can de hegodiced inexgesy.sYhis §X%¥oi d
mass transfer |j.gi ' ; [ j Sy @yuch nore
rapidly in systﬂgﬂ&g%&g%ﬁlg&%%gﬁ?ﬁﬁ%ﬁ@ t?%eoc I ae?étgﬁgg&sdcgdgﬁgsed @g) bat ch

i nocul ati on fr owhish bikds eniexcessahat Huskebeaelievédftoteeiliangin and iodoingse, redudehcr eased
too fast, subs ratde inI{]a,'n ition occurs. This procedure of watching HZ
conver si onggor OB "3n) while nominal Iy increasing agitation rate
occurs at a rel ati verhs THpéydiefaictonkTht dell lghBvth afidiBhe@géarpdor @aRontAmeusl~ i s
reached. During this tigge of increasi neg agitation rate. i L}Bﬁ:atch I igpi d
culture, cell pUERs theesdore HSCP’@E’éIb?)fo"?ﬁ ?JbEtPPHeér Reduene the WelFBRLE 50

i nportance. OnCgdigo Eﬁ%&@ﬁigﬁéﬂ'ﬁ@@ﬁ@tJl@{éI.g(P)sraﬂicﬁalQJﬁlﬁ‘(‘P)ﬁ-ﬁQQxiaﬁi@c@inrtpd_@ in

| aboratory New Brunswi ck Screntific”Bioflo~"reactor)) the culture is
al l oned to st eaplgcesoBydimitingthisexidasioaloehictTnenld keapttheiotal etulas NADP @) dele i n

Conver o onsex o NAREEH5 iR 4 TRAABEM B¢ la iyl BEe B8 To MR, 0L

(at least 0.5S atm to assure ethanol production while Iimting acetate and
the free nol ecular acetic acid concentration. The |iquid nmediumfeed rate
is then turned on (for systems having batdh inocul ation from stock cul ture)
toinitiate continuous liquid feed and the gas rate is increased in 10%
increnents toward the 2~ target flowrate. HZ remains in excess to avoid
excess acetic acid production. As the gas rate is increased, the liquid
phase nutrients are l[imted (cal ci um pantothenate or cobalt), and the
effect of such limtation is a small drop in HZ conversion, at the target
production. At steady state operation, production of 15-35 g/L ethanol and

”~ o . . o e



for large-scal e ethanol production. The follow ng exanples illustrate
various aspects, nethods and nethod steps according to this invention.
These exanples do not limt the invention, the scope of 150 &hiAth 208

enbodi ed i&i)}t{{#{%a%ppended claims. EXAVPLE 1. AN EXEMPLARY _NETHOD OF THE
PRESENT | A synthesis or waste gas containi ng COPSHYPYR3ED, /H, is
continuously introduced into a stirred tank bioreactor containing a strain

of C ljungdahlii, along with a conventional |iquid nmedium containing
vitamns, trace netals and salts. One 20 desirable nutrient nmediumis
reported in Table 1 below. ' During nethod start-up using a culture -

i nocul um of 10% or Aes®nd hasia methdodof cansioparetit @cld vo bdredudsdtchhdnobisbyl phase,
where the |iquid iumig not fed contjnuously to the reactor. The |iduid
phase in the r 1&5{{8&’“{6%%afdﬁ‘iﬁxsﬂ%e%‘ﬁpﬁjtgeaﬁg%‘f%aftmﬁGf‘?”i"eﬁtre YR th a
nom nal concenfufididnBlp |ever thaiithe Adufabitite @Pihe cBltlrd @huseANADINHRBE @f henat e 25
or cobalt. Alternatively, a rich nedium containing yeast extract,
trypticase or ®RuRgance reon the reshetioncefpceticasidse etepiloyed. 1 deal ly, the
gas phase at sygrt-#p. ALuSHs ontai ns excess H2. The gas rate and
agitation rate are kept _altg;%zovﬁng'\il‘Zﬁ%gofl ess than 500 rpmin a New Brunsw ck
Scientific Bioflo fErerhasicatepoof the oredmdtimtydettice fpllevilg OOcamiduddd i n sl i ght

excess, but at 0 2005 WO 02/ 08438, PCT/ US01/23149) _t he sane tine,
o i ng G0 sulsthensrnslil FRDRrodih e T e BRSPS Riod 8o c
Scientific Bi obtemplifitdiniBxainplerl Halow.eACbRinuoaSAGI oPREGs Subsititene the feed
gas conposition is. 63% ‘—|Z 32% CO and 5% CHa, the agitation rate tq
initiate start GYMRISINEES 123 ANG ARAUCIE 880 S 8 £1Q OF Bl a0 suppliss 44 2 sefersedogng Seedof

et hanol pr gducCtatOfhdikidnfiflcts Ablv dtfiqhid phXEPaGiehPmeditdntath Ee@é@te@'ﬁuf}fégur I ents
occurs later. Thus, excess liquid rc11ut ients (pantothenate, cobalt) are
actual | y preseffed mie pregusilisd to afermentatiori ldonemien?t ewhtaining usubjestdmkieriat Inon t o

| ow nutrients. . b er ent ati on proceed Ver a.peri f .several hours
after inocul at fléﬁofor%%éri% n%r%e b“c“éa"tf%aosFﬁ‘&sﬁibs BiET %ﬁ’é‘?{'t%%y%ﬁ baﬁﬁﬂaﬁ‘& is
consuned al ong pwidtite éthenolnd, actiatevdidc MOncs adtablegsiikordcentrwdioh Bakhiyvednadease t he
agitation rate to, avoid r%as maﬁs transfer limtation. In the Ne\{v Br unswi ck
Sci entific Bi of FEYCSHREOTHIONEENT coyuroneats 95 epRting9ys Justem 0% eampulaleifos 0o CHI .
I'f the agi tati egutedhe rédoxipanfas&itinéefe tRITADGOHSHIAD @Y GatloMRivkd t 1 0N
occurs, as evidenced by a decrease in nethane concentrafion after an

i ncrease in agfaentation braths whitekesgingdbg fee aceticeacid epneentipiiprdathebieseactercr eased
by 200 15 rpm 'lé\%i]%ﬂnb [ Fhe \In@!h%d§5ﬂﬁ§qﬁlfeﬁtio%far€9{5g,tn%{ rfiPandh QG T on (or
H, conversion) Il'e homnally Increasing agitation rdte occurs at a

rel atively rapiptbdugtian afistliaholtand ate@atgdd thadirmantaion bratheudlsthatabedtrahol A t ypi cal

target agitati L e . e w, Br ynsw ck ientific Bipfla~' fernentation
bi oreactor is %8%1{1?%@9’ '%%rﬁelg rgm??'lilgg{il ﬁaey ag]an ?ﬁé‘%g%?%gﬂea@ﬁ? 3&%‘%‘33}1&?12 in
batch |iquea cuhd 20:@, Iitedd enfiodihedt,ithal rativsit gadtepthaRBACUS bndthyr BRbbAReits of 20
ut most i nportance. Thus, cell concentrations of about |.$SglL are attained,
while typical prbERIIS gsAREen Al JAstill rothengmpodimeniathal ratiois sosgter thiget at e
from the bat ch 19yl tHERI addfee? emBEdikmBRARA: A i %T'éa%? tHafl1S:11 STHGRGRRI s thibe
systemis allowed to grow to maxi mum HZ uptakKe. It is desirable to have
very high H, exiventéamsekarnzitvelyreffegtivein enblehging2sable goiguaus (seedyistetept hanol
production whi l Lt iang ' 1.9, production. The @i oui pumfeed is
then turned on p??dgrc {%@Jé?giﬁ@%ﬁ‘éwﬁgg egfrgthonls k:%é%f‘a/heohnan?lh (a)r%g‘ggg‘% g&(e::ul ture) to
initiate canti roocestrhticosi(QhSfede deetane), i.icetian! foeretategireducsratio of Ravechotgwar d
the target flowrate. Int | ahor at.or w Brunswi ck Scientific Bioflo
fernment ati on bﬁfﬂ“éé@! sz'taﬁ‘B%Zi"H @@é@%hqﬁgf@ﬁitys typically 0.5 mM/mn, while
the gas flow rate i pededitdly! &AHEEnLYoutR df the IRIBENVF YhiAiftvdAQdH §ar¥£9¥@dfdh@
target rate of 12S m/mn. 2S 0 5 JAN 2005 WO 02/23149 PCf/ US01/23149 It
is inportant tdrph@v gaoestiesistednineshe do bregorygatians! asayineetode §5 acetic
acid productio t IS S : : 1 0Ny

i ncreases unti Irlaxf1 ﬁ@e’rtﬁe:lggggr%r% 4588%\[\2/1{@%&%5‘1 ﬁ'f/ s{]ﬁ%?fe é%’%gnC%ﬁ+‘guL%9 § p%ggl’ée (%blt rients
(cal ci um pant otfireersample dr therohibjec) tocs aasaydeticoddsuzh aattempadferrairmoghddnofigs
conversion, at the target productivity. In the New Brunswi ck Scientific

Bi of o~ CSTR, this is recognized by a 10%,drop in HZ conversion at a
target productivity of 20 g/Lday. The production method and reactor system
are then maintained at a steady stale producing |5 to 35 g/L ethanol and O
to 5 glL acetate as products, with only occasional snmall adjustnents in
limting nutrients, liquid rates and gas rate. Typical 1o steady state
conditions in the | aboratory New Brunswi ck Scientific Bioflo~ fernentation
bi oreactor without cell recycle, are a gas retention tinme (gas flow
rate/reactor liquid volunme) of 20 mnutes, a liquid retention tine (liquid

o . e Y ”~ -, = o, NN PN



acetic acid and is detected by gas chromatography. One pl of the prepared
sanple is then injected by autosanpler into a Hewett 5 Packard 5890 Series
n Gas Chromat ograph equi pped with a 007 FFA Quadrex  25m X 05 53n?0D f used

silica caQi_I | ar% colum. The analysis is conducted with g: helni/um gcarri er
gas in splW‘-’zl/q W nmode with 66 m/nin split-flow and 7. FEI VA i nj ect or
purge. The colum head pressure is set to 4 psig which yields a ¢

ol um
carrier flowof 7 mM/mn. The tenperature programis 75C for 0.2 mnutes, a
ranp to 190C at a to rate of 30C/ mnute, and a hold tine at 190C for 5.17
m nutes. The resulting runtine is 8 mnutes. The instrunment is calibrated
for ethanol (Ghron2Bogyaghy, Haeetdrcotharicdnyebtidhal agédy)metimds ateasetzeted Oy Sngopfl) and

butyric acid (05 g/L). .Five.standards, pr red. from r.eagent..gr ade
ol o, ar XSnde TheatalprlRsend bl SR E Lal SR ORI F e
calibration rangkrafaintmhe Ritica Bxample @ demonstrdfes fick aftfianMethod0. 250 nl of the
sanple and 15 0.250 ml of deionized water are placed intgo the vial with

0.500 m of the i ntéensaredse amaippiatedheisystam campenentsiangd meinggin prd/onachigifed in -
t he anal ysiss. [EXAND : :fgga Wi %T Vd Jd1 CELL
RECYCLE A klew tBnrrsvxr/Jie%ﬁég‘m nt ‘IJ(EI Cc |o% %lariogtnogcgﬁg%ryl l(é?rarre%f;gfg%s#l di or eact or

was 20 oper at exhdwdesitablyptdmbiretipisl of thestblingvidg oeisr dl@driaginutiiargokalhim contgtts; ai n

ERI 2, ATCC 5538@.f?r ghef\ produc%iej?n of acetoi c acid frgmycg{, CoZ and H,. The
gas feed cont 2l hedt 558491 Pausys feesl Kty QP BASNressUl R, PRERENG RE: 8865t i on ti me
to the one-lit&bsttReednbints\ass féed rateOfelndataibmbiiotttagithiishiiatt, Beddingpdoétai ni ng
vitamns, salts _%n_d trace elenents was, fed.at a liquid ret e‘g{si on tinme of
2.6 to 2.9 hourBditipRatepfegisasing opll depsty in the higreagion, gt PTEXENHBS FFEAas 1000 rpm
and the celgl r&hBohOoRohé Fﬁféf\@ﬁ rRRBUhtidhS idRHE &ppUﬂ%&ﬁe bibRIGLANALLi@NS of
mass transfer limtation (and not nutrient limtation), the CO conversion
vwas 94 to 98% plrde nutdentipantathearts ioppoballlingition aglight evenss efeTO apdheénibe at i on
was 4 to 8 g/L acet at e r oduc at .10 I was

b oduced. At riseBREy RETHELE AERAs BAReEnth dloidita bindadimudfoBo VRN 00
(l'imted by thghdd®nutrithtZoodhtrZ2RAS biEXiA’thd dtursid aROTABUSE) DBdemEratdyi dtiat y t o
transfer gas to the culture) ,and thus produced only acetic acid as.the
product, the 'péﬁlaéWElﬁ’_gﬁs_Emf%fa‘%‘?%fgﬁBﬁ %F‘E&H‘B{r? Bhove Hrsoﬁbrﬁ‘“ﬁali’ﬁftﬁ‘c‘ﬂéﬁl fgpm
limtation;s cobltiorbdctBritdh cQNcdEentAforlES HRAAGIR PdbleN&eaF Staldcortentrativier €
monitored to serve as conparisons for when ethanol is produced as the

doni nant pr oduthat utilizesHiggpncing grapyr rutrient subgtrates-ip theRinreackrs iad increaging e uni t
of cells produ 1 GQ- lacBth@ GEkles produced
(pg/ g-cell pr oﬁﬁ%@%ﬁm&?‘?ﬂ ge?lltséﬁr gcg!g%é t"%g’ﬁ%égr% aér amrp(gf er(‘:el |'s produced
was 1734 to 3463mektgtiartiekictprboath exddds 2ghe tremby irfhibitin@@ny phakwed mewaskas 0. 35
to 0.6l nmol e/ g-gcel | m nut.e. e ratio.of, t nol.es 0 . he sum of
two tinmes the ﬁ%%gorb &86088g€%°r1°gtéf ae?ﬁld At’h‘fgg‘ées? ftﬁ%ssar% 8&% H%e%ﬁ%ﬁégﬁ of CO~
converted w@as Ibelse. than 0.46. Thus, none of the paraneters were in the

desired operating range for ethanol production by the gg}leépgre. | t ici
real i zed that pant ofKBIvaLS8s 4fanteiBipg BRsehRther than COLP Y FECONVEtEthe
reactor above w.rt@‘aajﬁh@ﬂ fdfetht ﬁea&g} de @é}éédr}?onpﬁgq%ﬁorlam@l@fe WEBSRr tfenst er
limtation. That is,” the pantothenate and/or cobalt |evels could be
decreased si gnifiél valne.| If exqess 11 dslal contfolling ragvbandsnt isemployed, $hg By pasiait ot henat e

or cobalt Iimtation. Jo illustrate.thi e medi ed. t. -l hter New
Brunswi ck Sci edfTfi¢ "Btl-ggf)ft t aésrar?gﬁ&?ﬁ%{rsﬁp %lgrpé%sé%rgg%égﬁ%'gll F#r?'r‘g‘éltjetl‘l(‘)lmte
significanthy daitgeaseussdiaidendfldhictdontioltoftta ethan@lto hdvdte vati® byulsat sepove t he
concentration of .cobalt for cobalt limtation. The reactor i n_contained
C. j~nrgdal Tl iéf‘élth%ﬁc ipeed (Gub s "ﬁPE?awE‘f’# E?H“‘S?asa-&g@tcf’8°e§8'f‘%°r\=$%§¢sdb?‘ coz and

