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This invention h ially supported by grants fromthe glé}tﬁg
St at es Depart nent Eergy, Cooperative Agreement No. DE- FCBZ- otfc2io30.

The United States government has an imterest in this invention. Field of
the I nvention The present invention relates generally to inproved nethods

for t[l_e nMgm@BaALmsia GQMHE%H{EPARNﬂoNEO\gm@m AdimgyweLhe g
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gaseous streans, such as waste gas streans, industrial gas streans, or

fromgas streans produced fromthe gasification of carbonaceous naterials.
Background of the | hhisninveriondendern pastialineunpased byerantsdrame theadtniged of
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al, (1989) Biotech. Bioeng., 34:785-793; Klasson et al (1990) Appl.

Bi ochem Biotech., 24/25: 1; Vega et al (1989) Appl. Biochem Biotech.,

20/ 21: 781z . {9/ d Kl.asson et al (1992) Enz. Mcrobio. Tech., 19:
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particularly waste gas streams, into products of comrerci use by using
met hods enptrobiahgrodectientizceonand. Moee gadicalarlgathe imventopetuss tout ri ent
medi um and an .anaffrobj c bacteria or mxtures thereof, in ,a bioreactor. See,
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Background of the Invention

Methods for the anaerobic fermentation of carbon monoxide, and/or
hydrogen and carbon dioxide to produce acetic acid, acetate salts or other products of
commercial interest, such as ethanol, have been performed at laboratory bench scale.
See, e.g., Vega et al, (1989) Biotech. Bioeng., 34:785-793; Klasson et al (1990) Appl.
Biochem. Biotech., 24/25: 1; Vega et al (1989) Appl. Biochem. Biotech., 20/21: 781-
797; and Klasson et al (1992) Enz. Microbio. Tech., 19: 602-608, among others. More

recently, the present inventors have discussed large-scale methods for the fermentation
of industrial gas streams, particularly waste gas streams, into products of commercial
use by using methods employing fermentation of the gas stream, an aqueous nutrient
mediunfand an anaerobic bacteria or mixtures thereof in a bioreactor. See, e.g., United
States Patent No. 5,173,429; United States Patent No. 5,593,886 and International patent
Publication No. WO98/00558, incorporated herein by reference.

According to the above-cited prior art of the inventors, one such large

scale process involves the following summarized steps. Nutrients are continuously fed
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scal e process involves the follow ng summari zed steps. Nutrients are
continuously fed *@0002* 0 7 SEP 2006 2 to a bioreactor or fernenter in
which resides a culture, either single or m xed species, of anaerobic
bacteria. A gas streamis continuously introduced into the bioreactor and
retained in the bioreactor for sufficient tine to maxinize & SEP B of
the process. Exhaust gas containing inert and unreacted substrate gases,
are then released. The liquid effluent is passed to a centrifuge, hollow
fi ber menbrane, or other solid- liquid separation device to separate out

m croorgani sns that are entrai ned. These m croorganisns are returned to

the bi oreact ofo 4 biopaakfor 3t fereftenih which réRMERYultate, @iﬂler@mga%ﬂor%%é SpRicsast er

reaction rate. Separation of the desired biologically produced product(s)
from t he per nebanaembichastariaf ufygae storsau iscopjinpeusli intyodired petorteabiereactor

centrifugate to, an.extractor where it _Ls contacted with g solvent, such as
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in a co-solvent. Suitable cosolvents include 1Iong chalfi alcohol's, "hexane,

cycl ohexane, dhlediquidefiffuertrisipassed tchdemtobyHobloey. fibkh enembrane oF thansblid-
materials in ueous %‘f)}ase pass back to the  biqreactor and the

.he { . :
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water from the sol'vent. The sol vent passes fromt atiron colum

through a coolhitd satidsrh Erstetr ocactio raté. hSepaariver eftthy destred bivo@edllyPisduced
tenperature for extraction, then back o the extractor for reuse. The acid
and water sol BIOdYFH(P At thesrmeate areentidiugate|ocalrs O Pasingihe RpEneste ofe desi r ed

end product i eon'r%ﬁn LRLE dn EL PP eh 8188 ﬁ%ﬁ?ﬁe& %ﬂ?‘é%@wel{} guc gsearcg%aila'é and:

recircul at ed trient preparation. €r, a varie ac

bacteria are wehikykanitg if @ spitdliicRolvaaglor &itagjihasghatl By ARERE RS ¥
interesting products when subjected to such fernmentation processes,
i ncl udi ng novBhosghingjoxidesnd celatse cpanpanndy inmg@aeivent. | Setablecagolvents 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. W0O98/00558].

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-



United States Patent Nos. 5,173,429 and 5,593,886 and International Patent
Publ i cat i‘9§ oN105Y098/ 00558] . Despite such know edge and agygpkeFokiy the art
of nicrobl 8’ %% rent ation of a vari ety of gas streans, acetic acid
production is |limted by the acetic acid |oading potential of tgme seel aegt
used, and by the degradation of the solvent as it travels through the
producti on process, anong other issues. In view of the ever WO 00/ 14052
PCT/ US99/ 20416 0 7 SEP 2006 3 increasing need to produce acetic acid, as
well as to convert industrial waste gases into useful non-polluting
products, there remains a need in the art for processes which are nore
efficient in producing the desired.comercial product a i tions

whi ch can eiTREARRS PREARR PIASHESRCEHC &t 7S Pﬁ?[‘ ﬁ%}i’sqoggerg'&(%Pgﬂ"é%?t gésll nvention

N one aspegly ulAf nB BIRlng pRYREE! MereRbMhLeRecd ifMdIatd fofl prsdeases whinhi sci bl e
sol vent use’fnucf N {he extrﬁ tion of acetic acid from aqueous, streans

conpri si ng greshdrs effittenainlpyoduding tnd desinececoptmareiadpeodichrNhEGAPSHIOPENChed

di -al kyl (or  secondary) ines. This sqlvent can extract the acid in the
absence of &’htfb-cébe%ﬁ‘ie.Pe%rg”’i‘ar?caog?”égB’l’ﬁﬂ@ Sembodi nent, this solvent is a
nodi fied form of Adogen283(r) solvent [Wtco Corp.) which is substantially
reduced in its content of alcohols and nonoal ky] (or primary) amnes. In
anot her spr ekafh effgdinvemtion t he solvent is further reduced in content
(i.e. substantially purified) of tri-al

kyl. (or tertiar .nes. I n another
aspect, the inventionlRG#RIES the PREYROY TGP PYOEAET n&%élyaefgvvasf%l vent
corpri st ng ‘%%%Qx?fessolvgﬂmggdﬁ}{lthe?&lr’ﬂﬁr?on ¥ abRr% tabit €rof adureU®ktgeans hi ghly
branched di -al ky amnes and tri-alkyl amnes to inprove its acetic acid
extractive c@mﬁmmg y substamiallg pag rolixsiré of isomgrs oiighinerasehededialksl 95t anti al |y
all the al cohols and . nonoal kyl am nes. I.n another, e ' ) e net hod
i nvol ves suBf@SEaMpAR. dissP "FP‘eﬁ“%‘ﬁféme apig 1Lt §@E§)%ggglk g??%?lé%r?on to
r emVG.l%”bSEE‘Q§;} et e%blod'{rrfehf, Alikydiveanisnasodif fbin ¥EAdegdnasl@eslvaspect , the
i nvention provides a.novel water-inmm scible
[Witco Corp.] which is substantially reduced in its content of alcohols and monoalky!
(or primary) amines. In another preferred embodiment, the solvent is further reduced
in content (i.e. substantially purified) of tri-alkyl (or tertiary) amines.
In another aspect, the invention provides a method for treating 2
15 solvent comprising alcohols, monoalkyl amines, 2 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
monoalky] 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-alky!

amines and a selected cosolvent. In a preferred embodiment, the cosolvent is a low

o
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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



sol vent/co-sol vent m xture useful for the extraction of acetic acid,

. preferabvbbog;msgoncent rations less than 10% from an aquegwsafibé e
conpri sing an above-described nodified water-inmscible solvent useful in

the extraction of acetic acid fromaqueous streans conprising a07 SEP 2008
substantially pure m xture of isonmers of highly branched di-al kyl 25 am nes
and a sel ected cosolvent. In a preferred enbodi nent, the cosolvent is a | ow
boi | i ng hydrocarbon having from9 to 11 carbon atons. which hydrocarbon
forns an azeotrope with water and acetic acid. In still another aspect,
the invention provides a non-fernenting process for obtaining acetic acid

from an aqueous stream conpri sing contacting.,t str ) 00/ 52
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t he sol venits adndeturawith tieesoitent endeot teRpasatdranpt eewredingd60et. a furt her
aspect, the inventiopn prO\éi%nc%? a non-

fermenting.orocess. 5 f. i ni ng
acetic acid froman S8 laé%"rf’é}berﬁ’)’l“'?r%ioﬂﬁrcfczlé&r%tsﬁ‘cl}olnhfge"?#ggétD ?geygl%n with a
s ol vegt/ R, 30l UEHY adkhiX b4l roRParifqcbiPatapRVRisiAY CbAGEHAthe Beearcet i ¢ aci d
from the aqueous phase into the sol vent/cosolvent phase; and distilling

t he aceti cwitbizdoliventraosolventanimiuse ay desoribed abpee; SEFacaing theoasstic efid figRder a

tenperature not exceedi.n 60 der a. vacuu : . ect, the
present in r?ﬂ???r‘l'sﬁgﬁs\?i‘ gﬁ%?&‘éﬁi@?%‘fe@t pﬁ#%r%%ﬂéﬁ“#’grt%é%#g%?(g?\ﬁ%?gcess f or
the producti Qd?nise{;x,r@%hixﬁe SN U BveRl GRS 8 tenfiRRlilexiongxddading 16p¥C of (a)

fermenting 1n a blioreactor an aqueous streamconprising a gas sel ected
fromthe gundgpacansinsti ng of carbon nonoxi de, carbon nonoxi de and

hydr ogen, hydrogen apd carbon dioxi de, and carbon ppnoxi rbon di oxi de
and 183%ydrogen, in &4 BAPCTH KA e KD lﬂnghoé’gar)eégf'éggeé%@ggenic

bact eri um rr{,-/&ggigl}xmé?ﬁé?%l?r@&s@fop&ﬁé Rog@idhiothtgicacRt ite prededs (D)

conti nuous extracting acetic acid from the broth with a nodified
sol vent / cosomprisitg thiexsteps of 4a) Gementirgau adbyeastorn(agaqueous stream comprising

a gas selected from the group consisting of carbon monoxide, carbon monoxide and
hydrogen, hydrogen and carbon dioxide, and carbon monoxide, carbon dioxide and

15 hydrogen, in a nutrient mixture with an anaerobic acetogenic bacterium, thereby
producing a broth comprising acetic acid; (b) continuously extracting acetic acid from
the broth with a modified solvent/cosolvent mixture as described above; (c)
continuously distilling from the product of (b) the acetic acid separately from the
solvent at a temperature not exceeding 160°C, and (d) optionally recycling the solvent

20  and the broth through the bioreactor. The extracting and distilling steps occur
without substantially degrading the amine to an amide, thus enhancing the efficiency
of acetic acid recovery from the broth.

In still another aspect, the present invention provides 2 method for

enhancing the recovery of acetic acid from a fermentation broth comprising an

25 aqueous stream containing one or more of carbon monoxide, carbon dioxide and
hydrogen, and an anaerobic acetogenic bacterium, and nutrient medium, the method
comprising contacting the'stream with a solvent comprising the above-described
modified di-alkyl amine and a selected co-solvent; continuously extracting the acetic

acid from the stream in the solvent mixture, and distilling acetic acid from the solvent



continuously distilling fromthe product of (b) the acetic acid separately
fromthe solvent at a tenperature not exceeding 160C, and (d) optionally
recycling the solvent 20 and the broth through the bioreactor._ The

extracting and distilling steps occur wthout substantially cﬂeér% A6 t he
am ne to an am de, thus enhancing the efficiency of acetic acid recovery
fromthe broth. In still another aspect, the present invention provides a

met hod for enhancing the recovery of acetic acid froma fernmentation broth
conprising an 25 aqueous stream containing one or nore of carbon nonoxide,
carbon di oxi de and hydrogen, and an anaerobi c acetogeni c bacterium and

nutri ent nmedimixturthendeet kachuncarapdistildignaempaetuedef ety $60€a RVt din &
sol vent conprising the above-described nodified di-alkyl amne and a
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and hydr ogen,m¢hed 8bhphist8 thd'Rédast CGQ@%hgﬁﬁ fEI?‘?en%a&i@H. rﬁugfmhél%{rlée%x? whtle

fermentation product of the streamwt a water-I scible so
extracting t Hewster-mamissitilosol penbchxtractingthetftrmentatioa pyrodmodfromdithé trdamgnacet i ¢
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degrading the amne to amde. In yet a further aspect, nventi on

provi des an alisidfatibn stepiat 2 edvigeratufearonrertatingrl 60O aemsut subSantialy EEHdaG! i ve
fermentation ﬁ,‘:oc_ess) for the production of acetic acid which'is
acconpl i shed f #mBEORMIEs-ati on or cel | separation occurring prior

In yet a further aspect, the invention provides an anaerobic microbial
fermentation process (i.e., an extractive fermentation process) for the production of
acetic 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-alky!
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.



