;e3et| TIty@aAD<EH6! TTI o ~ ~R Zoos M CROBI AL PROCESS FOR THE PREPARATI ON OF
ACETI C ACI D AS WELL AS SOLVENT FOR | TS EXTRACTI ON FROM THE PERMENTATI ON
"BROTH Thi s inven partially supported by gr r the United
St at es Departrrenﬂ‘“lﬂl“l"luﬂmmwmmoper ative Agreenent No. g@ﬁé%i&g]OCEMQBQ.
,he United States govgeagrent has an iglt erest in this invention. Field of
the I nvention The present invention relates generally to inproved nethods
for the m craobi productjon of acetic acid. Mre particularl t he

i nvention I‘&@Rébétﬂt é@ﬁi&ﬁ@%ﬁ @%Bégﬁ%e‘\ﬁal\&o%‘ﬁ%ﬁéﬁg '%g;%%lrﬁs and
from t he AUV ENTIRQRERY X TEAGFIQN EROM T EE RERMVERN T ATERM EROTHom gaseous
streans, such as waste gas streans, industrial gas streans, or from gas
streans produced fromthe gasification of carbonaceous materials.
Background of the I TygRivRaloMRASIRLE é)ﬁﬁf&lll%@@p]ﬁﬁ@@!b?%'r&xtsf REMRAL Bhien of

carbon nonoxi de, and/or hydrogen and carbon di oxi de to produce acetic acid,
acet at e s3fates Dppadmiet offingtlye Coopdratevendvenceinent N ti-E€02-%9CEH0939. eTlivanol |

have been rforped at | abaratory bench, scal e, See, e.g., Vega et al,
(1589 b BRE] SRR Gefymmentlia s8 Weds RtB Eittiorar (To90) Aupr. Bi ochem
Bi otech., 24/25: |; Vega et al (1989) Appl. Biochem Biotech., 20/21:
781797; and Kl asson et al ( 1992) Enz. Mcrobio. Tech., 19: 602-608, anong
ot hers. N\Piell okthednientianhe present inventors have di scussed | arge-scal e

met hods for the ferpentation of .ind strialrsagas st reans, &%rt'tocul arly waste
gas streams, into pfBUREFE! FVERUARMEALRIFSENGREY 9 IRPNHE Met e &l oyi ng
fermentat . 3 i edi an anaer obi c
bact ori a BORAOBUARA FAEGRAIENAREMEUIY, Wehber B BCRE 23, oo
Pat ent NoextfacfigiBoA&Stic kit tfmdn SjurrbasstRatmnind\eom DheSAdr88al farmkedtatioarsfat i onal
patent Publication No, W98/ Q0558, incorporated herein by reference.

b
Accor di ngdesgablgehemisobprodus frpm gscous streams, sach apsasicosas siregias, dadustriadr ge
scale pro i I i i . i s are
cont i naouEfhy TP r 5 by BUAIBLHERL SRMALERSARRENS Gee
cul ture, mhuiehgk. single or m xed species, of anaerobic bacteria. A gas
streamis continuously introduced into the bioreactor and retained in the
bi oreactor for sufficient time to maxim ze efficiency of the process.
Exhaust ggs ,cont ai ni inert and unreacted substrate gases, are then
rel eased.ﬁ%rPFﬁ%Phﬂ%fﬂv_ 'éw_f"i s passed to a centrifuge, hollow fiber
nmenbrane, or other [RIiJEL Eithe asRRYAfrPBntdEN SEcatbbnIROR:AE afWfbr
m croorgani sne that are entrained. These microorganisns are returned to the
bi or eact olydregemsindtcaibon aidyidmhtoqebdduce eptsracidancasate whlisody oflies [pdsiuatsfodst er

reaction rate. Separation,of the desired bial ogi,call roduced oduct s
[ rom t he (SUPTESIALTGF CHeih P GaTe: DL e By aLti oo B cBleor
centri fug e?e.gg \ﬁ:!%a%?‘&l)ﬁ/ @@éxﬂs%@dh.em&eng., 3&?@3.a9i;q|@1awomtaz@?be/)g% such as

a di-alkyl and tri-alk ne rn a sultable cosolvent, or tri

phosphat eBioehényl Bimtsehaé/25t t; Vegatey b/ (1983 phppieBmcheln. Binteche RA24d78Ienpounds

in a co-sglven Sui tabl e c | vent s .i.ncl.ude | o ai n al cqQhol 5, hexane,

cycl ohexa?éez; ag Ké%é?rb?frﬂl?h%@?@@ﬁ&a%%@%&éh@%—&%amw PUEs Mpi

mat eri al s, h : : labdR- i

ol vent o e S Raf MRty B15S BaReRaRALIGHR opf REIRTE) OF (BRERLTEN, 1 o

sol uti on ofSnihesatiaicgat sireanmsypdrticuleny wasiogges stteans, int prepgactadednrae@tal d and

water fromthe solvent. The sol vent agsses fromthe distillation colum

t hrough ausedwusig meihadeamploying fmenigtion ahibeeas sireant, 6 @RALCOYP AHIHGAE

tenperature.for tr I N, > f or for re .. The acid

and wat er &g%lpglt elmgl)rianpagééﬂg gﬁtbggtggg ng@%&@&g ﬁ%r‘? ?o%%e}cl'ij%h %\%ﬁ’ee g %?gﬁléecgesi red

end produStatek Pa&BPNGAS T8 IR 0Hife St@tLPateiNd. I8 RY6 andl Ent¥ydh@dnal Batent

recirculated for nutri ent%{)r eparation. Further, a variety of acetogenic

bact eri a Buldicaon NenWPH @538 cdcerporatasthieccin by defergdcwt her conmerci al |y

i nteresting productg when subjected to, such fermentation processes,

i ncl udi ng novel str F%Ogglgﬁﬁt%&%mr? ?ﬂ?rj“ﬁﬁ&c?gﬁ]i’? ﬁanrggrg;o e.sél.c,ﬁ?af)ﬁ?ted

States PajaRtprbiass irvolves tiftA3118WHheZuRHr386 spd NakienRdatd @ddhuRatert

Publ i cati on No. W98/ 00558]. Despite such know edge and advances in the art

of mcrobial fernmentation of a variety of gas streans, acetic acid
roduction is limted by the‘.| acetic acid | oading potential of the solvent

used, and by tjﬂ,mmlﬂuﬂm‘mm’lﬁn of the solvent as it travels through the

production pro ! ther issues. In view of the ever

*G00002*




WO 001 14052 PCTNS99l 20416 - _ O 8 MAR 20Q 3 increasing need to produce
acetic acid, as well as to convert industrial waste gases into useful
non-pol luting products, there remains a need in the art for processes which
are nore efficient in producing the desired connercigpﬁgggﬁggt and

conposi tions which can enhance performance of such ne 5 Summary of
the Invention In one aspect) the present invention provides a nodified

wat er i mm scible solvent useful in the extraction of acetic acid from
aqueous streans conprising a substantially pure m xture of isoners of

hi ghly branched di-al kyl (or secondary) aimnes. This solvent can extract
the acid in Hhe absegce &f a %9=sgé%§ntﬁdg§£éul a 6#q5%{rﬁgrengp gn%ﬂ%) this
solvent is a ﬂﬁd?@?%>°(3 o A&%g 283”591 3Eh ? col%%r%f? P s
substanti al | Yoflaaekt66id battetis.S ACLRLEBAM ¥ cottinahalysindodud¥a s thky/bioteattopr i mary)
am nes. In another preferred enbodi ment, the solvent is further reduced in

content (i.e.andublgingdin thelbjorpanterffoesiffieinttime tl gximizereffieien¢ysofithe ani nes. I n
anot her aspect, the_invention provides a,nethod, for treatin 15 sol yent
conpr i si ng. al RBFSPSEXRIRGLEgM iR fogr ald piteedled subpursts gitsp s ety d:
branched di - alrky liq@flef@sentRhabdel 16k ¥¥triige e WP TR ahd, 9r Bt édtigaci d
extractive capacity conmprising distilling fromthe sol vent substantially
all the al cohaduid sapdrattondaviky fo spamteut imcraoigahiems ¢ exti emtrained t ikeseet hod

i nvol ves subjecting the distilled solvent to a second.distjllation to
Orove” subst dREraEaistys dte Petiumed By e B dr3p SRR il 1l saupt@liont e

I nvention praydg ?ie?ds’hoféﬁler x\é@étﬁ{n-rkﬂaﬁs%ﬁéé%& éf:ﬁhé’ 8ébb}i1/e8 Bict VAR priduckd €

useful for the exfraction of acetic acid, preferably at concéntrations |ess
t han 10% fr grroduct@yfremuthe pémeats oar cemprifiggategpcanrs by passinethe pemeshtamdi f i ed
wat er -i mm sci bl e, sol vent useful in the extracgtion of acetic acid from

aqueous st r eafEITHBHF IS TUECOnBEFEHE SEPPPCEHMATH Sk Sth asbiedlieyl gpd

b S0, LI b Pt AR A LSS R i )

from9 to 11 phashidne atidesnd whdtedhcdmypinadaimeposo-§addvens. Suitable cosolvents include
long chain alcohols, hexane, cyclohexane, chloroform, and tetrachloroethylene.

The nutrients and materials in the aqueous phase pass back to the
bioreactor and the solvent/acid/water solution passes to a distillation column, where
this solution is heated to a sufficient temperature to separate the acid and water from
the solvent. The solvent passes from the distillation column through a cooling
chamber to lower the temperature to the optimum temperature for extraction, then
back to the extractor for reuse. The acid and water solution passes to a final
distillation column where the desired end product is separated from the water and
removed. The water is recirculated for nutrient preparation.

Further, a variety of acetogenic bacteria are well known to produce
acetic acid and other commercially interesting products when subjected to such
fermentation processes, including novel strains of Clostridium ljungdahlii [See, e.g.,
United States Patent Nos. 5,173,429 and 5,593,886 and International Patent
Publication No. W098/00558].

Despite such knowledge and advances in the art of microbial
fermentation of a variety of gas streams, acetic acid production is limited by the acetic
acid loading potential of the solvent used, and by the degradation of the solvent as it

travels through the production process, among other issues. In view of the ever-



azeotrope with water and acetic acid In still another aspect, the invention
provi des a non-fernenting process for obtaining acetic acid from an aqueous
st ream cor¥Pi08il#§2 cont acting the stream - WO 00/ 140S2 PGRISHOLTIE416 .

- .. 4wth a nodified solvent/cosol vent m xture as descri bed above;
extracting the acetic , acid fromthe aqueous phase into the sol vent -phase;
and distilling the acetic acid fromits adm xture with the solvent under a
tenperature not exceeding 160C. ' In yet a further aspet® MAREOT nvention
provi des a non-fernenting process 5 for obtaining acetic acid from an
aqueous stream conprising contacting thg streamw th a sol vent/cosol vent

m xture as descri bed above; extracting the acetic acid fromthe agueous ‘
phase into tihaesbiguead (cpadiceandticpoms e walnd ta catvett indogtrinshwasiegisec aci d from
its adm xture with the ﬁol.vent/cosol vent under?@ te e%}?ture not egceedi ng
160C under d"@atseiihionprliungprodydth dhergeemaps 2 ng “Hf’eg"b PFRFGESE VIS pr ovi des
an_ anaer obi bt ol abn it brERRGAL g Redel CERReLAl prblift BROBUEbARMNST aceti c
acid, the process conprising the steps of (a) fernenting 1h a bioreactor an
aqueous st r esnrciccampEnhaica gedorgascesdlsechtragihddsom t he group consi sting of

car bon nonoxi de, carbon nonoxi de and hydrogen, hydrogen and carbon di oxi de,
and carbon nonoxi de, carbon dioxide and 15 hydrogen, in a nutrient mxture
Wi th an anaealinarA6EhHe Svtnfolpact eri um thereby producing a broth

conpri sing acetic "aci d, ’{J‘BJ) continuously extracting acetic acid fromthe
broth with a nodifi edIsohaasptct,abs ptesenninvention pravides a desldfredbeaierabove; (c)
continuously distilling fr tBe roduct,. of ., (b), the acetic acid separately
fromthe sol'FEciblg Soé"eﬂb‘hsﬁg'ﬁn iyt ?%’Rm‘t‘o%‘i’fé‘éﬁﬁiaﬁ@ fogpeJueanYS{G S opt i onal | y
recycling t %nﬁﬂkiﬁ??%ulﬁ%nﬁﬂ? ghlfbemﬁkhf?& Bf Sty oimidHebRhQHB AF-hRYI (of e
extracting and distilling steps occur wthout substantially degrading the
am ne to an samindery) ttinss. ehhissodviengcaniestrat thecicidnn theabseaceof Tcasdlvkent.ecovery

fromthg brqgth. In still .another aspect, tFl ese i nv o) rovi des a
rernod o ARREREPHGH Fec PRk I8 se e e dba A iR e Ton br ot b
conpri sing gwyize C&ﬁﬁ.?%fchﬁiuBﬁﬁHtﬁﬂﬂe%héHdWitQMte‘ﬁf of@édhoRfand MdagAkyIONOXi de,
carbon di oxi de and hydrogen) and an anaer obi ¢ acet ogeni ¢ bacterium and

nutri ent medPupRmarikamiaes)du arashspreferrey embadisent, iy sehventss fusther widbeeda sol vent
corpr 0 REARYE SRR R el Moo, 2 sel et
sol vent m xture) and @ siother hspgctathRtinvents ofid@mridibodsor veinga ~ 6 MAR
2~ 15 solvent comprising alcohols, monoalkyl amines, a mixture of isomers of highly

branched di-alkyl amines and tri-alkyl amines to improve its acetic acid extractive

capacity comprising distilling from the solvent substantially all the alcohols and

monoalkyl amines. In another embodiment, the method involves subjecting the

distilled solvent to a second distillation to remove substantially all tri-alkyl amines.

20 In yet a further aspect, the invention provides a novel water-immiscible
solvent/co-solvent mixture useful for the extraction of acetic acid, preferably at
concentrations less than 10%, from an aqueous stream comprising an above-described

modified water-immiscible solvent useful in the extraction of acetic acid from aqueous

streams comprising a substantially pure mixture of isomers of highly branched di-alkyl

|38 ]
N

amines and a selected cosolvent. In a preferred embodiment, the cosolvent is a low
boiling hydrocarbon having from 9 to 11 carbon atoms. which hydrocarbon forms an
azeotrope with water and acetic acid

In still another aspect, the invention provides a non-fermenting process

for obtaining acetic acid from an aqueous stream comprising contacting the stream

e
S e e



5 m xture, under a vacuumat a distillation tenperature of bel ow 160C
therefrom w thout substantially degrading the amne to amde. In still

anot her X4pe¥M052t he i nvention provi des an inproved net hod PEBSEaMearéci ng t he
recovery of acetic acid from anaerobic mcrobial fermentation of an agueous
stream conpri si ng carbon nonoxi de, carbon nonoxi de and hydrogen, Ttcafbon
nonoxi de, carbon di oxi de and hydrogen, or carbon dio 'ﬁe and hydr ogen,
wherein the method conprises the steps of contacti ngﬁ eflient at i on
product of the streamw th a water-inm scible solvent, extracting the
fermentation product fromthe stream 4nd distilling acetic acid therefrom
The i nprovenent conprises enploying as the solvent the nodified ‘
sol vent / cosdihwae miodifiex soiventite saivdn edxrateme desnitledoabiol e axtracirigtae déesici | | ati on

step at a tenperature not exceeding 160C w thout. substanti all egr adi ng
the anine fHI&RM :eaﬂvpoyéphaéefrﬁ?fwjf@gb@we; a%ﬁ@ﬁﬁﬂﬁ%ﬂxeiaaﬁnwy&/g@gs an

anaer obi ¢ g GaRREAL WRLAPRIAL] AP EOERRIatllerBs excRBIAXIEEALI Ve fermentat i on.

process) for the production of acetic aci Ich i cconpl i shed wi t hout
filtration or cell sépyet atfurtier aspeot, thaigvguidbmprovidles x noadérenting procese

enbodi ent p t hi s .met had i.gvol ves providing in a.fernenter 692% anaer obi c

acet ogeni c {YALHAINNG ATEFRH aGd HoMm FeAAUeRTSEIRGAE CAmAN NG eIt3GtRg XA i sci bl e
sol vent Com'h'a%b%n@c_oib‘lbé{t%]ﬁﬁx?é A/dRMHHRd AbveUsErablind HRABER: Afd RdAN! Y
branched di-al kyl amnes with a selected cosolvent,” for a tine sufficient

t o accl i natte agheousphternnta thosdivent/sodoivent phasayend diktdlifigthemoetgracidsfromt r oduced
a gas stream conpri si. one or, nore of .carbon di oxi de, cajbo noxi de and
hydr ogen aﬁélaéng&’ﬁﬁ'ﬁgglﬁs@VeBV‘EﬂSﬂ["éB‘H'B’rdFYS? KEPERETH AR BFF ,‘“%{]ﬁorqgent nedi um
acetic aci gpdesahv¥&iiim M xture and water. The fernentation broth containing
the cells and solvent m xture is introduced into a settling tank, wherein
an aqué@ous phase conirai further ashectjodhic peaserd imaotiamprovides amadephicset tl es to t he
bottom of the t%:{k fromthe solye tonﬁhc?\se thl ch. cocg‘% a.%ns acetic acid,

sol vent anBiSiARiEtermanagn Process PR inedhodueHoR PHAGRIfAHe: 485 PI%GE¥on under a
tenper at ur goigsirhE SEeher A Oerrh GIBY BFa biBRa&6LA] £quabhdstRBRAIRIpRkMgf rom the
solvent. The distilling step occurs w thout substantially degrading the

am ne to af sandektetedifransthe gheupodongistingofahbios imenexidefcadmatmenaxiiednd ecover y
fromthe b 6 R 6 l.n..stil t her o t,he. d ntion
provi des ah)pcggr:%fgr cl)’gfircog% %:nrdgcg?na 1 4“2’?‘%%? !éf Z?Qér)ln ’%?%%’@@eg%?’?’?% d fox‘g e%:'{ ?ect

cont adts exhydregenQinh Pi@ias mixtharwitinen paetbbiztacaog@iic baxpdriuen,akdreby Whi ch
involves no filtration of bacterial cells. The process conprises the steps
of : (a) fePiPdHtRgbraih somprsingacens aGid (Bl Gewinyousy YEFCERE RIS RAHE Iy as

cont ai ni N0y LI Godfied QAANCIRARK Hevu 67 RoRysllaagbdg @nd hydrogen in a
nutrient mxture w an anaerobrc acet ogeni c bacteri a, reby producing a
br ot h conpedrginagusicdittilitngafedral thevgrbeict ofi(td thecaebity dcid sepatakely frofm)the nt r oduci ng
into a conventional extraction device, such as a colum wth either sol vent
or water afolysibalchiempabIe nexseeding 160R6, andddhomtionallnkscyding thesoveat i on and

r vater e €. iR lseioi
uset uP%rn Ees B gl P b RabRe” IR BBl A AR AR S0 Tl g

subst ant i alvitiioud BiilsstaixliydeRrading the @mie t6fn Bmle) udermaating i efddidael am nes
and a sel ected co-solvent, wherein a solvent phase containing acetic acid,

sol vent an@f agglieacidsaceery Femdhe brgih.separat el y from an aqueous phase
conprising the bacteyi i i@ ( . j y distilling
fromthe sol vent pha@esag% R%B%‘%éée&’gé%gﬁ géng‘g}v%ﬂg)g&g%\gﬁ ée)ﬁn%/h]P &rﬁgérfn?%rhe sol vent

at a tenpeérmanting thetrecdX6ee f atticlabldGron B ermb@pson(drbthadtindrisinga@acur  wi t hout
substantially degrading the amne to an am de, thus enhancjng the

ef f i ciPéncy3QEOUSCRIERE CABIRIINSNG\RE MPTE PHFATPMeMeIosids, carporsdioxide apdt her aspect ,
the inventj oV j 1.GLohi f i s for the
producti onh%a? Oggg‘e rlldga?lgag?é&o%?gﬁggégﬁzpﬁcgeégﬁt ﬂ.‘g ngtﬁ{e%gﬁ‘teg %r)’gk#g@?ﬁg&di ssol ved
car bon di oxdmigising@dn@ptingxiebireantivith alsulwentytipogentieubbidgescfibgdm t he :
fernmentation broth before extraction. The steps of this process can include
(a) fermentpdifed di-aky aginsaad @selgcigh §o-solvemnrioRBmAUSYi exl AT the a4t e of

car bon nongxi n .di;0xi i trd ] wi th.an
anaer obi c %%deﬁcgraetﬁ?%%%gé? i‘a‘}eﬁé’g’%{‘ ﬁ@%&%}%dﬂg@g@ﬁ%ga&éﬁ% ggdrrfg%%]g{@l %’tri#ééfraot h
conprising acetic acid and di ssol ved carbon di oxi de; (b) renoving the
carbon dioxide fromthe fernentation broth prior to extraction; (c)
contacting the broth (b) with a solvent containing a di-alkyl am ne,
preferably the nodified solvent/cosolvent m xture of this invention for a
time sufficient to cause the formation of a solvent phase containing acetic
acid, the solvent and water; and (d) continuously distilling acetic acid
fromthe solvent phase. The carbon 0 s MAR 2L3 7 di oxide/ hydrogen sul fide