Hz. The gas 20 theedra0Bt ahd'@ds &%%%o;&%@/&@@st 508D, andiHb BervERicn! ef er ence

gas), and the gas retention tinme was to’S.0 mnutes. Liquid _nmedium

cont ai ni ng sal tWith el eeaycies liquidiefnent Gomiteanertter Siagent e agll ¥PITRIQEAIIEEY ent i on

was 5.0 o 5. 3 Tracbrdnd prPftelif AE oy Bl R A5 YOS 7 R ORadCe P

condi ti ons sbhe tEEbideALRE Sidahe pamefb 8 ixseRAGprvddctirbeveiy. 25 conversi on was 94
to 9S% The cell concentration was 2.5 to 4.0 g/L and acetate was the only
product at 10 to 14 g/L. The Ca-d-pant ot hqyate fed to the reactor per gram
of cells was 2250 to 3600 Il g pantothenatel/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 31 0 5 JAN 2005 WD 0210838

PCT/ US01/ 23149 uptake rate was 0.325 to 0.4 mmol e/ g-cel I mnute. The ratio
of H fed to the sumof tw tinmes the CO converted and three times the COZ
converted was 0.S75. EXAMPLE 4. ETHANOL PRODUCTI ON | N LABORATORY CSTRs W TH
PANTOTHENATE LT1VBTATION 5 A New Brunswi ck Scientific Bioflo Il |aboratory
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to containing excess salts and trace elenents and a |imted supply of
pant ot henate was fed to the | .55 liter reactor at a liquid retention tine
of 31.4 hours. The pHwas 4.6 to 4.7, and the agitation E\UQN%@SH?O rpm
Under these operating conditions the CO conversion was g % the

conver si o)yowass438% and the cell concentration was 1.5 teCRUSMEAHY Et hanol
was produced at a concentration of 1 Sto 19 g/L, and acetate was 15
produced at 1.5 g/L. The ethanol productivity ranged from11.5 to 14.5

g/ Lday. In analyzing the paraneters for ethanol production, pantothenate
limtation was seen by operating with a pantothenate feed to cell

production ratio o 7.7 t.o 23.6 U tot.hen [0- . npar e
this ratio to the é%l sepgraé@)ﬁ aﬁ%o"}?gﬂ{éggﬁgﬁ%ta‘e%égr(‘:‘%ugg%}% %égggl%gbe
S75&3150 Pg pﬁﬂi;ﬂﬁgﬁ?@{d?llgatf&ﬂ dystah,oamdf ﬁlrem S}&&n’c—medmﬂd reoldl/liquid separgtor.
production. The coba e er unit of cel]s produge 0] 6000 pg
cobal t/ g-cel | EBFB@LF&@%? reéf’Y%%f‘°‘F‘ﬁ‘é°(Pq‘_§ea&/éQﬁalg¥@f’é¥ gte\t%%ﬁ’eg%%&gﬁpl e 3 and
assures no COP@alafor'5'imeh%&éa%onmﬁ‘ot%&?&yédg%y CureR) GHtechhighes ivdhadig 23 to 0. 30
nmol e/a cel Imnute. The ratio of HZ fed fo the sumof two tines the CO
convert ed sand distilasiontandedsorpionCBermseinsds separated én 4 digglatiohepymitosose i al
pressure int exd t 5 - ' iBl ek 181 t her
excess H- or Iglg%’l%fé%jog%ﬁe{ﬂ(l)g?%éﬁ’aatngV%gelﬂgle?ﬁ}er%ghg%&g?g‘ Hg%?dorn Paﬁ% henat e
lintation forwasdriarohtaims egieess ivarentersot ated dn thel drmeatibn butanpedsess New

Brunswi ck Scientifig Bipflo I] |abqratory,.reactor oper.at 1.t d

recycl e using Vé?‘“‘]“?%ﬁﬁbéﬁ?‘?“ita,tlogﬁ 85“5'5@- de}-‘\‘f@ffd%gé%fg{"aﬁhl'gat%acp %r%@/as f ed
gas cont ai ni ng33ol overhzad fNis2R 20 YR NR(1R8HR8 1PWheld20yd2Ris 4thakidl 17361, , 30. 6%
CO and 5.2% CZH6 (reference gas) at a gas retention tine og %2. amm' nut es.

Li qui d med? umdesrrddinal prgduct) is pepeesteddinpplijtonthanantdoV HENa st B35AY ™ i t h excess
salts and trac s fed to the 2.4 liter reactor at a liquid
retention ti mﬁ%ﬁgtgf%qﬂ%%\?s. Cell recycle was provided by enploying a 0.2
pm hol | ow fi ber 5 Ewoatieouscantieiosef growt, derth and cell prreQESINBYSours. The
pH was 4.6, and the agitation.rate 650 r thesa sandhddopns the
CO conver si on SHEAYFH c?‘hcgntlt@ogo?’i\%x%?%)ﬁon\?\%% g}j‘%ﬂ ggggetd#gs%eﬁq %oncentrati on

was 2.5 gJL. Thed Qﬁﬂﬁﬂ@éunmemdaﬁd?md{ﬁ&te]ﬁr @érly raorthstbybeiag Ed43@, CO,
concentration was_3 g/L.. The ethano

g/ L., [ productivity s 17..4 Ld 0 1In
anal yzi ng ¥he P¥riZrleng it gitrignthyHbut 55‘%‘695‘8&9”%?{"(5%?“?“‘25‘?“'%@ "ﬁ%??dg of
pantothenate f gﬁh??ﬂve%r{ mBhtafenk SoMEP EHHRBnIERS céhtiABodsZhanol and acetic
pant ot henat e/ g-cel | produced. Again, pantothenate limtatjon sured by
operating at aadiépwidudtion andpeeventan comest rapslyifor methpdppssse s @e‘gSMt i on.
The cobalt fed,per uni | | r . : tiogl |
produced. The %‘E%SY n:ag}'é%g B%? gke?a'e@gtg E{H\%\g%lllg@goéﬁm anggg@l%gft%m nfut e. The
rati o of H, fedhichchhie darimeftattomultirepsidrimencEngbedesctipignabriow prdia the nes

the COZ converted s 1.14. and it he artial pres j it gas was
0.60-0. 65 % m CEIRAASsUHESS ORFHiIsH B ‘&a%%t‘ %R’Fséﬁ"e#‘gegs}%?lg\["g’rsb%{%%ﬁé

product i on; hoygyRtatuleBed s BBweeh 36:9 MM Mesiriblé RMpetiutesgad prefiuted may b shows
that growth was l'inited by pantothenate. 20 In another ex erli @a) C.
jrngdahlii, st datermimed by oresoffsisi in the@rtt ¢ePIBUE %@hwmws?@ﬁﬁkssfgg Fug®
produced during aceid-Gcffti d production fromCO COAZ and H, a condition
where the reactor was not limted on pantothenate (or any other limtation
except for the abil iA variety ¢fmaemigfulationsadestiibet lapeciiaaltyheloy, added tode&8fiGinol was

found in the product , st.rea 25 ing |im t t e fior

et hanol pr Sbluctsfe@wh‘ww,%‘bﬁﬁméq%e ?@?ncﬁi p{oﬁé&é@ﬁ ?gpmgtﬁ}g@ﬁeg’%ﬁuﬁas fed

8 to 24 pg pant;ﬂbi&ﬂﬂ&ﬁ@g Qmﬁﬁﬁdns(pm&dgﬁfﬂbr cobuilth er theisetcdiexdessgH 2drICQpiger

nutrients in excess. Under these conditiogns, strain C C 15 to 19

g/ L ethanol andhamsthog S?P@P@‘PE"%(E@P&@?C’%SS‘“ d%?‘%e‘@% %O&igéc%gge% 2005

PCTIUS0123149 EiNEhOdedtrd NNl BRAAY SN debint ARBRABRBY RS W TH COBALT
w

LI M TATI ON A Ne runsw ck Scientific Bioflo Il [aboratory Leg ntation
bi or eact or was wpesmdtationsend satisrofanol toaceigishin the fRMEHAYR Wiethc PSS ecycl e)

ing C. jrnrgdahlii i ] o OF
et hanol 11 6fh G TL oo Tl AR ang 8 et ALAEEORED)

reactor contained 60% H2, 35% CO and 5% CH (reference gas), -and was fed at
a gas retention time of 14 m nutes. Liquidinedi um contai ning excess salts,
vitam ns and trace netals (except for cobalt, which was Iimting) was fed
tothe 2.5 L reactor at a liquid retention tinme of 40 hours. The pH |0 was
4.9 and the agitation rate was 650 rpm Under these conditions the CO
conversion was 91% while the HZ conversion varied from20 to 80% but was
nom nally 55% Ethanol was produced at 26 g/l,, acetate was produced at
4gl L and




the cell concentration was 2.5 g/L. The ethanol productivity was 15.6

g/ Lday. In analyzing the paraneters for ethanol production, the ratio of
the 15 pantothenate fed to the cell production was 15.2 pg5 JAN 2005

pant ot henat e/ g-cel| produced. This level was quite |ow, such that cobalt
limitati oV&PYHt38ot be assured in favor of pantot henat e PCTSYI3148n.  Cobal t
limtation was seen by operating with 33.3 pg cobalt/g-cell produced, a

| evel which is 100 tines |less than used in reactors w thout cobalt
limtation. The ratio of the H fed to the sumof two times the CO
converted 20 and three tines the COZ converted was 0.94. The specific CO

upt ake rate weerntbngfioNBRItE/ In £teferfed hodikéRatht ethhdBl tRhdefife profudtkdRnol
production was also denonstrated in a CSTRw th cell recycle using C

| jrngdahlii, srpdicad @ the fesmentatipomgth isgreatethpetQ: hend thigtiapelgorndeitdnst r at e
cobal t Ilmtatlggﬂsa{eptﬁahllg resence of excess pantothenate, in 25 contrast’
to the previous®reactor i th| s exanple. The New Brunsw ck Scientific

Bi of | 0 2000 | abor at&ry fCalsmniPantothandié bindtatiomr with a 0.2 pm hol | ow fi ber

nb f | | 35‘V d 5% CHlV
Enrs ef gfgﬁceggag)e at rlg %‘ggequkcgﬁibogﬂ‘egﬁa‘f%éﬁg?‘t"%{tm %f fﬁOH%%] fapipula mg&\

cont ai ni ng excisivgisal gathways toafavdietansl gdréca@ﬁomatdainﬁt 4fahdid peYe&iph for
cobaltvvhlchlsllmtln was fed to 30 the 1 liter reactor at aliquid

retention ti mein¥e V@Eé'"HB‘E&*é‘e apRentpficyleimpantotispate Hthg rytrientyigsdymy Wsg 05 JAN
2005 PCT/ US01/ %ﬁ&ﬂnmmﬁfegsqnam Brot33 nfRid MfloadiBh: AGltableclERhspRe LT T 1
this CSTR with hollow fi [ recycle was 40 hours: Undér these
condi tions t hecadCergutior thsk B’IQUWEfB“)SJS%e thhealﬁznmnw&es&tequmdSO% and t he

cell conceptra e s g/L and
the acetath cortBRrPaR: Sxtadebyng P BE R i oat B iRt SRgdnl 2 5,

g/ Lday. | n addpassthertd xhehqaartﬁemhemmt ﬂre Ae:“etly&@ok cpcledaletsnedncemreidmwstor eact or

(Table 2), the ratio of pantothenat eII roduct i

pant ot henat e/ gt @&é %Y‘:g‘? 1cls caysqs@ él g’ﬁg rSedPi“Hé‘gé)g‘reé‘écf“éPo'l ‘Pfan in
the previous reagi@ytd RADI, %x@ma}esy incRBRk thel drodudcabh Sfeth@D! SIRNLIRY
operating with 47.6 pg cobalt/g-cells to produced. The ratio of H fed to
the sum of twoptddrets t he CO converted and three tinmes the CO converted was
1.03, and H" e H2 paf’lu{tg{he%tgﬁl {tlz(t%n lyobtsggef%ﬁ] tggﬁ %?%ﬁ'ucﬁ%&?\’} c.éﬂa' n,

excess HZ Could be a reason ano owever, the
hi gh CQ, contelpantomemdnefedxo thegezctdriped g@mI(E) aff az)ls Glinpweighth atodgeedin thewas