to extraction. In one enbodinent, this nmethod involves providing in a
fermenter an anaerobic acetogenic bacteriumin a nutrient mxture and a
modi fi ed water-immiscible solvent conprising a substantially @ur 8ERi2egur e
of isoners of highly branched di-alkyl amnes wth a selected cosol vent,
for atinme sufficient to acclinmate the bacteria to the solvent. Into the
fermenter is introduced a gas stream conprgsing one or nore of carbon

di oxi de, carbon nonoxi de and hydrogen and a fernentation broth conprising
t he bacteria, nutrient nghﬁ acetic sol vent. m xture and water. The
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fermentati on broth cont bk aé%ﬁi‘:i"gfﬁ%me%tbqwmldﬁi %1 ghasrqtic F]h‘if%‘ﬂl_uced
into a settl kigch@nbn piRedsql.0, 20ir8dEBAkSt @Hx%é@orf?@%%;@éspfc{?%heé@gfli?&fb &l a and

nutrient nedium settles to the bottomof the tank fromtl vent phase
whi ch cont ai necali¢aride waishdnvolyes nefiktratind ofihswerial veltsh Giite frotdss asrmprises the

Cont i distillati r .a tenperature not exceeding, 160C renoves the
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Wi thout subst aafthidldeYord @9 btk BcdrBsn %%Bﬁd&,%a%n%ygge %g@;ﬁg%l ng the

efficiency of aceticC acid recovery fromthe broth. _ _ In still
anot her aspechytriehiemixwre rvtithoan praendbitesceageniodactenia, charelby plodading heegrnt ation
process (i.e., a diirect contact extraction process) for the production of

acetic acid, GHPERSIRGIGHGasidnyater, and barsHalellpdbl dptreducing int a comaenioneless

conprises the,., f: i i an.aqueous stream
conprising a aggécggﬁtd g‘l“ﬁel’(rslgéhoénsg&{ %Br?lﬂﬁr?gsgi t%gtl%é%g%n?ﬁgtr@%r&@,thecgf‘ﬁ%mﬁl oxi de
and hydrogen phasa (i)the broginwitimhe el eepa'rdtfbnaalndféim)a@%dwﬁxﬁnﬂﬁ@n&@@lﬁﬂ%ﬁsirﬁgﬁ&fﬁelrl a,
t her eby produci broth conprising acetic acid, water, and bacteria
cells; (b) i nt%ﬁgi‘Y@errW®S§g@d%@rﬁ Hesidl in thexirgetioroef atetis aed frooch as a

col um wi th eé(il[%%[ls fctpéa}{q%r&gl?)filsi:@f)%taegubgt?nttiﬂs' pﬁui?{(]{nwgr%go &bﬂ]%f? ﬁB}(ﬁi&?—llyt he broth

with no cell paration an a solven nodi fi ed

wat er - i nmi sci blagclsdl diafily] eefedland @ sElB_@te@&bfs@ﬁ'EﬁtQWh@rfeirﬁ&%lb&t%ﬁﬁs‘é from
aqueous streanms conprising a substantially pure m xture of isoners of

hi ghly br anchtaigingacaid acitrisplvenisand watsesdis thaicab ons stpeeately frine pe hqueaus

sol vent phase_, contai ni.ng.,agetjc _aci,d.  solvent and water exits the colum
separately fr 81}%88 ﬁogaﬂngghecbacEena and nhtrlenk media; and (¢) continuously distilling from

the solvent phase of (b) the acetic acid separately from the solvent at a temperature not
exceeding 160°C. The steps (b) and (c) occur without substantially degrading the
amine to an amide, thus enhancing the efficiency of acetic acid recovery from the
broth.

In still another aspect, the invention provides an anaerobic microbial
fermentation process for the production of acetic acid which comprises the step(s) of
removing dissolved carbon dioxide, and optionally dissolved hydrogen sulfide, from
the fermentation broth before extraction. The steps of this process can include (a)
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



phase conprising the bacteria and nutrient nedia; and (c) continuously
distilling from the solvent phase of (b) the acetic acid separately from
the solvent at a tenperature not exceeding 160C. The steps (b) ﬂqu(ﬁbs
occur without substantially degrading the .am ne to an am de, q us
enhancing the efficiency of acetic acid recovery fromthe broth. In stil
anot her aspect, the invention provides an anaerobic mcrobial fernmentation
process for the production of acetic acid which conprises the step(s) of
removi ng di ssol ved carbon di oxi de, and optjonally dissol ved hydrogen
sulfide, from the fernmentation broth before extraction. The steps of this

process can ' skra yéﬁ%v §LﬁﬁH@FErhM kt@p%é?'tféra%é&hﬁl'is}édgﬁﬁl SqAFFNY By Si ng
one or nore car noxi de, carbon di oxi de and hydrogen i'n a nutrient
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fermentation broth conprising acetic .acid and dissolved carbo de;
(b) renoving the car bonOHeERFRFSISFANGAHY FHHages Of s RIEFHh W FRHAT 3¢ H‘E?FHBBA

extraction; <ﬁa1h8%& £t lﬁggetgné)&&ér; 1 Sin pRALYE i BB DiAGk R

di - al kyl am ne, m)dl ven vent m xture of this
invention for a t| rre suffl cient to cause the for ITB.tI on of a sol vent phase
containing acetic acid, the solvent and water; and (d) continuously
distilling acBriefDawriptioneh thaDragingsnt phase. The carbon 0 7 SEP 2006 7

di oxi de/ hydr ogen. sul | dpyo” 61DY Blarh LRA I oRENAREOBILERY (Mot RRl N0

gas, by preheating the ermsnt ati on

pressure rapi ﬁlﬂ%llLvQ QEoRSHRcs BIA&%n@dim&ﬂbﬁgeg/L(ﬂ)rh&b@lcmbﬂsrecEHvetyrp/recﬁssdzn are
described furt in the following detailed description of the preferred

embodi nent s t ¢rpleying 60Bp pethe meastifiedial vantohdagsa2 8@l i gn Fregtroping Sokyeds aph

phase Hac coneaity ditarintenta porfefte kAfseaR SRS A, Bordta oy By sl
enpl oyi ng GOWQMC&mlémglbféﬁghcﬁ@hmntby oidrgen283(r) LA in an azeotropi ng
solvent, SX-18. Experinental points are represented by triangl es,

t heoreti cal p0| nts by sEigaRdsa samithr goephf exdephthat e sebvcmaotmmm(% by
circles. modified solvent in cosolvent.

Fig. 3 is a schematic drawing of an exemplary apparatus set-up useful
for the microbial fermentation of gases for the production of acetic acid, using the
modified process step of carbon dioxide and hydrogen sulfide stripping of the
fermentation broth prior to extraction and also employing only two distillation
columns. See, e.g., Example 6. The auxiliary apparatus which controls the
temperature of the various stages of this production process is identified in the figure
as cold water condensers, heat exchangers or steam.

Fig. 4 is a graph illustrating amide formation rate temperature
dependency, according to the formula Y = kX, wherein Y is the amide concentration
after 16 hours in weight 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,




Fig.-2 is a simlar graph, except that the solvent mxture is 33% nodified

sol vent igv&&?lgk)%ent. Fig. 3 is a schematic drawi ng of an %ﬁﬁiﬁ%‘r‘ﬁthe

appar at us se useful for the mcrobial fernentation of

production of acetic acid, using the nodified process step of c@ay8Ef 2006
di oxi de and hydrogen sulfide stripping of the fernentation broth prior to
extraction and al so enploying only two distillation colums. See, e.g.,
Exanpl e 6. The auxiliary apparatus which controls the tenperature of the
various stages of this production process is identified in the figure as
col d water condensers, heat exchangers 8r steam Fig. 4 is a graph
illustrating amde formation rate tenperature dependency, according to the

formula Y =ikdgdingwnuepus phases fermed anfaimenigHee REACESEoN NU&F eBNe16 hours in
wei ght per cent; X is the.aceti cid i i Is r..gent; and
k is the amea‘gc’?‘&ﬁﬁjaﬁ%e ?’Cﬁ'%a%%rr?g?%ﬂ Slmfﬁség%]gfr&r%gﬁgo#%r%?‘ ho%giar?te S are

noted on t heoQERRT at&id deldrorrdiiAd BRiedd§ dirdah)s isrerddnctd byvdneplayiflg irsart he
absol ute tenperafure in_ Kelvin. See

A n. K e.g., Exanple 2 belo Det ai |,ed
Descri pt i on estraatioa and distitiation pmswb'égi ?9’6?%“%@“&‘6&@&5@3’0?‘&? dpr esent

inventi are dir d t ' Dinr Qfth RIRGERIESHsHRENtQRT ai ni ng
hoerie o Sl ‘%ﬁ*h%oa%“ %ﬁ%@%@,a@%‘lég}si%ggapééh U8597 56416 0 7 SEP 2006 8
including agueaUEipdasBenf dugradetidiyocters mintadtharembodivesnsase of blessanien one
enbodi ment, the acetic acid recovery processes, of,.the ifor art. ar.e

_ r
i nproved andnodfEdFebient/easolyas MUEUESRH SRRIGE antiﬁta&‘déEﬁ?é'gﬁ’s rem A miEEoRid
enhanced by gl oy ' I ,{'%T%n‘,, M Sk | bR RNIESES Steds. SOl vent
conprising a m &@ébgggécgﬁﬁgﬁﬁe%rs gﬁ% ed @egﬁgﬁﬁg%ﬂ%&bﬁ@gnand pfgﬁ‘ erably a
m xture of that sol ver@thwiitnbroxesedtemtaedticasdrecevery fram agmiventidriahi t ed sol vent

degradation occurs. |In anot hergeﬂgo%i nment,

| . . use F'f bhe sa modi {1 ed
sol vent /& os dFRRSRITIAD REQRESETRIRV! B 1¥EHPR OV © @%U%n?’efrreﬂw%{n?ﬂ crobi al

fermentati Oﬁ'orpt%gﬁfp%fatfo%rof Ya3EAURISHER ANBaddht 6B dicBRkAGR broth in the process
extraction/distilTfation steps. . .
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 2 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



O her inprovenents in acetic acid recovery from conventional 10
fermentation processes provided by this invention involve elimnating the
requi rement for the separation of bacteria cells fromthe acetgg SEP 2008
acid-containing broth in the process and/or replacing the use of an
expensive extractor, by directly contacting the bacterial cells with the
sel ected nodi fied sol vent/cosolvent m xture. Still other inprovenents in
the efficiency of acetic acid recovery from 15 conventional fernmentation
processes as well as the processes described bel ow include renoving

di ssol ved carbon di oxi de and optionally hydrogen sulfide fromthe

f er ment at i on deasfhcipnt afidistubwicnra) obgreatar thahd OMrdi hoeprSetabbngreatesithan

Sol vent/Co-sof vept. M xture This i nvent%on provi des a nodified sol vent and
a sol vent/ co- SZS'P}%‘BISQ ARt AR 26Tt insthe ahserePfl aoataalvenibl e

characteristics for extracti Pe t}ggteﬁﬁe‘ts{lgﬁtgrﬁ;'agykﬁgﬂ]ﬁqg&qqgﬁg}gﬁ%ﬁ%%Or bot h

containing the acid. This sol vent and sol vent Xture are A
extracti on ofcomtans greater thah 30%oby Yenmendiiatiy] pmbeesmdhangs wahll asrcbMage as
extraction and d nfroma ferne on broth including an

istillati nt at i
anaer obi ¢ aci® Qigmﬂ? b PGS S Morﬁdlﬁ‘éfg[?;iﬂYmmerSPB'ﬁﬂt ¢sdinngreaisathener gy

Ut poses. t he Ui I EAHES, beshofer 8TRed BRRGAREROhhe BB horkaiRbgeas | "
wat er - i mi sci thhe 86% dieiityl uafhddl Ih Bill Benoreptdrasdd @RbdfimaseiteSoRehtedni A

aqueous streans congéi sing a substantially pure mxture "of isoners of
hi ghl y br anchesiween 30 toy] 00prilnalky! asuioks. aSwaci substdntimdlyeme npxefefuahty has 0 7

SEP 2006 9 a coefficient of distributian ((Kd) of greater than 10, and nore
rof or abl y g SSAar § RiReRee of - B paripeif et vl phlsEicen ke batyain, he
absence of a @@ . ) r &Lglg,g i vl Sy t the
sol vent cont(gi E?qgfgg%tezroamgn&gg& bmf/ovol u&rrge%:ll%ﬁgile@ %ﬁ‘l{yrgglzl}ﬁ%ﬁ@teﬁlggﬁas

smal | a per cemnggbonslesyibasi Blte abdutndirealksdmeambreismentbrte proabeillaldryine t he
sol vent contains I n anot her preferred

enbodi ment , tmcg%%g%%%ﬁéeég%%g@é?o%&igiagoﬁﬂ5° o.rrIinr;%isl'other embodiments of this
invention, the solvent contains less than 5% and preferably less than 1% by volume
mono-alkyl amines. Another embodiment of such a modified solvent is one that has
an amount of tri-alkyl amines that is less than a maximum of 50% by volume, and
preferably as low as 0% tri-alkyl amines. In some embodiments, the amount of'tri-
alkyl amines in the solvent is less than 40% by volume. Still another embodiment
contains less than 25% by volume tri-alkyl amines. A preferred embodiment contains
less than 10% by volume tri-alkyl amines, and preferably less than 5% by volume tri-
alkyl amines. Still a preferred embodiment contains less than about 1% by volume tri-
alkyl amines. Still other solvents of this invention contain optionally as small a
percentage as possible of alcohols, desirably less than 25% by volume to about 0%.
Another embodiment contains less than 10% by volume alcohol, desirably less than
5% by volume and preferably less than 1% by volume alcohol.