. o " o o, .=



for the mcrobial fernmentation of gases for the production of acetic acid,
using the nodified process step of carbon di oxi de and hydrogen sul fide
“stripping of the fermentation broth prior to extraction and al so enpl oyi ng
only two distillation colums. See, e.g., Exanple 6. The auxiliary
apparatus which controls the tenperature of the varioE% stages of this
‘production process is identified in the figure as col wWiAR ondensers,
heat exchangers or steam Fig. 4 is a graph illustrating am de formation
rate tenperature dependency, according to.the fornula Y = kX, wherein Y is
the am de concentration after 16 hours in weight per cent; X is the acetic

acid in the feed in i ght per cent; and k is the.amd te rate
const ant. Th&KWFmP erfaoyacwﬁ'p@ha t§PH?%°natF@Pﬁfa{%ﬁ°%‘PFT?‘N§6é°(r)(§gﬁf‘?%%0nr’n( k) =
-9163. 21 ( 1dh f"su%ZtBaﬂﬁ:lall Vﬂégfea‘ain-glthéaﬁlﬂ% 18asQddt € tenperature in Kelvin.
See, ine e o& tal

e.g., Exa ed Description of the Invention The
conposi tions and procedsstill adothdrasprce skninvemioantroddesemanghiroedtnecthddfoar ds
t he i nprovenent of Sﬁocesses or .obtainhing acetic, aci.d from agueous phases,

WO 00/ 14052 PhapcisgdnorsEeesTy 8 ac@tma@ﬁ,ftqm ARG EGIabialfgEBeNatinl@8 f or ned
b S o2 ! : ; _ _
y rermenta 'agurlao% fo‘f‘aﬁf E(Zm%rﬁ?lggéarb&l Bﬂﬁoﬁ%%gﬁbgg 'f'r?r?g&ﬁ% af§ ﬁ#’d&/l‘%%%ﬁ l8bon

recovery processes o art are 1 nprove recove acetic

aci d from di mdrexhigledben dibridaand hgdregdnaocenbdydiexide ayd hgirogenawheein thet i on
and distillation process a solvent conprising a mxture of highly branched
5 di -al kyl am compIispy be sterp Pl contasting thedeimentation psedurs Af thejstredm Wl ect ed
cosolvent in | L v j

enbodi nment , S&Htéé{‘ln{rwg& lé%%é)ﬁ%%tdlggﬁtrae(%ﬁggfe\e%ﬁ Cegg)glf#én ot hlja%a@gé@%ag?i agﬁhance
acetic acid detitiigracefic auidl ehemfnbThd infpebvenndn tompriges eapds/ii®ds thassioes
streans which include extraction/distillation steps. OQher inprovenents in

acetic acid themodifipd solypnticopleentinynare docrikadabayaendperfrgingdes provi ded
by t hi i ti.an,.i i m i t . i t f t ti f
pact or 1 cer RrRaHT YR Brin et hOskre o Go0RRY Wb lgRoRaRidid o o7

repl aci ng t hehdiggineho amidexpensi ve extractor, by directly contacting the
bacterial cells with the sel ected nodified solvent/cosolvent mxture. Still
ot her inprovenents in thgeteffuithéraspsct.ghe myentian prevides arcanaeropid misnobialS

conventional fernentation processes as ¥\el | as the progcesses descrihed

bl ow | ncl udd-TIEGUPRE B TbPy B SR Do CArERRie BRECOLPT DRaTPORg B bgen

sul fide fromatdiR acid which is accomplished without filtration or cell separation occurring prior
to extraction. In one embodiment, this method involves providing in a fermenter an
anaerobic acetogenic bacterium in a nutrient mixture and a modified water-immiscible
solvent comprising a substantially pure mixture of isomers of highly branched di-alkyl
amines with a selected cosolvent, for a time sufficient to acclimate the bacteria to the
solvent. Into the fermenter is introduced a gas stream comprising one or more of
carbon dioxide, carbon monoxide and hydrogen and a fermentation broth comprising
the bacteria, nutrient medium, acetic acid, solvent mixture and water. The
fermentation broth containing the cells and solvent mixture is introduced into a
settling tank, wherein an aqueous phase containing the bacteria and nutrient medium
settles to the bottom of the tank from the solvent phase which contains acetic acid,
solvent and water, without filtration. Continuous distillation under a temperature not
exceeding 160°C removes the acetic acid separately from the solvent. The distilling
step occurs without substantially degrading the amine to an amide, thus enhancing the

efficiency of acetic acid recovery from the broth.



fernmentation broth prior to extraction. A The Mdified Sol vent
and. Sol vant/ Co-sol vent M xture This invention provides a nodified sol vent
*and a sol vent/co 20 solvent m xture which display highly desirable
characteristics for extraction of acetic acid from aqueou$ Bphas 253
containing the acid. This solvent and solvent m xture are useful for both
‘extraction of acetic acid in non-fernenting processes as well as for
extraction and distillation froma fermenfation broth including an
anaer obi c acetogenic mcroorgani sm aqueous nutrient nediun) and energy and
carbon sources from gasn%’allahmﬁarrwspecmﬁe feghti@tpooldeent afdeubic mdrbbiand
purposes, the "nodified solyent”) of this invention is defined as a
wat er - i mmi scifpmeeniagiopaecess@reula disct (aatask exterctipparosessh s thepradiationradm
aqueous stre rj.Sin I t QnEr

allk; & Qc leK it ﬂwglv%ygé gﬂpahfo?i f%a&?rrl A M rRr8cess? ?seS?lilnas

hi ghly br anch& am nes. solve prere

esrx~~ 9 a ccs@d‘pfsloel @)'&‘enﬁfenﬂh%_tdd &utda@ﬂar bieuedtis gfeant @mprlaly alé)as and nor e
preferably greater than 15 his solvent can extract acetic acid in the

absence of a coptagongeng or 139ret<ﬁ@altb@nmon9m§1§t@mbqredlpyldgan@hydrggmam that t he

sol vent contains greater 0.b ume di - al

arel T por caMRE P EL RN AR avouR sTatR ShvieRladherc pRRtinER D" [he
sol vent cont abRfpridi@acstic 4M@Ryal@Yanl badtedisl ceiri sntrbducﬁ{gthw cdfveh§draed
embodi nent, the sol vent contains greater than 80%di-al Kyl amines. In still

a nore pr ef erextsactimidsdiosesuch as heokineith eighnnisalvert dyevairran tBcoNEnuQB%

di -al kyl am n ubst ant i.al | ure tur.e furt er contains a

per cent age ofP SO B kIR Se) et el BAT Sen iR EP iR Een 0. 01
% to about 2Q¥edified MatéiEmnile SM9EH k&l infthe ERRACHBRABRAIYL a@lifREn CONt ent
can range fromless than 1 %to about 10% In sone enbodi nents, the

mono- al kyl amauqeecpsrstremagunprash@a;sdbsmmialbomre sfiktuce ebisuners 5%highly stil |

ot her enbodi |s i,nvention vent contains |ess than 5% and
o ofer abl v | PRSI %wn%awemwgcgr NeRDHHRER & AlSeHaatTbodi ment of
such a nodi fi 3,50k Sidoftvdr ahd Bagr Bt Bl t hat
is less than cg)qtrerlam%um 0 150/0\113y \% umer ansg pr ef lrélr ase efrhte@lf'f%xj\x}vagghg%‘%/?s
tri-alkyl ammnemcdmpr'ssdnwhebmndwmrdtmgtrlednm@drwam (ot)fcohtmwddsgyldlaﬂimgﬁotm t he

solvent is Ie s than 40% une. Sti er enb d| ment contains | ess
than 25% by V wmﬁerttphasg?q?w) tﬁﬁ?ﬁ:@g acig Sﬁpaéﬁf@fyrfg eﬁ%ﬁtta EBRERIHE tPlss

Ll kyl e receie (408 b o8P, A nd R e PR o R AR B LD 1

by vol une triaalikyto @aramids, thGs edhancihf te effitivmoytaf aodtict idrebomegnfromntheont ai n
optionally as small a percentage as possible of alcohols, desirably |ess
t han 25% by WiPthime to about 0% Anot her enbodi nent contains |ess than 10%

by vol une al cohol , deS'IB%mlénJ)tﬁétsash%?nthé Wi esérldU@Féagﬁja E Jbfd %Pér%{blgfe SS

t han 1% by vol une al cohol one I'ed sol'vent

cont ai ns aboutrnPtatioh prodesxford tiee grbducsion®i gcedic abidghthiyh bérﬂp@i’t@@heddtcﬂb)@
am nes and about 10%of trial kyl am nes. Thus, useful nodified sol vents may

have snal | arfduAYi@gdisselyed aaré@lhaoxxmmvnalbfﬁwﬁ@éveéﬁwdmﬁarsw;iﬂe,afrﬁrnes

o L TSR RGhA E RRAa bl PSS cEBl oS bt
fermenting in a bioreactor a gas stream comprising one or more of carbon monoxide,
carbon dioxide and hydrogen in a nutrient mixture with an anaerobic acetogenic
bacteria, thereby producing a fermentation broth comprising acetic acid and dissolved
carbon dioxide; (b) removing the carbon dioxide from the fermentation broth prior to
extraction; (c) contacting the broth (b) with a solvent containing a di-alkyl amine,
preferably the modified solvent/cosolvent mixture of this invention for a time
sufficient to cause the formation of a solvent phase containing acetic acid, the solvent and

water; and (d) continuously distilling acetic acid from the solvent phase. The carbon



~~ ~s ~UAt~ . One enbodinent of a nodified solvent as descri bed above may
be prepared by nodification of a comrercial solvent) i.e., renoving

al cohols and _ nonoal ky amines to create a desirable nndifi@ﬂ sol vent for
the processes of the present invention as described above. MARO B8R ci al
product Adogen283 solvent 5 (Wtco Corporation) is a di-alkyl amne) i.e.,
di (tridecyl)am ne or N-tridecyl-1tridecanam ne (CAS No. 59l 0-75-8 or
68513-50-8). Essentially Adogen283 solvent is a conplex m xture of isomers
whi ch can be classified as nonoal kyl, di-alkyl and tri-al kyl am nes The
unnodi fi ed Adogen283 sol vent has an averagde nol ecul ar wei ght of 395, and a
total am ne val ue of 144.0) and contains) for exanple, 0.29 10 percent

al cohol s, 5 7@iopisledudrogannaiide kgmovalbtap maz by agrygisped withta stippangkgas, b ne.
Ma t t i s of the hi boi | . ' f Ad 283
S0l vent 15 | nRsa R P by fyelng B Rt B prTh PR e 4B ne

TypeMl ecul ar WMl e  Other aspects and advantages of the present invention are described

Per cent 15( C13H27) 2NHDi - al kyl 38154 ( C13H27) ( 012H2§) NHDi - al kyl 36727( CL3H27) (C1
4H29) NHDI - al kfurdesimoheidlaipgiatailedddsyriB 8 @I(fC1e3piier2( €abod®)axTy thergbky| 5494
20 Al though this comercial Adogen283 solvent is recognized as a useful
extraction solvent for extracting dilute acetic acid from aqueous phases,
until the pregeff DefMIHdIPSF the Da-aRidgs’ €COgni zed that when Adogen283 sol vent
was distilled) it woul'd degrade substantially, i e.) about 40% converted to
unwant ed am des by reacFigh iod gtapk charting selv¢rt pheetaceti@axiidl (ldA ey concqeratiod of
3 hours under 25 distillation ﬁgndi tions .!’J. V{ Al t house and L. L.

Tazl arides) Jin §hdi§saaueps Phephicaacentrghion L fefeeello atd yacovery @roasysefmki ng
it undesirabl : b/ Infhdi SN i V] [:St | i on.
According to ?‘HEBZ‘B%S"? /ir) g{)@?tn:g)d{i he aﬂ%ﬁ%lt @%ﬁ?&i’g}rﬁg&%ﬁ%@f@éﬁ% g(glbgg’ can
react with acBKiiB. dbipdriatenthl pointsleat represtag by aiangtes; theoreti dMDpOMslzhOmTiares
PCTNS99/ 20416 -, .... .. 1 6.11, 4R 209 , formesters. Further) an
Adogen283 sol @r%‘t'oegﬁm?ﬁ;ﬂP%?’é‘?ﬁf‘%‘hQ<§P¥F€61F?' even in conbination with a
co-sol vent, has previou =y ' Vil. Rgo
distillation, because Oflg?’%??ﬁﬁggga{r gg@ﬁ%@g@ﬁ&g@fﬁﬁ%hﬂ%@e IESQQ cker et
al, J. Separ amodifieleoven in,coboldét4l (1979)]. 5 Thus, a key aspect of the
present invention was the determ natiqn hy the inventors of a nethod for
modi fyi ng a sol vent, sufl 4ds asrbigeatiodravang ol exepplary grrardpgsetuipareiuti ent

of distributi . - @f
bet ween about FH%(S}qie%lgcf%Blgffgg@ﬁﬁér%%at %s?&htﬁﬁg%dgé@%rﬁ%t}agg Ceé)(irl(g’ttﬁgz@%i
further aspecimodfficdiprecesstepdi @nbirsdibkide andrbydragenasulfide stdiypingaof theed sol vent

wth a 10 sel ected cosolvent, to nmake a sujtable solvent mxture for acetic
aci d recover yfepmepiadeanbrothprentp gytrertiopiand atsp sAploping oYW distillgipnof

piogen23 sol il ossest o SETRUELRL EEUHGE e QRGEMACES o

al cohol s and nonoa nes e conmer ci al

sol vent is subpgetseretod tith Wiriols sthgesrof this efcduedidnyprotesaisvidpedieliih the figure
evaporator; and the distilled solvent is then subjected to an 15 acid wash
step. The aci & <04 Waker 6pndeaseis ASATRANCEBIEEISAL SEaBi ent t enperature, preferably

using a dilute organic id. . . acid is
dilute acetic acid (at g@ogt@% gﬁ%@}%&aélg%ﬁ%@ ggﬁtﬁoggée?%%@ %@{%/ L and
mor e pref er abfapehéaty! dvadrdingitolthélfoemari Y = 18X, gdiredialy iy thisaaidaicorcenfhiion of

dilute acid to solvent of at least 1:1. A preferred ratio is about 5:1 acid
to sol vent Thefiw l6hwusiayecight per cent; X is the acetic acid in the feed in weight per cent;

and k is the amide formate rate constant. The formula for which points are noted on
the graph is In(k) = -9163.21(1/T) + 27.41, where T is the absolute temperature in

Kelvin. See, e.g., Example 2 below.

Detailed Description of the Invention
The compositions and processes of the present invention are directed

towards the improvement of processes for obtaining acetic acid from aqueous phases,



20 distillation and acid washing renove | ow boiling organic materials and
mono- al kyl am nes. Preferably by "low boiling" is nmeant bel ow about | 15 C
pr ef er abl yWbagbesosabout 100 C, at about 70 torr. In one spaecgtiiu®e¥aspl €,
the distillation ~as perforned in a | aboratory w ped-fil mevaporater, w.th
a feed rate of 56.4 g Adoeen283 sol vent/hour) a 25 tenperature of I 64:3
C, and a pressure of 69.9 torr The al cohols arid nonoal kyl am nes separate
out and are renoved at the top of the distillation col gngya 28 s process,
| eaving the resulting nodified solvent containine a mXxture of highly
branched di-al kyl am nes and tri-alkyl gmnes to be renoved at the bottom
of the distillation colum. This nodified solvent was referred to as

Modi i ed Sol igiidingaqued@ HAAIORRALY BRTHUBIRPRRALE, Thus imorfe MR =
Modi fi ed Sol vent was characterizéd by containing 0.02 . percent |ow

boi | i ng or geembodimsngrthake)jic ecid Bcpeary processenef-th¢ irydr asndraémpaved 8nger cent

di -al kyl am ne and f9 04 %ﬁ@fgem .Itri - al kgl anm ne. . Tabl E |1 provides a
conpari son YR Pa&EYS o Ailse PRUERRS YRR J5-GnRAnce RY emPIOARe Brflodi i ed
Adogen283 sodxyigiion dnldQlisaildviediphdesh 25veBNéontpristiad rhik@ird bARIghRFanciB®Ved as a
result of the above-described process: Table Il 10 Fracti onsUnnodified

Adogen283 solivdit npiaes. pediprsfrapera mxrerelBat Wivent withe stlsoies sPPRIME #F gani ¢
R VM N T R R X
g195. 96 g22.:18&difled solvent/cosolvent mixture can enhance acetic acid recovery from a microbial
fermentation process for gaseous streams which include extraction/distillation steps.
Other improvements in acetic acid recovery from conventional

10  fermentation processes provided by this invention involve eliminating the requirement
for the separation of bacteria cells from the acetic acid-containing broth in the process
and/or replacing the use of an expensive extractor, by directly contacting the bacterial
cells with the selected modified solvent/cosolvent mixture.

Still other improvements in the efficiency of acetic acid recovery from

15 conventional fermentation processes as well as the processes described below include
removing dissolved carbon dioxide and optionally hydrogen sulfide from the
fermentation broth prior to extraction.

A The Modified Solvent and Solvent/Co-solvent Mixture
This invention provides a modified solvent and a solvent/co-

20  solvent mixture which display highly desirable characteristics for extraction of acetic
acid from aqueous phases containing the acid. This solvent and solvent mixture are
useful for both extraction of acetic acid in non-fermenting processes as well as for
extraction and distillation from a fermentation broth including an anaerobic acetogenic
microorganism, aqueous nutrient medium, and energy and carbon sources from gas

25 streams.

The desired solvent (for shorthand purposes, the “modified
solvent™) of this invention is defined as a water-immiscible solvent useful in the
extraction of acetic acid from aqueous streams comprising a substantially pure mixture

of isomers of highly branched di-alkyl amines. Such a modified solvent preferably has



b

15 This nore preferred Mdified Sol ~~ent A has an extraction coefficient of
about 10 or higher) and contains anong ot her conponents a m xture of
Tisomers of highly branched di-al kyl am nes, nodified to substantially
reduce the al cohol content and the anount of nono-al kyl am nes therefrom
The Modified Solvent Ais an excellent acetic acid concentrating solvent,
particularly for use in the 20 nethods of this inventi o NARe 280effi ci ent
of extraction of this nodified solvent increases as the concentration of
acetic acid decreases Mdified Solvent A Ry then be further purified to
provi de yet another desirable nodified sol'vent, referred to as Mdified
Sol vent B. I

col umm under %1‘%@%%@%5%&%@% Q@gthﬁ%ﬂ%&?@g%‘eA %Qn@g{%&{‘ﬁ Ilrereg%@%ﬁugﬁegtt) es the
di - al kyl am ness This Midédt icetlexdalcy sgetic Acitldn ble absaicklof @doapentenoved at t he
top of the distillation colum. resulting in Mdified Solvent B, while the
tri-alkyl anines are renovedButherteian nbstantiadly nur is sreanithat the salvent— 13

Vodi T ed Sol et B i.s. gﬂﬁ%@?é%r Ja%ﬂ,r%?é’%a?@ér'a%hé RS Sl el

extraction (gre even or mance “In t

this inventi qusyyberbfeﬁxrﬁwam@ﬂamrteb Mosepredrasly QﬁéﬁtllV@ﬂEontBﬁlﬁ%ﬂeam trtdme

di scl osures herein relating to the nodifi catl on of commercial Adogen283
sol vent and twé/o Nbalky} adings| enpthepprgfegres, enrbrodrr@,era,rthr: wlpmt@gntamer@rener

t | t t
i al Kyl am nddm S aBRE et oA Rt sttt ST <o,
al cohol s and ih&m m@@%&ﬁallﬂﬁll&ﬁﬁnés Sﬁ@l‘i’ﬁrshbsftﬁltlhﬁy ﬁuMertL?rZ BurtRehm &
Haas] and ot hers mentioned in Rei singer and C. J. King, Ind. Eng. Chem

Res., 34:845- ®ﬁmn¢s eu_mee)qtagmy“ anallmlmamleylrt uheatalednttrdnslumn rangd bﬂtWyenr enove

al cohol s, I am,ne desi am nes

Gocor bed hor@dfeds andlaBE ey TGP e e ractisalithe moBos kvl A1BS Frvite GeRs ses
i nvol ving extLact #oR 1@5@%9{ Bhied b dt‘?O%PfIn%GﬁtE'%mfoE)@ime%%Uﬁfé YsoRNAREEmigde Of
skill in the art can readily apply this teaching to suc er soIvents