Lnees ¥ b DR B A A e

EXCESS CO PRESIMEe&f Ditghs pg@ssml@m/ﬁbmaﬁbﬁvaﬁer gwa@)mfd@wmpr))dma irogher at ed
as a CSTRwith culture circulation and cell recmke usi ntg g rngﬁahl i
strain C OL foreacks SHbawsfsresd Rentasienats Smitrtionds iche esnge oS 199 ke

presence oy eXQ:?’l%Fﬁm nfdthen@tel}fRf g%@ opéellssgrobﬁ&a%thz?@ac{o?a%&heﬁ"’as oper at ed
at 25 psig and ted gas containing 5 CO and 6% CzH~. The gas
retention time embsdiveni efihie limisationiast abont has hg oBcalcivh pentethenatd pprigemvedi um

cont ai ni ng exc Vi ta ncI udi n t ot tal s
hes fed to the bt Rl Frogiiel PR Selanc i P RRARHE PR Sy AR M RS R
cell retention 1teug @itﬁaaﬁmﬁarb(ythaﬁﬁépeﬂgrahﬂ@) bRl pﬂ’od&tfefdllmﬂfetreetch:rro'ﬂgh a
ceramic 25 hollow fiber filter S hqurs. , The_pH was 4.5, the
agitation rate ameynyefgh ?b‘l‘H‘Sﬂﬁdmt”Hé‘“? ?thiﬁohPng‘é‘it‘PEH} prefe ‘?ﬁ‘c‘?%&aée\ﬂe?s 0.4to 0.5
gpm Under o hesﬁo&%ﬂght(br?éﬂe?nboﬁhf‘engé‘ﬁhﬁ%%ﬁ?té MOgtrat&ri6 Exanpladl e, but the CO
conversion was nomnally 72% and the H conversion was nomnally 12% The
cell concentration agnother agpect ofthisansthodnthe agdimation ofithaba®es indBen2/ 08438
PCT/ USUL1/ 23149 The
et hanol pr oduct%ﬁwﬁ%ﬂbﬁ’%%a%&)%t?th” lﬂﬁ‘ﬂp%‘gazénﬁf@%élﬁ’ﬁﬁme gg%hgf@!gmrrg%rérs ?Qéd—

et hanol pr Oductbyo'lagulithﬁ;, crratijuetm:g,fthé f‘e&naaantomtplamtees sethat mcomanteﬂctlum
production was 97 que pant ot henate/ b cel | ggeu d. This .5 |l evel i than
sufficiently hiRpIQHEENAESOPEENTRURN IS AR gn‘é{ Rast e fd emPtiges “?‘Flrg ratio
of cobalt f@d tghel PRamelet oftd20@eArhRNiQIRITEXGtePopiGaabRt Y, Or BB birtipireisaed,
again a |l evel that assures That cobalt was not imting. The ratio of the
H- fed to the sumof two tines the CO converted and three tines the CQZ
converted was 1.09, and the H2 parti al




pressure was 1.6 atm The high CO- content in the exit gas (0.5 atm
assures that 1o excess HZ did not cause ethanol production. The specific CO
upt ake rate was 1.34 mmol/g-cellnin., a level that assuresld&xc308 0 as a
met hod of producing ethanol. The technique of using exce f et hanol
producti onQ\/%%z"QI”éo denonstrated in anot her experinent w'%’t%ﬁ@mjglhﬁgdahl i,
strain CGOL in the AUTOKLAVTH reactor (Buchi) system again with cell
recycle and with culture 15 circulation, for a period of 24 hours. In this
experinment the 600 mM reactor was fed gas containing 1S.8% HZ, 36. S% CO,
38.4% Nz and 9.3% COZ at a 1.4 mnute gas retention tinme. The reactor
pressure was mHs mtjastede dMajor 4Banges ig nutiients rd aneidéd. hnteorletyet ogstent 8eisignts g t s,

vitam ns and trace netals was fed at liquid ret j ya hour s,
and the cell r eé@ﬁ‘ﬁ“&??tt{af‘?fb‘,s ‘@B‘?ﬂ?eﬁe&ﬁﬁﬁm’gggesﬂs ﬁ‘g“gﬁ'a}‘%’ géek}ll{nh{gﬁ? %&Véﬁ]ug ceramc
20 hol | ow fi berpthiditngifing Wagents) pdofRbdist rafibeofl1Hd prethanbl/p acatiteorgisioatiron rat e
was 1000 rpmand the liquid recircul ation rg]EQ;}aV was 0.4 to 0.5 %g,‘{n Under
these conditi on8an{rFversicpsived. sThus rapasorshutgopaaad [aioHBRIHIPEFS bn was

11.8% The gel |lpeRRfaNtHAI Sthwaylis Gbrkroll@t AT ethasol prodderioadndlimid2. 0 g/ L
and acetate was pr gﬁﬁgeg at&g?éﬁg/ Li.lyllThe et hanol producti vi

ty. was 60
g/ Lday. 25 |n aseafiyadidhprodheiopy fins supplyirigercest Haidhe fspbensée rhsﬁlomatsr’e 2),
the ratio of pantathenate fed to L oalr ' AHbe®hove.
pant ot henat e/ g-%rgl%e’b}l@ e & .lunf’ll?laéstpﬁ(ﬁ%n\%g h f}{s% nﬁ&%ﬁf:ﬁ%ﬁé"gﬁ% of e.t he mi ni mum
|l evel required to camgeeteitRamokp, freadtmdlly imitthgdiquid ppesa netribeiealcivml i mi t at i on.

The rate of cobalt fed to the cell productjon, was, 735 E [ . el l
produced, agai nPAtPtagNsfe if Kept "é?f‘é’ﬁsrséga‘f ac&%ﬁio\fl‘\gwév e ?ﬁong%?eaéésr.g’ he 36

0 5 JAN 200% WO.024R34RR RTEsHSAVeRILOOpdridhihshco bndRe fosdlofithe dueresuabiliof  t wo
times the CO converted and three tines ?h

e CO-~ converted s.0.3. The CO
upt ake rate wast@p®ducerashicye Righ ethang! proguatisitiey ofipse tl@@é&ﬁﬂg@g&%&esiﬁﬁ |

EXAL1 PLE 7. YRR BnOr e oy T L e R ot LT e ck

Sci entific Bi of particalbobaateninlcuftereieititsitatedin Biagpdsakbh or was operated as a

strai ght through CSTEH(V\J [r'hloigtt; .cetl tl recycle) using C. jungdalrlii, strain
C- 0L ATCC S5988 for ep L 9% ethanol from CO, CO and HZ in the
presence of jexcess Hzn anddiler @aSodigest of thid ikenti@g cteanetbminfoainaephlaringsliez) 19% CO

and 4% CHI (reference gas), fed at a gas retention .ti of , 30, mi.nut es.
Li qui d medi um | (iclesieah PanWaysdR et ethaof E"Pd‘%ﬁt‘f’%\'f‘r‘?ddém'h?‘?gg? ?Cé%%ro%q%}a'%nt s was

fed to the reactar, Al iditldedit shdut SMbANInthd Rt A&ilAYS & ariduet phichias 5. 0
and the agitation rate was 1000 rpm Under these operating condjtions the
CO conver si on wdsss8ngegeizen to mhiataiizthe baviesie 8t bsiabipEealy sGErgOnerAKatiop that
concentration was L. 0. I ~ [odtid SMRerv@swileid- al I d the
acet at e concent r‘ﬁ?ﬁ%ﬁﬂ%@h%z‘ge %(;Lﬁl,t.%For%ﬁlgge%cféglggrﬁﬁ%rooduct? vVity eV\(as 6. 7 g2day
I n anal yzi ngot hempaseamms @i of @balefed anthe rerod patgran (g)fieclip 441y veiBBat e f eed

to cell production ratio s 900-1125 p apt ot henat I ed, t hus
assuring excess Efﬁﬁ%"@f‘l‘fb’t‘i‘\ﬁl\?@r%ﬁ%or r"éa\@ﬁg“.gggﬁ %fo' g)(r%r 3% S%rgtt’alﬁ?o(%%#{mg{eéggﬁto

cel | production #,abil& pediAPBatheaPabatt mbesb%@fewalt t@the descted peragai of
assuring that excess cobalt was 20 present. The specific CO ugc%d%ke rate was

0. 25 0. 35 rnnol / gells erddupddrin the reesies) This@mOouH Hf cebelt @aintaigs §RAZOL PEAUCUONI
ethanol productigne The ratio. gf | 858 16R1dsR8led @ ddbRdimend aTthe2 i nes
the mol es CO conb&t reenﬁgé%%tetaﬁer@eth%é}rgr%egyt%gmggl.es CQZ converted was 1.96, a
rati o that is abmethod.oblimiting chiealtab theirerctoraxeedisg 14 this ;iefvdsent and t hus
coul d be controlling efhanol  production. .Th ' HESSULE.CoR t he
exit gas was 0.70 25 g‘.‘@‘?"%‘f lt‘ahtge{'eﬂaer}tﬁ&opgrogﬁ m?ﬂégq—l%hlﬁ)ogrﬁsal )gressure to
COdeart i al pr esl%ymd@raw E&ﬁus@&bbalﬁ@ﬁseﬂ@?trﬁﬁfer Thisthyl grbep frem cheditFeysle to
produci ng et hano ue to the presence of exces ...l 0 a second experinent,
a high pressure MM@chﬁemgﬁgt!@gg@wpt)o?s&gwgb@?gif'ga"stagt‘sc"o‘gg%g?%‘?w th
culture circul ati | ey B18 RHCLiSh WSHoP Berfritting tN8 €@Rshdri Cobaitlinddatiors- OL f or
t he production o Q%Ltcg{;ﬂ%??#rcgm CQ, Iccg'ﬂgnge Hi ign t he presence of 37 05
JAN 2005 w0 02/08438 PCT/ US01/ 23149 excess HZ. The gas feed to the reactor
contai ned S1% H~, 16% CO and 3% CH (reference gas), fed at a gas retention
time of 2.21 mnutes. Liquid nedium containgpg excess salts, vitam ns and
trace elenments was fed to the reactor at a liquid retention tinme of 8.97
hours. The cell retention time was 22.7 hours, the pHwas 4.5 5 and the
agitation rate was 800 rpm Under these operating conditions the CO
conversion was 91. S% and the H2 conversion was 43.4% The cell
concentration was 5.5 g!L and the acetate concentration was 2.85 g2. The
et hanol productivity in the reactor was 21S-240 g/Lday. In analyzing the
parameters for ethanol production, the pantothenate feed to to cell

. B g . o, o



AND PETC USI NG MEDI UM FORMULATI ONS 25 The nethods of this invention can be
applied to any of the C. jrngdahlii strains. Results fromﬁgﬁ(gm@u%

mani pul ati on experinments enploying strains ERI 2, C01 and are shown in
Tabl e 3 bel ow. The purpose of these experinents was to denonstrate that
each of tMP ¥WBH8s can be shifted fromacetic acid prodtfc?¥¥H2Hd et hanol
production nerely by mani pulating the medium Thus, a culture was fed 38

0 5 JAN 2005 WD 02/11838 PCT/ US01/ 23149 excess nutrients (including

pant ot henate and cobalt) in order to produce acetic acid as the dom_nant
product, and then limted on pantothenate or cobalt to produce ethanol as
the dom nant pedsbesthe THF syidiatt, Biick Albd etbas@chigHa AN ADTE) HDi0 NAID®) pade of

t hese experinments, was tq denonstrate that medi um mani pul ation can result in
product shift WeiEPLROJuUERS eh@nolt r ai ns. Thus, attaining hi gh product
concentrat i ons and Prafufd MirdRs mifiByRed F]ya%xfg%‘ti? oo RYPRRAEN! S, The
reactor was operated as a straight throug %10 cell recycle) Tor each
of the cult ur ecabrib eonaeptnation. Theudgathe sgbemsnnenastacetenanies torlowipastbthgnaet at 50

T ot B, B G BERM ed  EoBeBR e b Bd e, 2o,
chosen to al | oadjustiapant sOmMEreadt thieferntehtatlompararietérs (ks ritq liquibiray,eghatiph
productivities. Aaﬁﬂoted in Tﬁbl e 3,, ftrai n I%glz vgs subj ected to.five
changes i n medidfim i ORCEh ARG Hasaspartisl REsiue) MalekchaAges IHRHReF S IBAYULEE i
acid as the dopithmdadRl @EHedly dhs@ht RNt RSd SdiRerf@NbNRMainRliRdUG. Bot h
pantothenate limtation and cobalt. limtation 15 were denonstrated for
et hanol pr oduct¥281PlH9f suph seguletien of fermieptation @rametea or gmerticwlar Yagtedd t i nes
usi ng nediym j ' [ i th both pantothenate limtation and
cobalt Ii r#t ameﬁpﬁéﬁfl&dﬁg t’regt?rg%kagg)wt #192 mechani sm for et hanol producti on.
Strain PETC was shi Pteatatdy)ltie Wologicalwathivapisicamed!lep toofivatetanolguadutidorcobal t

limtation. Each, of. the strains showe i gher H, gconversions en produci ng
acetic acid, rathpitesslis a&‘f‘r?é%@’ﬁ‘,"’“z‘a' fggr}?aﬂ@gﬁé?ﬁsﬁéﬂo tg? %96%8&3.“% s occurs
because aceti Climfing dobalPinARbRRHend ARGTIMTBISscHbANDORS Atistirt@, HRNinfitidgm ti ng

t he amount of gas_ to the culture), whereas ethanol is_produced when
limiting nutri Bftid phassautricascabalé bdepigagxdess ta appifl pesdimatindR levanutieiat i vel y

af f ect gas;sconygiIheR on,SgBJ)r!dit%qHsﬂtc%ax%@%lﬁﬁ%rgt%)%oxa{u?ﬁu@l pURYSnaRESFRMe | N the

product stream when the om nant product 1s hanol . However, when acetic
acid is the 25laonf thartitpesdbitity, togrdtanoprodst msioakiegtentian plesent in

measur abl e concentriti ongy., Iq Qlcj i 1 L Jonm nant products from ethanol to
acetic acid by nutrrent T » was shown that it was very

difficult to renovelabtll inotreembddigéntan®meth6D e rahipulatnaiabiolgicat hanol
occurred only af H\er sever al vveeks%cgjf .continued operation. on acetic .acid

enhanci ng nedi BANWEES to fYSrEIEae Pradicionand ARgitagess astemr 1918y GSEEANBLE 9.
STEADY STAJE ORERATHOM ML Rida AN M EIHQ s L bar RECHGHIE oG inbidchsi®t, Swhich
commer ci al goal of producing ethanol TTom CO, COZ and H2 is to achieve high
steady state cdénibemusedthydhsbiofogise!ipatioly. Meferablyathetthaediging ges Ipin exe®fs ai ni ng 5
hi gh et hanol t cet.at cl, i j I s dy state
data for the promi PooBRE T tbeh 85 B Ry blona Rl BRUSL Hidnenarb B8, =1 850,
CO, 10% CO~ ancc&dteChtdo inthefpri@entitionpeahl IF ih ratoritte K- (@bles of gassed) a0 tiat

t hrough CSTR (no_cell recycle te sho iin Table 4 .1n the,t GRT
r ef erg to the(gséig1 gé?'%‘ﬁ%ﬁ‘et@%g"t‘?“%lﬁ ‘\EI)W%?) CPP%ﬁﬁ'tiega%ﬁh[Fﬁé'mtefbthieg:l%ét Injas f1ow
rate), LRT25ef andled 6f daScdnbértddds %@&@Mh@n thd fBndntenis darboh liited)i Thetl, vol une

toliquid flowrate), and XRT refers to the cell retention tinme (average
anount of ti me Reglal presprtinithe xit Bes ip prsferably)sreater than Qrbatay Finglly Hhe ratignpfdly

et hanol concent j 5 IaR8 @10 28Mdrelig €t hanol
productivity r r?gtﬁe%g@%%&oﬁg’?%rﬁzﬂ%isef%%méa@%@%}ﬁ{aa? 'reguf}trse are shown for
et hanol pr oductsufficidnt Biisgaailablead ussalithe COs IFher C@jpartinl PEssutkHegmgatsr thged i n

t he experi nent i .G jsn=gdahlii C,OL wthout recygl fo ich results
are reported in&fl'ﬁ{%?’ét'g,l'l‘?:léﬂﬂgggﬁ‘?gw‘lg%bﬁﬁ‘,°t ey, ,xaamﬁ!f%;(ly%?\'ﬂ.