For example, one desirable modified solvent contains about

90% of a mixture of isomers of highly branched di-alkyl amines and about 10% of tri-
alkyl amines. Thus, useful modified solvents may have small amounts of the alcohol,
monoalkyl amines and trialkyl amines, and still increase the efficiency of the acetic

acid production in the methods of this invention.



than 80% di-al kyl amnes. In still a nore preferred enbodi nent, the sol vent
cont ai ns W?}d?ﬁﬁ& 80 to 100%di-al kyl am nes. Such a subst gpfiadelyiBur e

- mxture further “contains a percentage of nono-al kyl am nes 1 n the sol vent
whi ch can range between 0.01%to about 20% by vol une. More speci i ¢ Py?ws
t he nonoal kyl am ne content can range fromless than 1% to about 10% In
sone enbodi nents, the nono-al kyl am ne percentage ranges from about 5% to
about 15% 1In still other enbodinents of this invention, the sol vent
contains less than 5% and preferably less than 1% by vol une nono- al kyl

am nes. Anot her enbodi nent of such a nodified solvent is one that has an
anmount of tri-alkyl amnes that .is.less.th I 2509 | une,
and preferably as |ow as oetwhogifrﬁipl o%anqm %@g& W@%%&nﬁ’gg{%tﬂgﬁ t he
amount of t ks | i il conthat@itlsolvent] &S Sremd@ing 4RGhdlyandol une.
Still anot hglr: pé%&ﬁ%ibrgﬂ%d}ﬁ%gﬁggfﬁ | ess t han 25% by vol %rre tri-alkyl

ani nes. A phefmerlkgihnsntsadioneant a desitabliemodified 8@ venh fat thoprosgssesitbfe tri - al kyl
am nes, and preferably | ess than 5% by, vol une.tri - _ani il a
preferred eﬁbﬁ&‘i’trfﬁYﬁm‘g’bﬁst ?Sﬁgb?‘g@?"?hiw °8B‘8lf{°‘i‘&J%%}’%ﬁgﬁ!&%?@wr@?"‘éﬁ%y|

am nes. sSt| SWiQBh:v"er&Qha/@ri& § dRhlkyNinfind, HIM,edl(t}i@étf,'l()Qﬁx‘haioﬂNO@Mi:@naJ ly as smal |
a percentage as possible of al cohols, desirab | ess than 25% by volune to
about 0% AridecheamieertOAS Meon 69O tQA6 & a1$8F BsI0-BhaRsseutalyyAdpeenz®d®al cohol |
desirably less than 5% by.volu and pr.ef er ahl . t 9 | ume

al cohol .~ ForPOR&HHhE & ﬁ% A %F%‘n%%‘% gad’abgo a&%ﬁgé%sorhn%anﬁ ! g%acl)kl 90% of
a mxture ofynj QIR Parfhed)i THY dhniddAfidahRdbe€li28 3B lsyliveifiab €5 anabe atideciilal 0% of
tri- alkyl am nes. Thus, useful nodifi eg sol vents may have snml| anounts of
t he al cohol weighsebapkyand anptabamiaayaiue PAI4), arthsaneans, éh’c?’%"ﬂﬁ"ﬁlo'?%cr ease the

11 £ Th . . Leti o ) ‘il i on.
V0 00/ 18052 Peece BSPis0 # i B REBGHLPhE hd 85,8 pBRER P nind BN O
sol vent as dgsskpaednihouaalyEy of i hivhepsiliag abinesofiAtogapd B safenaisconmmer ci al

solvent, i.e., renoving al cohols and nonoal kyl amnes to create a
desi rabl e niutli¢atedbeioy wehabl¢ br the processes of the
Table I
Amine Formulae Amine Type Molecular Wt | Mole Percent
15 (C,5Hyp).NH Di-alkyl 381 54
(C,3H:)(C,,Has)NH Di-alkyl 367 27
(C,;Hyo)(C,,Ey)NH Di-alky! 395 10
(Cp3Ha)sN Tri-alkyl 563 5
(C5Hy)o(CroHag)N Tri-alkyl 549 4
20 Although this commercial Adogen283® solvent is recognized

as a useful extraction solvent for extracting dilute acetic acid from aqueous phases,
until the present invention, the art recognized that when Adogen283® solvent was
distilled, it would degrade substantially, i.e., about 40% converted to unwanted
amides by reaction of the amine with acetic acid over a period of 3 hours under

25 distillation conditions [J. W. Althouse and L. L. Tazlarides, J. Indus. Ena. Chem.

Res., 31:1971-1981 (1992)], thereby making it undesirable for acetic acid recovery
processes involving distillation. According to the above report, the alcohols in

Adogen283® solvent also can react with acetic acid at distillation temperatures to



present invention as described above. The commercial product Adogen283(r)

sol vent {yo\0bA4&g32Corporation) is a di-alkyl amne, i.e., dp&tALs@oYle am ne
or N-tridecyl-I- tridecanam ne (CAS No. 5910-75-8 or 68513-50-8).

Essentially Adogen283(r) solvent is a conplex mxture of isoners ohisep @1
be classified as nonoal kyl, di-alkyl and tri-alkyl am nes. The unnodifie
Adogen283(r) solvent has an average nol ecular weight of 395, and a total
am ne val ue of 144.0, and contains, for exanple, 0.29 10 percent al cohols,
5.78 percent nono-al kyl amine, and 85.99, percent di-alkyl amne. Mass
spectronmetry anal ysis of the higher boiling am nes of Adogen283(r) sol vent

i i ndi cat ed bel in , Tabl L: Tahl l,, Am | 1 T \Yo]| |
(Wt Mol e pelptmAsters o ditis oA dgsh By gh ol RS ief Bt A W S0 &
Di - al kyl 36dombinatidabaith 4)coGolvet) hid dobviahdiy beedFGectéd fof fib3édses)itMiving - al Kyl

563 5 (CIL3H, .723,[.( C ,HS)N Tri-alkyl 549 4 20, Al t_ho;%h t hi sOJc_ormer ci al
Adogen283( rdistilafioarhecheserafdsgmiosirabla amide formationdXt k diekes g Fol.vent for

extracting dilute eti Cl gueous phases, until the present
i nvention, %%%@é@&%'ﬂﬁz%d“{ Kfayt%a/nen Adogen283(r) sol vent was
distilled, it would degradghstibstepaijeal bithe present irvbmitn wiltheconverted to

unwanted am des by reaction of the amne with acetic acid ovgr a period of
"3 hours undrermasatiindy the inveniereefidnethenformodifgng AispveniswchagAiossn

Tazl ari desh%gé@ L &dgrﬁéh%%@rgd ﬂgﬁ%eﬁagf‘é@-cf d%igﬁiyf(%@.?ﬁ reatethin orlt &ﬁfagb y

. . a
making it esli I'g or® acéti c acl recover Toct3ses invol vin

di stillati o 5 A6E @réfemnylytierivbe HBoVD DS elithinge &b onkoilte! dharaciadetiesn283(r )
solvent also can react with acetic, acid at djstillati ofn telng_ﬁra%llr%r es to WO
00/ 14052 PC¥ fusiher amegieoithis imyeptiomigshe qomiipation of themoditied splxet Wi

Adogeng83(r ). S0l Venkeh: ToMakL & kil B8RS oG SBture FGBetlcRcid recovery

processes involving distillation. The modification of Adogen283® solvent to
substantially remove 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/L. 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

temperature of 164.3°C, and a pressure of 69.9 torr. The alcohols and monoalkyl

N
Wi

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.



conbination with a co-solvent, has previously been rejected for processes

i nvol vi ngyo@b/pdoss | ati on, because of its undesirabl e am de doredsi0fs[ N. L.
Ri cker et al, J. Separation Technol., 1:36-41 (1979)]. 5 Thus, a key
aspect of the present invention was the determ nation by the i rgveiSEPr20pf
a method for nodifying a solvent, such as Adogen 283(r) solvent, having a
hi gh coefficient of distribution (e.g., Kd greater than or equal to 5, and
preferably between about 10 to 20) to elimnate its unwanted
characteristics. A further aspect of fshis invention is the conbination of
the nodified solvent wwth a 10 sel ected cosolvent, to nmake a suitable
solvent m xture for acetic ' VEer ' NihB@ @b stillation.
The nodification of Adogen%@gf(l?%g@%ﬁt\/grﬁastogaﬁseﬁggﬁ%%bg]ﬁlgﬁhgg)nove or reduce
the per centig@s i Boilind6fgania raterils) Odlékydrcamnimes-alky! araime )9HF 8 phrsantas
follows. The commercial solvent is subj.ect dwtg distillation pr. %Ler ably
in a w ped-diialky eninsand O pesseat iy Rrape| &é € Io‘?’eélﬂfs?§°‘{‘ﬂ"er#°§&r§j cted to
an 15 acid st _ i, 6 t j i i ablvarbitgnt

t enper at ur ef‘,{\a%ﬁg?se@rgP%%F@g%egfﬁgmg\ﬁg%uéttgpgﬁlgg%igg&gg%)%é‘ngg gl% H of |ess than
5. One gxenybéifiyd 86iveni &, amdithefetiacetmavedaisa reatt efiibuaboves®gedbedpr ef er abl y
|l ess than 30 g/L and nore preferably less than 3 g/L. The acid is
~general |y U¥e¢Sat a ratio of dilute acid to solvent of at least 1:1. A
preferred ratio is about 5:1 acid topgglyent. These two steps of 20
distillation and acid washing renove | ow boiling organic materials and
nono-al kyl amnes. Preferably by..l.owl boilj.ng s nmeant about 115C,
pref erably bel ow ﬁalfé'tﬁ‘f’slooc,%éff‘gdéggt 70 tMOr'.ﬁe n ong SR%%}) %{YE: gxanpl e,
the distillat|lion was perfor nfgd9gs" ‘ga)orat ﬁ‘ﬂfmﬁn' ped fiﬁfﬂ Wasorlat or, with
a feed rate df 56.4 g AdogenZ®®epy sol Yent/hour, a 25|tenperature of 164.3

C, and a pregsure of. 69.9 tarr. al ¢ohol ¢ monoal kyd ngs separate
out and are r H‘L% t he tlop oﬁtf%e gli sti I%i'g‘?l"’on €O urm”'%@%nhi § process,

| eavi nd0t he r|eSeAns MG Bdi fli ed sol venl containing a fixture of Highly
branched di -ﬁ\gléxé_awpgﬁnegnd trio@dkyl am negg 0 b?nkemg;;g@ At tlhe bottom

of the distil eVl .- Thi s ppdi-d-H-ed—setrent—was—+efe+ret—to as
Modi fi ed Sol ViemiLalyl AMRned/ 1405285§§F%US§99/ 2090188 % 43.59 %
Tri-alkyl Amines 7.95% 9.04 % 0%
Total Weight 21891 g 19596 ¢ 2295¢g
15 This more preferred Modified Solvent A has an extraction

coefficient of about 10 or higher, and contains among other components a mixture of

isomers of highly branched di-alky! amines, modified to substantially reduce the

alcoho!l content and the amount of mono-alkyl amines therefrom. The Modified

Solvent A is an excellent acetic acid concentrating solven, particularly for use in the
20  methods of this invention. The coefficient of extraction of this modified solvent.

increases as the concentration of acetic acid decreases.

Modified Solvent A may then be further purified to provide yet
another desirable modified solvent, referred to as Modified Solvent B. Modified
Solvent A is introduced into another distillation column under the same conditions as

25  above. This distillation enables the di-alky! amines in Modified Solvent A to be
distilled and removed at the top of the distillation column. resulting in Modified

Solvent B, while the tri-alkyl amines are removed at the bottom of the column.



07 SEP 2008 12 Modified Solvent A was characterized by containing 0.02
percent |ow boiling organic materials, 0.16 percent nono-al kyl am ntsa, 90. 78
percent di-alkyl "amine and 9.04 percent tri-alkyl amine. Tabl eIl SEP 200§
provides a conparison of the fractions (in percentages) which nmake up the
unnodi fied Adogen283(r) solvent, the 5 Mdified Solvent A and the
fractions renpbved as a result of the above-described process: Table Il
Fractions Unnodified Mdified Renoved Adogen283(r) Solvent A Distillate
Sol vent Low boiling 0.29% 0.02 % 3.06 c/33 10 organic materials Mno-al kyl
Am nes 5.78% 0. 16% 53.36 % Di-al kyl Am nes 85.99% 90.78 % 43. 59%

Tri-al kyl r&ﬁééﬁ’i‘ vept B ip ghayagigrizerldiyaa slightly bette tecfiviant dO&tRGign 22. 95 g

[ ' Lfl t A has,an extraction coeffijicient of
about. 10" o (R TRAEED) MGl af A m el B8 o 6 il Frvemarewhen

i somers of hipibigedowith aheldctdd caddiydnt.an nes, nodified to substantially
reduce the alcohol content _and the anount of nono-al kyl am nes therefrom

The Modified Solvent A is Basedooght discloares hﬂeiacéldting)mth%(ﬁﬁﬁéwiﬂg_@f Yent :
[ I Nt 0 met hods .of this,jnvention. le_coefficien

SO A ST NN e

acetic acid tﬁ@th’tE@?c@ﬁverMéﬂélfsio%n§%o\’1€a’ﬁ§in§‘i§$ﬂ§éri€ IPIﬁQtuPC% Jﬁgé}pg%éagl%f ed to

provide yet another desirable nodified Solvent, referre 0 " d f?ied
Sol vent B. Ndgilrmiges, sathvsene tralley] aminasdaiorg with meonaaliyhemindk SdlédhbRtan@n

col um Sl BRI RPN G/ EPRLT - TH R 10350 St e e
mentioned in H. Reisinger and C. J. King, Ind. Eng. Chem. Res., 34:845-852 (1995),
may be similarly treated to substantially remove alcohols, mono-alkyl amines, and
where desired, tri-alkyl amines, as described herein to create suitable modified
solvents for use in processes involving extraction and distillation of acids from
aqueous phases. One of skill in the art can readily apply this teaching to such other
solvents without undue experimentation.