Wi t hout unduepeeoeperpk namea froorabodniolie abag 1624 loftilt biher émbetiments of thiol ves a
m xture of a nodified solvent of this invention with a sel ect ed cosol vent,

whi ch ni xt ur dn¥gEENHEE salrferteqorleénsc!rﬁér%t%aeflpeéerrblw lersdham! @by valimon and
distillation f y of
non- al cohol clgéo(f 2?8111%1355 %g&géeleg@%%%x ?rﬁ of Sglg\feg\ns?lﬁ %ngsné/ tr?iliesd

sol vent s i dendn dnh®@ht abﬁiﬁﬁlkylae&nmed thatis less tttantahﬁaﬁﬁmffedsitsm by valiaid, a;lixl e
Adogen283 sol vent. Because of the high distribution coefficient that is
possi bl e wit rprt:ffﬁéahrse lervv 3o Eratkghamises el sopsenhodimerds thermewn of tther eof |

osol vent mer it iRk e RAert T RIR ST Vol Ao AR Ehhgjent "

cosol vent enploawes less thae25%>btywromme°§1 ARyIEXTAARY. €A peeféfred dinibdheMQUAGRGEN
283 solvent or a nodified version thereof and 50% cosol vent of any type has

one hal f of tlags tkan b@%ﬁwyrvelmgeaikylar@mg@a, aedrprefemlyéess Hiag S3h by yeksmerrir s

true with other am.ne ne 336s0l| ve n 3810
ol vent Adogiiy 86N SoRTE PREA g BPAEH QY ot B lARF s S dSP by OFRESE-
latter pure Sé?lk}){%ﬂ'hﬁesarﬁlll"&ﬁé/r sbe‘é’m(sjeft}ﬁs ?n)vent%?l é&ﬂ%ll@bb%daﬁ? a¥khhl gosol vent s
results in uneconomcally | ow Kd values (0.5 to 1.5 or lower). In using

ot her sol ventpercesitagh aspossitde oDatnairods, dbt’.lgﬂbavlatssnhm éﬁ% Ay aroiunee to abouB0WAR 2~
14 336sol vent ogen 38l solvent, etc. sol v cho en
carotu 'y o AR A hGme CoF s S Hesbh B i igtiab g Re SR
dependent on é}{hﬁg inin i 9 SRbLRELgINOr mal |y about 3-6
g/L), the des%}rgz)&l%ggmfc t he soﬁ%\ﬂeﬁ'gb mgr;(tur ‘feasudes?ra [y between about 1
and 20. For an acid concent rBdrieaameple, adxoddsirdb!d niadifigl do]venheorfaids afout he
solvent mxture is desirably between about 8-11. Stil] another Kd of

sol vent i xt 10% pEa giwiure efisomersghbighly branghed dialkylamings andaboyt Ky%iof Fré'nte
may be used | 'héyr@%l RL2 Grgqus %59{ 1 trtydfreed%ﬁgtrs%a .rg;trs sfngh\aﬁ{ttlttgmpé Aol

m xture nust D i MM S¢i readi Separ a rom wa
reduced t enpenahdilies amihs ane kg dndasphneaill lmasehayefmld@@y bf thg apaimt

| ower than that of the commercial solvent or nodified sol vents described
above. For exasithproduetionriaftee medodpokibisvarantiosi | s bet ween | 25C and 250C.
More preferably the cosol vent boils at between about |50C and 200C. In one
enbodi nent, the cosol vent boils at about 165C. Al cohols are to be avoided
in selection of a cosolvent because they react with acetic acid to form
esters, and al so cause enulsification. The sel ected cosol vent can inprove
physi cal properties such as viscosity of the m xture and can also aid in
the reduction of the boiling point of the solvent. The sel ection of
surtable cosol vents can be rrade by one of skill in the art, further t aki ng

o, o I o aee - o=, e e 1 — - 1 r .




invention is one that forns an azeotrope (i.e., a mxture that is not
easily separated and behaves "as one" ) with water and acetic acid when in
t he vapor WOrd4140FRe azeotropi ng cosol vent enhances the vol BCTAUBINOaE at

| east one of the conponents, e.g., water. The formation of an azeot-rope
permts the cosolvent and the water/acetic acid as vapor to nove together
(essentially as one) up and out the top of a distillatign colum. Wen the
vapor is condensed, the cosolvent and the acetic acid/ tBeMA%@r ate. In
the distillation processes described below, this permts the cosolvent to
WO 00114052 PCTNS99r 10416 . - .  ~~16 ~B0~ , 15 be decanted and returned to
the first distillation colum. The acetic acid and water (and sone resi dual
cosol vent) can then go ont oOae sebaiitlerdiobs mbdifitd wiveapdsidescribed aovetmay aci d
recovery. The primary advantage of an azeotroping cosol vent is that it
permts acethePrapared %eaeé@cemwpft A eial spyentolf - JEMAWAS alcahidhedndt han t he
three requi rahdafly BEs AFERAEARIOMRIRAIALE BbiSent FRTF: GREALNGRYR di sl aying .
the require terlstlcs I'nc "OW b I ng poln ydrocar bon

co- sol vent s griseht i‘noennoamdbsfonpasahuvb hThomtinerad ipcbduPaAdogen? &3® solvbasi r abl e

cosolvents fitting this desc on inclu | kanes, part.icu arIy those in
t he rangge 169 ¢.@rperajion) ‘Aﬁtdhéhé’[ﬁﬁn%é%f%&“&? YUappe At B-tHfeeYhlmonane, n 10
decane, i neUftFt £ Cﬂﬁnmetégmo 3340 gsfsoaps%:%w SPis¥Rly («Btaﬁ FSQ@ M ni ng)

Inc.)) : IS a mxture C9-C 11 i soal kanes:. ot her
cosol vent s ssbfnt is k@pmpiextmirmrevdf isorhé¢rewhicideahnibedlasofiadeas nonotilkylhdisalkyhvent i on

i ncl ude those  non-al cohol oIven a ers listed in Table 3) page
976 of Al RUSE abemes (TRt KIRERAS S L R RR TEIFOHEY ef ance.
15 Such co- sgd; mfagsm@rata&tmm@ﬂaebmcx@ ERiohiagd, @ e@ntﬁ{é 035l ne sol vent

as described above, can reduce the boiling point of the sol vent system
particulrl )Pemehalccﬁ@l%oﬂ Y/%ntrcgysttoelmalkyl agiing, phd ¥d9Upetesnt diaalkylaminEhe r educed

i -l Kyl - amieS SR L8 Y Bt Be aapiohlh Ea Rl Gl e BNl (< 1 ne

distillati onnditREEEdoWMm Pl ried 20 out in two colums. Generally) the
anmount of nodified solvent in the solvent/cosolvent m xture can range in
the m xture from about 10 to about 90%1b'ylvol une. Desirably) the am)unt of
ITDdIfIEd di - afk t\yl anrre—conta ITIIIU sotven of—tir—s—inv ’,IILFU"II*]S t ween
about 30 to abpuAnrgedoymutdeune Aminb&ymseol veMoleokhoWen{ Miolx Percent | n
preferred enbod TTENTS)_THEe nodi fT€d SOLVENEr 1S present ynm tne mxture at 25
about 6% by violGdk:).H | east lO%Bf- Bsol bent i3§1neces*>ary $ forma

nodi fi ed sol ven Ven ure_of. this|Inve T nt o
cosol vent can gﬁ&ﬁ%@ﬁﬁéﬂﬁg‘ 10 Pbanﬁé 90 % 6 re d« Si rggfv from about

30 to 70% by vijo AN 1 ment s, t nodi {i ed | vent is
present in the dgj 7l(d:”Hf95 jra e, 13 EQJI’]Q nrgjg(?.r ed and

exenpl ary sol veq@lgmg'ﬁql ~~ent N xt ulrrgalpﬁ ttt pr esggtt 30 | nventsi on cpnpri ses

g

OLll

60% Modi fi ed Setvert—A—ant—46—p— S FomS¥—t8—sotvent— & f\ﬁfjp\ » 16 One
of skill in thLG;{Hy)h(@ gkpdlct efd t drbakdbl €l t o adpfst t he perdent agﬁes of

nodi fi ed sol vent and cosolvent as desired for any particular distillation
appar atggs or process. Adju b ol vent to
cosolvent to prepare a des%l@'éﬂ%lfﬁs&o@ﬂ%cﬁ Rggéeg‘ags)jgis%{r'le Eédrgsqgoﬁch as the
identity ands enmfelruxsracrtontdmb/ennfd»rEmmdtxngtmluermcetammmghmnns plabssj r rel ative
di stribution Cotﬁff' cients, .their viscosities, acti cal

consi der at i Hﬂ% S BRSRCTR e RO Y36 ATEISFRAZSC Tt e A Ctsﬁwéfs@z% VSRt Wite

equi p”E”t guéchen &%hﬂtdegﬁad‘é?éﬁs?anﬂéuy, 1€ 2bd 499/ é’o%OértéaQHBﬁ\R}QrﬂBé For
exanpl e, est extractfon coefficrent appears to correlate with a high
am ne conteam;dewbycdfacumcoﬁetasamirtehatteacm&msﬂ ovkr 4 pericd@f Bdinbrssiyidérem  Thus for .

Some uses gh expense woul d influ e_the desjted proportions of the
modi 1124 s B\f@ﬁttyoma ea 1 W Arhpaseend Lo JQZ‘?P&M the

nodi fied sokyen t i bot h of
whi ch are rg b%ldllév\\r/l“t L@‘tltr?elé%:%i'qréébt&]% 1@%@%%&%1%{%’&99%&&%% % co- sol vent
proport i onab}QCeisedlmoelSanhEstmaﬁdrf | Adtbiding te thefabowa repdrt,ahe dlesholsndli f i ed sol vent
m xture % 50% Modi fied Sol vent A in SX-18 sol vent has one half the,

di stri but| oA desRB3 ®iselvenioalsongsag Hith awstc Sad sledigtillaon tsmperpwITesd8i er to wor k
wi th because of |owered viscosity and increased ability to recover due to
t he presence of the co-solvent. The cosol vent SX18 boils at between about
160- 167C and therefore also | owers the boiling point of the m xture,

t hereby reducing amde fornmation. One of skill in the art is expected to
have the ability to balance these factors to prepare any desired m xture of

the nodi fi ed sol vent and cosol vent. The desirable characteristics of the
rmdl fied sol vent/cosol vent m xt ures of th| S | nventl on part| cul arI y sw t

Y .y . -, = o, . S R o



WO 00l 14052 17 PCT/ US991 20416 O fi MAR 20D3 properties of the solvent and
solvent m xture of this invention include) for exanple, a distinct boiling
poi nt di f W& ®fde52pet ween the acetic acid (i.e., 118C) and ROrusdorests (e. g. ,
155 C). These differences are also usefial in performance of the pr-ocesses
of this invention, because the greater the differences between the -botling
points of these 5 conponents, the smaller can be the di st"llgﬁQ col um,
resulting in efficiency and cost inprovenents in the acett (,B ecovery
processes. Significantly, use of the nodified solvent/cosol vent m xtures of
this invention involve only negligible $blvent | osses due to thermal or
reactive degradation, e.g., oxidation. See, e.g., Fig. 4 and Exanple 2. The
sol vent andfotth estegel Fenberairs Adegen283@salednt or medifibayiohs thiereefl evemdut i vity with
the acetic acid, nedia, conpo ent;g, bi omasﬁeri al s g d ot her unknowns in the
aqueous phaSUMYPARRHIHD 28 SONRPPESHTBYIPHYX DFER Tt ee Or RREPFIHT} Rthe
processes_ofisfilltion! B0 SMishedt b1 AmidiTortRlive 1N /1 QGkev g X educes or

substantially elimnates any tendency for acetic¢ acid and

sol vent / cosSépegation Bedhooln déah(EI9) ypr oduct s) such as ami des, which could
be 15 fg)rrred froma reacti g@ i nvol vi n? %@ﬁ am nes in the novel nodified
sol vent®and sol vent m xt ur dduy KR PIPEFIRIAE PERENt PYentign WaSH&t od t hat one of

skil'l in thgetémtinidd by @adhedtoPeofath@ndPrortbdiffing heolweat, W6 dscasspeent

m xture of this invention in light of the teachings of this specification
and with redE® selyentnbatingigbighvegfficient of distribytiehe eatfa\geeatsttead grequdr s 20
Such nodi fi .0ns e | ieved,to assed by th Q . 1 he
appended cl %?gnsasgfé‘%g%g@eooefw?\%]\fgf’mégﬁg(é@ﬁﬁn%ﬂn-'%aoﬁ l\t/Sel}rthW a????ﬁ rgcg?rgsfélclg'n

Reco>>er i ng AAfuethef agpetiCofThR imrhfiads tHefcohibimtibmyRhé medifie eyt whk anodi fi ed
sol vent/co 25 solvent m xtures descri bed above and particul ar process steps
to avol® forelstadaipseiveninimmekaia suiiable solvamnaniwee for acetieacibiecovesy

oL vent osghyesis AL SRy BErdL mRINSof BERUSEISR AR g oci o 1om
fermentati mbmmmemove or reduce the percentages of alcohols and monoalkyl amines is
accomplished as follows. The commercial solvent is subjected to distillation,
preferably in a wiped-film evaporator; and the distilled solvent is then subjected to an
15 acid wash step. The acid wash step is accomplished at ambient temperature,
preferably using a dilute organic acid at a pH of less than 5. One exemplary acid is
dilute acetic acid (at about 1-50g/L, preferably less than 30 g/L and more preferably
less than 3 g/ The acid is generally used at a ratio of dilute acid to solvent of at
least 1:1. A preferred ratio is about 5:1 acid to solvent These two steps of
20 distillation and acid washing remove low boiling organic materials and mono-alkyl
amines. Preferably by “low boiling” is meant below about 115°C, preferably below
about 100°C, at about 70 torr.
In one specific example, the distillation was performed in a laboratory
wiped-film evaporator, with a feed rate of 56.4 g Adogen283® solvent/hour, a
25 temperature of 164.3°C, and a pressure of 69.9 torr  The alcohols and monoalkyl
amines separate out and are removed at the top of the distillation column by this
process, leaving the resulting modified solvent containing a mixture of highly branched
di-alky! amines and tri-alkyl amines to be removed at the bottom of the distillation

column. This modified solvent was referred to as Modified Solvent A

”



Thus according to one enbodi nent of this invention, a non 30 fernmenting ’z,
process for obtaining acetic acid froman aqueous phase may enpl oy the WO
001 14052 PCINH304220416 - .~ 6 MAC 20~ 18 nodified sol wemtisyeapdivent ’
m xtures described above. Such a process enploys as a first step - .
continuously contacting the aqueous phase with a solvent mxture confpu si ng

a nodi fied di-al kyl am ne sol vent/cosol vent m xture as{‘cbemﬁ above,

permt the acetic acid fromthe aqueous phase to be extra nto the

sol vent phase. 5 This step nay enpl oy conventional extraction devices, such
as colums, mxing and settling tanks ®Enhd sim | ar apparatus designed for
extraction and well-known to the art. Additionally, extraction conditions

may be optim zed al so by r &fdiffed dednoAt»mcchhxfagtsﬁidd Bylwnaiiding 0J0@ extraction
tenperature is desirably anbjient tenperature, i about 20 C to about

80C. At aboRercey&W Rpifing aressis qulklﬁ&elﬁi&er@ﬁg@ﬁm-ahkv ipe, 9018 BYFEH f rom t he

10 sol vent i { i f ic acid

is distill egpél%yé%ﬁ%e sosfé\ilhe et?ceé égs% gér@gg gm?lslﬁ 1a?sl %ﬁ{“? eatrrriggrr1 gtpﬁltree whi ch
reduces t hefrectione(inipercenfagésh evhzhimalesupi the mltmockﬁéd/&dngeh%m&esnt thiee

distillatio tur as d herein ans t tenperature. at the bottom

of "col uan. _ MAGHIeH ety e oy e BT PROEACS BAEHRE i OV PR RS 15

t enper at ur ey;nAY.r ange from about 115 C to about 160 C to reduce am de

formati on. R/bst significantly) the processes of this invention require the
distillation tenperatures to be bel dimbl80C to |imt am de formation) while
permtting ac erytn-—a—prefered—enrbodipert-—the—d{stillation -.
step is perfornedFymWnsan oxmgﬁgu,ndee vacmunifisthi ch jal Rens®fedes) t o reduce e
the tenperature to 20 m ni mize4eed8ef Pr mEsReneLd oxXi dajikygadegf adation of -
t he solvent or sol vent/cosol vj@fglienm xtufe. The higher |the vacuum [i.e., :

| ower absol ut je—p+essii-e)—t-he —t—eccpe;—a(—u-r—e—a-jd—t—h-e—l—-es—s—an‘i de
formation and i @aflihge degrladate.zge, Desirablog %@ vacuum gfoslegss fhan 10

psia igorequi r&garfl@fnaggp;ag stlep. Preferpbly, the vacudmis sel ect ed from

i

bet ween about —-6—3+—psta—anre—S—psta—fFor—fhe—distattgr—step: Vbr e
preferably, a Manwlhybﬁnﬁhepsl a 5.74%ss| i s u@dﬁl% i n thi 553d3t’s% |l ation step
t o enhance reCoOvery of. the gcetrit_acrd AS a rurtner _ad~-—antpge of the

use of the noldPralkd Asaingent /lazedt$%pi nlg coBl §efP|t mi Xt ur®- M & hik i nvention
is the use of{ two, d tllTatlonc efflc;, ency| of
recoven~ of acHl —,aléy,a rom aqu?é?u}m

esses of
the prior art 2009 19¢ld1e, contr di stil]l atboge Lenperature in
t he pr ocesses thgl \ge n\u:ni | ngls 4}% qb 9% 2.165% be

acconplished by a conbl nation of fact ors such as sel ection of the

cosol v , ratio of solve ﬁﬂﬂj yum for the
distil ?gtl on step. Gven't IE @g%%ﬁﬂ?ér‘;}gég%? |Ss:d?‘s%%&e%:&| ggglg‘%%&faone of skill
in the art omffickat e€ibdunéo apnglmp,ramatmmrdmcmgtmtmncorhpémtmmmtmremﬁntroI .t he
distillation tenperature as required. For exanple, on of skill in the art

may readi | yiSemsraef highly branehed dicliykamines medi Suhmntiatn edyee thee
distillatio ﬁcoémto?gonvt\ér}t%ﬁ' e ioBRRY SndrBIK SPatified pleRim, artavblgdaelf i ci ency

of acetic acl recove mnimzin ormation an oxi dative

degr adat i onSélferit Aeis %ﬁb)(@tﬂéntaﬁﬁﬂraéiﬂ Bghctriratifg solvenv,gntticulurlyRochsedid i cati ons
are enconpassed within the appended clains. According to yet another

enbodi ABnt Betheds ef 11‘#5\7‘@4‘?91’% hg goadliciest efiﬁxgaﬁ*’m%hlam%ﬁeﬁéﬁlvam on process
for the pro ﬁr‘éﬁs‘e?Qs cﬁﬁc%trguo% fgceggpél ng nodi fi ed sol vent| cosol vent

m xture of I nventron to enhance t Iciency of recovery of acetic
acid. In this process, a fMbdifeatSolvemrA bfasotHEaneImIIr&Ielmpngﬁecbnmgwde etr
conponents, acetic, acid, or med er ment |, n a hi tor with an
anaer obi ¢ a@@ﬁ@@é?ﬁ”éblmw&ﬂdalﬁ?%ﬁ?‘bré’?gtﬁcfé%&%tioé% @om ng a source
of nutrient xi de, or
car bon di oI AR b bR kA B o R P e

cont ai DS cadthon mgdistndﬁxonlenabﬂmoﬁemalkyﬂWSmfeModtf'iae SghagnsAneds cont ai ns
carbon di oxi de and hydrogen. In still|l another enbodinent the gas stream
cont ai ns caﬁrlﬁélﬁd éi‘d)i@ln@fé/e althp m ofthe distilasion salumpdresyeng in Mogidied anot her
enbodi nent i en. Such gases
may deS|rab vetgxgﬁ ﬁ‘ég}"faﬁ%’ ﬁém}géta&%@gve%grgg @é’?‘?@ﬁ%%ﬂ r|aI processes.
Al so, as nentioned, |n the fernmentation broth is an anaerobi c acetogenic
bacteriumand a nutri ent medi um necessary for growh of the bacterium The
anaer obi c bacteria nay be one strain of bacteria or a mxed culture
containing two or nore of acetogenic bacteria, including, wthout
limtation, Acetobacteriumkivui, A woodii, Butyribacterium

met hyl ot rophi cum C ostridium aceti cum C. acetobutylicum C.