Et hanol congentifladtfa@ios of itdhétdod stegn 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

et hanol productivity ranged from 11.1-20.1 g/Lday. * The cell concentration
i s based upon 20 dry cell weight in Table B F nally, steady state data for
t he conversion of gas containing 50% HzZ, 45% CO and 5% CHa in a CSTR with
cell recycle using C. jtngdahlii O 52 (ATCC Accession No. 559S9) are shown
in Table 6 bel ow. Ethanol concentrations of 18 to 23.5 g/L, and acetate
concentrations of 3.0 to 5.7 g/L were attained. The ethanol 25 productivity
ranged from21.1 to 39.0 g/Lday. 40 0 5 JAN 2005 WO U2/ 08438

PCT/ US01/ 23149 EXAMPLE 10. HI GH ETHANOL PRODUCTIVITY 1IN A CSTR WTH CELL
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reactor at a liquid retention tine of 3.6 hours. The pH was 4.5 and the
agitation rate 1o was 825 rpm Under these conditions, thescghh 2005
concentration was 8 g/L, the CO conversion was 90% and t he 'HZ conversi on
was 40% The product stream contained 20 gll, ethanol /35()7/53194L acet at e.
The et han®O P8tkdctivity was 150 g/ Lday. |n another high pressure

AUTOKL, AVT"t reactor (Buchi) operated as a CSTR with culture circulation
and cell recycle using C. jrrrrgdahlii, strain COL, the reactor 13 was
operated at 6 atm (75 prig) and fed syngas containing SS% H,, 30% CO, 5%
CH4 and 10% COZ . The gas retention tine was 1 min (atnospheric pressure
basis), with an actmaing@as-upetiRnsd ciextdssi, iofavbred omrmutrichtdurit@tion daipy

contai ni ng excess salts, vitamns_and trac tal s was.fe . eact or
at a liquid rereesnse dns easigptogpntolg Ihepene hefe“é‘g!ﬁ?y"}geee‘gﬁf f‘b%‘gtﬂga?m‘@‘ta\?\ggg 24 hr,

the pH was 4.5 g | odrprddudratifscdad potestid

condi ti ons, th%xg%glaf:a%gg‘g %ﬁugﬁ%o%ﬁi\xgg%g&gw?L lQ)'?ahe CO conveprsi on was 95%
and the H- conacetisaddhinhigiosOowellaeagstimativato oy BEHANE BHCHIRERMS25 g/ L et hanol
and 3 g/L acetate. [The e anO| Dreduct { vty was 369 g/ Ld. EXAVPLE 11:
START- UP FROM STOQ«B—QJL ORE B F P EXCESS PRESENT 2~ Start-up using a
bat ch i nocul um f r oy adthekvay W inaniguletimguhemmpotratsl of he metkrsin@ies r ee from

contam nants, but is pot always successful as ' ' ure
because of t heCY&iREl NS r(,eg‘l"?‘(“gc%ﬁsciccﬁ&“ @ﬁﬁ‘l‘%@/uesgf%sgjs;%g&éui Lg% |“3 ﬂ? P{témﬁe " et hod
paranmet ers suclhag 838 todrectBNewadhd alidxqotentidlén de Cerperttited bupval s 00
rapidly just after inoculation. 41 w0 02/0838 &5 JAN 28%5 .

PCT/ US01/ 23149 a@weding tophissmhedipentcthe biRsadiprinfupplsiah AL PTRE i s

di scussed {n thi biehbi&Ss fredted thacthkat i on of -
t he react OW cﬁ?%&&%@@@%‘ieg%q%g}{g afg(?(?,srege{n?gimrl\é:%m (AT%:C Accessi on No.
559S8) were gr awduntrequired i®maihtainetheibactedt ot asgabla stemly stabCoasftrionthaty rj ch

di t ai ni /L, t t t 1 gl i < t d
Ut ne. he Tl R poRk Dok tply b el F P gl D an
ot o B B o e o ool o) e
Shaker | neubat drmlimhles e6 O speemer ¢l (EUHEED) (hoe SesbRER T o oy Sl S hace,
as determned by;vi ' 30R o VhicRrBRCHNsi sRYGMIORES DEpeciippitoai @@t el y 90
m  of stocEgcul &\rﬁgﬁﬁg%reelaftgg&?ﬁgﬁs%?%d %rg?n lssesfe(gm bott ! es tg 1 | iter of
medi um r epr eseanttikemf @etatey than OFmd hismersnd that ieenh, celhor the @¥aegeys v ﬁB’éLﬁéﬁ"i onis
descri bed below, T utl | ne r . r aligdiy avaaeloftt ®s to
obtain a succes‘ésf‘ﬂgg?q%@@&t 5fag%ﬁ{a?feﬁg§b3tergﬁﬂ{énlgﬁéOgﬁ@ce’ssfﬁl i nocul ation) 90
m /L of inocul ugswens/gadie @rdferalily, thd COérprivadedhat ofathatdichibaCAMPREABWN | n

Table 1) containing 0.4 m/ | tam and. sal e E=0) . itation
rate was 240 rpﬁ?mt%rﬁetop"‘-lnmtcé}.g@m fﬂzdgéﬁﬁggﬁar%é%{@mg%_Igéhgtﬁgfgt he gas
retention tigve EGOMihEOHS COAS pidiaed anidrate b flomorsubas mMblCQgennt estiddry

contai ned 62% H2, 31% CO and 7% C, H~. After 13 hr (CIrO;_’LS desoanpatecg
conversi on was meight),of harteriafminutp 3inanothaeembgdiment B Gl 8 WY FhtPEa%ed from
240 rpmto 300 rpm, .Th t &t ' Iesiea Fadmple 24 Ptovidesah es  at
t =27 hr, and 3&% lf"&'r%?l%g?/g‘r @c&g d'srgqﬁefﬁhgggw?%{lgﬁﬁ on ti rrg wa? made at t =
46 hr. The agit atus@ationaif ensvasbairsent oftbis gathedistep 100 rpmincrenents at t =

28 hr, 59 hr, 72 hr and 85 By .t = 110 hr A MRScOBREALENg W th
a gas retention timevx r,srgeogr{lﬂdwﬁagegm%gae@g}°%g&?gﬁ%ﬁgﬁkof c6(.)0 rpm. The
cel | concents at ijo,easn. Ot BOuR siasplled sieh B thodisseivad GO imhs f3BYstatitidtrethils

still no HZ conversion, but small amounts of 25 ethangl 3 (~ 1
g/ L each) had acianifigheitby@as pressHe B E¥En LaOPéJP‘éSSHFa&%ﬁ’f %ﬁ%ﬁg?@gﬁ@ﬁp unti |

this time enphasized. Gebl &lﬁ@éc’if. ere&uéﬁ]foF@ﬁisQWo ablidéranbentfosy ExsessC@he same
concentrations as ih basal medi umwas started at a rate of 0.4 anmn at t
= 120 hr. A progngnaofe thefOnakleitnopeeats i foster gaie, apdifahe AFEPATH Lt e and

nmediumrate was then,initiated while care I {1 JAk cbddRinRilgy st em
under excess H2.°tE§f‘“’t‘sein‘2tfga'P1 canpaf keep a“rqg‘l%%:%ﬁggﬁgﬁg%u?gﬂﬁzvas 17 g/L, the
42 WD 02/ 0§38 & ScdMy2R65I0RGHMASED/22pibdtktiac of the Gt ondisiapeeic 26 Rdle 1
g/L, the cell concentration was 1.6 glL, the CO conversion was nearly 100%
and the Hz conversion was 90% The et hanol producti vity reached 11.4

gl Lday. A program of gradual gas rate increases was again started.
Concurrent 5 vitamn (see Table 1) increases were nmade to bring the vitamn
addition rate to 0.7 m/L nmedium By t = 610 hr, the reactor was producing
20 g/t, ethanol and about 2 g/L acetate. The CO conversion was nearly 100%
and the H, conversion was 85% The ethanol productivity reached 14 g/ Lday.
EXAMPLE 12. START-UP USI NG TNOCULUM FRG | ~I EXI STI NG CSTR 1o The start-up
of a CSTR using continuous inoculumfroman existing CSTR is nuch faster
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WD 02/ U$3% 0 5 JAN 2005 PCT/ US01/ 23149 HZ conversion was 80% The et hanol
concentration was 13 g/L and acetate concentration was 1. ! Jn ?dﬁﬁj it
steadied at 1.4 g/1, for well over 100 hours. During this tine period, the
et hanol praogygesisdy was 10 to 15 g/Lday. EXAMPLE 13. RECQQEE? 1ER@M SEVERE
METHOD UPSET A CSTR with cell recycle containing C. jtrt~gda , Strain
C-OL being continuously fed gas and liquid nutrients and produm ng 15-35 g2
ethanol and 0-S g/L acetate at a steady state (e.g., Exanple 1) is upset
due to unforeseen changes in nethod conditions, e.g., mechanical problens

in the reactor. to the reactor system can either be njnor, such as a
brief increase praﬁlﬁéregégepmﬁl@ dytprough %’éﬁféaé"smﬁ‘ﬁtS‘Pf‘ {This deareased fBteral siea 2

i nhi bition, or i&ieon B4ED 128uis hOBARE rRAD ®NEWRAIRedd td ABardPSrolidin Wi ch
eventual ly leads to increased acetic acid production and nore severe
nol ecul ar  acet i i@ fausr af pretieledid. i nhi bition: Short-term upset S are easily

corrected by nerely he u ara Iomerlng
the gas rate to its %ll?ll g’? )fce?s eICS‘n %E@ rﬁfetaag?e&]}&n?l c%g?&(nabggrnrggsy of the
reactor to assuredumﬂigiﬂwtrétke\c ppetial bAthe famehtetor twoth, dherpgz@éncé of axc¢ss A0 £59
However, acetic, acid duct jnhihQition is a nore s roblem__|f excess
mol ecul ar acetl‘t’?ﬁ.‘gﬁ O*Oh ‘8’6‘!3‘6‘8%“ QH@‘YE‘{H F'Eﬁs%aréjst ff"&stgﬂ‘ptﬁ‘fe kg term
S Ubﬁ trat eI i nhi E}rﬁé Q@seP@é(@&%&SE‘ @Udn%ﬁunafét}la%sb%wttﬁ o@FHLL'{BAl/?%b@ Rvlfiéh

mechani cal probl ens of nman pes robl emtha o0 the excess
acetic acid nustaypetde CB@W IE&Ve@bICTFIge pensequeeesf getended operpEPn WHEC h

(ui okl v, eads | Rk AguRlddA Bid ko Roul® HIERGLER] A cAMAOmINLER bY

i ncreasing the urd rate t e ‘acetrc aci ort unat
et hanol) frim tl'aetastyrgtoé‘mhe renta. t\’maratmtraﬁtmd ley eh unistefxtzt oesulB o5CQ/shibstiatee

liquid rate isr t d the re ctor aced b her. excess HZ
feed, or vitani W‘ﬁ@%ogggxglp{eseqc&o 59[0‘5‘1‘? {-Oﬁ tl};rav aﬁﬁ&ﬁﬂ?g‘éﬁ"}g tb%‘é‘ﬂ}@ e).
Bringing the reagfah oPme kultddy 8} 1h8Raf @HUE gitFedd18tedAS/ 0P RoitaBdiEratels AM0¢
substrate inhibrtion and/ or agl tation rate before cell washout and |ysis

takes place. ThBMA&HHPFENE inbiPiopfs rglipyed abwilugratine af havttocdivsithe 885 @scr i bed
in Exanple 1. |g: ahRiisPRe Jo'a@ccﬁﬁﬁ@ﬂ?lh%  efctGsillRstddhin Eﬁi&\ ik gcycl e containing
C. ljrnrgdalrlii, strain COL : vvas produ0| ng et ano and acetic acid
from CO COB and HZ Eega IEnIPAaRAREGsO5 JAN 2005 PCT/ USO1/ 23149
producin' acetic aci nse.t o ani ca rob he 0 m
reactor was fed gas gn g{c’ﬁ?g&eé%?rl—rfl {{th &pgq/g (fve Segg‘g‘
retention tinme afettibd smpnurteeissnraatydnolemé aﬂhm&gpwdtxdmoameﬂgxdt at i on rate of
600 rpmand a pH of 4.9g6. The Jiquid r@tentionl time was 23 hours and the
cell retention tine was 66 hou'e casigMass BAs#e’sol uti on (an aqueous i xture

of S0.5 ng/1 cal ci um pant ohdigRALEditiGRI EmbBinkent RvOVETenaRlg Bt themRist t hi am ne
HO) was present in the liquid nutrient medium containing salts and

vitanins at2® cénedeiafily GH onl, Grom the gasifeadrip thedighidifpragntigion brpthds fagter nedi um
see Table 2 acetate