Another aspect of this invention involves a mixture of a
modified solvent of this invention with a selected cosolvent, which mixture also has
preferred characteristics for use in extraction and distillation processes for the
recovery of 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 Ky 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 Kq 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 Kq values (0.5 to 1.5 or

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



distilled and renoved at the top of the distillation colum. resulting in
Modified Solvent B, while the tri-alkyl amnes are renpved at the bottom
of the colum. 07 SEP 2006 13 Mbodified Solvent B is characteri S@y 2306
slightly better coefficient of extraction (greater than 10) an Ver
better performance in the nmethods of this invention when conbined with a
sel ected cosol vent. Based on the disclosures herein relating to the

nodi fication of comercial Adogen283(r) solvent and the Mdified Sol vents
A and B, it is anticipated that other cb‘h?/ﬁnltlonal sol vetnths cont fu ni n?k I
i ricm res of highly branched di- al kyl am nes, w sone tri-alky
:arsn'ogs, al o:?ég e%ﬁgggqu}&@ﬁq{g@t @¢-c bR epsolvend must bechasemrparaﬁlhyso such

as Anberlite gh%lc%jﬁé%‘tn%zg?&@@‘g‘nﬁaasl and others nentioned in H

Rei si nger an ng, ng. Chem Res., 34:845-852 (1995), my be

sinmlarly treated to wumn&wkgssdegéméﬁt&l%@eicﬁoonwﬂfmhw{mam nes, and
where desired, tri-al kyl am nes, as described herein to create sui tabl e

modi fied sdFRmsH{es (Wffna%ébﬂlﬁ 3p6 G@és@esieslmdd{mfrtge solvveraahixame &rddsirably
dIStI||atIO%e hase§ skill in the art can

readi |y appl yR{{%ﬁ% ac"}'nn%?g toggﬁéﬁld&oﬁé‘?’l raEB’P QQQ%tW%ﬁé@{L dhgieof the
experi ment atsblwent MX@irb &y d@&ﬁ@l‘}tbeﬁfzeeh*&b&t'@Y?ngﬁl? Qg&tﬂgﬂkvgﬁhgs&v\%ﬁtur e of a

nodi fied solvent of this invention with a sel ected cosof ven ch m xture
al so has praiKBre ischbewc-20 bﬁomtvcmethbnvalu&sefor theexefftdnt aiaydocsel itthd | ati on
processes for of acetic acid. A wde variety of non-al cohol

cosol vent s %@fhﬁ%ogtﬁ%g%’%{ﬁ adm xture with the nodified solvents
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has one hal R504C. t M@rd{steftkaty BR cosolvent boils at between about 150°C and 200°C. In
one embodiment, the cosolvent boils at about 165°C. Alcohols are to be avoided in
selection of a cosolvent because they react with acetic acid to form esters, and also
cause emulsification. The selected cosolvent can improve physical properties such as
viscosity of the mixture and can also aid in the reduction of the boiling point of the
solvent. The selection of suitable cosolvents can be made by one of skill in the art,
further taking into account that low toxicity cosolvents are essential for any water
solubility and return to the fermenter, and where the cosolvent will come into contact
with the bacteria. Obviously, the selected cosolvent must be able to be tolerated by
the bacteria.

A preferred co-solvent for use in the solvent mixture of this
invention is one that forms an azeotrope (i.e., a mixture that is not easily separated
and behaves “as one” ) with water and acetic acid when in the vapor form. The
azeotroping cosolvent enhances the volatility of at least one of the components, e.g.,
water. The formation of an azeotrope permits the cosolvent and the water/acetic acid
as vapor to move together (essentially as one) up and out the top of a distillation
column. When the vapor is condensed, the cosolvent and the acetic acid/water

separate. In the distillation processes described below, this permits the cosolvent to



Adogen 283(r) solvent. Wiile this phenonmenon is true with other am ne based
sol vent s, am ne 336(r)sol vent, Adogen 381(r) sol ver 260(V
sol vent vz%%w&%% hers), the val ues of Kd for these latter :()?Jfl@gso vents
are very low (1 to 3), so the dilution with cosolvents results igp SEP 2006
uneconom cally low Kd values (0.5 to 1.5 or lower). In using other

sol vents, such as the commercially available, Alamne 0 7 SEP 2006 14
336(r)sol vent, Adogen 381(r) solvent, etc., the cosolvent nust be chosen
carefully to enhance the distribution ﬁﬁeffi cient. Although the Kd is
dependent on the acid concentrati on in fermenter (normally about 3-6

g/L), the desired Kd of the sol ve m xture i,s desjrably . etvve n about 1
and 20. For badeeanied AGTEBITREGI tBﬁ d’é‘éiﬁ‘ﬂ?“ golume; ?l"’g?cﬁnél?%cga’]gd GF the
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| ower than tagggtrdbﬁngt&go%m;er cial solvent or nodified solvents described

above. For exanpl'e,” a preferred co-solvent boils between 125C and _250C.
More preferably the cosol vehemboosolyerss displexipg:the senvired amerctesisdcsniede | n one
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In react wt acetic aclid to form

esters, and pahQ arlg%!é&‘?atﬁé%s‘ﬂl\feht%aﬂtﬂnr@flhxsEhﬁnﬁﬁdxﬁﬁﬂ@di Aosed, pemituledy i nprove
physi cal properties such viscosity of the mixture and can also aid in

t he reducti ahosefin theerabge o G qodi—riﬂ &fmong suchgetfleaorsOIVERS ardl-BRRANG M- of

t abl | t b t t aki
Pt 0 acloun e PBarRaS: Py R0 O e i sulut e Y drpne, i, G, 1 21 1
sol ubi ity apd.y ghUk; orf@ éﬁr BNt QEs. QMBI Rb& AL usarsigbv@ntured | | cone

ulr
into contact wth't E acterita. Cbviously, the selected cosolvent nust be
able to be tmt}errham&nﬁlffm;d sl vemt dafahis irivention 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 2 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.
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As one example, the SX-18 co-solvent proportionally reduces

the distribution coefficient of the modified solvent mixture (e.g., 50% Modified
Solvent A in SX-18 solvent has one half the distribution coefficient of 100%
Modified Solvent A), but is easier to work with because of lowered viscosity and
increased ability to recover due to the presence of the co-solvent. The cosolvent SX-
18 boils at between about 160-167°C and therefore also lowers the boiling point of the
mixture, thereby reducing amide formation. One of skill in the art is expected to have
the ability to balance these factors to prepare any desired mixture of the modified
solvent and cosolvent.

The desirable characteristics of the modified solvent/cosolvent
mixtures of this invention particularly suit them for use in extraction and distillation
processes for acetic acid. For extraction, the desirable properties of the solvent
mixture of this invention include a high coefficient of extraction (i.e., about 3 or
more, and preferably about 10 or more), immiscibility in water, good water/solvent
separation, low toxicity to bacterial culture, a clear difference in viscosity and density
from that of water, and good selectivity for acetic acid over other products of

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



sol vent/ azeot r opi ng co-solvent mxture permts the distillation process to
be carried 20 out in tw colums. Generally, the anmount of nodified sol vent
in the sol Y&h8W¥85%0l vent mixture can range in the nmixture PEOMSEBIA 10 to
about 90% by volunme. Desirably, the anmount of nodified, di-alkyl

am ne-cont ai ning solvent of this invention is between about 30 t & hi556: 2008
70% by vol unme of the solvent/cosolvent mxture. In preferred enbodi nents,
the nodified solvent is present in the m xture at 25 about 60% by vol une.
At | east 10% of cosolvent is necessary to forma nodified

sol vent/cosol vent m xture of this inventi®dn. The ampbunt of cosol vent can
range from about 10 to about 90 % nore desirably fromabout 30 to 70% by
volume. In  propkeies ediRHebdhraidisslvedtixmel bf thadnesmiondntiudes foressmple, 4 n t he
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t he equi pnent, and the reI ative t corrPonent s. For
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sone uses the ekp&nse would influence the desired proportions of the
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co-solvent prg SiheldiGe %a%forrhbs%rearlomem hgignt of the
nodi fied sol ven My%‘@)ae\‘ b%g%@ S]etpklo ified Solvent A |In§SX- 18 sol vent
has one hal f sélhﬁqt.dﬂosélwubmédtmas araebstantiaby tlimifiate GG endency for acetic acid and
the solvent/cosolvent to form unwanted byproducts, such as amides, which could be
15 formed from a reaction involving the amines in the novel modified solvent and solvent

mixtures of this invention.

It is expected that one of skill in the art will readily be able to
modify the solvent/cosolvent mixture of this invention in light of the teachings of this
specification and with regard to knowledge available as to the above-noted factors.

20 Such modifications are believed to be encompassed by the scope of the appended
claims.
L. Use of Novel Solvent/Co-solvent Mixtures in Recovering
Acetic Acid
The methods of this invention employ the modified solvent/co-
25 solvent mixtures described above and particular process steps to avoid formation of
unwanted amides. The use of the modified solvent/cosolvent mixtures permit
improved recovery of acetic acid from aqueous phases. in either non-fermentation
processes or microbial fermentation processes.
Thus according to one embodiment of this invention, a non-

30  fermenting process for obtaining acetic acid from an aqueous phase may employ the



Modi fied Sol vent A), but is easier to work with because of | owered

vi scosi t yvwahgh4h$dCcreased ability to recover due to the preg,%qﬁgs okodipe
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therefore also lowers the boiling point of the mxture, thereby rietlSEPNZI0s
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to bal ance these factors to prepare any desired m xture of the nodified
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resulting in efficiency and cost inprovenents in the acetic acid recovery
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this inventi | e solvent | osses due to thernmal or
reacti &\g é‘g‘%{‘a h"ac ‘ans St@gkﬁ%{‘ See, e.g., Fig. 4 and Exanple 2.

The sol vent and 10 cosol vetheradfes taw:eﬁbadsxacsr,@gtinkedrd@;ythleismvteeccbrraeacti vity
with the acetic acid, nedia corrponents bi omateri al s, and ot her unknowns

in the aquecu@fphh%@amﬂ tgmperatusmwhicl 1edupesshe BETVEEsioN of tagemines Detber abl y, t he

processes Ofsolz'pnlt %o 'arrr]x}/ Jl'ﬁ)a dlstcflatx fem%ellapure as used herein means the temperature

at the bottom of column. According to the present invention, the distiliation

15  temperature may range from about 115°C to about 160°C to reduce amide formation.
Most significantly, the processes of this invention require the distillation temperatures
to be below 130°C to limit amide formation, while permitting acetic acid recovery.

In a preferred embodiment, the distillation step is performed

under an oxygen-free vacuum, which also serves to reduce the temperature to

20  minimize amide formation and oxidative degradation of the solvent or
solvent/cosolvent mixture. The higher the vacuum (i.e., lower absolute pressure) the
lower the temperature and the less amide formation and oxidative degradation.
Desirably a vacuum of less than 10 psia is required for this step. Preferably, the

vacuum is selected from between about 0.1 psia and 5 psia for the distillation step.

2
i

More preferably, a vacuum of 4 psia or less is useful in this distillation step to
enhance recovery of the acetic acid. As yet a further advantage of the use of the
modified solvent/azeotroping cosolvent mixture of this invention is the use of two
distillation columns to enhance the efficiency of recovery of acetic acid from aqueous

phases in comparison to processes of the prior art.



sol vent/ cosol vent reduces or substantially elim nates any tendency for
acetic acid and the solvent/cosolvent to formunwanted byproducts, such as
am des, which could be 15 formed froma reaction involving the aﬂi7n§§P|2_ﬂ06
the novel nodified solvent and solvent mixtures of this invention. It is
expected that one of skill in the art will readily be able to nodify the
sol vent/ cosol vent m xture of this inventiijgn in |light of the teachings of
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about 20C  anaerobic microbial fermentation process for the production of acetic acid employs
the modified solvent/cosolvent mixture of this invention to enhance the efficiency of
recovery of acetic acid. In this process, a fermentation 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, Acefobacterium
kivui, A. woodii, Butyribacterium methylotrophicum, Clostridium aceticum, C.

acetobutylicum, C. formicaceticum, C. kluyveri, C. thermoaceticum, C. thermocellum,

C. thermohydrosulfuricum, C. thermosaccharolyticum, Eubacterium limosum,




to about 80C. At about 80C, any carbon dioxide is essentially all relieved

fromthe 10 solvent, but extraction is still efficient. Thereafter, the
acetic acid is distilled fromthe sol vent phase wunder a distill }\g&,
tenperature which reduces the conversion of the amnes in the s t 2008
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bacteria at atmospheric pressure, and which is sulfide based is illustrated in the

following Table III. However, many different formulae of nutrient media may be used

with components of differing concentrations. One of skill in the art can readily

formulate other suitable nutrient media for the processes described herein. The

formula of Table III is merely one suitable formulation.
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o ;

Pept ost r ept ococcUs product us —and—GC—j-unrgdah-H+—ana—mritures—thereof .
Particularly Mggwmlqj e acet ogenl c bacteril@mge those strains previously
di scover ed by—the—tnventors,—manmety;, Cijungdant T Strain PETC ATCC 55383,
strain 0-52 HMOH5989, strain 17 mg
CoCl,.6H,0 11 mg
CuCl,.H,0 1.1 mg
15 NiCl,.6H,0 2.3 mg
Na,Se0, 0.6 mg
Ca-D-Pantothenate 0.846 mg
‘Thiamine 0.706 mg

Biotin 0.212 mg




ERI 2 ATCC 55380 and strain C 01 ATCC 55988, and m xtures thereof. These
acetogenic bacteria are generally avail able from depositories such as the
Anerican Type Culture Collection, 10801 University Boul evard, I\?pasgpamVA
20 1 1 0-2209 or fromconmmercial or educational institutions.
above-identified mcroorgani sns are deposited pursuant to the Budapest
Treaty for the Deposit of Mcroorganisns for Patent Purposes, and such
deposits conply with all the requirenents thereof. Nutrients are
continuously fed to the fermenter. The n@frient nedia useful in such
fermentation broth are conventional and include those nutrients known to
be essential for the growh of such adtdigemBc bacteria. An exenplary
nut ri ent nedi %m formati on ( Vedi um A ptrus—vediom B—for—the—g+ow

acetogenic bacteria at atnospheric pressurle, and which is sul fide based is
illustrated in the fol IQR/WRQ"GFHBI e lll. HoweverQuamtlty per fiitereaterf or myl ae

of nutrient ngdia Ry be used—w th—Ttonmpongnts—of—d+fFerrng—eonrecent+al i ons.
One of skill in the art can readily fornullate other suitable nutrient

nmedi a for the @Jﬂebﬁf@s described herein. The2gfornula of Table 111 i

merely one suitablrefornutattonr—Wo-06/14652PRcH-US99/20416 0 7 SER 2006

21 Table H  Medi um A Conponent Quantity pgr liter water M (CH3000) 2| 4H20

0.1452 g 5 Ca(CHBOUD) 2. H,OO 00677 g CHSOCQKé]DnﬁSM g Nitrilotriacetic
acid 0.0141 g—85%H3Po4 FeCt-4H30113-ng 10 ZnSO4. 7/H O 5 6} ny

1°2)

D
C3

III LI 2 = =

Md ,.4H O 1.7 ngy
Na,S.9H,0 1251 ¢
NaMo0,4.2H,0 1.8 mg
N32WO4.2H20 6.0 mg

The selection of nutrients and other conditions for fermentation
may be readily made by one of skill in the art with resort to existing knowledge, and
depend on a variety of factors, such as the microorganism used, the size and type of the
equipment, tanks and columns employed, the composition of the gas stream or energy
source, etc. Such parameters may be readily selected by one of skill in the art in view
of the teachings of this invention and are not a limitation of the this invention.