20 Peptostreptococcus productus, and C. Ijungdahlii, and m xtures thereof.
Particularly desirabl e acetogenic bacteria are those strains previously

-di scovered by the inventors, nanely, C. |jungdahlii strain PETC ATCC 55383,
strain O 52 ATCC 55989, strain ERI 2 ATCC 55380 and strain C- Ol ATCC 55988,
and m xtures thereof. These acetogenic bacteria are ge&er ally avail abl e
“from depositories such as the Anerican Type Culture Co %CMAROM 10801

Uni versity Boul evard, Manassas, VA 20l 10-2209 or from conmercial or
educational institutions. The above-idepgified m croorganisns are deposited
pursuant to the Budapest Treaty for the Deposit of M croorganisns for

Pat ent Purp 264 : L qgrg) i I glq!#' ment s
t her eof . Nu@?(?dzf;lﬁ S a?/éﬂc%;lrslg ﬁ%@h@%ﬂ ed‘(l) 1%8“? hgtt?é:b%@gﬁrel{ Irg nut ri ent
medi a usef ulgreatesthan 1 §)emdent@béten pbrfatianas & the mednids ofidlis mRehtlonckhege t hose

nutrients known to be essential for the gromh of such acetogenic bacteri a.
An exenpl ar §ombined 8t aslecisthoeetlngitti on (Medi um A plus Medium B) for the

growt h of acetogenic bactem i ) ; | sesul fide
based is illustrated in th?‘a?e&%()%& g}g%él?]ggﬁéeﬁ?r%&g%g%@et??gnr(r)anyc(‘;igf’# ?fer ent
formul ae of cominer@altAdoRehZ83®as0Imt Bk the MbdifiedSploaanAsandiB,di fsfagfi¢ipged

concentrations. One of skill in the art can readily fornul ate other
sui t abl e nuthet ether eanyrrtignst selyentyeanéarias isogmesie misbgesd highly brapehedglinul a of

Table 111 i i t.ab faormul at.i . 0 I | 20416
101 111 SRR, I S PR LAY 0 09 AR TSR

wat er My( CH3601@) cordpbridfts 4R ag Gafiarae00)-2 MAWG 309 A¥hng GHILEDKR! 5624
gNitrilotriacetic acid0.0141 g85% H3P0~0.56 m Fed ,.4Hz0113 ZnS04. 7H, 05. 6

ngvhd , . 4H, oentioragHs Bl Reismgey aad(, | dbng ind.dinp. ChemiRest, 31 $APRE Q) @98H=Cn. 3
Na, Se030. 6 _nyCa- D+ Pant te0. 84 Thi ami, ne0, 706 i otin0. 212 1

;nig MARezqos %%m%&r%ﬁ%ﬁﬁﬁgﬁ@%aﬁ%?ﬁ%f%@%‘hﬁﬁ @P%@F%rﬁni??fﬁé041.”g

gNHAOHS. 62 ginbiR2Rs 6@ d-a RSl ai NRVRR UerBOd h&eMbR A sudERI S Qifidh The

selection of nutrients and other conditions for fernentation nmay be readily
made by onesdbemkidriusé m prieessestinvalving eesantiontand disiifationpilacoisifenye, and

depend on a variety of factors, .such as the. m crogrganismused, the size
and type. of AHFOUSERAEHERbS of skl At Ean ALY iRy ByC R DRDELRL | on. of
the gas streaRMms “@tﬂﬁﬁtg.ﬂldﬁé’b'hfe?imeﬁﬁa@ipnsuc“ paraneters may be readily

sel ected by one of skill in the art in view of the teachings of this
i nvention and are not a |i dinbther aspectfoftiie invehgon mvelves amixtase ¢ffve

fermentation occurs, exhaust, gas contai ning inert and unreacted substrate
gases, are MONUIRSENERLOLRS 19?%9@%@%%%@&8?915%‘%1 P mixiprealst hass passed
to a centri gfé@&red@:&a@@rﬂsﬂi&%r Hé%’ﬁ?"ef’&‘ﬂ?&‘cﬁﬁﬁ%n&’Hﬁﬁﬂat%tﬂl'a;%rﬁ%égéé!%xdth%eloar ation

device to separate out mcroorgani sns that are entr and preferably
return thenrdcovérhef acetic acid. A wide variety of non-alcohol cosolvents may be selected for

admixture with the modified solvents identified above, as well as with the
commercially available Adogen283® solvent. Because of the high distribution
coefficient that is possible with the use of Adogen 283® solvent and modified
versions thereof, a wide variety of co-solvents may be employed in these admixtures.
The cosolvent merely decreases the Kq in proportion to the fraction of cosolvent
employed in the mixture. As an example, a mixture of 50%Adogen 283® solvent or a
modified version thereof and 50% cosolvent of any type has one half of the K4 of pure
Adogen 283® solvent. While this phenomenon is true with other amine based
solvents, e.g., Alamine 336®solvent, Adogen 381® solvent, Adogen 260® solvent,
among others), the values of K, for these latter pure solvents are very low (1 to 3), so
the dilution with cosolvents results in uneconomically low K, values (0.5 to 1.5 or

lower). In using other solvents, such as the commercially available, Alamine



fermenter. Thereafter, the essentially cell-free aqueous streamfromthe
fermentation broth (hereinafter "cell-free streanm ) is subjected to
"extraction with the nodified solvent/cosolvent mxture in an extractor. The
solvent to feed ratio (ratio of solvent volume to cell-free stream vol une)
can vary significantly fromnearly zero to 10, for exanple. The | ower the
‘solvent to feed ratio, the higher the concentration of 2] 'rme sol vent
and the lower the requirenents for solvent. According to this ention, a
solvent conprising a mixture of isonmers@f highly branched di-al kyl ani nes
nodi fied to renove nono-al kyl am nes and a sel ected co-solvent, e.g., a low
boi li ng hyd C ] dgscri i in the
extraction ggée\%g&%tdﬁis;%re %{gg%j@%%tgﬁtré&gbg\%e&g%g%%m ? c*%?@%@lgg?i onis
mai nt ai ned atihaace the distiRioAQo8sffk&nt.enper at ure of between about 20C to about
80C, depending on the viscosity of the solvent mxture. This extraction
step renoves the acet Adthaeghithe Kyrds depsndent po theasideansantration intheni t s

separation j i dafr e e ' he erials
in the aqueg%@ggﬁﬁ@éﬁ%\%\% %ﬁ%g;g é? gjdit/ﬁc}i deeghl%c!)kf Hltéthg? gllr‘@?at?p%}'%& %n‘iegﬂgélﬁhase
whi ch i ncl upasvebgbci®l waaR0. Foval 3id BRickntetRUIT abbut Wes-815 gANdhé KG oftiRt i C
acid. Additionally, some conponents, such as Se, Mo, Wand S fromthe

medi um ar e eolverdaninerg iscdgsirabdy bwoarnaboussBilll| SsHenpider Ky ebthe solvimt process

i nvol ves conti.nuous istidling the aceti i d d _wat er, conponent away
fromthe exPPEEl 18ﬁt%‘}tgiﬁtHo‘§e‘%&l%%tvag‘ﬁﬁ%ﬁee?qeﬁ%delﬁ&%ﬁﬁqsn@“’t Fs step,
t he sol vent pagficd yahBinwatibhl on passes to a first distillation colum,

where this solution is heated to a tenperature which reduces the conversion
of the anines in the 3b¢selmentico-salviettenixtyns miisbe inbaiscibbowish wates and

distillation t erature nust range between 11 .= C.  to. a nmaxi rum gf about
160C to per RPLTRSaErLe Hom et SaRged Fnteatrithe et efvealbiadiafon and
am de f or maj ibeiling Poft &5k than thixe fRIRMAMAENTE sl ert B nfddftddl oRlch@n step does
not exceed about "130C, in order to prevent anmide formation. A key advant age
of the presdecribed/amiveohor exanipdd, atpheferred casdlveny baicibelwsén 125°@gndt eps occur
w t hout substantially degrading the solvent amne to an am de, and thus

enhances t h&d®C iMprrrgieesbliibe cosolvant Boilse boyopn b 1PAK mrdb2¢0°Cvder e t he
| t/ co-sol t,.m xt f. this.i tiQon, | t i

ool VLAl UG B TR0, LSRN

ef ficientlygeldRnfo?h¥BidIRht BEcarst RELRLEOREL RRATIabR tb RAnFesR,, Wahthisend the

acid/water to nove together (essentially as one) up and out the top of the
first distitduse eonlsifodatiom dhe seheptadawsaliventiceh anprome physpcal propeties buddsd f or m
t he cosol vent and e acetic acid/wat.er. separat.e. C epar at e t he

cosol vent | cReBaY sEAPTE Ba P DY HE TRSEr Rieh SRE PR PoTHE Moot o aci d
and water (g)der3OThe Q8RS sGRHN ¥RBIvEnts RENbOARE: bPofe SEkANG #baki | | ation
colum where the cosol vent again forns an azeotrope with water and acid,
and t he t hr éetheotapmgentosacEounivitaas loaw toxpaty cosnlvertieare epsenfialtfhicanyobaiem. The
vapor is conﬁenﬁed nd nost hoﬁ the |i a%ﬂl %Gi s, refl yxed. .pecause t he
condensed |} B OCdrgfuR ofhe nighgif vhste 1B soeleat Wilkcamginto eiehm | s
cont | nuous! b GhutsResal Qthisly, WE SRELAGSEI b REINROMZRARGoREn MRy 213

solvent distillation colum. e product acetic acid is pulled out” just
above the fihedtactetieoreti cal stage, i.e., the portion of the colum where

the solvent and acid separate. . ' A preferred enbqdi nent of this nethod

i nvol ves perforning the di &Rrpﬁegﬁﬁaﬁ-sgltv@ﬁ iR ™ St Sgﬁ‘g?abwmtvréésf&l&éuum
whi ch al so ; rat VOl i i

degr adat i on?hg% Mﬁﬁ]]elrsggf %ﬁf& gltrsqgg??/&éﬁﬁ @b@oﬁgﬁﬁg%égﬁ%&#wﬁ% gr t he
vacuum (i . eand behaess dias oheit @ withesaerrasyl atétee deidwwhert ingh¢ eagoe fatwir Eheand t he

| ess am de formatjon and oxi dative degradation. As descri bed above, the
vacuum i s pRePEPRIRE Fosalwnt ephancesghe volgtilityo at Ispit png of the sampere feen about
0.1 psia an PSi.acd | LSt L ably, a
vacuum 10 ogla%r'p‘gbﬁfdgﬁl aV‘Z‘géP%“sAZE%‘Ié ullg :rlﬁh% tqegg%@g%lﬁ%ﬁ(g%}}eﬁ&%{%éﬁé %’rl?urt her
reduce the hovdpong movartogethert (esseatidliyeastonarumdndue thentop bfia d)stiflatidrher

reduci ng am de formati on and enhanci ng recover%/ of the acetic acid. As yet
a further aelgmnadéherthe papasdecandenssd. the apgolveat and the Asstis Askl Waisi ng

cosol vent methiie Blind HsuddiHRbdaRs dSechBEd HGwOfid Ml ld dok AL, cOI ums
t o acconpl i Sh enhanced recovery of acetic acid from aqueous phases in 15
conparison to processes of the prior art.



The control of distillation tenperature in the processes of this invention
to limt solvent degradation nay be acconplished by a conbi nation of

factors) sWé&H00ad40el ecti on of the cosolvent, ratio of sol veornsemesol vent
and conditions of vacuumfor the distillation step. Gven the teachings of
t.his specification, one of 20 skill in the art may sel ect the appropriate
conbi nation of factors to control the distillation te rature as required.
For exanple, one of skill in the art nmay readily adjust lshUAR erature and -
vacuum conditions of the distillation step within the above r%es to
achieve a desired efficiency of acetic agid recovery according to this

I nvention Such nodifications are enconpassed within the appended cl ai ns 25

C. E~trrcctibecdebgited it refdrhed-o thk Fiekt BitilReén €IMindr CTHe abéticrazi dndrvaidet hod
According to yet another enbodi nent of this invention, the above-described
novel nodi fi(edd seneesidpelaosplyent) can thengocostes secondadisiillaton plysarios acetiss

"direct contagf e o Welak N | R AL PR thatli it
nodi ficati onag orfe Qcﬁ]eg)ﬁ S'Sh%ﬁ%g?’g%dgg?ge%gﬁ %/121? ?tgﬁﬁ %r odﬁcétni?%nt %r‘%‘%gglss for the
reco~~ery ofacetdeddidreaovaty deses disttition vwurasdthszhtth@UTéUEgaredFaiont e~~~ |

above. The rmdificationr of the process allow the production of acetic acid
vi a mi criobi dZTEIRRENERCIVERSW t hout the need for bacterial cell separation

pri or to extract ion or di 5t$é$@£&s@ﬂemtf&!§ﬁl£ﬂ{g,thé Rﬁﬁ?ed_%ﬂ&r’é&@i‘istm Hrges when
used in mcrobial fernentation of acetic acid can elimnate the need for

use of a sepaweoding)poirddiydrocaiban So-addénts that form azsduerienyithkecticandl exi ty of
e Brocess p Rl S AMEILACD, FRNEes Lhe, Gap ol 0RELRLLOG, and ol  enance
£ ) bt WAL 0 O 1y AU co s 4R B 1 Vo
10 decane, n-undecane, ethers, and Orfom® SX-18™ solvent (Phillips Mining, Inc.), i.e.,
which is a mixture of C9-C11 isoalkanes. Still other cosolvents useful for mixture
with the modified solvents of this invention include those non-alcohol solvents, among
others listed in Table 3, page 1976 of Althouse (1992), cited above and incorporated
herein by reference.
15 Such co-solvents, when admixed with a modified di-alkyl amine
solvent as described above, can reduce the boiling point of the solvent system,
particularly when the solvent system is distilled under vacuum. The reduced boiling
temperature also prevents or limits amide formation from the di-alkyl amine Such a
solvent/azeotroping co-solvent mixture permits the distillation process to be carried
20 out in two columns. Generally, the amount of modified solvent in the
solvent/cosolvent mixture can range in the mixture from about 10 to about 90% by
volume. Desirably, the amount of modified, di-alkyl amine-containing solvent of this
invention is between about 30 to about 70% by volume of the solvent/cosolvent
mixture. In preferred embodiments, the modified solvent is present in the mixture at
25 about 60% by volume. At least 10% of cosolvent is necessary to form a modified
solvent/cosolvent mixture of this invention. The amount of cosolvent can range from
about 10 to about 90 %; more desirably from about 30 to 70% by volume. In
preferred embodiments, the modified solvent is present in the mixture at about 40% by
volume. Thus one preferred and exemplary solvent/cosolvent mixture of the present

30 invention comprises 60% Modified Solvent A and 40% Orfom® SX18 solvent.



provi des an anaerobic mcrobial fermentation process for the production of
acetic 10 acid, which is a nodification of the process descri bed above. As
-a first step, the bioreactor or fernenter containing anaerobic acetogenic
bacteria in a suitable nutrient m xture necessary for growh of the
bacteria is contacted wth the nodified sol vent/cosol vent m xture descri bed
"above at about 37 C and at |east about one atnospherggof pressure (i.e.,

| 4.7 psia) for atime sufl'lcient to acclinmate the bac?é%ﬁhﬂﬁﬁ to the
presence of the solvent, i.e. to permt ghe bacteria to growin the
presence ofthe solvent. The anaerobic bacteria may be one strain of

bacteria or a m xed cul tur {1l r i . et ogeni c
bacteria; the bacteri al st?ggﬁggﬁpgég%E%%%Sé&Fﬁﬁﬁgpg%E%ﬁgaqg%gggbe used in
this nodifi pacémagesiof ifadifiedweviehtand odsolnentyis dedired foSangparticakdr distitlabi@ct er i al

grow h, this aspect of the invention jnvolving direct contact between 20
the bact eri APREFHVY PePreenst-effiusEnanicliodhe propaitions abmpdified solyer te spsodvany

sol vent m Xiogﬁr@%qxx"gid%lréd%p&%@w?ﬁge BYsed roﬁ#c%ﬂs%yigl{‘&srtﬁé‘ﬁeﬂﬂwca%’dtc%‘ﬁt{emtget ween
the cells and solvent mxture over tiIne. erearter, an aqueous streéam
conpri sing af theuickfiaf sovent arthddSolvamglthairgalati eodib@ibntiagcocfi¢ionts, theixt ur es of
car bon nonoxj de, or carbon 2~ dioxide or hydrogen, is introduced into the
fernenter. Viegsitigsnasonel! esmredticabennsideradions sudh asdhar labidithef ket rsizionoxi de

I n anot her epbodi nent 1 he,gas stream cont ains carbon dioxide and hydrogen.
o hnS e alRent, Al R Bt O e R iRl o Rraalie o0 bom
nonoxi de anghehést x@@bion dbefRiierd APHAEY toRBROEIRIM a hi}® dfe Sdrt@AWEeRt ai ns

carbon nonoxi de and hydrogen. As above, these gases may 30 be obtained from
i ndustri al steasesghe expengeeichelsaigent gystém.s Thusedor semé usasdlh hichexpdpsoth 0 fi

MAR 2003 26 t.ajni t her, t t] id | vent ,
bact or i al cBPS HETALS LY popatonRgt PF adiied SoNenlealishsI e od o t e
fermenter. Jhgictial efdifper Plud HRhP Aol ffdd! BlveRtthERMGureTE b Jisehistyahlrer

conditions of tenperature and pressure, etc. for fernentation may be
readi | y madeoiliyg poimt,dotlséd which arctrhducad withi thenosohent. eachi ngs of this

i nvention, and depend on a, vari et f fagtors, such as the njcroorgani sm
used, the size and type of AfREe ﬁﬁ?@ﬁéﬁ?g&%gi%Es Hﬁnegwﬂﬁﬁggghﬁpﬁ d, the
conposi t | 0nyflyidififuEiAol AT Phe SRR SNUF BihRRBaSQvERRITAN i me, and

liquid retention tinme in the fernmenter, etc. Suc neters may be readily

bal anced anSoladptusireSXbi8 soiventhasshoie hblfithe dibteibation eoedficet ofid00%onsi dered t o
be limtationps, on is invention, As the fernmentatjon ogcurs, exhaust gas
cont ai ni ng SRR E A waltkewglaé%@}meaﬁfjéox_v%qeéagséa@w hin the

f er ment at T o A0l dubii) o RBFENEE 10thelohBeRS of ¢ o PR S IsRRRASRI €5 Lhe
acetic acid and a small_amount of water Into a I ghter "solvent phase" |,
fromthe heddbeils hdetvasechabaurd 60U67PE AR thetbfordatiodowtielie hihvg psinneitae i al s
in the aqueous phase. The m xture of cell-free streamand solvent is

cont i nuous| {pixtarepihsechy pedpcingsmnide formatiamk Ongpabskall imie [artghexpected|tg 8fite phase
is decanted,fr e L€l eQus I pl h ratd qn of
gravity. Noth(%’tar?{eﬂ]lrt§ soo‘i’%ig I éﬁﬁsg%ggoﬁgtbagr%%gﬁgﬁ%ﬁgé{gﬁ %tutesifégg%ﬁghkgavi er
phase is reg¢ddnd eodohenhi oreactor/fernmenter; and the |ighter phase which

includes the solvent, a small anmount of water and the acetic acid solution
passes to a first distill afhedesiteblgreharapigrigiics of theanodifed solvericasadwingt i on i s

Conver i on’ BIHRS of i Bbtiort R Baht bR ST oY Blshdilh By Sfash®
t enper at ur eg@%esls@@fo@h&étic'abﬂl IR et RBoHOBE dEPlabRERE @&RAWhe ¥t and nore

preferably 130C, in order to prevent amde formation. A key advantage of
t he present mixtuerafithin inentipmtinelinde alhigh co¢ffinignsafeptradion(i.e wabdvo dtor

substantial |l y degradi.ng the salvent amne.tg.an.am de, and thus. enhance the
11 ¢ ency BPraatt PEraRyY SprSd0ct mnd: wneis bR i BRiE s s taI R m xt ur o
of this inveni@ienSIohl BYRitRfb BeehPfal SRIRE aCRSPe UMBRMnce ih19iselstl lahd bhpH
colums used’in the process operate nore efficiently. The formation of an

azeot rope péomithsat dfiverterossl gaodtselgpiavityrior aesitid Avidtoyer otber products of

fermentation, such as ethanol, salts, and water. For distillation, the desirable




WO 001 14052 PCT' NS99/ 20416 r ~ 6 MAR 2003 27 nove together (essentially as
one) up and out the top of the first distillation colum during the
distillati woed/fesz |n the liquid form the cosol vent and th@nﬂ%ﬁ '4]6

aci d/water separate. Once separated, the cosolvent can be reintroduced into
the distillation colum. The acetic acid and water (and some residual
cosolvent) then pass to a 5 second distillation colum mhegf Bﬂg gsol vent
again fornms an azeotrope with water and acid) and the thre % 0 ts flow,
as a vapor out the top of the columm. The vapor is condensed and nost of
the liquid is refluxed. Because the condensed |iquid contains a snal

anmount of cosolvent, a small streamis continuously returned to the sol vent

distillation colum..Th roduet .acet i Cled : ] e ut. j ust above the'
first 10 nowplrrapt CeSgReR i Rar e AR B RlonFteft col el Frvol ves

perform ng tdigindt bilihg pbinOdiffetetse berekRh tigaceny i bl e Caendfa-asivélescri bed