<(:oncent rati 031 rgﬁsldg tﬁ)@ﬂg}} Eﬁ\gggﬁ tlgtglﬂg%tthg{l Lsgr\gd éas@% I_Feorr sétnilitg? tlfj‘%e

operating the réagtatoricOntaining&t @mbgda(bm is fedrC@tCyraad Hp niwlis opérated w‘ﬁheutcel I

concentration 2.4 g/L,, th conver si on 85% and t he .HZ caonversion
s 55% The st TaHGH SRl CuTraRnAgeHEor SREDGE fednErlep SGe e i o
dramatical |y reddtprivih RingR8e bl eRArcRhEfle@s friiRfeF8@ Rk Othe hfpﬁh Fm&edncbﬂ&egr adual
recovery of the reactor in the presence of excess HZ . uid rgte to

the react or 2has SigempPerfiesdcets %Ideaér*hellsoiﬂ%dlfé‘te quipriey fF‘i‘Gﬁ“Shha"f‘q’H%O %Qnpl e
because the acet [ | BRbRAE ift he
acet ate concent rcg??gﬁ&\r/\&/gés%rgamﬁ 'r%ﬁ%&?grﬁgﬁﬁgftrb%%?%f?gdnon [ n%l gl ting
| evel s with the treduch g@ns trmS@asdﬁdtowherlauﬂ paass fenths efueto uspeylistraign i n t he
presence of exce S ific Prog dure | [ ris
di scussed bel ow. "%ﬂ%l %P?"“ 85‘858%5% ?&Pﬁ‘éfa “B?Qf a‘bdrctfﬁ(a hgglg“s’rtggre 1&?9&&
dramatical ly redise@t yge/dTYpératich Gls eXceiseitst @ihster NExaipl2 providdses, Wm l e
only slightlz a(riiustlng the liquid retention tinme from23 to 30 hours
(t=0). The WPtaniipstatiorefihismettod. i n the medi um was not changed. Wth this
change in gas rate the CO conversion increased to 98% and the Hz conversion
increased to 80% Mbre inportantly the system had excess HZ present, as 2~
evi denced by the decrease in COZ in the outlet gas from19 to 5% Wth the
onset of excess HZ, the acetate concentration fell while the ethanol
concentration increased. At t = 66 hr (66 hr after turning off cell
recycle), for exanple, the acetate concentration had fallen to 4 g/L, and
t he ethanol concentration had risen slightly to 7.5 g/L. The presence of
excess HZ (and the | owered acetate concentration) pernitted 3o subsequent
|ncreases |n _gas rate, first slowy and then at a faster rate. By t =21 S
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WO 02/ 08438 PCT/ US01/ 23149 m nutes. The reactor pH, exit gas conposition,
and product streamwere then nonitored with tine. Table 7 shows the pH
changes and product conpositions with time after the addi 0i50dAMf2005xt ra CO
to the syst gy o%@ﬂsty m nutes after the CO addition, the reactor 5 pH had

i ncreased to b.2band the culture had shifted 1.54 g/L (00257 A%/ L)
acetate to 1.12 g/L (0.0243 nole/L) ethanol. The pH increase occurred as a
result of the free acetic acid being converted to ethanol. Acconpanyi ng
this change was a decrease in CO conversion from91%to 71% |n decreasing
the culture circulation rate fromO0.4 gpmto 0.15 gpm the reactor pH fell,
but the ethanol and acet atVéith wfecanoe@rhe AtetybitoAhgtle,. in Bidet fipr theritess af t er CO

i ntroduction the_ethanol .concentratio 11,29 g/L,and the acetate
concentration vvagse%‘ic. ge_’rbefjﬁ’.‘m%‘}ebet%? °?4q#\§eéq Wéleéﬁft’:}%srgd‘ﬁﬁ? erf%:oﬁ'@d of f and
the ethanol concendugatiydrogenas mist KRGEMAstérAhdnahd Acel oAl C Therhbthods _
concentration began . tq.rise. -The decrease in pH was due to the conversion

of ethanol to nofieseihedherem limitthe rtent which thecorganisma ean uidias the dissalved gasest

t hr ough over su : i [ Si . . E TO
M N M ZE Acetat gt%ﬁ%ucf@ t&”%?é%%@é%f@@ﬁﬁgh’ J\i’\g{uér?p %M@S%ﬁ%ﬁ%’

ferment ati on bi opeethersnbstifites;rsuch ast00, lzad, rrenviilable ecthe bacteripharbylprévddies sent i al
to mnimze effl i0 nd tq nmaximze the yield of ethanol from
the reactor, andgﬁggsls?%%?%%tcﬁéor;bé%ﬁ tge 3@?“66'pr oduction. 20 Distillation has

been found to be the nost AthedefidaCate dTafakuachnifor, whiRh Gsistdrakianile chbeatd o/ L

et hanol obt ai ned &rﬁr%t he reactor to 95% et hanol . Adsorption wi th pol ecul ar
sieves is then uSBEN RS Baetitean usoTHREmHe aYea Witheutothes iitatiops. caeberalqulated.
concentratiop. | ThagkttONKEhAchitVRE, ifliiitdd bl Alel fafheal g%%tﬂa*ﬂ@mhe &gaﬁ@ﬁ.ef IS
produced as the overhead product. Water is generated as the bottons product
during distill at TB¢refond,ghemrnst praguctvoremhodinest is wheraithemase warister (gas Bowre t he

ot used up. dur i e S ARTOR e dy Bt B8 BBl PO e Pleh e o

such as trace netelssamutdizothasnbstritaevitadig anylleitation.yTheee whulthbié & veapisrrowvni m zes
the quantity of effluent, that st be treated as, well the quantity of
nutrients that migF*HE rg'E?SS?@&%%‘ﬁ#WF‘ Bieitiop ‘E°(5‘%t‘]*l‘é§]fyep?‘r‘ls§ﬁ?‘g‘?qagﬁmgiaor eact or .

The recycle #7 rébltidAb)-pRAct WEARR (D8 AR PETH IR khLakdR. of acetate prevents
the formation of further acetic acid by establishing equilibrium between
the ethanol and acetic acid. TRUePVirgexaess CAdit acid is produced with
water recycle. Recycle of wRhend/aRBodtne 9f kBl 8 fis FRRnlcdhid fh @get i ©
acid inhibition in the reactor. Thus, as a result of "Water’ contar ni ng
acetate recycl e, highethend) soncanteatioBlim@gizacsticaanid prizductiom ibachpeed/ie theedethodset hanol

as the only prod . -shows results for the fernentatdi.on gas

cont ai ni ng 50% C%% &25%‘5’%%9%&%{ %&u&%?toﬁ\ﬁaﬁ% ob?mf"jg%g} ?eoélangaﬁf? ?tl,lh?%‘%rgaq)'n 0-52

w th water racyclAecoriingtdthisatepxiald duoieusestthegapaiupastteatédsr@DHLGINH @O, fak ber

filtration used for cell cFec cl e was éen to di ShiJf'l algi on. After, h{,;rmvi ng
£ G in s €

ethanol, the wat &€ nEng ESTEYFOUFEShCY apd Bz 7 SYRR Bt exegss 1 Higtbve any
precipi tated by- RkAMISHCO ankh¥®, i§ bl 8y Rhinia kREdy dpedabehdemmALRAlS O t he
total water (as nediunm fed to the reactor In these experinents ranged from
25-100% The expdiFeEing theigenfeadntmand/oergiteeanreled10% ot less inesementtinil thoo hour s
or about 20 Iiqui t i 1 {.Sp:.N0 . r 37 i.th 100%
wat er recycle, n(gbn{élﬁ%cn% ?e@sx%ﬂg?%?%@?opdregh Ebgﬁglﬁ%ewég?s,&g%s'@ Wa%snount of
acetic acid eas eresferdalilation, Svhivh fsarsedetichhid @bodatiod, apd sugplging ekdeys redungéd
from1l2 to 27 g2 .. E/~AVPLE 16, T A TR SYSTEM W TH HENATE
FEED TO THE Fedonag 9ig tgr%&%ﬁgﬁﬁﬁﬁéﬁ@g %“gé’&%f‘&e ‘Ethaé“’gr g} age
is a variabl e that, agnsdt shliePinisliBht bess, ik Eahsfdr @mithtion deERENand He@athivapt age
Reactor using C. ji~ngdahlii C-Ol 20 were described in Exanples 11 and 12)
with the excepti dhbaanged. ol his resulis inpogrethane! ta@paiatopioduct Brtiop (g A€W n t hi s
reactor since addi,hd ant: t ! : : h Stage
t.o ensure a heal Eyﬁ];‘/éegﬁgéogpag%g&%S{A%ucr%%&r]ﬁ@pﬁa%‘ghlﬁnﬁt oﬁ%@ﬁ%?gﬁn%ﬁmﬁenpl oyed
was 0.7-0.8 m /L nedium of an aqueous sol ution containing 50.5 ng/L cal ci um
pant ot henate, 20.6 nglt) d-biotin and 50.6 ng/L thiam ne HCl. The 25
Production Stage CSTR with cell recycle is fed effluent fromthe growh
stage reactor and produces ethanol as the predom nant product. The

pant ot henate concentration fed to this reactor is much |ower than in the
Gowh Stage, only 0.1-0.2 ml total vitam ns/L nedium of the aqueous
solution containing 50.5 ng/L cal ci um pantot henate, 20.6 ng/L d-biotin and
50.6 rng2 thiam ne HClI. The gas retention 48 05 JAN 2005 WO 02/08438

PCT/ US01/ 23149 time in this Production Stage was 11 ~0 minutes, the liquid
retention time was about 20 hours, the cell retention tinme was 30-50 hours,
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Simlarly the pantothenate concentration in the nediumwas 20 ug/L, a
concentration that ensures pantothenate is al so present in excess. Instead,
the H= partial pressure in the exit gas was kept in excess(gfJAN 2605

at nospheres by feeding a gas containing |arge quantities of HZ and no CQ2,
and by caied eoBy38r equl ating the gas feed rate and agit artconsnasas to

achi eve greater than 95% CO conversion and greater than 80% HZ conversi on.
As these high conversions are attained with tinme, the cell concentration
builds froman initial level of near O g/L to about |.S g/L. Since the
cobalt concentration is held constant during this start-up, the pg cobalt
per g cells pr 0 ati]l gt 1s.les pg
cobalt/g cell l@%@ﬁ%éﬁ%@“@%h‘%ﬁ? ﬁ%o%%ﬁe?o%ﬁ%'r{ﬂ%n% %osta{‘%%anbg e{:laﬁl E%?W?ﬁ)yed. The
system t hus giawdgo cultuwe fadilval t |i mitation. Hi gh ethanol yields are attained
t hroughout the start-up,by enplaoying excess, HZ in the feed. Al ternatively
the reactor is allowed §E?¥b}°%ﬁ@éméggﬁ5fgf Uppitafion includg a¢ Hereassit test ages of
start-up, Wt hgitftRnRae@Heis hdib Grahstdr flordXCO WSIH, MRABE §RAPKSYE, ahdiAygh cobal t
l'imtation. EXAMPLE 20. OVERSUPPLYI NG HYDROGEN' 15 During operation of a

| abor at or y3 AUTERIMOERE preseaceont ashightiskqessdpfe ped g 1 produetdntmitgn ascurs g d

reci roul ati on g dtflaks £AEKEhSitarlon, il s HRILABI(b lockiBS: BPRAA RE M4 fxE eSS
vitam ns, trace mnerals and Salte 'necessa y to provi nutrition to the
culture. The rthaeete atidinhibponsiyadiluting th adover sssulidng peetate pancentratire $ised gas

h that the.ratio of the nol f Hz.fed to th two ti th
ol os of o 2d ReribeRteubeli et e sefabs Brtife R STy vas

5.67. If this prediced, Wk gubtte dgheaiEbridiiaithd etbessabRBienkie of eibaD mubidepr esent
in the reactor .and ethanol  production due to the presence of excess HZ

cannot ocdfir. SHENRRSGAwstingthe mediyg cencentragiprerinpraasing thywatesdeed @igs was 2. 61
atm a level that exceeds thg,}eaH ﬁg’f‘”‘; iPhr ot ndignid,pr et hanol production
due to excess H2. Finally, t.ﬁg rat)llé(’) 0 I—cI’Z}];[)’grz%cizllfe{?7 lg?rle’ssure to COz 25
partial pressure in the Véhereingasmetheds tiescaB:d ahovepaestic atifl prodig injitétadner t han
3.0 and assure . [ resent, .to utiliz ), of .t he avail abl e
carbon. Under %Hég@tr(’:@ﬁgW?‘bﬁglef'ﬂaer%rcegﬁ'géf’g’rl’epr%c%fé'eaﬁgur@ué?tfs)}n% g/ L et hanol
and | ess t han Bomgidtoratoetlaw eell groatlednd dirter @hadlirbdwcitiby. AWASthéerdagipufadng 200

g/ Lday. If__any of. these ahove crijteria are _pot net, 51 . WO 02/08438 05 JAN
2005 PCT/ USo1] S8 816 o RLetbre BiioDroPOt HGHoR THANE bt e ki s o

bei ng present . i®PdRLes PRE rat@to fddu MeN|a GRase TohddAtratioh of BAMIthS abdiic

addi tional reduced ferredoxin by oxidation through hydrogenase. "EXAMPLE 21.
ALLEVI ATI NG CO<SURSTRATHan AB{LBIAT ittratidna rissten fpr apatislursiireln sci ent i fi ¢

Bi ofi o CSTR opgrLatieg j ' rate of 800 rpm shows an outlet CO
concentration o% 1015’}0 v enﬁﬁ?ttegﬂ{awggé%previ ously operating with only 5% CO
in the gas outlet. By detcreadiarg redyeleagpt ation rate to 600 rpm CO

i nhi bition was renoved t out.l e gncentration returned to 5% This
results i nnzoi ncr eased Wa%ﬁtaggtﬁ?r Ofa‘ﬂ@i@%g?e%g’ﬁma{"i&%ﬂng %Sté‘#‘? f@ﬁuéent ly
utilize 10 al | which phelugaetiagsl at thetoRly piciacttvith nob¥AbMRLIEad@ prolitstion TRANSFER As

an exanpl e of excess frTElSS transfer leading to ethanol production, consider
a | aboratory Cﬁ‘ﬁ%o fhig gventioa dnyolvies adding avaker Frgyete frpmdiiitimioniopekstoths n ERI 2
operating with i leidm & Aty I s©X ' e gas.
That is, is pa%ﬁ)%ﬂhgwgtrg&igosr (%eg]dé'%t E)gah%lp Faétlg?o%gﬁgsr@%?dﬁ%ﬂg%%%gg%ﬁlb%m

pant ot henat e pep tag¥ g asetatspiecyclphas thedeokfiinfiecyshiag the peodiead aggtate backtte of nore
than 100 pg pe [ o S_.produced. i resent. in the I as at
about 0. 2 2 m DeaeRRe % pBEhy e el i hastistd ALERTRLL s Bbnef "o
cellsmn. The bgiveatthesthamdl @nd scefilln fHReactdndAE a tdi6is IGO0, Iaad B, fddaocul ture
produces only a}ceti c acid '&no et hanol present in_the product %o ﬁtrearr). | f
the agitation F§TEACEY andeonyseditoipqurts yesklts 1o ghanah rodrctianesxgert fordhdd i s

i ncreased by ab@utfod@Hureshi@encd S observed in the product stream until
the cell concentration increases in order to uptake the gas or until the
culture dies due to substrate inhibition. 52 0 5 .1AN 2005 WO 02/ 08438
PCT/ US01/ 23149 EXAMPLE 23. CONTRCOLLI NG ACETI C ACID PRODUCT INHIBITION In a
| aboratory CSTR which is producing 8 g/L, acetic acid and 10 g/ L et hanol,
the liquid retention tine is reduced from.24 hours to 12 hours for a period
of 36 hours in an attenpt to wash out the&2excess acetic acid fromthe
reactor which is s limting the ability of the culture to produce nore
ethanol. All other reactor operating and nutrient conditions are held
constant. After this period of tine, the liquid retention tinme is returned
to 24 hours and a product streamcontaining 3 g/L, acetate and 1 Sto 25
g/L ethanol results. Several attenpts in reducing the liquid retention time
are required to clear the product inhibition. Alternatively, H2 is added to
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PCT/ US01/ 23149 by cobal t, cal ci um pantothenate, or any other nutrient. As
the culture grows, a cell density is attained such that thg5specifgsc upt ake
(mmol CO per gramof dry cells per mnute) is below 0.5 and acetic acid is
produced prwderensd ally to ethanol. To prevent tlus occupeeres/sibe cel
purge rate is increased to prevent an increase in cell density, 5 such that
the steady concentration of cells is kept |ow enough to naintain a specific
upt ake higher than 0.5 mml CO per gramdry cells per mnute. In doing so,
the cell retention tinme is reduced to between 6 and 25 hours. Table 1.