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.

Thereafter, the essentially cell-free aqueous stream from the
fermentation broth (hereinafter “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 this
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



H3BO3 17 ny Cod,.6HIO 11 ny CuCl,.H O 1.1 ng 15 NCd,.6H O 2.3 ng
NTa, Se03 0.6 ng Ca-D-Pantothenate 0.846 ny Thiamne 0.706 ng Biotin
0.212 ng 07SEP2006 22 Medium B Conponents Quantity per liter Waf £ISEP 2006

(NH4) 2HPO4 1.2 g NHAOH 5.62 ml Na2S. 9H20 1.251 g NaMpbO4. 2H20 1.8 ny
Na2W04. 2H20 6.0 ng The sel ection of nutrients and other conditions for
fermentation nay be readily nade by one of skill in the art with resort to
exi sting know edge, and depend on a variety of factors, such as the
m croorgani smused, the size and type of 23he equipnent, tanks and col umms
enpl oyed, the conposition of the gas streamor energy source, etc. Such
paranet ers ngppeEtureadibktyvess hbaitt@0°Gyo abwut 80°G kiepbndiny shhedideobiy ¥ @YW  Of
the teachings ,of this inyention and are not a limtation of the'this
i nventi on. AS\SOIYel%Irflétiuﬁeen@fsi HAHALTER r%‘&éé;!; @f@c é@gfrfrrmhngfilfget Ia)mdt )
unreact ed SURShRAR [IRSRS seAfRioh ti %P'dt i guid fernentation bro
or effluent is passed to arﬁcelrcl)t ri ?%;e, lgo i owog?lkgeru“r\%meger‘%?n%o‘?tgﬁrt her
sol i d-1i qui dnalepalsan theraqdevisqehase (ovlﬁelpalreaﬁeycdﬁﬂttonh@lbi@ﬂfa&_?_fr?l iﬁﬂﬁ% %Hh@& ?Lg
entrained and, preferably return themtq the fernmenter. ereafter,
essentially »&\1?{1 }I}C‘j‘é%séﬁ%@g{gﬂ,ﬁ\feé}éﬁmfiﬁ@mwﬁéofwater and the acetic acid.

Additionally, some components, such as Se, Mo, W and S from the medium are

extracted into the solvent.

Still another step in the process involves continuously distilling

the acetic acid and water component away from the extraction product’ s solvent and

water. To accomplish this step, the solvent/acid/water solution passes to a first

distillation column, where this solution is heated to a temperature which reduces the

conversion of the amines in the solvent to amides. As described above, the distillation

temperature must range between 115 °C, to a maximum of about 160°C to permit

acetic acid recovery, while limiting solvent degradation and amide formation.

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 distiliation 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 passto 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



fermentation broth (hereinafter "cell-free streant ) is subjected to
extracti onwoidhhsdg3e nodified sol vent/cosol vent m xture in afrh%@g?&tl@r.
The solvent to feed ratio (ratio of solvent volunme to cell-free stream
vol unme) can vary significantly fromnearly zero to 10, for exanpl®? SERe2006
| ower the solvent to feed ratio, the higher the concentration of acid in
the solvent and the | ower the requirenents for solvent. According to this

i nvention, a solvent conprising a m xture of isomers of highly branched

di -al kyl am nes nodified to renove nono-gl kyl am nes and a sel ected
co-solvent, e.g., a low boiling hydrocarbon cosol vent m xture descri bed

above, is e o the xtr ion
enbodi nment , n%)ohleé?gks# Iﬂ%.C nlcooﬁur{m aﬂ’? RE% adlu%e %Agd g%éﬁ@égﬁg%gb&?;h?enper ature
of between afesreti2fGtige, Bhotit pBAon cxherEiufg wiardthesolvene asd hold sdpatake

solvent m xture. This extractlon step removes the acetic acid fromthe
cell-free stream and per ni HsPéEsEadambaipgnt phwisapedhqddnyelyves RFORTNRe

ecycl ed 1o TRATE aranaepufFf B RiBal fel VA ERSARIGR R BT,

very snef| aempatatafe amataemdaxxdiatxhe dagmdhtbonaaf ithck. solvam dir s lymatl/dogolved e
conponents, such as.S Mo, W and fromthe dium a extracted into the
sol vent. St |’P’Ix“‘é{'ﬁot$%§%'%h(eéﬁ‘e Vﬁc‘t“l'l‘@%b al?sl’?g‘g? Rfésss”rc?g)ﬁiei ﬂUSﬁ@'F’y distilling
the acetic agileanGeWaliehe E%@ﬂﬂ@%mﬁ%ﬁ ahd B4 e d&orhdaahi QR JRERBEST" S

sol vent and ter. To acconpli hi's step, the solvent/acid/ water

sol uti on paszbesetthexatuunsis pdefs)talblyl lats than ¢0psiamDesaBy e vatiisn etberveann i s
heated to a rature i gh, red tge conversjon of th amnes in the
Sol vent to #OHBG:| PR PYbisaiSB ethe CREIEIOasiep1 MOroRrefsrahipeh OHIB st

range beg vees %@la%r 1I&s§ é@gggﬁfvf 'iergittwa Qigtllﬁag%mste%@pﬁrﬁm?r B&Idthe bRRHE g?]&ma&' d

recovery, while'limt degradati oh and am de fornmati o
Preferably, thheo}lvenqﬁmrﬂWreemi»ituteh@er}nesu-eddcm‘glamfdes"bmpndoasd agtangrgeed about

130C, in order to prevent a for on ke dvant of pr esent
i nvention i SEERATY ChE 3&?‘69%‘[&3 ?rayafnﬂ @fquamﬁ@y%fa}éepgs se i wﬁfﬁﬁu
subst anti al 's)él&e%?&%&ﬂﬂuﬁg s@%ﬁ&%ﬂ&nﬂ@‘o?ﬁus xh@eﬁﬁ!?n @"t‘ﬂeq{f‘se oo WligarAhances

the efficiency of acetic™acid recovery fromt
columns to accomplish enhanced recovery of acetic acid frorn aqueous phases in

15 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
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

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



Where the solvent/co-solvent m xture of this invention enploys an

azeot r opi ngoa@a@s¢ent, the distillation colums used in the RFHOGRESQPEr at e
nore efficiently. The formation of an azeotrope permts the cosolvent and
the acid/water to nove together (essentially as one) up and out &hSEPOR0G
the first distillation colum during the distillation step. In the liquid
form the cosolvent and the acetic acid/ water separate. Once separated,

t he cosol vent can be reintroduced into the distillation colum. The acetic
acid and water (and some residual cosol v%t) then pass to a second
distillation colum where the cosol vent again forns an azeotrope with water

and acid, and the.-three.comanept;s £l o . t he
colum. The 2 é’ﬁoﬁ??o(c%g%&g’ﬁgaapgﬁdxéﬁ%\ggﬂ%ﬁ?%@%ﬁ“&ﬁ%#%&% i?du‘g’(p:éd. Because
t he condenseglidrbiblifBrmen@diict WihGutsh@hdeddoobuoteriall cell Gepdrydt pricktemal | stream

is continuously returned to the WO 00/ 14052 PCT/ US99/ 204160 7 SEP 2006 24
sol vent di st edtfastipoar digtillation. Tvethsr.goese solyens mbguggsivehendispd i reigrobiak  j ust

above the fi neo Lgal .t s ioe i wher e
the sol vent LienbiPUEdg st B linloate he ARG A28 Bprkidteb el T
i nvol vess per dduitharmg rethecing stei dongtlexiny of ttkepprocede thisimventyayeredfies thevcagitalim

whi ch al so serves to reduce the 5 tenperature and, avoi d ox|dative
degradati on SRR Bé‘él%?\'F“B’FcesC@ISVéﬁlﬂ}ec?%‘kPl“Vémeegﬁq SHQﬁrg?"”fh"eprﬁFﬁﬁg t he

vacuum (i . €. proiQURE 2 SRR QLKL Gs eSS WetlmE REct AYBYe JrB@ucit enper ature and the
| ess am de f%rrorra(\t!yﬁ%?\ an% oXi (szlatei ve degTadati on. “As decscri bed above, the

vacuumis preferably |ess t [A&nstbe fisitactiBefsimealtipna megdwduoitiof ineatioreen
about 0. 1 psia.and 5 psi,a is useful in the distillation step,. Mire
preferably, BrOYieyahpRasie E"ﬁ?_ﬁ&i g*r’“’f%‘% “ipé'o?fése#%ltﬁ‘?w H’?t?_“d’lf &1 ati on
step tol(ﬁurt&ﬁﬁ, WEAHES hES AR dd SanPRIdEssQbscrib&faiRky Ot e paker

m xture, further reducing amde fornmati on and enhancing recovery of the
acetic aci d. biAseayet oafdrmentee comdining mgerobit atdhiegangebagferiane a suthbkingttient

solvent/azeotoplng cosclvenl, MG ol A1) SLBEILLOR | oo use of tuo
aqueous phasgs,diycdd AR L FOTest Ao R BOES HEB @3 A CarRl dt WastHbbut 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

N
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. 1n 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



The control of distillation tenperature in the processes of this invention
to limt solvent degradation nay be acconplished by a conbi nation of
factors, such as selection of the cosolvent, ratio of solvent to cosol vent
and conditions of vacuumfor the distillation step. Gven the &2&ERi 2006 of

this specification, one of 20 skill in the art may select the appropriate
conbi nation of factors to control the distillation tenperature as
required. For exanple, one of skill in the art may readily adjust the

t enperature and vacuum conditions of the2distillation step within the above
ranges to achieve a desired efficiency of acetic acid recovery according to

this i nvent¢wweini8gcimomgiothecetmmmsntareetnandpadeat batichhtelban@npended
claims. 25 C..E tractii'e Fernmentation and Direct Contact Extraction
Met hod Accor ff§et o yet another embodi ment of this invention, the

above-descri bed novel nodi fi : ¢ i xtures, are useful in a
process of "direct cont actb@g%e?lggcétﬁgg%tﬁgﬁgglyg%?ogﬂé?%Wef‘tgf‘nﬁm aﬁ‘ﬁ?%wn%

i .e., nodificihe pasicolar hineieB0, mpdieandbthef esiBRNéAIIf M P AAHCiHOReRuACESS for
t he recovery of a&eti c acid described WD 00/ 14052 PCT/ US99/ 20416 O 7 SEP

2006 25 abo%e.fOmEMAREHeR may bsreaddy made byrane@s skilllin v arhgivpr duueadhings of

acetic acid ydig:. Gl I i ut the need.for bacterigl cell
separation p?(f:tglrs %&'&g%@%@%ﬁg&gﬁ gg%rg%l?'\fyfgattglf)oésri.Sugh?sttﬁgmlcrpﬁﬁg?@%w?? nt

m Xt ures whethe sizeend typeiof tiebéquipmdre 1R Al @urhs S6RbY&, Akl DniRGitRhidh nat e
the need for_use of a separate extractor. In 5 addition to reducing the
conpl exi ty oficepestisABRIEnergyfoyrcethe ges sientiod dices and Bqaidpeteation tinpén diei ng

and nai nten S f equi_pnent neede o performt process. of

pr oduci ng agf}eg |ecnq§r¢|&c%l; %ggﬂxggrlafn%gesrsowﬁﬁg? i“f?@ﬂ?' gm%m 'Wdtaﬂﬁsﬁggﬂ&ﬁo&h@s, t he
"extractive hekdmbhad hieniot BEisReedb bk MEnitde8bh ol iRyl fes an anaer obic

m crobial fernentation process for the production of acetic 10 acid, which

is a nodification of the préséwsterngdatidrentcatsoedhaudiganchitaiatngsinemand he

bi oreactor or nter .contai ni ng an ic,acetogenic bacteria in a
suitabl e nu tL}nlréeaEEeg%uEsetrate gases, are re easedé.1 e\'#xjt?nn the erme%tation 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 separatioh 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



m xtur.e necessary for growmh of the bacteria is contacted with the nodified
-sol vent / cagedomedda m Xt ure descri bed above at about 37C andpar/ussssedi@bout