. above, which alsg serves to reduce the tenperature and avoid oxidative

degr adat i on 8-t} 63! Fhese differensesnsnelse Bishil iprommance pethe prRsessegflr ¢ he

vacuum (i . €. ;d; Eio&%%gMé'e?hdege{r&?e?wépeaiﬁ%%ﬁ%e}@eth@ r}@&ﬁ%ﬁ%@%ﬂﬂé&? and t he
| ess am de formation ‘and oxi I've degradation. sira a vacuum of | ess

t han 10 $si ajonthesirtalthy shellareatbeahodistiltutidn psiuan aaablimg s effigiemoydhndrost
preferably, .a vacuum qof 4 psia g |l ess is useful in this distillation step

to further rBRIRMEMAE P FRHC 3551 KEOVSTY RIREFSESI vent / aci d/ wat er i xt ur e,
further reducing am de forngLlieQndNGs€8NRA0oRGied IR t d c acid.
As yet a further 20 advantgg Iofmt%ﬁesuse ofothg ﬁgd¥?§%8gégf§§%?§§3

azeot r opi ng tbisswlensot involke wnky nedligithe lvenyesdes dire toshdring arseacafe t wo
distillation, colums to acconpl L sh enhanced,efficien of acetjc acid
recovery fr&?ﬁ?&ﬁ%ﬁ@§'§)hﬁgéﬁgﬁ'ng?oﬁ§a? ?%6@“@ xﬁ?‘ﬁ%gsié%s%‘fe“{ﬂé prior art
The conig ol @foidkritaldol A8 LiRRadi GRS Al HESR ﬂe&taynﬁwﬁﬁ fresaR % fmedils 1nvention
tolimt solvent degradation may be acconplished by a conbi nation of 25
factors, suchnpensekdidmaanas, anhetherasbheemntin theagieuephasebyenoth 4rd lowsol vent
and conditions _O.L, vacuum for the distill at%%ﬂstt e& G ven %he t eachi ngs of
this speci f iTRISHPIGHY) in gratero fDesiERblY, ”]erPr?‘F?é?eéP. tpetfves HeRuE Mt 8 ppr opr i at e
conbi nat i on s@fveﬁ%s@fv@nttx‘adg?&gBfﬁbstﬁﬁﬁll)dbl%ihitk%ﬂ&?&d}tﬁg?&r bW &idsnd €qui red.
For exanple, one of skill in the art nay readi |y adjuSt the tenperature and
vacuum condith¢ soigendfcosdheendisforth hawaroed ytpeqlunist suchas daneédepwineh cofld Bef ~| AR 2~3
28 rang tq achjgve a desired efficiency of acetic,agid recoyery according
Co i TS nv AT OB adReSHORIT LR Ao e S VR And ASVeTpponded
clainms. In afxRkdESMBLIKRntigH rect contact extraction” nmethod of this
invention, rather than separate the cellular materials fromthe acetic acid
and water by filtration or Itismspecteddhatioonopskilbn thearioxitl readily baable ke entire
fermentation broth contajning cells is,introduced directly,into.an

ext ractor RS B FOuHE cBttraR e b ol Tis0R S el o F6ieAthe B Pt Aei ¢ her
the sol vent spiraxRtioh aRdlWRAYSzaRId IR oRRdLOSy 208 4sNY eHéSabENEaSRed fBBRSE COl uMMs
al so have entrances and exits for solvent and aqueous ?hase culture. The

f er ment# i oPubk Brodificadonsdirabelievrd thhe ergompsseé by te stapasef hewapsndad t hr ough t he
solvent fill Fd colum and sol vent flows upward, countercurrent to the

broth. The cc)pab%ssi te flow can also occur with the water-filled colum. These

col ums differ dependimg upma of Nevdl SoReRyCASInPBiiNres e Re&vEFTRg and si zes
of same. Alternatively, other extraction devices, |ike mxing and settling
tanks can belcadéedcido acconplish the same tasks, and are readily selected by
one of skill in the art w thout ,und experimentation to.acc lish this
step as taught herein. The ggglr?g%gﬁtplst' '&" %Wﬂ?y tﬁ%ﬁ’f)&ﬂﬁ%ﬁ@%u‘%bar at es
the acetsi c ggivehiamsdnResSdBLibed IBIVR an®partiBd| & prbd¥kOsiéps 16 lVEMrmPigsg” . from
the heavi er phase containing bacteria and nutrient nedia, acetate salts, a
smal | anmoununwintad emides.adhel pseaficheandrkiicdrsobventérosatugne mixatres parmithe aqueous
phase. The sol venih%hase ﬁont.ai niﬁg acetic Eci d.amil1 a snfnll amount of water
i s conti nuolBPPVFEHEORTY 2hACHAELRHCP GG PETSCH IS P M 6N CH "Gfn, and t hen
further di sg}dcleggs B nitesGhl fedniafiord fec&sRodi ment i medi atel y above. The
aqueous phase containing the cellular materials exits the bottomof the
extractor. Because the aqudhusacpdrdsg tawde erhisodiradny efithispihasgorareon- '
substantial Ly i mn sci ble, they separate,paturally along the col ym, aided
2l 50 byt he FPERTAY BTRCES o BATIYE AcRE SAHEPMEA AALFOHT BFCMELHEPIRY Hn’ met hods
are used. The heavi er aqueous phase is recycled to the

bi oreactor/fernmenter. Any cellular or proteinaceous naterial forned at the
culture/solvent interface is periodically renoved fromthe extractor.

Vari ous speeds and directions of solvent or water flows nay be adjusted
depending on the type of extractor selected. 0 s ~R 2a~ 29 An exanpl e of

— . 4" o T Y LT o S .



One of skill in the art is expected to readily alter the specific

condi tions under which the extractive fernentation and direct extraction
fret hods oWQ@ #l/g0s2nvent i on function w thout departing from ptrerusemmaiof this
invention. D. Carbon Di oxide Stripping According to yet another embodi nent
of this invention, the process of mcrobial fernentation of a gas stream
(particularly a gas stream containi ng carbon nonoxi deg Bcﬁﬂrgr} ‘im)noxi de and
hydrogen and optionally carbon di oxide, or carbon di oxide and-hydrogen) to
produce acetic acid or another product, e.g., an alcohol, salt etc., may be
nodifi'ed to increase its efficiency bylg8ubstantially reducing fromthe
fermentation broth the presence of any carbon di oxi de and optionally sul fur
(in the for modffied\s6lveatdssivdnt mt@ires ddicribedrabbyveal Sucknpeodess empioyohs such
gases, such as those of the prior art (see PCT W98/ 00558) or those taught
herei n, car BBhsigp eRNiinsousiyconjasting)din 2guAous ghasg ath g sobyspt mBd¥® i n t he gas
stream exiti r r i ore j g i,Qui ation

br ot h ex 1 0P ¢ FolREl el AhER ShaknRBtor b iule sfde erbll BES RS

pr oc)ess.h Foperﬁmam’ﬁplaeeticaat:idﬁfromtgiesmwne]shapé aswematuadgﬂnetﬁﬂdmﬂt phase~ 55 )
psig) the exit gas contai ns about 50 percent. C02 and 700 ppm HZS, .and the
f er ment at i oﬁhﬁﬁ%pﬁnayoerwpé%@nvmavﬂl gxigacypR deyipes hs MU@PE mEESS apdr i ng

extraction, Lixg %s%ﬁ‘c?si%ﬁ agéﬁatﬁ?@}e’g%g? rWgadonindGRlIG o3I 8 thy ad he
solvent. This |% true for processes enploying conventional am ne solvents,
as wel | as Additiphalyuseraofiort dvaditionk hayelse cpoimizatt alodyokseenng 1o tekchiegs idescri bed

inthis inventio Anything that is extracted into the solvent gduces the
sol vent capg'fiaf‘y[h‘f)fex %Eoﬁh?raﬁ‘éiﬁggﬁmi’ﬁ' HE ETRRRRY SN Bf 2 2bngt he
ferment ati o o0t Boic Al £Bob@§0°t9ar¥yhﬁr%‘ﬂ'1ﬁ&m€i§%§st@ﬁliaﬂ§ aRe&ileved ABhfthed 9/ L)

in the fermentation broth, it represents a real threat to acetic acid
| oadi nd0i n sdheens dluv extractidhisstill effiger€OZ present in WO 00/ 14052

PCTNS99/ 20416 _ .- . ,~ s =R 30 the fermentat,i oth limt he | oadi ng
potential of the sol vent f&ereég:'értp?aé?ﬂcoa.m ~’S,d’sﬁ@edf%‘a'gghesiﬂhﬁnggﬁ?sg not a

si gni fi cant yddaF galstill RiRGEhpFard@ivhidnaddlides iReeaisSobf the enliRWis gecent rati on,
but H=S as sulfide ion is an essential nutrient for the culture. The

removal of salventito dmides. t The distilationttemperatuteras used hasein aeaunthgtenperaluse r educes
the 5 avail e sulfur for the bacteria in the fernmgnter.. Al though it
appear s th_a%%%‘%‘_’tg%QEEQIUIB%S%CYOBQE}&% tﬁ’éh? B%?é?"érmvﬁlgéo%rdgsé@ﬁﬁ%’hl fi de and
theref gse | @mpBratiré dlaly riR@BoBosl 15EC to ABMItNGOIM1& Rdlidddmida férmagioad
increases the cost for sulfur as a nutrient. Simlarly since carbon dioxide
i s requi r edMoarrsigrofisastiyitbnprotessey of tisdnventon cesuire thecdigillationstempeparatesi n t he
fermentati on ,br.ot h d the production process . .r the utilization of
hydr ogen. 10 thbgio&g g%)dqigﬂwbalﬂggeeﬁpn almr?\%‘ﬁ’&l%ﬂer%?tgn gééeg‘ggﬁ'dirr%%or%\r/yed nmet hod
of mcrobial fermentation lafh pasafsl dnfodintent,RhOsiation siep iagefdrmeaci d by

including as a step of the process the renoval of carbon dioxide fromthe
f er ment at i o¥ndSF &t Axysen-diee vasuant which alemserygs toseduse Hic teBPEraWES 1 abl e st ep

i nvol v t he. A . j . tation broth prior
to ext ?gct r@lﬁsﬁggé@edregéﬁl{%%g@ﬁ&é%ﬁk%%%?%&(llggg?@%é&%@{ﬁgdrogen sul fide are
renoved fr osoldehgcdsolvabithixiur® MTHerhogher thavdcuapi (ien&dwer absslutepeekstie) tiee

fermenter. One enbodi nent of this process jnvolves contacting the

f er ment at i JRWVBT BERERAIRIFE and Jhedess ABiAsSRERAtION apd ExigRYv§ 1 de8RAdREON acet i ¢ aci d,
nut ri ent i I 4 : f tion) or the
ol 1 fr eS0Tl Gl Bufl b B 10 HERALERPed P HR en BEREMIZAET)  Doed o
renove nostvadfurh esehed drontbetwanlabowlrtdl piidetd Heda foethendittidiakiah stepher ef r om

wth ao'jstri ppi ng" gas streamthat is devoid of carbon. dioxide and
pref er 2Bl y Mavgralegably g yrayerPfslipsa erdessthusehl & thisfistiHgtionsiep tan i ncl ude, .

i thout |injgat] i1 hel t t j.gi nal dilut
gas i1 it conriseneeq B BRI AP B R e Rl P o ogen

sul fide. 25médifi@nidladnt/yzedttypin@tosbi@at tni@rgafthinvehidis eholiserdnwobeact i ve
gases is useful in this context. Introduction of the stripping gas, e.g.)
N,, to the digilaeen ealimns oresbancore gBicieneyeefl ©eeQVERNR AP 3ty ITRB FWFARNL er

reverses thg. eyl LhRCIUEN PONBSA, bige glispgh ved O




(or H'S) in the liquid phase and the gas phase, and strips the gases from
the liquid phase. The preferred nethod of contact with the stripping gas is
in a countercurrent 30 stripper colum. Just as equilibriumexists between
the CO, (or HAS) gas that is WD 00/14052 31 PCT/ US9912Q1BEMAR 2063~ S ~ ~
dissolved in the fermentation liquid exiting the fernenter, an equilibrium
Is al so established between the broth or, cell-free streamentering the
countercurrent colum ' and the gas Iea\}igng therefrom As the stripping gas
and the CQ0, |laden fermentatjon broth or cell-free stream contact each

ot her, equilibrium between 11%%?@&3&#%%@52@@6@“&? In pé‘?ﬁ?ssteﬂ@fgi’@, in the
water is contl : ' | : od
surface ar egﬁ égl'?i %gynllltﬁﬁgg{viggtuq%&gﬁ %&%er#ﬁéﬁﬁéﬁgggm&?ﬁ%gﬁn? e liquid
exi ting the faqolf fichds Ededtion f tiecosdlvédierabiobof setvéraso besdlvehsarfdkdnditions
concentration significantly reduced, the fresh nitrogen stripping gas

com ng i n had vegmm & shecdipizliation stepr Givencthe trgclings of thisispesififationsope ato= | O

in the water,. W the nitrogen finally | eaves t top.of the stripper
colum, it isglllslgteiﬁ?ﬁrfgﬁy\ﬁflteﬁ Eﬁpp(rg?f&at{@‘ge‘&narthoé‘ @th’%rto EPIOLC o n " hi't r ogen
can be scrulhgflation tRPRYAurRlas rQfired SFé &afrpre, 8R¢lof Bl BARK aktOndy@adify ment er.
The "stripped” or scrubbed fernentation broth or cell-free stream then
enters the raditst thedgnpdratutesandcrtuwn acnditigrsed dlat distillation stepsyithan the)abohe
extraction with solvyent or th ontact_w th Sq?l vent 15 .in the direct
extraction pRRECEIRANUREHA S HFEICLARACRS IS FesprEH W dningniging anjde
schematic drgaw Ei : d j -]ggﬁg | of
this aspect tgl;%#ﬁ)g%?lg\?ggltaf@en@%gadépg@%@g@étyelgdtcgéridn O[%Elgg Fret o%{'o Ithhe

car bon di oximedifitationp aregncdapaxahwithihithelappendedasigihg. 6C, this process

i nvol ves subjecting the fermentation broth (which nmay be 20 conposed of
bacterial cells, acetic acifccorling fogyet apthgrembogdiment of thivimentioodhonent s
fromthe fer b -Ir ' first
filtered or égg%%)&fcfr@g)eogﬁ{l gér?lgrrlr%gle’h H%)g? S%otﬁlt {hggpdo(glgﬂgf&a C%F‘lqes{g%lﬂf??gt her
heavi er nat ehé¢ flodifléd@bREARIBEolvEntanikARé Bf BRACHEERRNItS RS the@ff]diby dfo
introduction into the extractor or into a solvent extraction colum. For
exanpl e) t haegverysefrasetid adidhelnf thisrsereas, iadernengation broth containing, among other

components, acetic acid, is formed by fermenting in a bioreactor with an anaerobic
acetogenic microorganism, an aqueous stream comprising a source of nutrients, and a
gas containing various mixtures of carbon monoxide, or carbon dioxide or hydrogen.
Thus,.in one embodiment, the gas stream contains carbon monoxide. In another
embodiment the gas stream contains carbon dioxide and hydrogen. In still another
embodiment the gas stream contains carbon dioxide, carbon monoxide and hydrogen.
In yet another embodiment the gas stream contains carbon monoxide and hydrogen.
Such gases may desirably be obtained from waste gases of various industrial
processes.

Also, as mentioned, in the fermentation broth is an anaerobic
acetogenic bacterium and a nutrient medium necessary for growth of the bacterium.
The anaerobic bacteria may be one strain of bacteria or a mixed culture containing
two or more of acetogenic bacteria, including, without limitation, Acetobacterium
kivui, A. woodii, Butyribacterium methylotrophicum, Clostridium aceticum, C.
acetobutylicum, C. formicaceticum, C. kluyveri, C. thermoaceticum, C. thermocellum,

C. thermohydrosulfuricum, C. thermosaccharolyticum, Eubacterium limosum,



25 or cell-free stream my be decreased from 6 atnospheres (or greater) to
a | ower pressure, e.g., atnospheric pressure, which causes the carbon
-dioxide in the broth or cell-free streamto approach its equilibrium
concentration Preferably this decrease in pressure occurs after the
fermentation broth or cell-free streamexits the fernenter and isin a
‘separate container. The CO=is preferably recycled back to - rﬁeW\ErMnter.
WO 00l 14052 PCT/ US99/ 20416 - O fi MAR 20D3- ._ 32 The "stripped”
fermentation broth or cell-free streambhen . enters the next step of the
acetic acid production process, e.g., the extraction with solvent or the
contact wt X fel '
and di sti11 SeRanrFedebul ibaft Cahg EXpRRhREnRLRRERR BEREI, DERCARAVE, |\
aspect of t Hesitablecitiogenié baqméﬁavarel dtbsbytraihd @emgsly descorirfdbly hk iiveatdagr bon

di oxide stripping. As exenplified in_Exa 6D, this [;l)_r ocess invol ves
renovi ng théam@lb’nﬁﬁldtgﬂélﬁ’”tﬁrétnl‘l)ﬁmMﬂ%g&gée ATEC pi8Pestrain cel | s,

acetic acid I

fermentati oin% jéo rSter%% r6le%%@mﬁﬁgh%mgﬁg@%ﬁﬁg%gﬁw%t filtered
or 10 centr aéa@dldmcfeﬁwwagmuy abaitdbe: foaeildepdsitbrieduel agtid DhbGganheavi er
materials therefron) fromthe fernenter) and heating the broth or cell-free

streamto aTm@élrtwLQOéle@tiona%&ﬂl Buoigeisity Boplsvadi Miengssase ¥k 3@t1i0o209e hi gh

Lorper ot o B LR PE B L O Pl o
recycled t Oaﬁe'&Ff)ﬁfeH%ﬂkﬁﬁnthb heABYRbER TYeabp R theCDEFRA o€ MikiRESanRkehsteE hods.
The "stri ernentation broth or cell-free streamthen enters the next

step of thePaTGeftli’lup@ﬂ?B,chnﬁrsbdu@Qm@lﬁﬁ orapd e 9dth a8 the Jequhrements ﬂmﬁqfon W| t h

solvent or the contact wt ent t he di.rect e tractl

descri bed above, and disti ir aregg@nuguﬂ )fed%?é‘ilrepf( 0131 E}en

di sadvant agg,eafa sbfus 1dmféhffé1ﬁ§hta96n BfotR Qretdaﬁvaﬁi%ﬁﬂsa%duﬁcw&atho&f hiRfients
extraction, the aqueous broth conponent cannot be recycled back into the

fermenter, Hoevn to bewssiitial fongheedrbwdit ofcfuch hestdgeaici bagtetienparexemplryipon t he
bacteria, and nust he d scar de e of skijll nis ex ected to

readi |y alt 8HtriepEmedu;to Featm{&ﬁ?%é re}HaMed B&?qrﬁﬁe gD Al RHCIREENS and
opti onal | y Bé((g&%zﬁ%trﬁbgfpfgllﬂ]qganégsru'r@Bh&‘%hﬁ:?l QGRS bARRN flubiGatld At he scope of

this invention, , The ng exanples Illustrate various aspects of this
invention afuloddngdablbillii Hotweeer masydiffersnt fdrmuskaea}fautrfent/\medﬂa may tendsedi ed in
t he appended, I ai s. \O/}O f(e)/ | 4052 33 PCT/ US99/

w1t components ring concentrations. One of s%( ﬁ'm the 2 art can read1ly
formulate other suitable nutrient media for the processes described herein. The

formula of Table III is merely one suitable formulation.



EXAMPLE 1: Recovery of Acetic Acid fromthe Fernmentation Product Stream

Usi ne the Sol vent/ Azeot r opi ne,

Cosol vent M xture of the Invention A 60%

Modi fi ed VBOP®BM85 . 4 acrd ~0% O f onC3~ SX 18 cosol vent An B@RUS®ros16and
met hod for producing acetic acid froma 5 variety of agueous gaséous

Appl i cation

streans is described in detail in published International Patent = —
No. PCT W98/ 00558, incorporated by reference herein.
process described therein is nodified according to one ‘sa)ﬁgé of t
invention, as follows. A gas stream containing 459 2008

pr esent

4

The
he
nonoxi de,

45% hydr ogen 10 and 10% car bon di oxi de2lwas i ntroduced into a conti nuous

stirred tank fernenter

containing C. jia

rgdahlii strain ERL2 and s

ui tabl e,

nutrient medium The |iquid product FibleHih fromthe fernmenter with cell

recycle (i.e., cell separation util h\zel n hol | ow fi ber nenbrane)
cont ai ni ng g/l free acetic acid a 4 acetate at—pH-4-75(+— e., the
cell-free stliream) was i’f‘o’?ﬁ &n%n? mul ti - st age CQU&Htﬂﬁr‘bk!F lifRtwatet r actfi on
colum. 15 |r—the MJHN‘*'“D r\Cle-rrrl, t-hetreetH—=—free—streamt+s—contact ed Wth
a sol vent/cos;ng(eﬂ;coo)gtm,e) of this invepdilés2 gont ai ni ng 60% Modi fii ed
Sol vent A and—A9%O-fomSXi8——cosotvent—al_a tenperatrure or 37/C and using a
0.09 (Wv) STa(ERLCODXN.EeQ ratio. The so| 9€R877iti ng the extractdr
contained 5 T fTc acrd, and the aqp stream (whi ch was sgnt back
to the fer nerfg{é é‘é ecycle) contained 5 gggiﬁ%etate and 0.5 g/1 20 acetic
acid. The sadl [ ontaining the d sol vent/cosol vent{ and
acetic acid Nﬁrﬂgtr? CeﬁgmlgdLQfl Llation s /lel&i Ysol vent "
colum, an acgguyg‘pjpgor and a second ci b, ssghurm I n operatl ng the first
d| St' | |at|0 AGI TS L||v €Ot 51 IIC{L;U]I UI P."IUVV'UUI i my L,U'bUITEIH. I’ld a mld
vacuum of O. 3=e§n,n4}m®ssure 25 pernits thplEoigm tenperature to bg
mnimzed and per mts—theseparation ol Acl Cl) wat er _and cosolvent |in the
over hel pr dddnfOf @ t he Modified Sol veh$-6M@nd some co-sol vent, Jwhi ch
stay in the the columm. The bottamtenperature is kept gt a
maxi num terrpgldﬁggmgf 130C by vacuum ope E i$%n  The nndified solvent and
cosol vent at bottom of the col um ar,l-ﬁﬁ%t back to the extractjor as
recycle. Th xtwe—at-—t-he—t-op—of—thp—ecoturm——e——water—acdgt i ¢ acid
and some co- S(%(YI?BH),O WO 00114052 PCTNSP9] #g416 1 ~r MAR 2A13 . A -,
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CuCL,.H,0 1.1 mg

15 NiCl,.6H,0 23 mg

Na,SeO, 0.6 mg

Ca-D-Pantothenate 0.846 mg .