Et hanol Production Nbdiug]lo 5, 20 onentQuantity Per Liters2 g/1 FeCl =
4 HZOLO m 85% H3P040. 05 M MPRRFAFES e@em s20 nl 0. 60 gNH~Cl 2. 00 gNaCl 0. 20

gKG 0. 15 gMyd 2 6HO0. 50 Sgifakdtier dariPilatddd sepSERI iR eheliidihodtiB@nidare 9Vi t ani ns
sol uti onbvari abl e ., MPFN Trace Metals contains (per liter of solution): 10

M of 85% H3PO-PrIBYiEar gonipuons gesgng pfbesterigl eplis fomthalrieraztordeguceghacay of
H3B03, 0.20 g QlonéeRfrhrorin tiRhQeacthr OFhd pﬂbgg'#%n?szp@%% rS%gghgeg:el f Nd2

6H, O, 0=03Ng of NaMb04 2H20, 2.00 g o of Na2Se03, and
0.10 g of z \Wreneeptraiontotlesathan a stebletsteady statatcell comc@traBomtbtlutitizebaldt i n, 50. 6

mg/ L thiam ne - pant.ot heni ¢ aci calciumsalt 30, Varies
consi der abl y frwgén%cg{}%égbag'q%‘ sug’ft%lﬁdﬁ Fiﬁf‘irﬁ’ﬁ? ‘oggéh%.lagtﬁ“%tﬁ?)‘?e’sil-d@f‘sﬁy’m at
hi gh gas rates thelprodBiOn@24hal 3%averdd ovbrthépfddiNtion of &detaXe iMMhe.biordicidrb O CC N
Cg 'O 4~ OOOSU eV _~ .H1~ CGHV-W ~ OE~-VM ~-M M~ MOV1d" .t~ M~O
0~M\~00 -~ 0~ intRoBSRE ¥ Nd ~w ~0000 ~~~O ~O p~00~ hVO  QO~i
CncVOOCOOWN (4 t U1~O ~~MgO~ ~y~,,,g5»%¢£@mpo w f o ~~DO-0,.,., ~pr-1r)p
r-1trl .OWv a co .
10 One of the problems associated with ethanol production with medium

limitation is the ability or tendency of the culture to eventually adapt to the limiting
conditions and not continue to produce ethanol after several months of operation.
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 prbduct ratio of 1.0 or less), and yields low ethanol
concentrations (sometimes as lgw as 1 g/L). Adaptation most likely occurs when the
culture is not provided with sufficient 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 using the pantothenate or cobalt limiting

steps above, instead of allowing the culture to grow with 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 production stage where the culture from the first stage is
now limited by the limiting nutrient and is used 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

23
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cobalt concentrations. This modification involves operating a two-stage CSTR, in
which a growth reactor (Stage 1) to feed a production reactor (Stage 2) where the
bulk of the ethanol production occurs. The growth reactor is not operated with the
nutrient limitation steps described above, so the culture is not as susceptible to
5  acclimation to a limited condition.
A schematic diagram of this two-stage CSTR system is shown in Fig.

2, and the following description has reference to that figure. According to this
embodiment, the Growth Stage is operated at a liquid retention time (LRT) of about
24 hours. The Growth Stage CSTR 1 is fed enough pantothenate or cobalt in the

10  medium 2 to yield a healthy culture (and may produce some acetic acid as well).
Thus, excess acetic acid is produced in the reactor, but with increased stability. This
pantothenate or cobalt concentration is in excess of what would normally be fed to a
single 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, This CSTR with cell recycle is fed a fresh gas feed 5, and may have

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 préduct 10 should be greater than 20 g/L. The features of

25  the two-stage CSTR system include little change for acclimation to low pantothenate
or cobalt concentrations; an overall LRT of less 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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7. Start-up modifications
Still other method steps, which are preferably utlhzed in the practice of
this invention, involve cell production in the initial start-up of the fermentation culture.
The start-up of a bioreactor fed CO, CO, and H, to produce ethanol and acetic acid is
5  accomplished by batch inoculation from stock culture (Example 11) or by employing a
continuous 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 concentration
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
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, H,-abundant and the gas rate and agitation rate would be kept at low levels to
avoid CO 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 ug/L) at a desired

25
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pH (typically 4.5-5.5). To facilitate start-up, the gas feed rate and égitation rate are
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 during start-up to avoid unwanted culture acclimation to
low nutrients. As the 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.

This onset of CO, production occurs much more rapidly in systems
employing continuous inoculation as opposed to batch inoculation from 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 the target agitation rate
is reached. 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.
1t 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 ethanol production while limiting acetate and
the free molecular acetic acid concentration. The liquid medium feed rate is then
turned on (for systems having batch inoculation from stock culture) to initiate
continuous liquid feed and the gas rate is increased in 10% increments toward the
target 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 pantothenate or
cobalt), and the effect of such limitation is a small drop in H, conversion, at the target
production. . '

At steady state operation, production of 15-35 g/L ethanol and 0-5 g/L

acetate is reached. At this stage, small adjustments in limiting nutrients, liquid feed

26
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rates and gas feed rates 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 maintaining 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 utilizing 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 following 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 containing a strain of C. Ljungdahlii, along
with a conventional liquid medium containing 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 §l1ase, where the liquid medium is not fed continuously to
the reactor. The liquid phase in the reactor thus consists of a batch of nutrjent
medium with 2 nominal concentration of limiting nutrient, either calcium pantothenate

25  orcobalt. Alternatively, a rich medium containing yeast extract, trypticase or other
complex nutrients can also be employed.

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

27



4' S JAN 2005 WD 02/08438 z" ~_ ONXx Oo~\ nNNO'~z 00 WOLOO1H
U~'~~Ci 4~c~"'v, _cd~ "~o0oa WO.d _~ NNHPCT/US111/231a9 , gin

,Coor~.

.~.-~On. -.~. . ULNNCh~G100. - ~~OC ~

: " NMV-1' VAIVAVI00CAGLVIO-fit" 1 ~O~l ~w

AJN--y-ir-~~rrrrrrr--~r-~rrr.r-rrn.~r-nNr-a~-w-no000-~. -
N MO=ri etyw@bsdydsririvvo_ 0 C ~"" NVI O ~ ~ ~ ~ ~ Enp M, o7/ N, NNNNNNN-

""M NM NM NN~Nc C ~h~n

"1 ~O ~~00WN~100Ccod' VIV1~1W MCf ~f " Cf M ~1MW-1 ' ~1INM-Dv nUW t

10

20

25

30

the same time, avoiding 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 mU/min. The cause of ethanol production during

start-up is excess Hy, limitation on nutrients occurs later. Thus, excess liquid nutrients
(pantothenate, cobalt) are actually present during start-up to avoid unwanted culture
acclimation to low nutrients,

As the fermentation proceeds over a period of several hours after inoculation,
CO, is produced from the conversion of CO, and H, is consumed along with the CO,,
which is a signal to nominally increase 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
rpm in 24 hours. This procedure of monitoring CO, production (or H, conversion)
while nominally 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 bioreactor is 900 rpm. During this time of increasing
agitation rate in batch liquid culture, cell production instead of product formation is of
utmost importance. Thus, cell concentrations of about 1.5g/L are attained, while
typical product concentrations are 10g/L ethanol 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
> 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 liquid feed rate is typically 0.5 ml/min, while the gas flow rate is

increased by 10 to 15% every 24 hours toward a target rate of 125 ml/min.
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It is important to provide excess H, in the feed gas to avoid excess acetic acid
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 evidenced by a small drop in H, conversion, at the target productivity. In the New

5 Brunswick Scientific Bioflo® CSTR, this is recognized by a 10% drop in H,
conversion at a target productivity of 20 g/L+day.

The production method and reactor system are then maintained at a steady
state producing 15 to 35 g/L ethanol and O 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 time (gas flow
rate/reactor liquid volume) of 20 minutes, a liquid retention time (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 In an embodiment of this method in which cell recycle is added to the reactor
system, it is added at this time along with 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 maintain proper productivity and ratio, a sample of the
fermentation broth in the fermentation bioreactor must be periodically sampled. A
25 sample greater than 1.5 ml of culture is taken from the culture in the bioreactor. The
sample is placed in 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 m!

vial designed for use in a gas chromatograph autosampler. A 0.500 ml sample of an
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One pl of the prepared sample is then injected by autosampler into a Hewlett-
5  Packard 5890 Series IT 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
10 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
15 0.250 ml of deionized water are placed into the vial with 0.500 ml of the internal

standard 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
20 operated with cell recycle using Clostridium 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 8.6 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
25 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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product, the parameters for ethanol productidn through pantothenate limitation,
cobalt limitation or the presence of excess H, or CO were monitored to serve as
comparisons for when ethanol is produced as the dominant product. |

5 As shown in Table 2, the Ca-d-pantothenate fed per unit of cells produced was
1575 to 3150 micro-grams per gram of cells produced (ng/g-cell produced). Similarly
the cobalt fed per gram of cells produced was 1734 to 3468 (ng/g-cell produced).
The specific CO uptake rate was 0.35 to 0.61 mmole/g-cellminute. 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 were 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 concentration of cobalt for cobalt limitation. The reactor again contained C.
ljungdahlii strain ERI2 for production of acetic acid from CO, CO, and H,. The gas
20  feed contained 55% H,, 25% CO, 15% CO, and 5% CH, (reference gas), and the gas
retention time was 7.5 to 8.0 minutes. Liquid medium containing 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. Under 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 acetate was
the only product at 10 to 14 g/L.
The Ca-d-pantothenate fed to the reactor per gram of cells was 2250 to 3600
jg pantothenate/g-cells produced. The cobalt fed per unit of cells produced was

reduced to a range of 62.0 to 99.2 g cobalt/g-cells produced. The specific CO
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publ i shed docunents are incorporated by reference herein. Numerous

nmodi fications and variations of the present invention argsiJsN ggded in the
above-identified specification and are expected to be obvious to one of
skill in'the art. Such nodifications and alterations to _the conpositions
and met hot€ ¥¥84¢the present invention are believed to bePERUSHFIEYed in the
scope of the clainms appended hereto. 62 0 5 JAN 2005 CLAIMS: 1. A stable
continuous nmethod for producing ethanol fromthe anaerobic bacteri al
fermentation of a gaseous substrate, the nethod conprising: 5 cul'\t'ur_i ng in
a fernentation bioreactor an anaerobic, acetogenic bacterium whic¢h'is
capabl e of pr optuted rag vadsheaaslto o rﬁmble@wed-nnmtél BHY ratie df Hpfed @1fHeis&mg cal ci um
pant ot henate and . at a pH of less than about 5.5; supplying to said

bi or eact or saf¥ @@%%%E%%We&taed gﬁ?ﬁifm%”ﬁf‘gc@af%‘dwq%‘ﬁﬁ gﬁfé and 10

mai ntai ni ng sai d cal ci um pantothenate in said bioreactor at an anount of
0.5 to 50 pg/grans of dry cell of bacteria produced in said bioreactor; and
mai nt ai ni ng t BEAMRIE #i ETHaﬁ‘HJI@PRQDUQﬁI@INeINrL&&@BAKD&\@@&T}&?W&THan amount
of at |east Op | L wei ght of bacterialmnute; wherein
sai d bacteria m%% at’e AIT%QI d bi oreactor by reducing the 15 redox
potential ,5 or i ncrA&E:dWlEnhh\&cNAE)éﬂ)ﬂd BN dADRYratoag febmertatiohbioréaetorenkat i on

broth after sai d bacteria_ achi eyve bl e eII concen ration.,in said
bi or eact or, fPE@atﬁaéi‘i‘ﬁ“%‘i‘H‘rP \i‘p‘f%ﬁ%g@ Ophe éf"ﬁfcﬁ} g (pe i strain

concentrati oncofl Aeee stsb@enfo% ﬂ&/dfoédcﬁ@n @Fétﬂnoﬁ%ﬁ cer, E@Q@hd Hs lipireduged at a
productivity greater than Qy/'L day, and wher ei_n bot h” et hanol and

acetate are pPaHodewts nThe gﬁéfﬁ?ém ﬁlﬁlfwtobﬁ@ttﬁnﬂﬁs%é{zb?]o‘%é@@ﬂd 2%%a ratio
of et hanol " 020, Q5ElaLeL 1O &l 8.80:ue 2o P IR o aGR@sgh no o claim