. one atnosphere of pressure (i.e., 14.7 psia) for a tine sufficient to
acclimate the bacteria 15 to the presence of the solvent, i.e. td peSER 2006
the bacteria to grow in the presence of the solvent. The anaerobic
bacteria may be one strain of bacteria or a m xed culture containing two
or nore strains of acetogenic bacteria; the bacterial strains |isted above
in Part B may al so be used in this nodification of the invention. As many
solvents are toxic to bacterial growth, this aspect of the invention

| nvol ving difgetofanlqelsehibWaeame Op iteoRant &ip of tniist diilladbu eotumret | ect s
on e ce

the accli mati 0 s"to solvent mxture, which is obtained by
gradual |y i agrigestientistiiatbmstep. bietthekuid frsmctiielcoselvrnt sl the aEetGASE/ WA over

time. Thereafter, an aqueous, stream conpri sin gl ients, and

a gas cont aismaﬁﬁevé}ﬂcélﬁ@aﬁ‘%Hieecé’s‘g}enéggrb e rﬁg%éegglﬁtggpgélétrl@%ynZS di oxi de

or hydr Ogen’c8iu?nni. nf}{eoéjclégggci& Qﬁcpwétgre(aﬁdlaEWFe@irclu'al-EBStﬂveni)rth@rﬂpasertb(adi nment, the
cont al e.

gas stream ns carbon nmonoxi n anot her enbodi ment the gas stream
cont ai ns carsbamddiiaXiaden eslomhydesgercospiverstaghin fommstan aredFaRsdY e Mt he gas

stream contains carpon dioxide, cagpbon nmnoxi I I et

anot her enb@af A&t anc{j‘i?ilé tR5% CUTPRDEHT %"HtaélaH%p%raog‘gg%qg%gg%e%gﬁg%% E%rogen.
As above, thﬁ?ﬁr {9 R8R B ardGndie ot RN 6 eforedi Bluase trlcondstsed Gjquids .
According to is step, a fernentation broth 0,7 SEP 2006 26 cgocr]ﬁ]ai ni ng,
anong ot her coowporcmall arsmet picoselvent, asonallstream ArnERYONSY TEIWREIOI M at or i s

formed. Nutrf et 2 SOLLAMOUR) wlied £0id Dt LRLIBILENus; T csgb dgii on - of

the parti culSQIVERLAIE her conditions of tenperature and
pressurey  §h&orefidi stagément ation may be readily made by one of skill in the
art given the teachings of this invention, and depend on a variety of
factors, such as the nicrooh@aftrsatembediment ﬁ@h@if‘i‘éh%HVW?ﬁe"%&

caul PIEN Lok i ST, STRLENS e LG AUROSHLB beaae otrean

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 récovery 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
distiliation 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



fermenter, etc. Such paranmeters may be readily bal anced and adjusted by one
of skill in the art and are not considered to be limtations on this
invention. As the fernmentation occurs, exhaust gas containing i A SER 206
unreacted substrate gases, are released. Wthin the fernentation broth, the
presence of the solvent continuously separates the acetic acid and a snall
anmount of water into a lighter "solvent phase" , fromthe heavier bacteria
and nutrient medium and other heavier materials in the agueous phase. The
m xture of cell-free stream and sol vent 28 continuously renoved into a
settling tank, where the lighter solvent phase is decanted fromthe

heavi er aquergwsma@aem atqlﬂsyedbyfﬂdmcgm:éraeétlcmmdqéccgfewaécbrdmbtd)ﬁﬁker sol i d-

liquid separat‘%{g h]é da}re used. The heavj er phase is recycl ed to the
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smal | anount of wat er and ltn%aqﬁﬁgalbgeaea?%l %r‘d&%t%fc E%lsqshgs%@e ’i

distillation colum. As describ ove S SO

t enper at ur e iffeentioacmtliec thmaisdparateakecall uMyiradterd] HfrBinz@s atdiR af’cﬂf‘é&ﬁlr@ét&rbypf the
amnes int solvent to amdes. Preferably, the tenperature of the
di stillatiorf!gfiagn PfcrestriBgatiopgutoy to peraction Centiga femengatipndfrethabhiinlR0C, in
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production. Were the solvent/co-solvent m Xxtur rnventi npl oys
an azeotr op|ﬂ‘g8%©@bnnvenhso hatreerdiagtes andtelxum farablvensandsegieous fHase QIRESSS

oper at e nor fICI nt for on 0 azeotrope permts the
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861veBeSRR d Ahhy aﬁ‘@sc‘ﬂ'@@&t Sat e cobﬂgr'chf’r@mtt{gtﬁ%]ﬁr&h d¥rm the

distillation colum during the dist tion's

cosol vent argposite tkwetarcalsmoaﬁw&héxrthe m&mfﬂteé colonte Bleracaluafs diffe
cosol vent can be.reintroduced |ntQ t he d| stillation colum. The acetic

acid and watdPeRdipgy e pPsiofpaskied sl 9éﬁltu)’fmtﬁﬁlér$14§a§§same aAlternatively,

other extraction devices, like mixing and settling tanks can be used to accomplish the
same tasks, and are readily selected by one of skill in the art without undue
experimentation to accomplish this step as taught herein.

The presence of the solvent continuously separates the acetic
acid and a small amount of water into a “solvent phase” , from the heavier phase
containing bacteria and nutrient media, acetate salts, a small amount of acetic acid,
and other heavier materials in the aqueous phase. The solvent phase containing acetic
acid and a small amount of water is continuously removed and passed to a first
distillation column, and then further distilled as described in the embodiment
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.



5 second distillation colum where the cosol vent again forns an azeotrope
wth water and acid, and the three conponents flow as a vapor out the top
of the colum. The vapor is condensed and nost of the liquid iSO?eéﬁPDQ%-
Because the condensed |liquid contains a snmall anmount of cosolvent, a snall
streamis continuously returned to the solvent distillation colum. The
product acetic acid is pulled out just above the first 10 theoretical
stage. A preferred enbodi nent of this nethod involves perfornmng the
distillation step under an oxygen-free v28uum as descri bed above, which

al so serves to reduce the tenperature and avoi d oxi dative degradati on of
the solvent or sol vent/ coséhesampleoftthe extrattiee FirglaafatibRgevaruitse (i - €.,

| ower absol uc%e Q:irg%gure? t he 154.0¥§r the tenperature and the less am de
formation ant 84 dECPVRISJERESHAE] Brixampds b+ Bpmples o theudireof cdntess t han 10
psia, desirah ¥ ' i a, and nor eferably, a
vacuum of 4%&??@%@22 %ihés)ml?gglfl?} I%@%ﬁ?’gv}glclg? mpjoys Pc?ﬂlvgfl%@l&colwam her

reduce the bodlExagpfxos,nvhiok utd%em&(qhvmtﬂl&aiodmm.eThé@cﬁfeHﬁ@ﬁlléd@y&ﬁﬁ{isa
reduci ng agi de formation and enhancing recovery of the acetic acid. As yet
a further 20°S&FBFSRGAIGMAtE to18 solyentfRied polimn, gequihy tass foleas tanth ng

cosol vent m : I i I | he us f two distillation colunmms
to acconpl i ssﬁwgﬁ gfr?l%:de%mee??'i %Péeﬁﬁdéy”g% Argge fr&er%@i agtepé@@éf%ry f r om aqueous

phases in conparison to proOsssfski0in thaerils ieﬁ;ﬁec?erdtto_ré'ia‘ﬂy%?c@xtt'h@'spaf&ﬁﬁc
distillation t(i_rrperature i.n the processes of this inventionto limt

sol vent degrrRBSHPBhUnfEY Whichibe nisrativh dermieptatioo antidirat ti extraction2fethadd off s,
such as sel ecit. i . Ql.ve ratio of solvenf to cosolvent and
condi tions %%1% l%&ﬁ%%h %Flgﬁﬁvé!haf@%ﬁ'ﬂaﬁgltgi fg‘ﬁn élieeifpp@b@‘ﬁ HMeto8achi ngs of
this specification, omg of C%kédr)Dfd}i:ie*B‘%n? hnomay select the appropriate
conbi nation of factors to control the diStiPlation tenperature as

required. For exanple. one Afcosking ko yat ahdtbererhbodsenesfdhisinveatblghe t he
itions. of the distillation step within the above

t enperature %ld vacuum gqgg : IR

0 7 SEP 20087058 VdRYEPIRlJennentaiag of agas siream Grariieylanhicy ge stesamtcontaiming|

\rNI g;:ﬁ;/ﬁr }[/hgc ggﬂggiﬁ ahggélbgildglb%gl-)oﬁ R68BiHO And %Bgé@ﬂdfJp(f%k!il?yngar%nediggi A assed
carbon dioxide and hydrogen) to produce acetic acid or another product, e.g., an
alcohol, salt etc., may be modified to increase its efficiency by substantially reducing
from the fermentation broth the presence of any carbon dioxide and optionally sulfur
(in the form of hydrogen sulfide). In microbial fermentations of such gases, such as
those of the prior art (see PCT W098/00558) or those taught herein, carbon dioxide
and hydrogen sulfide are present both in the gas stream exiting the
fermenter/bioreactor and in the liquid fermentation broth exiting from the
fermenter/bioreactor to the next step in the process. For example, at 6 atmospheres
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/L CO, and 0.01 g/L
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



In an alternative "direct contact extraction" nethod of this invention,
‘rather theo mapeeate the cellular materials fromthe acetiwcgotsd8¢ wat er
by filtration or centrifugation prior to extraction, the entire -
fermentation broth containing cells is introduced di rectly into an
extractor. Anong conventional extraction devices are colums w t 7 36 3906
the sol vent phase or agueous phase as the continuous phase. These col unms
al so have entrances and exits for solvent and aqueous phase culture. The
fermentation broth including the bacterggml cells flows downward through the
solvent filled colum and solvent flows upward, countercurrent to the

broth. The t&%ﬁﬁérﬁﬁldcnlH?M‘th??fﬂts%egl%ad?ﬁ@EBteWia‘l Bfﬂh@eolmt fIrabétd &40 col um.
These colums differ depending upon t packing in the colum and

si zes of salydrofen eulfide :smlty,sxgntﬁcmnhreaatwa@ettucand bb@dmgéss;aulsq: REitslow ng and
settling tanks can beu to orrplshthe a re readily
sel ect ed by COMENTERLI} PRy %nastSH Su‘cl“ et ﬁ%ﬁri“amﬂsﬁ“ueg‘? foéglﬂfe‘f"il ?Eﬁ‘? on to
acconpl | sh i &aPbERUBP ibAUADIrENE R the il RRRBIOM Alo fldfeiGhyent

conti nuously separates the acetic acid and a small anount of water into a

"sol vent phasaiiible shifamfot the baaana erthpfeanenterc ddthaighi ingpplears tkatithe exfdustut ri ent
nmedi a, acetate salts, a smll amuntlggv@cetl c acid, _and ot her_heavier

material s i BathemabEsaaer prdydroseh e AberpiREdeindGrif EmAViRE ¥ ¢ aci d

and a smal | mﬂ%"me squa'@h%&ea $hcFQ B itRLIORAS Foy sulﬁx’?@é’@[%tﬁ&q RARIEH diea first
distillation colum, and then further distill as described i'n the

enbodi nent carbmedloatd@h;/requ&cbfor EWcaqmmflhsdrpaaste acdintagidnithremaval imghe ul ar
material s e%ﬂ ts the bota m oh th extractor c&uselthe agﬁe us rghase and
the sol vent "PREYEUGR Brote gyinedhe Py F%}‘C’i“rﬁﬂ'r?‘?féﬁ ’6%“5 REYIIRA CAAEIREE r al |y

al ong yje colum, aided al §@elport R preRar awr@,ensffovﬂeayd inprodid @bined
solid-1iquid separation nethods are used. heavi er aqueous phase is
recycl ed t oof merdhiarfeamancation of gasss for the.emydmbn of aseticaciboneiudmges as

rateri i ormEdcal e ol LU etael vent, IoLeriace, e Rert ot cal by f proved
f2 Bg\g/s rzrgy beadiiyst a8 opteRansli: ResiABble P iAWRRs M randvaPetRkreRhaaiad. 0 7 SEP
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 2 countercurrent

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



An exanple of the extractive fermentation nethod first described above is

represent edubBo/Fee4Pl € 6. Exanples of the direct contact exts ' met hod
are shown in Exanple 4, which enploys a solvent-filled columm ,g%'{?h@gnpl e

5, which uses an aqueous filled colum. The aqueous filled systemgisggp 200

| ess expensive alternative to a solvent filled colum, requiring less

sol vent than the solvent-filled system Both colums are commerci al

alternatives. One of skill in the art is expected to readily alter the

specific conditions under which the extglacti ve fernentation and direct

extraction nethods of this invention funiction w thout departing fromthe

scope of this,.invention. D. Carbon.Di oxi t 1 ppin cor di. 0 yet

" anot her enbodi$igiYFd lﬂ‘t%F ﬁ‘ﬁirg‘e?tﬁ\'/)éﬁfqubaﬁe,mf%gge fg%%]geg’san%fqﬁﬁﬁ%g?%tﬁ% d

ferment ati on QfabRshgdderice@MbldRloF tellréd stikam efreSngSthe eanterevirert kblaghn car bon

~nmonoxi de, carbon nonoxi de and hydrogen and optional |y carbqgn dioxide, or
carbon di oxi cedshiizdsyenvogahereframpAs ippingtgas angethe Coh ladsp farmentationiuct |

e.g., an alcohol, salt etc. Lfi i NG, its:. efflciency by
Subst anti al | PPdEngee From STes Bh Rk ali bRASERARE sk Bing gh ' ST
car bon di»xi degg aNd 20@tHe@ B! ih YheStdrérls cortintallypddred. rTiRfpabliels e cslubihni de) . 1 n

m crobi al fernentati ons of such gases, such as thagose of the prior art (see
PCT W98/ 005538jures gedfosisiaecarembet weandhe liquidiamsiohe $#MpngIgas- and hydr ogen

sul fide are present both in th r. Xt
fermenter/bioreactor and in @Wgu&ﬁéﬁl'éu'ﬁgg’lﬁrg%{thgf@%‘ﬁérgﬁﬁnﬁ C%I%n iaﬁtghef romthe

ferment er/ bi oot ks Ha@itk 0O, BenckniSdtioR sigRificdifly PEIREES she fF@h nitiogapl €, at 6
atnospheres pressure in the fermenter (-- 75 psi the exit gasg%gnt ai ns