Thiamine 0.706 mg

Biotin 0.212 mg




separates at the top of the colum and is then cooled to allow the

co-solvent to .
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As the fermentation occurs, exhaust gas containing inert and

unreacted substrate gases, are released and the liquid fermentation broth or effluent is

passed to a centrifuge, hollow fiber membrane, or other solid-liquid separation device

to separate out microorganisms that are entrained and preferably return them to the

fermenter.

fermentation broth (hereinafter

Thereafter, the essentially cell-free aqueous stream from the

“cell-free stream” ) is subjected to extraction with the

modified solvent/cosolvent mixture in an extractor. The solvent to feed ratio (ratio of

solvent volume to cell-free stream volume) can vary significantly from nearly zero to

10, for example. The lower the solvent to feed ratio, the higher the concentration of

acid in the solvent and the lower the requirements for solvent.

According to thi

S

invention, a solvent comprising a mixture of isomers of highly branched di-alkyl

amines modified to remove mono-alkyl amines and a selected co-solvent, e.g., a low

boiling hydrocarbon cosolvent mixture described above, is employed in the extraction

step. As described in the above embodiment, this extraction is maintained at a



determ nation by the inventors that tenperature control is vital to the
efficient 15 functioning of an am ne-containing solvent in an acetic acid
“producti on process when an am ne-contai ning solvent is enployed in
distillation and extraction steps. The ami de formation frohﬁammhgqﬁn t he
solvent is a first order rate expression in acetic acid concentration
“illustrated by the fornula: Y = kX) where Y represents ani de concentration
after 16 hours, neasured in weight percent; X = acetic 20 acid
concentration after 16 hours, neasured i, wei ght percent, and k = the am de
formation rate constant. The rate of am™de formation and thus the rate

constant, Kk) increas ith te rat ur.e bz~ Arrheni us type.rat

expr essi on, }%Fagggnqﬁaygbvntah%@g)r%q abq gg)cfgep@fg@%tﬁf IV;IS’%S“'V 0203}.1641,
where T = t bglvals@iktire TOMRSHALHSEstbPredPvEetHeialetidAdd frdmi tht BSil-Fakes a pl ot
of In(k) as a function of the inverse absolute tenperature which is used in

findi ng thestiganhend permitgisepaspmed shoacetiFocid dscampiieaiutriant setlmrgpdroshenr e of

150" C( I [T = 0.00236 the rate .of anmi de formati.on is.9 tinmes greater
Uhan at a  SISSAR AR ety sl hidh ¢ 20eg 36 I bidRugincr agins s

PC' TNS99/ 2041&:BnclulRn@ 6398, 2 very smafE$ANRLEE witedddaRs adodt gt | on of
Acetic Acid Using a Continuous Solvent Phase Col um Fernentation broth
obt ai ned fr dwidiionellyysnmercoripanénds, such asHse, Myf, VExadIfeon theanediimede 2. 6 g/ 1

cells (dry weight).  excess nutrients, 5 gll acetic acid and 5 5.0 Q!
acetate at Bﬁr%ﬁefgs‘.nmﬁﬁlséglﬁ?’&th is sent to a continuous sol vent phase

extraction colum containi fsmlfiig%aéfiﬁgﬁﬁﬁtﬁéb&céé@ih%%e%&nﬁﬁmmiﬂgs?t?)i}iﬁé

cosol vent. The extraction colum is a cylindrical colum) pacKe
unpacked, whiecitetiasciénnd watesompeheakaway from thotuteotiompeddacilens vt asd

culture Culture flows d rd through the, solvent felled col ) and
sol vent fl oWé’teﬂ'p\t};/ﬁraac,‘)_r’&fg\l,\fﬂ}t,t\@Fé@PT At V'Bm{aﬁléﬁ Vitet iﬂtl%t.lonﬂ?éseféo ég‘iriti ng sol vent
fromthe cohupmasiNdahhs, mrf’ﬂli%%}ﬁﬁdrﬁs%@é@d AN hehheRfit mcﬁ'rééu'c{:A @gi on for
acid recovery prior to recycle back to the colunmm The exiting culture
stream at t benvecdidroof thé amfress GiothgrsnlvenntbaintidesS . A dpistrilmdabate thddistilidtibnacet i ¢

acid) cells and nutrients and is sent back to the fernent er as recycl e.
Because t hetesfojainie rapd range bameend &3 amiogomprigum pf aboat 16)°Rdo petrait

i( ﬁ“'t thgr ng 't é?égirc%g%ﬂtefc;\@?‘, %il%‘?ﬂnﬁﬁﬂ%%flo&t'dieéﬁahﬁiotnoanﬁ%nﬁ?? ?o?%n‘éﬁ&. |'s present
ycle stream S I "rag”Tayer consisting of ‘cellular

Preferably, the temperature of the distillation step does not exceed about 130°C, in

order to prevent amide formation. A key advantage of the present invention is that the

extracting and distilling steps occur without substantially degrading the solvent amine

to an amide, and thus enhances the efficiency of acetic acid recovery from the broth.
Where the solvent/co-solvent mixture of this invention employs

an azeotroping cosolvent, the distillation columns used in the process operate more

efficiently. The formation of an azeotrope permits the cosolvent and the acid/water to

move together (essentially as one) up and out the top of the first distillation column

during the distillation step. In the liquid form, the cosolvent and the acetic acid/water

separate. Once separated, the cosolvent can be reintroduced into the distillation

column. The acetic acid and water (and some residual cosolvent) then pass to a

second distillation column where the cosolvent again forms an azeotrope with water

and acid, and the three components flow as a vapor out the top of the column. The

vapor is condensed and most of the liquid is refluxed. Because the condensed liquid

contains a small amount of cosolvent, a small stream is continuously returned to the



prot ei naceous material is forned at the culturel solvent interface which
must be renoved periodically. EXAMPLE 4' Eh-traction of Acetic Acid Usin; a
Cont i nuousYA§U#WI3 Phase Col umm 20 The fernentation broth ORCHEAISMEI4E63 is
passed t hrough a continuous adueous phase extraction colum containi-ng ‘60%
Adoeen283LA sol vent (Wtco) in SX-18 cosolvent. The colum is consfructed
simlarly as in Exanple 3 except that the colum is filled wi th aqueous
phase culture instead of solvent. Again solvent and cul t §r6c MAR 2003
countercurrently) with solvent exiting the top of the columm and culture ,
25 exiting the bottom of the colum. Exi24 ng aqueous phase and sol vent

phase concentrations are the sane as in Exanple 3. WO 001 14052

PGT/ US99/ 204dzB/ent diiﬂld\ﬂ&ﬁ%cﬁlunﬁ? ’IENA%’&E:t 5cetibracié|is1mﬂled3xuttjmttabm thefirsent ati on
for Acetic Producti.on h ~~~ ' tr| al was 9as ont ai ni ng
7.52 percent %Qé?tb S@ESicad! e%‘imgnﬁg ecﬁ{” a"?’lbeé% RER¥sAt 4% acﬁ lr"‘Ee(-:‘r cent

hydrogen and 33. 02 percent R'p‘i‘éf@ﬁ@d\em&&mér&rdmﬂixﬁ@lhéd)ma@l%slﬁer@»ﬁhﬁéaCet ate
at pH5.0 in a fernenter/reactor as described in Exanple 1 A using

O ost ri di umthedigaliationistep Brer asoryer-freryacuuy whighalse sarEestPERAUCE 48 (ratio of

reactor ol yig JgQ §8%nd lnfq‘% BQHStgvecf ?a%aﬁ&r{‘&?tﬁésq%ﬁt <§r@81\)e5&’68§8'1v91h' ution rate

(ratio of 1iq diumftlow ra reactor vo hour ~. Medium

cont ai ni ng mmﬁlﬁé i The Higherthe sacuch (TleN) éovedr abddlnepressany) tieloust thei nt o t he
reactor. The 10 agitation rate is 1000 rpm The react or also cont ains a
sol vent phad@mpRTaBnosNbed¢ss amisis fpeRation %‘fi oxidptgveid ﬁgféﬁiﬁtioén Asiflesgribed

oxt ractod bioo i ofiskhs RAATRCaEh 1808, Beliailaibuorditpedt . 10

fermenter aambowrtel peipandtediaiisusefislimtie disilittionngept Mdre prefgrably ovacoimt he
aqueous hasg equal in rate to the nedium15 feed rate, flows fromthe
system PP less rfh‘éefbldpéﬁé isgHationetepdo Suther "ﬁﬁ%@éh? PO PRINA par at or

i s returned the soq%t/aaa%a(?ér %@Jré{%ﬂhh&%&?&r{}, a';lrgdeef?ﬁﬁﬁ%ﬁ%% @ﬁﬂa%lbé dsent to

distillation for recovery recovery vent is recyc to the

react or. EXfddouErytof thé a¢e|up|aadofAs@Ht htﬁﬁrﬂwePad\mmagooﬁ%bé skebofthambdified A.
Ni trogen Strlppllrg 20 Culture fromthe reactor Exan'pg_les 1€Zépontaining
bacterial c&plven age@mpla%e@%%veabwturg this inveptiap b?tﬂée uss @t ave dsrlatnsul i de

and car bonatg, 2 ﬁ;kgg $SOEER addolPPh4gk if Ol uMm to
renmove di sso?lvcii,h(tﬁ1 E&Sa sl 1§EP@§§&a’tseg ' Efe S{Ee cpaSS| ?@} toHeBl:l:u?st ure through
an extrléct i oompadisomrto prnessespétl'&tprbmai'ts required in order to prevent

sol vent | oading of CO, and H S insL%?dd @f .acetic aci.d% and 25 t hreturn H, S
as a sul fur source and redUdiefgPHGLR:diElaton tomPHALE I th RIOCespts Nthigas

stream whi Chw@ﬁ’ﬂ'&ﬁid‘l%m'f’s@tvéﬂ@le%@daﬂx&u D be BaGknplided BEa E6ABIorAST a
secondary gas feed. By using the nitrogen stripper, the solvent is | oaded

to 50 g/ 1 abastars, sichds Wiedionof 08 casnldent, Btip ofrenleent qorqosﬂ:lvm apkcomdgionon) t he
solvent is I0 \%jc%gmt fr %hS d3 txllguon scetd}xven Fhe teachings of this specification, one of

20 skill in the art may select the appropriate combination of factors to control the
distillation temperature as required. For example, one of skill in the art may readily
adjust the temperature and vacuum conditions of the distillation step within the above
ranges to achieve a desired efficiency of acetic acid recovery according to this
invention Such modifications are encompassed within the appended claims

25 C Extractive Fermentation and Direct Contact Extraction
Method

According to yet another embodiment of this invention, the
above-described novel modified solvent/cosolvent mixtures are useful in a process of
“direct contact extraction” and “extractive fermentation’. i.e., modifications of the

30  anaerobic fermentation production process for the recovery of acetic acid described



WO 00/ 14052 38 PCT/US99120416 ~ . 1 ~ MR 203 . .. _.., B. Stripping ivilh
Alter rrati~~e Gases . The culture of Part Ais stripped with gases other
than N~, 'waoeakesti ng net hane or CO -free synthesis gas contpairmssyholts, CO
CHa. All other aspects of the exanple are the sane. 5 C. Strippig vi.a
Pressure Reductio to Relieve Dissolved CO- The pressure of the fernentation
broth in Part Ais rapidly decreased from6 or 3 atnobspheres to atnospheric
pressure in order to release CO prior to loading in the gegtyachRy. The CO- -
pressure in the culture approaches the equilibrium concentration according
to Henry's |l aw at one atnosphere, a greabtfy _= 10 reduced | evel which hel ps
maxi m ze acid extraction by the solvent. D. Strippig via Preheatig to

. Relies~e D sggfizedhetodlfitrions bfrﬁqa??oc‘é&sraqaamm@pﬁaaénoﬁdf%céarc%iaa«taed prior to
extraction to relieve CO, in nmuch the sane manner as noted in Part C. The

broth cannot migsobigl femuensdticar witkat |tlmgnee<1 forattepalisEll sapetatign @umetnt s are

I ncor por at ed r.ef ere her | ons and. v yations of
t he present ?’ﬁé@hﬂ] 8h di ?@‘Pﬁcﬁﬂd‘&%‘a’ es% ﬁoqvenglf)%{fé&lf ‘flsegéln E‘ i cation
ang ?r e eXpefehﬁétgb.@?xbcfabtlt atid ch@elﬁﬁﬁat@fthéﬂ@bﬁ Foriuge bhaés@léiaxe &u@hor fIn

nodi fications, and alteratiqns to the cqonpositiqns and processes o

present P nvefddign tzﬁ’rréS SOMPIEXHY °§HE(WRF&§%8%""PHE“L“H§ r%dé‘ﬁiféﬁ?)?apttﬁle cl ai ns

appended herg ;?é?atmg and%alﬁte%\%e co@%@tﬁ%@%@tk%e%&%‘ﬁ%ﬁgﬁn g{g@}o%g%stﬂfe

sol vent/ co-sol vent™ m xture conpri si ng a water-i Scl vent
conpri si ng gpredteng ateic aﬁﬁio/abyveUak memmn‘toawbmmhapmdutt i somers of highly

branched di -al kyl am nes, gﬂ about %.t Q E{—ﬁ‘g ol une. of

mono- al kyl amines said sol vémps: Hg‘?ufi’f&a%‘vé gfnpptep%rhtm gg%ﬂ”dﬁ'{tio{in greater
than 10; and &b)de?hn Bx?a%?ébxéﬁm/@r@hﬁab’féhﬁ%%ﬂ% R?oc@é%%naﬂh%%&ucﬁ&x Sakugnt having
a boiling p0| nt |l ower than the 1 ng pol sald solvent (a), wherein

said m X@ur eacazdgtwladts aanmilfcatmmaftlﬁerpﬂmﬂqdesombedsaiboe&am&s a frst Fhw thd xt ur e
according to i n sai.d, co-solvent wat er and

eadi |y D enoHiGTBEloY AE gl coninganeauis Bersers DRyo s B e BB B g o &

bacteria.  mixture necessary for growth of the bacteria is contacted with the modified

solvent/cosolvent mixture described above at about 37°C and at least about one
atmosphere of pressure (i.e., 14.7 psia) for a time sufficient to acclimate the bacteria

15 to the presence of the solvent, i.e. to permit the bacteria to grow in the presence of the
solvent. The anaerobic bacteria may be one strain of bacteria or a mixed culture
containing two or more strains of acetogenic bacteria; the bacterial strains listed above
in Part B may also be used in this modification of the invention. As many solvents are
toxic to bacterial growth, this aspect of the invention involving direct contact between

20 the bacteria and the solvent reflects the acclimation of the cells to solvent mixture,
which is obtained by gradually increasing contact between the cells and solvent
mixture over time,

Thereafter, an aqueous stream comprising a source of

nutrients, and a gas containing various mixtures of carbon monoxide, or carbon

1 88)
n

dioxide or hydrogen. is introduced into the fermenter. Thus, in one embodiment, the
gas stream contains carbon monoxide In another embodiment the gas stream
contains carbon dioxide and hydrogen. In still another embodiment the gas stream
contains carbon dioxide, carbon monoxide and hydrogen. 1ln yet another embodiment
the gas stream contains carbon monoxide and hydrogen. As above, these gases may

30 be obtained from industrial waste gases. According to this step, a fermentation broth



3. The m xture according to claim1 wherein said co-solvent fornms an
azeotrope with water and acetic acid. 4. The m xture according to claim1l
-wher ei n said co-sol vent conprises a hydrocarbon havi ng from@ é car bon
atons. 5. The m xture according to claim1l wherein said solv ﬁtﬂfé )jz
contains greater than 80% by volunme said di-alkyl amnes and is reduced to
‘| ess than about 1 % by volune of | ow boiling conpounds and nono- al kyl

anm nes wherein said | ow boiling conpounds boil at or below 115 C at 69.9
Torr. 6. The m xture according to claim,l wherein said solvent (a) further
contains fromabout 1 %to 10% by vol Ut ri - al kyl am nes. 7. The m xture

di t wh d I d d, by
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mono- al kyl ggdngs, di-alkyl amnes and tri-alkyl am nes substantially all

| ow boi |l i ng conpounds and nonoal kyl am nes to inprove acetic acid
extractive capacity wherei Ngagnds hl@wot)tblhudualg fcd)tq:ibalﬁﬂmebmirl Tht sadectivel ow 115
C at 69.9 Torr xture gccor.di ng wher ei n. sai d sol vent
(s i o pr od b i R bty el diodts e S ad dudho s slp e

di stillatiogd priredine,uas trhédi Ald byt & sty h ss for
obt ai ni ng acet ?oé acid from zilaﬂ:aquelc;’urgl ph ziéeecorsfprllg?inqgg&g gtel?tt: eg(etl g‘ﬂfg%
conpri si ng bfichisinepstiaf, and é@peodmha(ylarlaig of feet@eLaohiss mhameromgalms&ﬂmsed

sol vent/co-sol vent m xtu of .any Ia| 1 through 8; extracting
acetic aci d ¥R 4% Py eﬁgulblﬁagtet Pwéum%ssmlpﬁai él%ﬂ QPé‘PHOSlUOH of

the gas stream or energy source, the gas retention time, and liquid retention time in the
fermenter, etc. Such parameters may be readily balanced and adjusted by one of skill
in the art and are not considered to be limitations on this invention.

As the fermentation occurs, exhaust gas containing inert and
unreacted substrate gases, are released. Within the fermentation broth, the presence of
the solvent continuously separates the acetic acid and a small amount of water into a
lighter “solvent phase” , from the heavier bacteria and nutrient medium and other
heavier materials in the aqueous phase. The mixture of cell-free stream and solvent is
continuously removed into a settling tank, where the lighter solvent phase is decanted
from the heavier aqueous phase simply by the operation of gravity. No other solid-
liquid separation methods are used. The heavier phase is recycled to the
bioreactor/fermenter; and the lighter phase which includes the solvent, a small amount
of water and the acetic acid solution passes to a first distillation column.

As described above, this solution is heated to a temperature for
acetic acid recovery which minimizes the conversion of the amines in the solvent to
amides. Preferably, the temperature of the distillation step does not exceed about
160°C, and more preferably 130°C, in order to prevent amide formation. A key
advantage of the present invention is that the distilling steps occur without
substantially degrading the solvent amine to an amide, and thus enhance the efficiency
of acetic acid production.

Where the solvent/co-solvent mixture of this invention employs
an azeotroping cosolvent, the distillation columns used in the process operate more

efficiently. The formation of an azeotrope permits the cosolvent and the acid/water to



phase; and (c) distilling acetic acid fromsaid sol vent phase under a
t.enperature not exceeding 160C. 10. An anaerobic mcrobial fernentation
process f d¥OOK&082 oduction of acetic acid, said process corpTiusberzpdthie’
steps of: (a) fernmenting at | east one gas selected fromthe group
consisting of ( 1) carbon nonoxide, (2) carbon dioxide and hydrogens (,3)
carbon nonoxi de, carbon di oxi de and hydrogen; and (4) carbon nonoxi de and
hydrogen in a bioreactor in the presence of an aqueous s‘g g@ rising an -
anaer obi c acetogenic bacteria in a nutrient medium there W cing a
fermentation broth conprising acetic ac®l; (b) separating said bacteria
from other conponents in said broth to provi de a substantially cell-free
stream (c) move togethers(eyseetidliyas bhe)gp ankovtehamipodf thedirsichistilated tolimae stream

into a sol vept, phase hy contacting cell-fr estre mw t h sol vent
m xture of ﬁvlngfth% itillasion Stepy (Gh! wi %rm e coflenbag3he 15906 ARIAVESI vent
phase conprig gﬂgtea@ﬂc'e%eﬁa%tgd ‘%H@ccf’é&vﬁ%ﬁ%&eﬁ%é@ce@?rm?'iﬁesdxﬁglaﬁéhd nutri ent

medi um (d) cycling sai d adueous phase to said bioreactor and passing
sai d sol ventcoﬂlhmseTheDac&ndas;d nhd wetenfand simemesidieat dosoblent) dlreni pasotesd y

distill rom.t ol ve theaet c acid sepatately from
Chel bol vagt SRendiBEey EolbmRudee i chelber: AR B n SiestoPeRE AT ALl |
extracti ng ad a(é'x'dSIuhd ﬂhb@ﬂe@&&ﬁﬁon@ﬁ?ﬂéw‘éﬂbﬁé‘r oﬁﬂtlﬂﬁ@;ﬁ&‘tﬁé kéduﬁ'ﬁgr"ﬁfé' ng said
am ne to an amide, thus enhancing the efficienc production of acetic

acid. 11. Th@pprrxé@eg@na@t@ddmgo the bqued irefluxedh eqansesh¢ donsiepseddidquidy st ep
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step occurs sofvest dlsnllatlon column. The product acetic acid is pulled out just above the first
10 theoretical stage.