1, wherein sai oreact r’conpri’ses a reactor eeds sai d
f er ment at i®nN taontathg@x@sssmoamﬂ ﬁmmmnteaﬁs ianda hmrbe:cﬂmpplgrof pmtmrta’rc wost  of

sai d ethanol i.s d 25 3. The t hod according to aimil rther
conpri sing théeds&%ég%&lgg F'FE:FFG%OF@ agéﬂ“ rF@P'h‘ﬂ‘rH‘%et? ‘gli’%‘f% }F’é’ﬁ was %g

bi oreactor, ditsui7l hidle gdifa8bPtatd HRE5DALA. Rinabth@adpety@ntifignstae ¢cet hanol .
30 4. The net hod accordl ng to claim3, further conprjising the st e;l)s of

recycling wat SPPYERBVAT 856, dbeHasanversionwes 33P6 and the|cel ﬁ@cgﬁt@ﬁ%a@k fo said
bi oreactor. 6349 (0pr.J ﬁmag&%s%{o L0& ABLRRG AL #115% ]El@ | &ldcdratepRr ei n

said bacteria is selected f e group consisting o cét obacterium
woodi i, Bufyrifsediced itund gt rTylle@thaoqdmrwmwnwrmd framulh. ek e/ dag,

acet obutyl i cium C eticu um
jungdahlii, and Pepfl é’%@rzggte%& %aé%méperﬁf rcFu .r&g}. %gﬁhﬁgé%%%g ing to
claimb5, wher eva ssér &) dgepsihg »\&tthurpahtjotlﬁ@aah:bdi to defl p&&luendsxadmb pDIA.T e strains
consi sting of PETC, ERI

t | ai
1, wherein said %&%8%%‘?%'@% p%{lt[goqd\gce%c%paéggwaflﬁ’ H’rﬁq‘F% g&ﬁgélé(r)lsics? : Lng
of ( a) carbon gRRREnse; &ﬁbr&ﬁ&%d%ﬁ%l%%t&ﬂéﬂxﬁ@@ewl p@é’tﬂcéd?x)m car bon

nonoxi de, carbon di oxi de and dr ogen he net hod according to claim?7,

wherei n s@d gesEmles’ fubed Pmcml'ﬂle@ﬁ@ﬁltlfyd pwpit 0§ ealls Braduerderrs00fit hane.

6000 pg cobalt/g-cell produced, a level that is even greater than in Example 3 and
assures no cobalt limitation. The 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
25 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. ljungdahlii, strain C-01 ATCC 55988. This reactor was fed gas containing
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15 9. The nmethod according to claim1, further conprising altering at |east
one paraneter selected fromthe group consisting of nutri Y deéubsm
contents, nutrient feed rate, aqueous feed rate, operating pressure,

oper at i ngwpbkrnsggaseous substrate contents, gas feed ratepClesmentati on broth
agitation rate, product inhibition step, cell density, 20 substrate

i nhibition and conbi nations thereof. 10. The nmethod according to claim?9,
conprising raising the pH above 4.5. 11. The nethod according to claim?9,
conprising periodically purging 25 bacterial cells fromsaid bioreattor to

a cell concen tign ha 0 | e .concentrat | Mt lhzes all
reduci ng gas tgg'a}r{lhﬁ?’i%%%[/"s g?baé‘grjgt/zgl%?h&sf F %%?séra g}é %gﬁt%m%%.nmfﬁléﬁrfgt hod
according to edidites. Liquid Metiudi ddgtatnivgy Sasited Guppheofagmethasaté det witt e when t he
free acetic acid gostviq?fg of Ehe acet at e pres&gt}q in said.fernentation 30
brot h exceeds ®¥°e§j f2/ts ¢ V@?fﬁ“@ﬂﬁ(ﬁaﬁgﬂdéﬂ}h% FReactPn At A UQUE rEtPR
concentrati ongfe 5724 @ HoLRE @RGEdyEle @k Broviidd by Empldyit 209 amlnbliod Fgeret hod
according to claim9, conprising reducing sald gaseous substrate feed rate

to relieves sutmambaans, andihereli retsntiondimearven e heusalhe pHowséis sdthe 14, The

met hod accor di [ | ' ' | : 5to
relieve subst rag aétb?lr{%éleg’?atg}é?)?\ T%Sﬁﬁ%e?ﬁ eg% %’ng%lb%&%% gguctr?tﬁ‘? e\?sll?@ﬂs%g% e net hod
accordi ng to d,aonvésiocanapslsiandithewplpéoncengration wasi 245 piloTbaetharol sai d gaseous
substrate at a rate of fromO, 3 %2 mol CO gr.am of . d yg%ell of] bacteria
in said bi or eZOPEIATNUYES 1811 280 theiaeetale ConsantE 8’6?”8??16&‘( EPUPIR 15, wherei n
the amount of gredueavityWROKI4gNRdgsent in said bioreactor is greater than
the anobunt required to maintain Said bacteria at .a stabl e bacterjal ,
concentratlfon that lnevalyrinafhe paramptersfer ethpsolpsedishomdiabls 2 dhedpdR plded. 15 17.

The met hod ac Cﬂﬁ%%a&?ﬁ%@umt \1’)5&11!"?&)%@&69 v@a@g.@%%ﬁtoﬁgna%-ﬁélﬁpﬁgmce&n sai d

bi oreactor maintains ethahol production in preference to acetate
product i on. 18Agdltheantethisnale Hmoaticai wey assured|baioperatig apadavelifar leathtnthkate is 0.5

: | 20 _CQY d || b ia 1F ' ' ' :
15, “The met hod“BUEA A i ctcPbrdinn- The REFLRR ol L sPARLERELDET " ©

conprises car bghcsBan@xdel @roduaéd) orhedbesiicd®O apakdwineg@s3 mhee/ei N an excess
of hydrogen relative to said carbon nonoxi de aggﬁggé n di oxi,de,i.s present

and wher eii 25°edaniguiex d68 Etioyrit fehiodbiyasoidyp LYLSHARABUIEE a hi gh
ethanol to acefal&nt @0, Qohvdre@ds | ¢4 R UREL YAl REfure2Dthe EREgATBIR0d

according to claiml, wherein said anount of calcium pantothenate is |ess
than required @.609fiSratmi Fxsess 8l loewd be # aotantiahrearoabvrethvaelinsedustionsoncent rat i on

that woul d fuljf e} i 2Bl 08, 3k WRENE ELIEAL GBI iEhowifuad. The

met hod according to rein sard”a cal ci Um pant ot henat e
mai nt ai ns et halailtedsyoehnctthematel N pref erence to acetate production. 65 05

JAN 2005 22. The neihod accordin o,.clagiml, . rein [ of said
cal ci um pafft ot henat qnother 8’fﬂei‘mf"g' éSb’Q’gg‘”{z}élSHP'\S%%%WFSOQSG%%%@@ é&aﬁ% of dry
cel | of bact er pamtpmechugedellspréficedningREdHS deid pALEH0ATroDCO] @D and Hyyder ei n
sai d anount of cal cium pantothenate is from2 to 25 calciu

pant ot henat e/ g pg}ﬁgtiqpfw}@p(rg,t}@épqctqgmag aetlismited op patiethenste (Or any other {Pmitation
except for the ability to transfer gas to the culture), and no ethanol was found in the

product stream.

25 During limitation on pantothenate for ethanol production from CO, CO, and
H,, C. ljungdahlii, strain C-01 was fed 8 to 24 ug pantothenate/g cells produced,
while maintaining all other nutrients in excess. 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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10 24. The nethod according to claim1, further conprising the step of
preventing acclimation of said bacteria in said bioreactor g% Jai g2)gal ci um
pant ot hensioe2essssunt by adj usting the paraneters sel ect edctrrsm/isn® group
consisting of gas rate, liquid rate, and agitation rate. 15 25. The net hod
according to claim9, wherein said nutrient nmediumfurther conprises cobalt
at an anount of 5 to 100 wg cobalt/grans of dry cell of bacteria produced
in said bioreactor. 26. The nmethod according to claim?25, wherein said
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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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pressure was 1.6 atm. The high CO2 content in the exit gas (0.5 atm) assures that
10 excess H, did not cause ethanol production. The specific CO uptake rate was 1.34
mmol/g-cell*min., a level that assures excess CO as a method of producing ethanol.
The technique of using excess CO for ethanol production was also
demonstrated in another experiment with C. [jungdahlii, strain C-01 in the
AUTOKLAV™ reactor (Buchi) system, again with cell recycle and with culture
15 circulation, for a 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 r.eactor 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
20  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 and acetate was produced at 2.7 g/L.. The
ethanol productivity was 60 g/L-day.
25 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

1Lg cobalt/g cell produced, again a level that ensures the cobalt was fed in excess. The
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5 A New Brunswick Scientific Bioflo laboratory fermentation bioreactor 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
concentration was 10g/L and the acetate concentration was 3.3 g/L.. The ethanol
15 productivity was 6.7 g/L+day
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. Similariy, 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 level where excess H, is present and thus could
be controlling ethano! production. The H, partial pressure in the exit gas was 0.70-
25 0.87 atm, and the ratio of the H, 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
operated as a CSTR with culture circulation and cell recycle ﬁsing C. ljungdahlii,

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

37



& z10% & () - KK/ LLLLHMHEbCI t! S 109% & ()-f & 10% & () - $- 10% & § WARH2009% & () - !
10% & ()-, 10% & ()- HVWNVBNNO OaBbClt! S210% & () -

| 1@0% & ()9O B9%480098' ()-f , 10% & () - PCT/US01/23149

+10% & ()-)10% & ()- _OP PaPbPcPpP~PP~ @t! ! 109@& () - mLOYZ&: () - #109%Z& () -
10L 10L 10L4 109%.& ()- ! X4 10988& ()- PQURSTKTzX9~ @tF &10%& ()-!p

109%&' ()-! 109%&SzS& ()-!\ 10%& ()-!N 10%h& () -

y109&Z& ()-3kTTUkUyUWVaB~ @tY $109%Z& ()-z!Y s!10%& ()-yY s! 109%ZR& ()y-y@
1092Z& ()-Y Llo(m&séﬁzwmeoga&dd)tovhé\mm% & 5193, FebP¥0&%né 3% CH,

2109%2& ()-!~ 10%& 4109 &

*-1002Z& ()-!~" 1 é‘% % ﬁeiirﬁt/a\gﬁ%&wwsmﬂpf 2 2bopugss. Savidovrdivm) - 3¢ &100/&' ()-

1802/&}((3)2 ]il-855&}%@§1&%éxZeégd@vﬁamtxg%ch-t\ré\:% %&1 t?&?‘a&fbé‘i’ é&acl%%tﬁa Jfabid

10%& ()- G ; #S 1ehatien timyo @%h(sgrs Thegel(rptedivging was E”Hwa{saqhapﬁmzloﬁw 't

"10% & 0 004! 0%

050530, Mg e 0B e g ML bl b0 O

&l 10%5 & () - 3mL0&ngeréipa masgg mhﬁdr\,mdf“ bénv&x@%gvaé %3 .3%0 78h& 'cél) collaé}ﬁr&lc(rbvsé)?;/ﬁ <(&) (
& ()-1110%& ()-) "e aBdY: I't % &' % &

)10% & ( |(? 10%%5/ ( goctate ﬁ%ﬁﬁﬂ‘lﬁ?tl%‘*faa%¥5lgfiio WW&‘(W@Q&@‘% "Bt]h

10%&'() |3cyaopgga&mg§15@m§t dv()-0S10% & () -,/ 10%&'()-iiiiiik>kJK|

10t hY10% & ()-G 10%{(&' ) - ST flOo{&'() Y10% & ()-1"10% & ()- 10th

10t h>kt | #mwnmono} [ <Knianglgzing tgg p&r?(n)eterwfom dgtad produstigmothg gantgthena@ofgedt to) - | S9

F1ta00 & ()2 ) TOoFRTon R a1 BEPracod gl td e Ly ndions,

10mML0%<&' () - F" 1p&t&h¢nate limitation. The cobalt feed to cell production ratio was 460 pg cobalt/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
present 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 of
1.0 for excess 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. LJUNGDAHLII STRAINS ERI2, C-01
AND PETC USING MEDIUM FORMULATIONS

25 The methods of this invention can be applied to any of the C. [jungdahlii
strains. Results from medium manipulation 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

38



10( 10( 10(1 :10%& ()-7 10%& ()- 6910% & ()-asgsst]tt REDR
10Ys10%<& ()- 3Lt 109%&' ()- MLO%& ()- 10%& ()-s N 2005
" 10%& () - RWDDWBU8AR) - Rvvxj xxyydEbC  10$° 109%& () - z#310%<&PYU0N/I0WE () -
109%& () - 10%<& ()- Y& 10%& ()-yyz{| }}}}7?24C 10<

L 10%& ()-7' 10%& ()- 1 k*! 10% < <& ()-1N! 109%BRBR& ()-f)' 10%& ()-' 10%& ()-
11} 1.}~ jHO 10<lFY 1094T& ()-!FY 10%.8& ()-

L 210%@8 ()- Sl 10%@& ()-! s10%@& ()- 10< 10<: 6: A<HC! 10! aY! 10%& () -

R At
109%& E g ) 10%@&' (he ddndifAGRodpet, brainthénVlinti@d@n (Ja)nmlw&e () edalt to produce ethanol

109&' ()-!z109%& 3Y10%& 1 Y ,10! X|

10904 % & () - AR Y the,dognp ’(’5‘“3 %ﬂﬁg"t‘i Bl { fha %BB}&*"C‘}"‘%\PJ B%F v 10! x@t
18(|%|&k§ ) - | {6 g}gos/g (exp eruﬁéllq%oo%gd ?%ﬂ&&trﬁtki%a?/ﬂ%?dl&xﬁ m'iﬂi /&. 1061)ca1$ﬁ3§uldiBWd\ict shift

' 109& () - S&f fiocy&%x(e)acpnf t@ystignmwtegunymg mgpc(t yoncg@raﬂ_xens and productivities

103: 10%& () -4 ! 102 for thdfd ?Qn 7}[9~_@\z 109 ()-Mz

10%m-m-& () -M #z f‘gi/cpp&' z'%\@fl\/}‘ ]%(Xxgﬁf?) M 10%r&' ()-z! S10%& () -+i }"<~_@!
010%m&' () - @ 10%11 &Th )3-r¢a@r 10%@pdrited &@trmgﬂmhd&hgh)CSTR (m%?i&re@ycle) Far0%rg’ () -
obCl'! 109%% ()- 21:];%e - 10968 Eﬂ(f/%x iy folocy%}e?15 2& al set af 50

10m 910%& () - o<e& 1 PE Y BERSPFI heygasyGiED “te)wafé‘%ié} (et ¢

1098 () - 10%0&" (mhinutssl Ebﬁic{uﬁ!flrfb&qm fiche wWHIHIPARE!Y s)et- 4t UOHOR’'s @d the agitation rate
10908 () - 109%0&' ( SlO%Dﬁ g% EbCl ! ~ 4L10%0% ‘gg y .