. th . g) the. .
about 50 per c¥HRPITEZRSLAMINGI0D2SAOTPHPSTaPAFitY forveagning agriiBriv®s Wi8¢ R ont ai ns

ramoved B ond SR e st Fipl Yl R e Blbeel MR RO T 2C°

enpl oyi ng conygemite®nah GOL(RR! BS)Vahé 80, as IS} lada@snitrdgh cahbe bsebtet t6 he
nodi fi ed sol vent/cosol vent mi xtures described in this inventjon. Anything

that is extraemede pnteaydhiae §6, pahH,S bachiie ths ferents| Thentsrinpaha®i ty for the
R e i e
broth, it acid production process, e.g., the extraction with solvent or the contact with solvent
15 in the direct extraction process described above, and distillation. See, €.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

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



represents a real threat to acetic acid |oading in the solvent. Thus, the
CO2 present in WD 00/ 14052 PCT/ US99/20416 0 7 SEP 2006 30 the fernmentation
broth I'i nYPLOE2| oadi ng potential of the solvent for acetiRETAEH20416
Hydrogen sulfide is not a significant threat to acetic acid Ioadld‘up#FC@ﬁése
of its low concentration, but H S as sulfide ion is an essenti al i
for the culture. The renoval of sulfur fromthe fernenter in the
fermentation broth also reduces the 5 available sulfur for the bacteria in
the fernmenter. Although it appears that the exhaust gas fromthe reactor
has hydrogen sulfide and therefore is i3@ itself renoving sulfur, having
the sul fur extracted increases.the cost for sulfur as a nutrient. Simlarly
since carbon dioxide is rEguistripped dferraematindiroth wfceliyfebecgeamttioenacet i c
acid, its renoval in the _fermentation broth duri n% ng producti,on process
t

reduces t heeniArs Ie PEYLiSR Qfﬂhhwlédéﬂ Pra@iciipR PEXCE55e € ¢ BFLERSHAR Withvent i on
provi des ary i AR QUSRI Akkh Rive u@rtﬂpﬂﬁéct Eﬁl‘&%% ??&Q%Qéscﬂﬁeﬂea%of/@r the

producti on o; acetic acid by 1nc ing as a step'o e process the
renmoval of andrdistitiatthinoSeelee.d. rEmmpﬂe 6Cermentation broth prior to extraction.

An optional, but desirable, ste nvol ves the.renoval qf hydrogen sulfide
fromthe fermentation broS‘f‘F ﬂ?’aLe’te@b@ {reted G, asp?%PgF’é%‘PY/e“t' Bth carbon

di oxi de a“ja g,édravarmﬁ aulrﬁaﬂsd f&ercmx%xfae%mﬁofﬁg BB MAe@th brot h,

and optiondl 'y retur ne ernenter. One enbodi nent of this process
i nvol ves ccﬁnaatpidﬁmthxhprocfesﬁrmemit/estncmovﬂng(bherfc(mtmuinmfaptfb@mmmm}sbﬂ of
bacterial cells, t| C nuirie a, salts ot her caonponents
fromthe f eﬁoﬁ‘ﬁ’ﬁf"éltq AgterdR cplﬂse aeglqaqd,, Elémg‘ﬂtr"%%ﬂﬁ fghi Wﬂa %‘%ern%?“%&s’ét Sbheen
first filt r LR Y ETORhicR nd MavbBEL Sk Phiesed &5 and
ot her heav%@gﬁﬁtfgﬁgfﬁ%ﬁere EQ‘ gg)t % S’tcl’l S i néggga{ls st rteam that is
dev0| d1of @afrlﬁmgtddcb exiale rmndoﬁtleftambhlwehheandmihmfhdayxdr ogemiasul fi de. This
"stripping" gas can inc limtati trogen, helium argon,

met hane or WHETSR gPmabe %Ti"'l“&fftér @a@geaﬂf‘suﬂee ke %ﬁcr‘?gryf‘?etst“leémt%ano car bon
di oxi de anqeﬂégr%t?ﬁea&la%o&%d‘tdéﬂgg fHtd Qﬁracg? E?ﬁ@ﬁfg‘h%x]n;}{er@ﬂ}’e BfRsg €active

gas or m xtur non-reacti ve gas s is useful int
the carbon dioxide in the broth or celi-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 1o 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.



context. introduction of the stripping gas, e.g., N, to the fernmentation
broth or ceideonfigsee streamexiting the fermenter reverses therggsidoyRri um
bet ween the dissolved CO2 (or HS) in the liquid phase and the gas phase,
and strips the gases fromthe liquid phase. The preferred net hoai7o§ P 2006
contact with the stripping gas is in a countercurrent 30 stripper coq uK‘F?.
Just as equilibriumexists between the CO7 (or H'S) gas that is WO 00/ 14052
PCTNS99/ 20416 0 7 SEP 200& 31 dissolved in the fernentation liquid exiting
the fernmenter, an equilibriumis also tabl i shed between the broth or
cell-free streamentering the countercurrent colum and the gas |eaving
tcgﬂe]‘:;gg“ Sf%x%lﬁpﬁﬁ! RENGEJ85A AN ALS HOR < PR L LBk AL! Qhka  PHOK o gas
5 e.g., N -arndSchentliPeotmpineeCosalven Mistuesosittha iralehyoripdat ed. The packing in
t he colum ensures good sur etween the liquid the stripping
gas. Al though the |iqufd ex?‘{ﬁﬁ{&“@{?é%&ﬁ{{{%f’%r‘&%éﬁ@?ﬁ‘l@@ﬁaﬁgﬁ @M 1ot t om

has had its CO2 concentratigﬁlalz‘i§1 hsfan 8 ARt od fHe ﬁb@ﬁgngﬁﬁt@icfarcﬁsﬂﬂo it rogen
or reachi

stripping gas conmng in has co ete capacity e ng equilibriumwth
the CO2 30 i warteheofigtienus gi¥emns stteamsistdesayibad ini deadil i dubkshed Inthmatiogel of t he

stripper colum, it s, satuyrat ith CO2 (and S).. The CO2 HZS
1 adeﬁpni t rogg‘i’}e‘ﬁeﬁPpﬂi%‘i@Bﬁﬁbg’ﬁ \%2)9%\9@8%@"8&‘}’@&@%}' )éef?‘ﬁ_éceC&SEe‘&-Elg-li"‘HZS %)ack
to the fer m?‘r‘g@éss d%&ﬁbéostthre}eﬂpi‘?ﬂ';bdﬁred aceblds deorfeed@ﬁ'?c?B?{He%esgﬁtngberﬂir n,

cell-free stteamthen enters the next step of the acetic’ acid production
process, e. gasfolidwes.extraction with solvent or the contact with solvent 15

in the direct extraction process described ve, and disti| i on. See,
e.g., the schematic draw g 585 SR CoYARING %%ﬁifp%“ E‘ﬂPO’Sg‘?'I‘*ISLéMH%?“

enbodi Mgt Of,d ftks cABDEEbXRE Wab hutdoBYRD OB chRtinddLOWiARLRY fdlnkfiet N9 the
nmet hod of the carbon dioxide stripping. As exenplified in Exanple 6C, this

process i nvotongsnisglb] Betgdad/it hminfERIemd atifable rurreenh medinie T hediquie 20
conposed of bacgterial cells, .acetic ,aci¢g, nuirient dia, salts and other
conponent s rrpﬁwﬁﬁm EPRERE SEreHs 5ol L r el Sorration EHFRE ey have
been first filio6rfflr Hembrane) containing 5 @/l free acetic acid and 5 g/l acetate at pH 4.75

(i.e., the cel'-free stream) was sent to 2 mulii-stage countercurrent extraction column.
15 In the extraction column, the cell-free stream is contacted with a solvent/cosolvent

mixture of this invention containing 60% Modified Solvent A and 40% Orfom® SX-

18 cosolvent at a temperature of 37°C and using a 0.09 (v/v) solvent to feed ratio.

The solvent exiting the extractor contained 50 g/l acetic acid, and the aqueous stream

(which was sent back to the fermenter as recycle) contained 5 g/l acetate and 0.5 g/l
20 acetic acid.

The solvent stream containing the modified solvent/cosolvent
and acetic acid was sent to a distillation system containing a first “solvent” column, an
accumnulator and a second “acid” column. In operating the first distillation column,
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 1o the extractor as recycle. The

30 mixture at the top of the column, i.e., water, acetic acid and some co-solvent,



centrifuged to renove nost of the bacterial cells and other heavier
material& therefronm) to a rapid decrease in pressure prior to introduction

“into the"@&M4¢or or into a solvent extraction colum. FHRCEYENFIES the
pressure of the fernentation broth 25 or cell-free stream may be nr:s«iggsz%is

from 6 atnospheres (or greater) to a |lower pressure, e.g., atnosg e

pressure, which causes the carbon dioxide in the broth or cell-free stream
to approach its equilibriumconcentration. Preferably this decrease in
pressure occurs after the fernentation broth or cell-free streamexits the
fernmenter and is in a separate contain¥. The CO is preferably recycled
back to the fermenter. WO 00/ 14052 PCTI US99/20416 0 7 SEP 2006 32 The
"stripped"sepetatasrat Ab¢ tap oftbe KolomnaaH|is theacosiadda gllewdie coesrleans ta he next
step of the acetic .acid preduction ss, e.g., the extraction with

sol vent brc?’ﬁgns&ﬁ?tda%{)arv?npetﬁgggf’%gﬁ@{agﬁﬁhe di rect extraction process

descri bed above; and di stBy feaidvitiz m&teof tRe go-solkzxa fpnethe Gvatér/adid, tiee f urt her
enbodi ment of this aspect of the invention is provided by altering the

met hod of loMer eensp§NUFRIEEHIEALANIN Bhs Water/Agiddk BAPYithe &zgoirpPe. EXBifpl e 6D, this
procesg 1n B]Jn}/rg, w‘;l?cm\é'nmnst%%tié eliagR @Jdta'ghngraos%‘all(ambﬁtho olggnt, gqeposed of
bacterial celTs’, "acetic acid, nutrient nedia, salts and other conponents
fromthe frriiepahdoatidodisilieti@eddiuhn.edn stis ssmond colbma, thewardranié cbeen fir st

filtered or 10 centrifuged to renove rrgst of thg bacterial cells, and ot her
heavi er metYahrad seTHERECE U hOIRPIATEnE EPIHEHABF theftalihead BRAE HBS brot h or

cell-free t r @b d I
extracti ons&gﬁﬁgwklﬁﬁh Seant%gqr} g{aﬁﬁrrg Ogégﬁs ecg' 9’%1 he&ggg%ﬁ%c@%g?{rﬁh%@ tgr oth or
cel | -free tereamr sndgherremainingteatedanid pbasewand cosnlvemtaratdconulatEddadqo and

H S preferably are recycled to the ferpenter via a variety 15 of conmon
engi nd8r i ngtER d§aciH @ceug 351G EEMOY St Aran b b?ﬂ?”b?é;‘gﬁ CSL"%?% PO st ream

then ent egrﬁtbggvgﬁégd SUToR Qgcﬁttgghﬁ:rg[égscs a@qh&cgr oduction process, e.g., the

extraction w sol'vent or the co t wth-solvent in the direct
extraction process déscri be@saduvgen283®LA (Witco) solvent and 70% SX-18

cosolvent
As another example of 2 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 thereafier 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.




and distillation. See, e.g., Exanple 6D The only disadvantage of this
,m)dlflcatlon of 20 the process is that after extraction, the_a ueous broth
conmponent W REHHIEZ pe recycled back into the fernenter, dueP Fa"/l{%ﬂ Ilng
effect of the heating tenperature upon the bacteria, and nust be 7 SEP 2008
di scarded. One of skill in the art is expected to readily alter tf?
specific conditions under which the carbon dioxide and optionally hydrogen
sul fide stripping 25 occurs departing fromthe scope of this invention.
The follow ng exanples illustrate various aspects of this invention and do
not limt the invention, the scope of V\ﬁﬁch is enbodied in the appended
clai ms. WD 00/ 14052 PCT/ US99/ 20416 O SEP 2006 @ 33 EXAWVPLE 1: Recovery of
Acetic Acid fromthe Rer nﬁﬂéﬁ@ﬁeww (W4 40p &0fy ek FIHG 4 Ofhi-dlodecane

Sol vent / Azeot I pRINg Cosol vent M xture of the Invention A 60% Modi fied

Sol vent A &ifd°) %A) O fon(r) SX-18 cosolvent An apparatus and method for
producing acetic acid fronTge &avatiosbf Peft Adguattdogasrhes¥st reans is

described in detail in published International_ Patent Application No. PCT
W98/ 00558, Aderso? biPlad calveyt (Mite)dnaeiodesasr Rosolmeat. PregraustireFihed

ol | ove® | A'gans FeeReagirERa s, bidfe SRRk i APy R QPAYERL ™" 0 2
10% car bon aihldcﬂ)d de avaie alcraitmmlmhmm&ohmpkmsa continuous stirred tank fer rrent er
containing C. jungdahlii rain ER12 and suit.able nutrient

liquid product streamfr o & FCOHF NEFRTRFONRIPIAS aesfate FAEF Sﬁm?l?acg{n th8e| I

separati on fu{ﬂkédtéﬂ di9e cleh%letgwehbﬁfeaﬁpm&m@ ac@ﬁ’é‘&cﬁﬂ W 08 B zgéxktnllfaﬁ&e acetic

acid and 5 g acet at (1 , the cell -free stream) was sent

to a mul t| wtsragmevarpsmﬁlerrmuhe emﬂa)pircrsamttedaanaroBmmeptlBatlthepha@swe(tnrth@:t| on

col um he eII-free stream%’g contacted with a% vent/ cosol yvent. m xture

of this0 |n HEPbFCIRBA IS A RHBOBHSF i RS I PSEIHTE AT A aﬁamzﬁféﬁ C¥'HW{ F) sx-
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: Y = 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 Arrhentus type rate expression, represented by the formula:

In(k) =-9163.21 (1/T) + 27.41, where T = the absolute temperature in

8]
N

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).