A preferred embodiment of this method involves performing
the distillation step under an oxygen-free vacuum as described above, which also
serves to reduce the temperature and avoid oxidative degradation of the solvent or
solvent/cosolvent mixture. The higher the vacuum (i.e., lower absolute pressure) the

15 lower the temperature and the less amide formation and oxidative degradation.
Desirably a vacuum of less than 10 psia, desirably between about 0.1 psia and 5 psia,
and more preferably, a vacuum of 4 psia or less is useful in this distillation step to
further reduce the boiling point of the solvent/acid/water mixture, further reducing
amide formation and enhancing recovery of the acetic acid. As yet a further

20  advantage of the use of the modified solvent/ azeotroping cosolvent mixture of this
invention is the use of two distillation columns to accomplish enhanced efficiency of
acetic acid recovery from aqueous phases in comparison to processes of the prior art

The control of distillation temperature in the processes of this
invention to limit solvent degradation may be accomplished by a combination of

25 factors, such as selection of the cosolvent, ratio of solvent to cosolvent and conditions
of vacuum for the distillation step. Given the teachings of this specification, one of
skill in the art may select the appropriate combination of factors to control the
distillation temperature as required. For example, one of skill in the art may readily

adjust the temperature and vacuum conditions of the distillation step within the above



substantially oxygen-free vacuum 13. The process according to claim10
wherein step (e) further enploys a vacuum at a pressure between about 0.5
‘to about 10 psia. 14. The process according to claim 10 wherein said
anaerobi c bacteria is selected fromthe group consisting gfg gget,aact eri um
ki vui, A woodii, Butyribacterium nethylotrophicum dostridi umdceticum
"C. acetobutylicum C. formicaceticum C. kluyveri, C. thernoaceticum C.

t hernocel lum C. thernbsaccharol yti cum Eubacterium|inosum

Pept ost rept ococcus productus, C. |jungd ?I ii, and m xtures thereof. 15. The
process according to claim14 wherein saifrd C. |jungdahlii is selected from
the strains _consjsting of. .PETC. ATCC 55383, 52 ATCC 55989 Rl 2 ATCC
55380, C. O1FREEOFSEYC 2 i moTi P RS BGEN R Y SRR 16, A

met hod for epRBARG] NGuchhodtfifdiohe BEnSbmpLStd withifithe 5@&9&@&&4@1}1{5@ a
fermentation broth conprising an aqueous stream contal ning an anaerobic
acet ogeni c bacterium an aduevasrmiivei €direatedntachexaacticat” nedlsdd efithisgas

sel ected fromthe grpup, consisti 1 ) .carbon nonoxi de, (2) carbon

di oxi de. and B, EHIS tagn ieaa@&ntﬂ%ﬁ%hgrda?t)eeéﬁ GO WP asseckndeFagen: and
(4) carbon [ ; i S i hes r t ein
and said ne?ﬁ%g&é%ﬁﬁ%?gfd%g%g% (gct'? %%ggcstg)?dthg'? %"%%%W t rt‘htgﬁso vgﬁg ta%‘?ﬁ% ure of
any of cl ai oalsks irfodugdd Brectipiitd anextsdcyore Amady dongersondl @aekiion delicksf rom
said streamin said solvent mxture; and distilling said acetic acid from
sai d sol ven@regolunas with pither thasol vepppiase oF equsens Rhasd ayihg gonepioas phaseef r om

W t hout sub ti i i ): 1 de A obi c
i crobiar 1 aPpeselin SEARL AR BARRTY S fechban IhRERTNREL o
process coNPhé fdrim@nialién bioePchldingthe badtervd deInofléws dov@warE kg theanaer obi c
acetogenic bacteriumin a nutrient m xture and a solvent m xture of any of
clains 1 thsdugt fBled eplumn angesobight flewenpward, epsivterevartcst weahe bisdlet €hé a t o sai d

solvent; (b) _intraducing,into said.,fer r, a,. gaseous stream conpri sing at
| east one gaRPSlf g(?f’vec nAISS BEWVi mﬁvag%gél?e&qoh%’%f ?F?f CB@Wrﬁﬁﬁﬂhoxi de,
(2) carbon é%p%hhﬁh@ L@BH tﬁyt?ﬁ@gﬁﬁhckiﬁlé)in BRI BAARON A f s&xﬁé.bﬁ'l‘teﬂia%él?,e and
hydr ogen, and (4) “carbon fronoxi de and hydrogen; and producing a

f er ment at i oothbr extttactiompevisdisngkesmixindact wttiing tanks carclet used to anvompdiel the aci d,
solvent and water, wherein sai as, is fe ted therein; i ntroduci ng
sai d fer menfags @ﬁk%P%FfWeir?ﬁdblyég@gtﬁ‘iPéP%ﬂ{?rl@girb ¢ affiygt uhuéfﬁ}eaqueous phase

cont ai ni ng é@eﬁn%%ﬁﬁit@?%ﬂlﬂ%’%fﬂisﬁ%h%@h@ﬁ‘é{e&iéepar ated fromthe sol vent

phase whi ch contal ns acetic water, w thout filtration;
(d) continuously distillin@hépesericeef salsobrht gntiacownly {eppratddehaaseticc aci d
separately fromthe solvent phase under_a tenperature not exceedi ng 160C
wher ei n sai &cidpad p smph gmepatpisrateriatog ¢ iselyentsrivss anttpay thy hepasradpssy sai d

am ne L0, ancAifh it liia SAOANGERGLAR RLEICHRINNHN ARG 5r A8l apgoduct | on.

0 G MAR 20D§_ rocess accordi t'o Clarm er conptising
recycling saidlothed vanier anackriai if tRAtROs fHass ETHewlwhhpitGe seitaintigcdcetic a i nto
said fernenter. 19. ' The process according to claim18 wherein said

di still ati ofcid pepasmellamount ef veaigrss amtlr\alpusay oyged-and passgdtuafirst 20, The

o 0025e 202l Ry A R e b GE B S 2 vacuum 2
immediately above. The aqueous phase containing the cellular materials exits the
bottom of the extractor. Because the aqueous phase and the solvent phase are
substantially immiscible, they separate naturally along the column, aided also by the
operation of gravity. No other solid-liquid separation methods are used. The heavier
aqueous phase is recycled to the bioreactor/fermenter. Any cellular or proteinaceous
material formed at the culture/solvent interface is periodically removed from the
extractor. Various speeds and directions of solvent or water flows may be adjusted

depending on the type of extractor selected.



21. The process according to claim 17 wherein said anaerobic bacteria is
sel ected fromthe group consisting of AcetobacteriumKkivui, A woodii,
-But yri bact eri um net hyl ot rophi cum d ostridium aceti cum C. @%eM)FEWI icum
C. form caceticum C. kluyveri, C. thernoaceticum C. thernoce C.

t her nosaccharol yti cum Eubacterium|inosum Peptostreptococcus productus,
"C. jungdahlii, and m xtures thereof. 22. , The process according to claim
21 wherein said C. jungdahlii is selected fromthe strains consisting of:
PETC ATCC 55383, O 52 ATCC 55989, ERI 2 AICC 55380, C-OlL ATCC 55988, and

m xtures thereof. 23. An anaerobic mcréBial fernentation process for the

production of acetic acid, ,said process conprising the steps of: (a)
fermenting at |east one gaﬁ‘nseé‘%’@[ee%ft ?B’Hfagﬁée %F’Bﬁ‘btaﬁ%gﬁegloﬁﬁ‘gsbf (1)

carbon nonoyidg 110X - noxi de,
carbon di ox?%sg g%(g Oﬁ?{)}g}g%;sgia{%ln%ﬁg% Egg&%ﬁgifgg%%%é&g}%gen in a

bi or eact or extrgetibs inregthcanrashueous Exsanrplest whick tompkbyaadolaantafildest clbiran

acet ogeni ¢ bacteria; .thereby producing broth conprising.acetic acid,
water, and ﬁ%@@m F Se¥ @;Jses argAgyaRYs C_@ﬁmetb) paqusaT ik sviies s
extraction gevi nﬁ@ﬁ&ﬁérﬂétﬂ%t laSBRfen EhIFRA ol I?,l‘l@?lﬁﬁh%&gg scﬁbé}ﬁ?na%rthé‘ . .
conti nuous aqueous phase and having exits and entrantes therefrom (i) said
broth wi th savasifilledapsterat iBoth eoldmbs afe cenmedrviedlteeaipes.si ng a sol vent

m xture of Clainms 1 through 8, wherein a solvent phase containing_acetic
acid, solvent and water exp_(n§ of g1l léﬁfter%ibltsie?SPFCéFgé\/tPé‘éadélé‘ﬂéfF‘a‘théISQeeﬁﬁ%m an
agueous phags, GIR"nibNInBRNE DAGLEd At fui Sl BlaBiod GLubECYE! | N0
sai d aqueous phase 10 sai d biofeactor and passing said solvent phase to a

di stillati othiciohemtiun fanetidndyitisun tepuonsiymdhé $dopk b thid meshtidhe sol vent phase
of (c) the acetic acid and water separately fromthe solvent at a

t enperature not exceedd ng @O0y RMevide Stripging st eps (b) and (d) occur

wi t hout substantially degrading.said amne to,an ani . t.hus .enhanci ng t he
efficiency of acetic acid %‘f%%fﬁh”ﬁﬁ%ﬁ?t aélﬂ_.ﬂmi'ﬁ[@bffﬁ}g}:eg]sgﬁgbséBYed]i“ﬂﬁ’ _ 5 claim23
wher ei n sai grostRRf hkirobRNBrneBGtibMbf PakCdtiREmSparticSlatly 8ahs §tfath &ttdining
extraction device in a flow cocurrent or countercurrent to that of said

broth. 25. TJdrbopmoveside.aetondhenpxids anddiydrozen akeopsionanratbdi dioxideaoi on st ep
occurs in a sEbsaant' al | gxg}ﬁg-fre vacuum. .26. Tge Ig{_r cz;s according to
ol ai m 23 whSRBPRASs Py EGETRdp Pindire RS idan ane i HOMEeEe & of bet ween
about 0.5 tgcaRWaltké. Phfbe mbdifitdfo RICASRS fis 8GR RNEY BYsiiftdatidilyeddeinfer ei n
sai d anaerobic bacteria I's selected fromthe group consisting of

Acet obact er fram tke farimentationbrdl the fBeseyed dfeeny @ribomdimedt deydrdtaptiphalusalfur

Clostridium,acetjcum. C.  acet lL.ylicum .C. forn caceticu C. kluyveri, C
Chor momget | HOTEe Xk byieas POnes InoHelb B APt §Auhh EEEhAE bR am

l i rosum Pe ' j (A n )
f{fo%é%t%@?ggg&ﬁgs%%g T 94%00558) bd tHORIRAME here RN HarBbX HdkRR

t her eof . e process according to claim 27 wherein
said C || uagtahiirogenisalfsielaeepresknt bothnih fiee grsisaears exivingitlst i ng of : PETC ATCC
55383, O 52 ATCC 55989, ERI2 ATCC 55380, C-Ol ATCC 55988, and m xtures

t her eof . 29fermantgrhisressios and By tBe Higpidrempniation;beeth sxisiwgdom Hie t he product i on

o 2051 i leyBahdoBAF1ohe SOMALEAE: WIEeS! S8Pehinl Y cLEARALPO

pressure in the fermenter (~ 75 psig) the exit gas contains about 50 percent CO, and

700 ppm H,S, and the fermentation broth contains roughly 3 g/I. CO, and 0.01 g/

H,S. During extraction, the CO, and H,S are removed along with acetic acid by the

solvent. This is true for processes employing conventional amine solvents, as well as

for the use of the modified solvent/cosolvent mixtures described in this invention.
Anything that is extracted into the solvent, reduces the solvent

capacity for the acid. Because the concentration of CO, in the fermentation broth is

similar to the concentration of acetic acid (5 g/L) in the fermentation broth, it

represents a real threat to acetic acid loading in the solvent. Thus, the CO; present in



nonoxi de, (2) carbon dioxide and hydrogen, (3 ) carbon nonoxi de, carbon

di oxi de and hydrogen; and (4) carbon nonoxi de and hydrogen in a bioreactor
conpri si nYuMH/HBReous nutrient mixture and an anaer obi ¢ aGeETAFINROR16
bacteria, thereby producing a fermentation broth conprising acetic-acid and
di ssol ved carbon di oxide; (b) renoving said carbon dioxide ftomthe- -~
fermentation broth prior to extraction; (c) contacting said broth (b) with
a solvent conprising an anine for a tine sufficient to ggumsR 28 fornation
of a sol vent phase containing acetic acid and an aqueous phase conpri sing
said nutrient medium (d) continuously 3distilling acetic acid fromsaid

sol vent phase; (e) returning said aqueous phase to said bioreactor. 30. The
process acc thediermgerttationl taotinlizdts theleadngpseitid df eherselverttfooacetic atid. conpri ses

di ssol ved hydr.ogen sul.fide and .further conprisi .enpvi n ai d hydrogen '
sulfide fro ygéqggﬁ“ﬂéﬁfjr%ﬁt“&f?élﬁ“‘%?%‘f it f%arce?%acégg? t?etfﬁ‘.”%é%‘t_sgwfhe process
accordi ng t @ofdeirBict b H.3s st{)\{rﬂ@é fnls APdsehnfiQ WRYeRToSthE RufEP Fipe €S

contacting said fernmentation oth with a gas contal ning no carbon di oxi de,'
oxygen or hyemogéof sifuf frdm.the feBmériterNiifRe Zo0BntdionIPoth alsbhedysentess accor di ng

t laim 31 wh [ i d furt [ th | ected f
the grotp cBYRREESHENdPT F PRogUATn e ALPEhi: 2BPger MaLRGAIShCt | ve
gas or a M ¥hifSmiherabr hidhyarbien RIRRAAS IRRERE HisclGefibghsdhyuner ef n

said renoving step occurs in“a countercurrent stripper colu .
process accbadngthetsolfier exirastedinoreads thewdoesrfed sulfieras @ nutrieot i Sigilstlgpinconpri ses

Ul 10 i S IENIR 0] HIERL 0RO BERL LA, 2, CLALRGY PR o
conpri sing semefatibmBrofrd FinE e Roliwtiibh Proces el AN ch dfhydrdgdnbroth to
provi de a substantially cell-free streamprior to said renoving step.
10 Therefore, the present invention provides an improved method
of microbial fermentation of gases for the production of acetic acid by including as a
step of the process the removal of carbon dioxide from the fermentation broth prior to
extraction. An optional, but desirable step involves the removal of hydrogen sulfide
from the fermentation broth prior to extraction. Preferably, both carbon dioxide and
15 hydrogen sulfide are removed from the fermentation broth, and optionally returned to
the fermenter,

One embodiment of this process involves contacting the
fermentation broth (which may be composed of bacterial cells, acetic acid, nutrient
media, salts and other components from the fermentation) or the cell-free stream

20 (which may have been first filtered or centrifuged to remove most of the bacterial cells
and other heavier materials therefrom) with a “stripping” gas stream that is devoid of
carbon dioxide and preferably devoid of hydrogen sulfide. This “stripping” gas can
include, without limitation, nitrogen, helium, argon, methane or the original dilute gas
if it contains little to no carbon dioxide and preferably no hydrogen sulfide.

25  Essentially any non-reactive gas or mixture of non-reactive gases is useful in this
context. Introduction of the stripping gas, e.g., N, to the fermentation broth or cell-
free stream exiting the fermenter reverses the equilibrium between the dissolved CO,
(or H,S) in the liquid phase and the gas phase, and strips the gases from the liquid

phase. The preferred method of contact with the stripping gas is in a countercurrent

30 stripper column. Just as equilibrium exists between the CO, (or H,S) gas that is



36. The process according to claim35, wherein said renoving step conprises
heating said cell-free streamto about 80C in a container separate from

sai d ferneWe@py1482. The process according to claim?29, whepermssaodiesol vent
is the solvent m xture of any of clains 1 through 8. 38. The process
according to claim37 wherein said distilling step occurs at a tenmperature
not exceeding 16bC, w thout substantially degrading said am ne to an am de,
t hus enhancing the efficiency of production of acetic ac{@b R 2he process-
according to claim37 wherein said distillation step occurs in a
substantially oxygen-free vacuum 6 BRAR 2003 47 40. The process
according to claim38 wherein said distilling step further enploys a vacuum
- at a pressur dissdlvébinukeferradntationGighid exitiadihe ferthentps eaequilibriuihie alps ocess
according to cl {Sg} 29 whereipn said %?aerobi c bacteria is selected fromthe

group consi sFAYISBE DRIWESHAR brovh errfielifrg Fiream enifeing the, CORYETA BRI LM Lim
- met hyl ot r ophiagdifRe g%%agi\&%ﬁewﬁoﬂfeﬁé tﬁ&'mig&ngr Qz&%ﬁﬁ)mét(%’(?f' lQ&beerxentatior&:

form caceti cum C. C. thernoaceticum C. ernocel | um

t her nosacchabditly bt celisfrecEaniearatcontactreath ovies LeyuiliPeywh bstweepthecopping gas,oduct us,

C. jungdaghlii, d mixtures thereof. 42. The procgss accordin o claimi4l
wher oi 1 9ai dc&: Na iR FLs 1 be SaiegiscarppbnipREd ot PR EGRLREPIE of -  PETC
ATCC 55383, Qas%?es@;@@sé%%%rea%@&e%@@géé%%heQf\;ﬁin E6C 55988, and mixtures
t hereof. 43. The process according to claim?29 erein said contact with
sol vent occurs in a count er Aihoughthedighidreriting the coumrertiifrere dolwetnett thenmi sci bl e
sol vent usef in.the ext eous streans

conpri si ng gBlgté‘E'B has pagqts ;%g%g{ﬂ%?ﬁ%gdcgm&%l UG;%QE% g&ﬁd‘r‘%“ of highly

stripping gas coming in has complete capacity for reaching equilibrium with the CO,

10 inthe water. When the nitrogen finally leaves the top of the stripper column, it is
saturated with CO, (and H,S). The CQO, (or H,S) laden nitrogen can be scrubbed to
remove or recycle the CO, and H,S back to the fermenter. The “stripped” or
scrubbed fermentation broth or cell-free stream then enters the next step of the acetic
acid production process, e.g., the extraction with solvent or the contact with solvent

15 inthe direct extraction process described above, and distillation. See, e.g., the
schematic drawing of Fig. 3 and Example 6A.