F110%08 () - /lgocy as(r)ony ¥ %@k (30 rpmy -C?r)dlt@&Sl ;@ghc(syq tp-Aligwcpmparisons
y109%0& () - mMLO% D% flthe s bﬁm%@g‘nw to abREVe R productivities.

As noted in Table 3, strain ERI2 was subjected to five changes 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

15 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,

20 asthe dominant product. This occurs because acetic acid is produced under mass
transfer limitation (limiting the amount of gas to the culture), 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

25 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
ethano! occurred only after several weeks of continued operation on acetic acid

enhancing medium.
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production of ethanol from CO-rich gas containing 20% H,, 65% CO, 10% COz and
5% CH, using C. ljungdahlii, strain C-01 in a straight through CSTR (no cell recycle)
are 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). Asis 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/L~day. _
Similar results are shown for ethanol production from gas that is not as
15 richin CO. The gas used in the experiment using C. ljumgdahlii 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 containing 50% H.,,
45% CO and 5% CH, in a CSTR with cell recycle using C. [jungdahlii 0-52 (ATCC
Accession No. 55989) are shown in Table 6 below. Ethanol concentrations of 18 to
23.5 g/L and acetate concentrations of 3.0 to 5.7 g/L. were attained. The ethanol
25 productivity ranged from 21.1 to 39.0 g/L-day.

40



11 F 10980808 ()-S9S10%0& ()- mlov0g ()- 1 yl0%0& ()-T @10%0& () 100/@& ()-
K3aBmbC 3 Yf 10%0% ()-' 109%0% ()- @OY%O% ()-: 109%0% () - !, 10906JAN -200

109%&' () - >ewaBmisg ) 10%08' () - Y3(10%08' ()- ! &&10%OK () - P@rmsmmg

10908 () - 3#10%0% ()-!s10%& ()-j q; aBnbC 3 4 |
1090 () - 93@L0%OE () - 1910%0% ()-'NI 10900 ()-,100/@&' ()- Y+f 1098 () -;
>?@WNj bC 3 s 10%4| & ()-! S10%4 & ()-3210%1| & ()-1",10%] & ()- 100 100
100 10%0% ()-d*?bC 3 *10%| & ()-!p 10% | & () - & s 109%& () - &310%4| & () -

' 0 ' \= 3 "10%&k 104] 104 104|

9180?3} i- 8 72@1(1)%/%?@1()%10 HI %%Tﬁw%w@w&ﬁﬁwmj «x)csa“ﬁwa-;@a@g\_ 3

109%&' () - SMLOY&' REEKED! %@R{% I'SlO%&' ()-Fl Z10%&' () - zpd~r?g\= 3 9!
10%&' -\ 09&

109%&' ()-! SY109%&' () - ()- F109%& ()-10%& ()-d)~-dEg\= 3 S/f
1098 () - )I\/llO%&' ()-" mmhwesmwmowmmr ucmme/aspe(rated 19 DXTS

Lo () 1 % O W3 i et pud o s B2 Bt e 8 ele 974BTOC 3

production of ethanol from CO, CO, and H,. The reactor was operated at 30 psigand
fed gas containing 62% H,, 31% CO and 5% C,H;. The gas retention time was 1.14
min (atmospheric pressure basis), with an actual gas retention time of 3.5 min. Liquid
medium containing excess salts, vitamins and trace metals was fed to the 600 ml
reactor at a liquid retention time of 3.6 hours. The pH was 4.5 and the agitation rate

10 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 AUTOKLAVT™ reactor (Buchi) operated as a CSTR

with culture circulation and cell recycle using C. ljungdahlii, strain C-01, the reactor

15 wasoperated at 6 atm (75 psig) and fed syngas 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.

20 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 productivity was 369 g/L+d.

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

25 Start-up using a batch inoculum from stock culture ensures a healthy inoculum
free from contaminants; 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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in salts and vitamins. The vitamin concentration employed was 0.4 ml/L. medium of
an aqueous solution containing 50.5 mg/L calcium pantothenate, 20.6 mg/L d-biotin
and 50.6 mg/L thiamine HCI. Bottles were incubated at 37°C in a shaker incubator.
The cultures were grown to the exponential growth phase, as determined by visual
inspection. With each inoculation, approximately 90 ml of stock culture were
10 transferred from serum bottles to 1 liter of medium, representing 9% by volume
inoculation. A successful inoculation is described below. The outlined procedure can
be repeated several times to obtain a successful inoculation.
In obtaining a successful inoculation, 90 m/L of inoculum were added to a 1
liter batch of basal medium (shown in Table 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 rpm. 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 concentration 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 system under excess H,. By t=210 hr, the ethanol concentration was 17 g/L, the
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ml/L medium. By t =610 hr, the reactor was producing 20 g/L ethanol and about 2
g/L acetate. The CO conversion was nearly 100% and the H, conversion was 85%.

The ethanol productivity reached 14 g/L+day.

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. ljungdahlii, strain C-01 (ATCC Accession
No. 55988), that had nearly ceased ethanol production and was producing 23 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 of several 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 gas 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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y 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 is 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 H, 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

Exam

ple 1.

In one specific example, a CSTR with cell recycle containing C. ljungdahlii,

strain C-01 that was producing ethanol and acetic acid from CO, CO, and H, began
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10%m&’ () -F1ff l%gt?rganlgssﬁl r;w/IlJ(‘c)llua@igl'I;éL %%GF)L »\(/a)s present in the liquid nutrient medium
containing salts and vitamins at a concentration of 0.4 ml vitamin solution per liter of
medium (see Table 2). The ethanol concentration fell to 7 g/L, while the acetate
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 dramatically
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

15 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-inhibitiné, levels with the reduction in gas flow rate and subsequent
operation in the presence of excess H,. The specific procedure in recoveﬁng the
reactor is disc'ussed 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. With 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 to 4 g/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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productivity was 16 g/L+day. The gas retention time had been dropped to 16 minutes,

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.

EXAMPLE 14. ETHANOL PRODUCTION METHOD WITH OVERSUPPLY OF
CO

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. Ljungdahlii, strain C-01 was operated at a
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 averaged
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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Table 7 shows the pH changes and product compositions with time after the

addition of extra CO to the system. Thirty minutes after the CO addition, the reactor
5 pHhad increased to 5.25 and the culture had shifted 1.54 g/L (0.0257 mole/L) acetate
to 1.12 g/L. (0.0243 mole/L) ethanol. The pH increase occurred as a result of the
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 11.29 g/
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.

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 production, and to
maximize the yield of ethanol from the reactor, and to limit the acetic acidiproduction.
20 Distillation has been found to be the most economical method for concentrating 15-35
g/L ethanol obtained 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
minimizes 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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109 R/ & () - m YeadRUh Shelekirand'al g/‘ée Ic gc}id_. | ’I)‘%z no net acetic acid is produced with water
recycle. Recycle of more than 3-5 g/L acetate can result in acetic acid inhibition in the
reactor. Thus, as a result of water containing acetate recycle, the substrate Co, co,
5 and H, can be converted to ethanol as the only product.

Table 8 shows results for the fermentation of gas containing 50% CO, 45% H,
and 5% CH,; using C, ljungdahlii, strain 0-52 with water recycle. In these
experiments, the permeate from hollow fiber filtration used for cell recycle was sent to
distillation. After removing ethanol, the water was filtered with a 0.2 micron filter to

10 remove any precipitated by-products. The fraction 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. Asis 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 p'roper pantothenate feed to the growth stage is a variable that must be
optimized. Typical results from a Growth Stage Reactor using C. Jjungdahlii 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 cohtaining 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 Growth Stage, only 0.1-0.2 ml total
vitamins/L medium of the aqueous solution confaining 50.5 mg/L calcium

pantothenate, 20.6 mg/L d-biotin and 50.6 mg/L thiamine HCI. The gas retention
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20 with the slow rate of medium feed ensures that there is more than 100 pg calcium

pantothenate fed per gram of cells produced (excess pantothenate) because of low cell
production in the bioreactor. Similarly the cobalt concentration in the medium was 1
ppm, a concevntration 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; ¢y / (2 CO cnverica A 3CO; onuenca) 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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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.

63



V10%@0E () - +V10%QA®&' () - +V10%@E () - +W/10%@0E () - +VW10%@&' () - +V10%@&' () - +V
10%@R&' () - +STUVWKt t X<5S|
V10%@@&:' () - +V10%@& () - +V10%@& () - +W/10%@& () - +VV10%a& ()-%i s()-+V

10%@@&' () - +XY\]~_pT8t X<5SI VI0%@@' () - +V10%@e& () - +V10%@ax' () ()-+S
|

R " abcdef t X<5S| VIO%@®! () - +V10%@E: () - +V10%@E () - +V10%@@ () - +VI0%@R: () -+
Sllocy@@: () - +V10%@R (Dire vhéthésd SRERNERIMAOYGRErdin s AU SbrebdhUGE () - +
RV10%@gx ( )he:graup gersisting 8§ Aok it waodiyBiasy ibycteNUBIGERY 16ty o pINGOR/CTE. ( g - I

\S/lloo/‘@‘l ()'dyﬁgmcfe}ib;»{,l@%@élb&)y'lizztulﬂz\,/\eﬁ(yl;[e%ﬁ})g(cfz i§z|47>1/,1 L?%ﬂ% l?%g'sou%@ (

RV10%@% ( )Closiau@@Birgiahljiz ind Peplositip ode@oBrddretid 1 0@ () - +V10%@0% () - +V1
0%@e (- +V10%@@&' () - +V10%@e& () - +V10%@@&' () - +X<t X<5S| V10%@a&' () - +Sl
RV10%@a&' () - +V10%@& () - +V10%@e&' () - +l L, 5SV10%@@&' () - +V10%@og () - +V10%a&' (

- +V10%@E () - +¥10Y@ e (e 04GR { ) AR o
??vm%@g‘% ) ( lv1§¢@%eﬂ%§%%%%’?é- %9\?}%{%{&% ﬁ?ﬁ?gﬁ’é’%’”’” Yjungdahlii is
RV10%@®! ( pelested S@mpthe straivg ooq@isting of PHTOVERR, Q-53 HOT@R' () - +VI0%@E () - +_?
, 55l

V10%@E () - +V10%@E () - +V10%@8& () - +V10%@E () - +V10%@E& () - +V10%@E& () - +t X<
?, 58l  VIOY%@& (7) - +VIGk@EI#hed actWiiiqeik]dinr 1 WABRGHIRRd (GhsebiShubstrile X oS!
V109@&&. () - +v100/(g' %)9 +VI0U@ER. () - +W/L0UER () - +WI0%ADE' () - +VIOW@ER () - +V
10940 ) - SpiPotPK 9T o ergE Epsising obgiderbn mynevarb) garbel monoxide and

U@ () UQR. (). : 10UGE () - +V10%@EE () - +V10%@E (
YLC G o A ST b P 105
Rv100/(@@'()-+v100/(@@'()-+v100/(@@()-+tx<5sv100/(@@z()-;Végos/(i@@()-+v10%@@z(
- +V109%@EE () - +Y109%@G@& () - +V10%@@ () - +V10%@@& () - +<t X<
RVLOUGER, () - 41 i 10 VUSRI o plas TRl eyt 5459 Sespoms aubinet. +\10%: (
) - +V10W@@c‘aﬁditi$%{ah?§@?r{sks i L8V @B ehhnet ( V10%QAR () - +( VIO%@K () - +1 0S75SV10

v@mB () - +V10%aeE: 1096agE () - +V10%ag: () - +V109%@a () - +V109%@a& () - +V10%@®
& () - +pP00S7T5SVI0U@RE: () - +V10%@EE: () - +V10%@m,: () - +V10%@® ()-+Sl R

_?75SV1V10%@e&' () - +V10% '/%ng g8 (.) - V1 W@' - +V10%@eR () - +V10%@ey
() - +k08275SV10%aDR: ()11?1_§ cpi }g@éle@n 1,¥u19he omgazlsmg alﬁenng at lz:ast onel
RVIO%QAEE ( paraMiO@mBoted %@ﬁ@%?&@\é&%@ﬂ@mﬁéﬂtnie\ﬁ‘ﬁi’{@teﬁﬂs;nh‘ﬂ&{’(@ ()-+Vv
10%@& () - +V10%@o (t) - +V109@e () - +9%& () * <C75SVSl

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.
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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 CO/gram 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
said fermentation broth.

20.  The method according to claim 1, wherein said 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.
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23. The method according to claim 1, wherein said amount of calcium
pantothenate is from 2 to 25 pg calcium pantothenate/grams of dry cell of bacteria

produced.

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 from 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 pug 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 method according to claim 25, wherein said amount of cobalt
maintains ethanol production 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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I"#$9R () *+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " _°
" #$9R' () *+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " °
I"#$9R ()*+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWWKYZ[\] " _°
" #$9R' ()*+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " °
" #S9R ()*+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " _°
" #$9R' () *+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " °
I"#$9R ()*+,-./0123456789: ;

<=>? @GABCDEFGHI JKLMNOPQRSTUWKYZ[\] " _°

_abcdef ghi j kl mopqgr st uvwxyz{| }~
_abcdef ghi j kl mopqr st uvwxyz{| }~
_abcdef ghi j kl mopqgr st uvwxyz{| } ~

_abcdef ghi j kl mopqr st uvwxyz{| } ~6Ti nes
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abcdef ghi j kIl mopqgr st uvwxyz{| } ~
abcdef ghi j kIl mopgr st uvwxyz{|} ~
abcdef ghi j kIl mopqgr st uvwxyz{| } ~
abcdef ghi j kIl mopgr st uvwxyz{|} ~
abcdef ghi j kIl mopqgr st uvwxyz{| } ~
abcdef ghi j kIl mopgr st uvwxyz{|}~
abcdef ghi j kIl mopqgr st uvwxyz{| } ~
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