Still another embodiment of this aspect of the invention is
provided by altering the method of the carbon dioxide stripping. As exemplified in
Example 6C, this process involves subjecting the fermentation broth (which may be

20 composed of bacterial cells, acetic acid, nutrient media, salts and other components |
from the fermentation) or the cell-free stream (which may have been first filtered or
centrifuged to remove most of the bacterial cells and other heavier materials
therefrom) to a rapid decrease in pressure prior to introduction into the extractor or
into a solvent extraction column. For example, the pressure of the fermentation broth

25 or cell-free stream may be decreased from 6 atmospheres (or greater) to a lower
pressure, e.g., atmospheric pressure, which causes the carbon dioxide in the broth or
cell-free stream to approach its equilibrium concentration Preferably this decrease in
pressure occurs after the fermentation broth or cell-free stream exits the fermenter and

1s in a separate container. The CO, is preferably recycled back to the fermenter.



branched di-al kyl am nes and from about 0.01 %to 20% by vol une of

mono- al kyl am nes, said solvent having a coefficient of distribution of
greater twemoddds: 45. The solvent ac~ording to claim 44 whigdrqi§on gu%gdi fied
form of Adogen283 sol vent, substantially reduced in its content of'_ oWw..

boi ling conpounds and nono-al kyl amines. 46. The solvent grgqi f@s_t_oﬂ claim
44 which is substantially purified of tri-alkyl amnes. 47. A nethod for
preparing a nodified solvent conprising the steps of: 0 ~ MAR 2003 48 (a)
distilling froman unnodified sol vent conprising | ow boiling conpounds,
nmono- al kyl am nes, highly branched di-g kyl am nes and tri-al kyl am nes,
about 75 to about 100% of said | ow boiling conpounds and about 80 to about

100% of sai d nonoal kyl ag*gﬂgg?t\r}é% rqn ehtTR5 PR o gh‘ﬂ-f?%estuieﬁmacﬁé extractive

capacity of said distill erern sard distillation of said | ow

boi | i ng corpewHs neg si¢pSf e RBAIACIA PRddLaicalpRutesd, @(p. Ghalexiadmioh with t or n and
(b) washing said distilled, solvent using an organic acid at an acid to i
sol vent ratsPlyeor Hisgentagt with golxensin ths.direct gtrastiod RipessH dessERHT NG to cl ai m

47 further aﬁ&’ﬁﬂﬁlﬁa?iéﬂ%éé“@j .,Cﬁiaﬁﬁ:l% distilled solvent to a second

distillation to reduce substantirally all tri-alkyl am nes. 49. The nodified
~at er-i5mi sci bl e sol vent ¥ecsfidthegemboditmertwf dils espeptrofsherpvabiontis 85% t o

i nes. and PR SBGRTS s Mg Sptte DY G RBTGT ArSRETEIIEN arm nes.
ther o1 SSIIBEeD, Sl T s W BTG Aicogipn, Lo o
. AhYL. A@b AohipseAOf baktehinDcells) achi@ Acid AfitrAs AMOdiA>RItAGERd MBRF cohiohefts
2 A P& e rimenation) or the coll-froe shieam | Which raay have ber Srstfiltered or 1 1
10 centrifuged to remove most of the bacterial cells and other heavier materials
therefrom) from the fermenter, and heating the broth or cell-free stream to a
temperature of about 80°C or more prior to extraction. The high temperature causes
the carbon dioxide in the broth or cell-free stream to approach its equilibrium
concentration. The CO, and H,S preferably are recycled to the fermenter via a variety
15  of common engineering methods.
The “stripped” fermentation broth or cell-free stream then
enters the next step of the acetic acid production process, e.g., the extraction with
solvent or the contact with solvent in the direct extraction process described above,
and distillation. See, e g., Example 6D The only disadvantage of this modification of
20  the process is that after extraction, the aqueous broth component cannot be recycled
back into the fermenter, due to the killing effect of the heating temperature upon the
bacteria, and must be discarded
One of skill in the art is expected to readily alter the specific
conditions under which the carbon dioxide and optionally hydrogen sulfide stripping
25  occurs departing from the scope of this invention.
The following examples illustrate various aspects of this

invention and do not limit the invention, the scope of which is embodied in the

appended claims.

|
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the combination of a low-boiling co-solvent and a mild vacuum of 0.3 atm pressure

25 permits the column temperature to be minimized and permits the separation of acid,
water and cosolvent in the overhead product from the Modified Solvent A and some
co-solvent, which stay in the bottom of the column. The bottom temperature is kept
at a maximum temperature of 130°C by vacuum operation. The modified solvent and
cosolvent at the bottom of the column are sent back to the extractor as recycle. The

30 mixture at the top of the column, i.e., water, acetic acid and some co-solvent,
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solvent and some acid go out the top of the column and the acetic acid goes to the
bottom which has a temperature of 118°C. Part of the water/acid phase is refluxed to
the column and the remaining water/acid phase and co-solvent are recirculated back to

10 extraction. Glacial acetic acid is removed near the bottom of this column as product,
and the overhead is sent back to the process as recycle.
B. 30% Adogen283®LA (Witco) solvent and 70% SX-18
cosolvent
As another example of a fermentation method conducted
15 according to the present invention, the liquid product stream described in Part A
containing 5 g/l free acid and 10 g/l acetate at pH 5.0 was contacted with a solvent
mixture containing 30% Adogen283®LA solvent (Witco) and 70% SX-18 cosolvent
in a multi-stage extractor. A 0.09 solvent to feed ratio is used. The solvent exiting
the extractor contains 25 g/l acetic acid and the aqueous stream contains 10 g/l
20  acetate and 2.75 g/l acetic acid. Thus, the acid distribution coefficient is reduced by
dilution with additional SX-18 cosolvent. The process for product recovery by
distillation is thereafter the same as described above.
C. 30% Modified Solvent A and 70% decane cosolvent
An extraction similar to that of Part B was carried out with
25 30% Modified Solvent A in a cosolvent, decane. The distribution coefficient remains
the same as in Part B, and the process for product recovery by distillation is

equivalent.
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The extraction of Part A is carried out with 60%

Adogen283®LA solvent (Witco) in n-dodecane cosolvent. The extraction process
5 remains the same as in Part B, yielding 50 g/l acid in the solvent, and 10 g/l acetate
and 0.5 g/l acetic acid in the aqueous phase.

The aqueous stream containing acetate is again sent back to the
fermenter as recycle. The solvent stream containing acetic acid is sent to a distillation
system very similar to the system presented in Part B, except that the pressure in the

10 solvent column is 0.2 atmosphere and the temperature at the bottom of the column is

127°C.

EXAMPLE 2: Amide Formation
This example demonstrates the basis for the invention, that is,
determination by the inventors that temperature control is vital to the efficient
15 functioning of an amine-containing solvent in an acetic acid production process when
an amine-containing solvent is employed in distillation and extraction steps.
The amide formation from amine in the solvent is a first order rate
expression in acetic acid concentration illustrated by the formula: ¥ = kX, where Y
represents amide concentration after 16 hours, measured in weight percent; X = acetic
20  acid concentration after 16 hours, measured in weight percent, and k = the amide
formation rate constant.
The rate of amide formation and thus the rate constant, k, increases
with temperature by an Arrhenius type rate expression, represented by the formula-
in(k)=-9163.21 (1/T) + 27.41, where T = the absolute temperature in
25 Kelvin.
Fig 4 illustrates a plot of in(k) as a function of the inverse absolute
temperature which is used in finding the Arrhenius rate expression. For example, at a
temperature of 150°C (1/T = 0.00236), the rate of amide formation is 9 times greater

than at a temperature of 110°C (1/T = 0.00261)
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Column

Fermentation broth obtained from a fermenter similar to that of
Example 1 contained 2.6 g/l cells (dry weight), excess nutrients, 5 g/l acetic acid and
5 5.0 g/l acetate at pH 4.75. This broth is sent to a continuous solvent phase extraction
column containing 60% Adogen283®LA (Witco) solvent in SX-18 cosolvent. The
extraction column is a cylindrical column, packed or unpacked, which has entrances
and exits for solvent and aqueous phase culture Culture flows downward through the
solvent filled column, and solvent flows upward, countercurrent to the culture. The
10 exiting solvent from the column contains 50 g/l acetic acid and is sent to distillation
for acid recovery prior to recycle back to the column The exiting culture stream at
the bottom of the column contains 5.0 g/l acetate, 0.5 g/l acetic acid, cells and
nutrients and is sent back to the fermenter as recycle. Because the solvent and culture
are immiscible, little to no water (culture) is present in the solvent and little to no
15 solvent is present in the culture recycle stream. A small rag layer consisting of cellular
proteinaceous material is formed at the culture/solvent interface which must be

removed periodically.

EXAMPLE 4° Exaraction of Acetic Acid Using a Continuous Agueous Phase

Column
20 The fermentation broth of Example 3 is passed through a continuous
aqueous phase extraction column containing 60% Adogen283®LA solvent (Witco) in
SX-18 cosolvent. The column is constructed similarly as in Example 3 except that the
column is filled with aqueous phase culture instead of solvent. Again solvent and
culture flow countercurrently, with solvent exiting the top of the column and culture
25 exiting the bottom of the column. Exiting aqueous phase and solvent phase

concentrations are the same as in Example 3.
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EXAMPLE 5: Internal Extractive Fermentation for Acetic Acid Production from

CQ, CO, and H,

Industrial waste gas containing 7.52 percent carbon dioxide, 31.5

percent carbon monoxide, 27.96 percent hydrogen and 33.02 percent nitrogen is
5  fermented to acetic acid/acetate at pH 5.0 in a fermenter/reactor as described in

Example 1A, using Clostridium ljungdahlii, BRI isolate ERI2. The gas retention time
(ratio of reactor volume to gas flow rate) is 10 minutes and the liquid dilution rate
(ratio of liquid medium flow rate to reactor volume) is 0.03 hour”. Medium
containing essential vitamins and minerals flows continuously into the reactor. The

10 agitation rate is 1000 rpm. The reactor also contains a solvent phase of 60%
Modified Solvent A of this invention in SX-18 cosolvent. As the culture produces
acetic acid from CO, CO, and H, it is extracted by the solvent.

A mixture of solvent and culture exit the fermenter and are separated

in a small settling tank. A portion of the aqueous phase, equal in rate to the medium

15 feed rate, flows from the system as waste purge. The balance of the aqueous phase
from the separator is returned to the reactor. Solvent containing extracted acid is sent

to distillation for recovery. After recovery the solvent is recycled to the reactor.

EXAMPLE 6:-__Stripping of Culture Prior to Acid Extraction
A. Nitrogen Stripping
20 Culture from the reactor of Examples 1-4 containing bacterial
cells, 5 g/l acetic acid, 9.3 g/l acetate and dissolved sulfide and carbonate at pH 5.0 is
passed through a nitrogen stripping column to remove dissolved CO, and sulfide as
H,S before passing the culture through an extraction column. This operation is
required in order to prevent solvent loading of CO, and H,S instead of acetic acid, and
25 toreturn H,S as a sulfur source and reducing agent back to the culture. The N, gas
stream which contains H,S and CO, is sent back to the reactor as a secondary gas
feed. By using the nitrogen stripper, the solvent is loaded to 50 g/l acetic acid
Without CO, and H,S removal prior to extraction, the solvent is loaded to 25-30 g/l

acetic acid
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B. Stripping with Alternative Gases
The culture of Part A is stripped with gases other than N,,
including methane or CO,-free synthesis gas containing H,, CO, CH,. All other
aspects of the example are the same.
C. Stripping via Pressure Reduction to Relieve Dissolved CO,
The pressure of the fermentation broth in Part A is rapidly
decreased from 6 or 3 atmospheres to atmospheric pressure in order to release CO,
prior to loading in the extractor. The CO, pressure in the culture approaches the
equilibrium concentration according to Henry’s law at one atmosphere, a greatly
reduced level which helps maximize acid extraction by the solvent.
D. Stripping via Preheating to Relieve Dissolved CO,
The cell-free stream in Part A is preheated prior to extraction
to relieve CO, in much the same manner as noted in Part C. The broth cannot be

reused after heating.

All published documents are incorporated by reference herein.
Numerous modifications and variations of the present invention are included in the
above-identified specification and are expected to be obvious to one of skill in the art.
Such modifications and alterations to the compositions and processes of the present

invention are believed to be encompassed in the scope of the claims appended hereto.
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R )
c10% Z(" & () - cl0BZ(" & Waer-i®ible s$iveht comprising greater than 50% by volume of a
mixture of isomers of highly branched di-alkyl amines, and from about 0.01% to 20% by volume
of mono-alkyl amines said solvent having a coefficient of distribution greater than 10; and
(b) at least 10% by volume of a non-alcohol co-solvent having a boiling point
lower than the boiling point of said solvent (a),

wherein said mixture extracts acetic acid from aqueous streams.

2, The mixture according to claim 1 wherein said co-solvent is immiscible with water

and readily separates therefrom, and has low toxicity to anaerobic acetogenic bacteria.

3. The mixture according to claim 1 wherein said co-solvent forms an azeotrope with

water and acetic acid,

4. The mixture according to claim 1 wherein said co-solvent comprises a

hydrocarbon having from 9 to 11 carbon atoms.

5. The mixture according to claim 1 wherein said solvent (a) contains greater than
80% by volume said di-alkyl amines and is reduced to less than about 1% by volume of low
boiling compounds and mono-alkyl amines

wherein said low boiling compounds boil at or below 115 °C at 69.9 Torr.

6. The mixture according to claim 1 wherein said solvent (a) further contains from

about 1% to 10% by volume tri-alkyl amines.

7. The mixture according to claim 1, wherein said solvent (a) is produced by
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9. A process for obtaining acetic acid from an aqueous phase comprising acetic acid
comprising the steps of:
(a) contacting the aqueous phase with the solvent/co-solvent mixture of any
of claims 1 through 8;
(b) extracting acetic acid from said aqueous phase into the resulting solvent
phase; and

(© distilling acetic acid from said solvent phase under a temperature not

exceeding 160°C.

10.  An anaerobic microbial fermentation process for the production of acetic acid, said
process comprising the steps of:

(a) fermenting at least one gas selected from the group consisting of (1) carbon
monoxide, (2) carbon dioxide and hydrogen, (3) carbon monoxide, carbon dioxide and hydrogen;
and (4) carbon monoxide and hydrogen in a bioreactor in the presence of an aqueous stream
comprising an anaerobic acetogenic bacteria in a nutrient medium; thereby producing a
fermentation broth comprising acetic acid;

(b) separating said bacteria from other components in said broth to provide a
substantially cell-free stream;

(c) continuously extracting acetic acid from said cell-free stream into a solvent

phase by contacting said cell-free stream with a solvent mixture of any of claims 1 through 8 to
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10% & (forrh a %&%lﬁlp@iw Jomprising acetic acid and an aqueous phase comprising said nutrient
medium,
(d)  recycling said aqueous phase to said bioreactor and passing said solvent
phase to a distillation column; and
(e) continuously distilling from the solvent phase of (d) the acetic acid
separately from the solvent phase under a temperature not exceeding 160°C;
wherein said extracting and distilling steps occur without substantially degrading

said amine to an amide, thus enhancing the efficiency of production of acetic acid.

11.  The process according to claim 10 wherein said separating step employs a

centrifuge, a hollow fiber membrane, or a solid-liquid separation device.

12.  The process according to claim 10 wherein said distillation step occurs in a

substantially oxygen-free vacuum.

13.  The process according to claim 10 wherein step (e) further employs a vacuum at a

pressure between about 0.5 to about 10 psia.

14.  The process according to claim 10 wherein said anaerobic bacteria is selected from
the group consisting of Acetobacterium kivui, A. woodii, Butyribacterium methylotrophicum,
Clostridiumaceticum, C. acetobutylicum, C. formicaceticum, C. kluyveri, C. thermoaceticum, C.
thermocellum, C. thermosaccharolyticum, Eubacterium limosum, Peptostreptococcus productus,

C. ljungdahlii, and mixtures thereof.

15.  The process according to claim 14 wherein said C. [jungdahlii is selected from the
strains consisting of: PETC ATCC 55383, 0-52 ATCC 55989, ERI2 ATCC 55380, C-01 ATCC
55988, and mixtures thereof.
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said acetic acid from said solvent at a distillation temperature not exceeding 160° C therefrom,

without substantially degrading said amine to amide.

17.  An anaerobic microbial fermentation process for the production of acetic acid, said
process comprising the steps of:

@ providing in a fermenter an anaerobic acetogenic bacterium in a nutrient
mixture and a solvent mixture of any of claims 1 through 8 for a time sufficient to acclimate said
bacteria to said solvent;

(b) introducing into said fermenter a gaseous stream comprising at least one
gas selected from the group consisting of (1) carbon monoxide, (2) carbon dioxide and hydrogen,
(3) carbon monoxide, carbon dioxide and hydrogen, and (4) carbon monoxide and hydrogen; and
producing a fermentation broth comprising said bacteria, nutrient medium, acetic acid, solvent
and water, wherein said gas is fermented therein;

(c) introducing said fermentation broth into a separation device, wherein an
aqueous phase containing said bacteria and nutrient medium is separated from the solvent phase
which contains acetic acid, solvent and water, without filtration;

(d)  continuously distilling from the solvent phase of (c¢) the acetic acid
separately from the solvent phase under a temperature not exceeding 160°C;

wherein said distilling step occurs without substantially degrading said amine to

an amide, thus enhancing the efficiency of acetic acid production.
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21.  The process according to claim 17 wherein said anaerobic bacteria is selected from
the group consisting of Acetobacterium kivui, A. woodii, Butyribacterium methylotrophicum,
Clostridium aceticum, C. acetobutylicum, C. formicaceticum, C. kluyveri, C. thermoaceticum, C.
thermocellum, C. thermosaccharolyticum, Eubacterium limosum, Peptostreptococcus productus,

C. ljungdahlii, and mixtures thereof.

22. _ The process according to claim 21 wherein said C. ljungdahlii is selected from the
strains consisting of: PETC ATCC 55383, 0-52 ATCC 55989, ERI2 ATCC 55380, C-01 ATCC

55988, and mixtures thereof.

23.  Ananaerobic microbial fermentation process for the production of acetic acid, said
process comprising the steps of:

(a) fermenting at least one gas selected from the group consisting of (1) carbon
monoxide, (2) carbon dioxide and hydrogen, (3) carbon monoxide, carbon dioxide and hydrogen;
and (4) carbon monoxide and hydrogen in a bioreactor comprising an aqueous nutrient mixture
and an anaerobic acetogenic bacteria; thereby producing a broth comprising acetic acid, water,

and bacterial cells;
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from an aqueous phase comprising said bacteria and nutrient media;
(c) recycling said aqueous phase to said bioreactor and passing said solvent
phase to a distillation column; and
(d)  continuously distilling from the solvent phase of (c) the acetic acid and
water separately from the solvent at a temperature not exceeding 160°C;
wherein said steps (b) and (d) occur without substantially degrading said amine to

an amide, thus enhancing the efficiency of acetic acid production.

24.  The process according to claim 23 wherein said step (b) comprises introducing

said solvent into said extraction device in a flow cocurrent or countercurrent to that of said broth.

25.  The process according to claim 23 wherein said distillation step occurs in a

substantially oxygen-free vacuum.

26.  The process according to claim 23 wherein step (d) further employs a vacuum at a

pressure of between about 0.5 to about 10 psia.

27.  The process according to claim 23 wherein said anaerobic bacteria is selected from
the group consisting of Acetobacterium kivui, A. woodii, Butyribacterium methylotrophicum,
Clostridium aceticum, C. acetobutylicum, C. formicaceticum, C. kluyveri, C. thermoaceticum, C.
thermocellum, C. thermosaccharolyticum, Eubacterium limosum, Peptostreptococcus productus,

C. ljungdahlii, and mixtures thereof.
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29.  An anaerobic microbial fermentation process for the production of acetic acid, said
process comprising the steps of:

(a) fermenting at least one gas selected from the group consisting of (1) carbon
monoxide, (2) carbon dioxide and hydrogen, (3) carbon monoxide, carbon dioxide and hydrogen;
and (4) carbon monoxide and hydrogen in a bioreactor comprising an aqueous nutrient mixture
and an anaerobic acetogenic bacteria, thereby producing a fermentation broth comprising acetic
acid and disgolved carbon dioxide;

(b)  removing said carbon dioxide from the fermentation broth prior to
extraction;

(c) contacting said broth (b) with a solvent comprising an
amine for a time sufficient to cause the formation of a solvent phase containing acetic acid and an
aqueous phase comprising said nutrient medium;

(d) continuously distilling acetic acid from said solvent phase;

(e) returning said aqueous phase to said bioreactor.

30.  The process according to claim 29, wherein said fermentation broth comprises
dissolved hydrogen sulfide and further comprising removing said hydrogen sulfide from said

fermentation broth prior to extraction.

31. © The process according to claim 29 or 30, wherein said removing step comprises
contacting said fermentation broth with a gas containing no carbon dioxide, oxygen or hydrogen

sulfide.
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acteria from other components in said broth to provide a substantially cell-free stream prior to

said removing step.

36.  The process according to claim 35, wherein said removing step comprises heating

said cell-free stream to about 80°C in a container separate from said fermenter.
|
37. The process according to claim 29, wherein said solvent is the solvent mixture of
any of claims 1 through 8.
|
38.  The process adcording to claim 37 wherein said distilling step occurs at a
temperature not exceeding 160°C, without substantially degrading said amine to an amide, thus

enhancing the efficiency of production of acetic acid.

39.  The process according to claim 37 wherein said distillation step occurs in a

substantially, oxygen-free vacuum.
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55988, and mixtures thereof.

43.  The process according to claim 29 wherein said contact with solvent occurs in a
countercurrent column.
44, A modified water-immiscible solvent useful in the extraction of acetic acid from

aqueous streams comprising greater than 50% by volume of a mixture of isomers of highly
branched di-alkyl amines and from about 0.01% to 20% by volume of mono-alkyl amines, said

solvent having a coefficient of distribution of greater than 10.

45.  The solvent acTording to claim 44 which is a modified form of Adogen283®

solvent, substantially reduced in its content of low boiling compounds and mono-alkyl amines.

46.  The solvent according to claim 44 which is substantially purified of tri-alkyl

amines.

47. A method for preparing a modified solvent comprising the steps of:
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(a) distilling from an unmodified solvent comprising low boiling compounds,
mono-alkyl amines, highly branched di-alkyl amines and tri-alkyl amines, about 75 to about
100% of said low boiling compounds and about 80 to about 100% of said monoalky! amines,
thereby improving the acetic acid extractive capacity of said distilled solvent;

wherein said distillation of said low boiling compounds occurs at about 100 to
about 160 °C at about 70 tort; and

(b)  washing said distilled solvent using an organic acid at an acid to solvent

ratio of about 1:1 to about 5:1.

48.  The method according to claim 47 further comprising subjecting the distilled

solvent to a second distillation to reduce substantially all tri-alkyl amines.

49.  The modified Tvater-immiscible solvent according to claim 44 comprising about
85% to about 91% by volume‘ of a mixture of isomers of highly branched di-alkyl amines and
from about 0.01% to about 6% by volume of mono-alkyl amines, wherein said mono- and di-
alkyl amines have from 12 to 14 carbon atoms said solvent having a coefficient of distribution of

about 10 to about 20.