18 cosol vent at a tenperature of 37C and using a 0.09 (v/v) solvent to feed
ratio. The solvent exiting the extractor contained 50 g/l acetic acid, and
t he aqueoW® &¥ie&m (which was sent back to the fernenter ascwessyobay
contained 5 g/l acetate and 0.5 g/l 20 acetic acid. The solvent stream
containing the nodified solvent/cosol vent and acetic acid was sen@ 7tSEFa 2006
distillation systemcontaining a first "solvent" colum, an accunul ator
and a second "acid" colum. In operating the first distillation colum,

t he conbination of a | owboiling co-solvent and a m | d-vacuum of 0.3 atm
pressure 25 permts the colum tenperatyge to be mnimzed and permts the
separation of acid, water and cosolvent in the overhead product fromthe

Modi fi ed SO#MJA_E@dIﬁ@E?ExﬁQCt%}J Heric WhH ¢ RindtaalodiRubies fodnt PRsef t he
colum. The bottomtenperature 1Is Kep at a maxi mum tenperature of 130C by
vacuum oper &adlwm The nodified sol vent and cosolvent at the bottom of the
colum are sent back the extractor as.recycle. The .30 mixtuyre at the
top of the col um, i.teF%F”ﬁ%ff“éW E%%P?tﬂlna%{rﬂnéﬁmf}%s' l—“s’tﬂ%%tnlg VO
00114052 PCEx%?l%/ﬁ%laﬁnéh 7 690ty wAthDEBRERaRiedls, § BA aLAR fd ddde col um

and is then cooled to allow the co-sdlvent to condense and separate from
t he wat ér/ adiQly/l Betate aopl Mig? roShis bfoth seserdo & butempuy sodvant heasearieactiaei d, t he

| ower co-solvent concentralion in r/acid i.s w_t he ot r ope.
T 5°m xt GPERGRRER B6 ot Alesebr E-ATHEE AR E st ltal TP oun:  of
cosol vent, legir&®idh cofubnrf iR@ ARG c@GmAl pabliedlor hgdck 1) vAHMHKES entrdhckdi S
second colum, the water and co- solvent and sone acid go out the top of

the col um andiexitsfons@véns and iaguepnephase cltise. Gulnwre Aowndewnwar! throvghphs at ur e
of 118C. Par {)lvgz}ct ﬂt]lgg cx\@h%r /al?c? (Eﬂv?xﬂ%@s hﬁyfvgrﬂf éo%ﬁgcu%nﬁ ttor}ﬁe El%{d]‘gn'tl‘ﬁ@d the
an e ac

remai ni ng wat &r/ acrd phase co-solv are recircul ated o 10

ext ractyioon. e@hiag kelverd@airh thedddl@mh Sofit6iADSRG| Rde adidendigtstmny dfstiltdtion col um
as product, and the overhead is sent back to the process as recycle. B.
30% Adogen28J(aC)LIKCPXAY BBPT KoTogEsHe baghdo swplgring g he 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: Extraction of Acetic Acid Using a Continuous Aqueous 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.



cosol vent As another exanple of a fernmentation nethod conducted 15
accordi ng »%6 M:% resent invention, the liquid product stream described.in
Part A conri "i?FS 5 g/l free acid and 10 g/| acetate at pHPSTH/SAR30416
contacted with a solvent m xture containing 30% Adogen283(r) LA sol vent
(Wtco) and 70% SX-1S cosolvent in a nmulti-stage extractor. A 0.09 BSEPe2806
to feed ratio is used. The solvent exiting the extractor contains 25 g/1
acetic acid and the aqueous streamcontains 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 cosol vent! The process for product recovery
by distillation is thereafter the same as descri bed above. C. 30% Mdified
ek ANAPA.H S¢ asBkivas fementav e ar geeyk miclayroguctidaaromf Part B
was carried it 5 30% Modi fied Solvent A in a cosolvent, decane. The
di stributi OM@P@%M remains the same as in Part B, and the process
for product recovery bydi@trdl wabtaghsddniatnine YD patRAt cark¥d HOkidd 25
PCT/ US99/ 20416 0 7 SEP 2006 35 D. 60% Adogen283CRILA (Wtco) sol vent and
40% n- dodec aprsent caBHORnTeeNOXTite 2886 peeant HridrogerPand 3102 gereentmiteeResus with 60%
Adogen283( 1 LA 50k VeDlerit Wl 60k ol BEOATECAREACASOLLEAL oo ThEGfiFaCt ] on
process ~ 5 remnains € sane as In Part B, yielding 0 acidin the
sol vent, and@xidfple/ A, asial @/esaasmQjlagdiilii BRE is6lafCERI2L ITHeR:s Adu@idistimbase.
The aqueous stream containing acetate is_again sent back to the fernenter
as recycl e. (FEHe ofsi¢ion vokimetargas Bow ste 1h 40 Fupiterandctihg lipgidgdption wig
distillation_. : r .l ar £ Led, i art B, except
raué%?ﬁcfhga %Qﬁeg}/%xghg%lrﬁetc% F%g%tﬁﬁv&ﬁ%?g‘_o%; i ﬁ%ed?urﬁ P

that the pressure ven um-1's 2 atnosphere and the
t enper at ur e caftaihing ebhtignti@midshad edlerdiDfldws cdmtifGously 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 feedrate, 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 to return 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.



EXAMPLE 2: Ami de Formation This exanple denonstrates the basis for the
invention, that is, determnation by the inventors that tenperature
control | YOMHANS2to the efficient 15 functioning of an ani rRETUSWAD4IE NG
solvent in an acetic acid production process when an am ne-cont ai ﬂi ng
solvent is enployed in distillation and extraction steps. The amd 7 SEP 2006
formation fromamne in the solvent is a first order rate expression in
acetic acid concentration illustrated by the forrmula: Y = kX, where Y
represents am de concentration after 16 hours, neasured in wei ght percent;
X = acetic 20 acid concentration after 3% hours, neasured in weight
percent, and k = the amde formation rate constant. The rate of am de
formati on and thus thg ratSr-gpngtwim dnaineGagses W th tenperature by an
Arrhenius type rate expression, represented by the fornmula: In(k) =
-9163.21 (1/T) T 27.41, whéhecattuze piRarypsisisinpaed with 8rses gther then Kel vi n.
Fig. 4 illus S | ot n( .k S f. 1. f i nygr absol ute
enper at ur e o a6 Trelhele 8 R rfiasmingS By PR ES o B8 On For
exanpl e, ataspects efMpererimple aff tht38m& (1/ T = 0.00236), the rate of ami de
formation is 9 tines greater than at a tenperature of 110 C (1 /T =
0.00261%. WO 00/ 140528PCT/ g fE0Aq 6ragstre Sepueiinyg o e il ed-Opi r ect

Extraction of Acetic Acid ' b R : :
Fernment ati on broth obtai nnglﬁ% %%ﬁégﬁfe}?]hgnt eﬁtaﬁ?}hﬁﬁgﬁr m?ko}?fﬁésfggtdngarrpl el
cont ai ned 2degregédd feerhl6sor(3darpnoseiegérttp atransphasc pretsureintosderao gélkasaCd,i ¢ aci d
and 5 5.0 g/l acetate ﬂE pH 4.75, This broth. s segt to a contjinuous

sol vent phal¥trdxtP2418I1b ORI c SRE SThiPRESEG90 IMISYBHEEBRIORENES (A t co)
ol umm,  packol P RS n alREaing K HERL R NS SR et and
aqueouso phageucetllével hicRlikipt heaxfrhiasacid extnaaiod by ttecsofiant. he
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.

15 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.



solvent filled colum, and solvent flows upward, countercurrent to the
culture. The 10 exiting solvent fromthe colum contains 50 g/l aceti c acid
and is sent to distillation for acid recovery prior to recycle g to the
colum. The exiting culture streamat ‘the bottom of the colum & 2606
5.0 g/] acetate, 0.5 gll acetic acid, cells and nutrients and is sent back
to the fernmenter as recycle. Because the solvent and culture are '
immscible, little to no water (cultur89 is present in the solvent and -
little to no 15 solvent is present in the culture recycle stream A small
rag | ayer consi Sltl ng of cell ul ar rot ei naceous material is forned at the
cul t ure/ sol vent “i'nt er¥ ‘éi%tée%i‘"&ﬁcr’rﬁi? e vertdi§pvERt veRt itddterd [cpmoEXAMPLE 4
Extracti-on of Acetic (Atid aU?Jan@r—amﬁbmﬂbmummVéweeuﬁr:Bha@%re@@éﬁlf{ﬂaggol'he

fernmentation brehyOfunEXMRI 8 & drs PASS h Qnt i.nuo s eous
phase extracti ontycol urm._cont ai ni ng QO%(8 oItse% § ?Y_ “EBFRRSh (iﬁg in
S a.

SX- 18 cosol vent . CBT‘ﬁrﬁ’lOi“saki%‘ Ut &R TSi #iv PFyl%ﬁ ’FfrﬁnEk&rtp'I EOBm@xcept
that the col um@flrsonforbllad wint e saguBD 591 phAas Ra it NI @eirpsiead of sol vent.
Agai n sol vent andst Guht L gk L oW, CoLM epcurfently, with solvent exiting the
top of the colum and _culture 25 eX|t| ng iie bottom of the col um.

Exi ti ng. aqueous phaséPand 3Sof $AH 1phdyevoliBacehtr aetwAsokale coheolgane as in
Exanpl e 3. WO 00414052 RCTAUSIi20416ed ThaSEPheBQ61in37 pEXAMBEE: Sy éﬂ%@ﬁ@al
Extractive Fermgptation for Acetic Acid Production from CO CO and ,

| ndustrial waste gas containi ng 7.52 percent carbon dioxide, 31.5 percent
carbon nonoxi de, 27. YBSiErcEnt WHF%@eﬁx%ﬁtSE‘%El@@%énﬁqﬂ tqwgen is 5
fermented to acetremmaci d/ acetate at pH 5.0 in a fernmenter/reactor as

described in Exanple 1A, using Costridiumjungdahlii, BRI i sol ate ERI 2.
The gas retentipn ti : 6L9r; vol une s
nm nut es -and the?I i ql}lﬂgnﬁﬁ%‘%&g%éﬁg% 8y a‘?’l?e[)e"i'ﬁm‘% fch%q}ﬁen ’%’Fo‘%ﬁ'%"é to

reactor vohndrreédﬂvse;ﬁratbs tHecefiom, andVied ilowrtoxlcﬂy 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 mlxtuxe according to claim 1 wherein said- co-solvent compnses a

hydrocarbon having from 9to 11 carbon atoms.

5. The mixture according to claim 1 wherein said solvent (a) contains éreater than
80% by volyme 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 Boﬂ_ at or below 115 °C at 69.9 Torr.

6. The mixture accordmg to claun 1 wherem said solvent (a) further conta.ms from
about 1% to 10% by volume tri-alkyl amines.

7. The mixture accqrding to claim 1, wherein said solvent (a) is producéd by



contai ning essential vitam ns and mnerals flows continuously into the
reactor. The 10 agitation rate is 1000 rpm The reactor al so contains a
sol vent phase of 60% Modified Solvent A of this invention in S§71§
cosolvent. As the culture produces acetic acid fromCO CO andH EP 20085
extracted by the solvent. A mixture of solvent and culture exit the _
fermenter and are separated ih a small settling tank. A portion of the
aqueous phase, equal in rate to the nedium 15 feed rate, flows fromthe
system as waste purge. The bal ance of the aqueous phase fromthe 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 Cultuyge Prior to Acid Extraction A

Ni t.rogen Stripping 20 Culture fromthe reactor of Exanples 1-4 containing

A en St e fror v . e FY
acterial distiling fros Qdolvert&ritiniag ol b&ilide Gé&p&ﬁﬁ%,%@nﬁﬂ&l%%‘g?eg,gd{%gfyz mines ©

and carbonate at pH 5.0 is passed through a nitrogen s

renove di s8w treddodemings substantialiiealtidow bpifinp ebmpeurza nad renbdiley] emides teintphsv@ugh
an extractgcgﬂcgc%? . '.",I;hi S ORer ationis required in order to prevent .
solvent |loading o :2%8,1 HEHS i nstead of acetic acid, and 25 to return H, S

as a sul fur source anfrdiei€iREbENLE RIS Boil H&r GelokH 18- ER 8o N gas

fo
stream which contains H S and CO2 is sent back to the reactor as’'a _
secondary gas feed. By using the nitrogen stripper, the solvent .is |oaded

to 50 g/l acetig aci W 1h nd S,.renova rior to extraction,

the solvent is elc'oadggef%)%%- g%%fgq%%togc@éﬁ%wgﬁe& S%@ﬁ?ﬂf@éé@@@#@@g/ 20416

0 7 SEP 208Gjectity sid dilleppsluarsh b boobhd eistirion to RRES sublifintith %0001 BAbL:, A
-Tree .

is stripped with gases other than N2, including nethane or”CO
synthesis gas containing H, CO CH4. Al other aspects of the exanple are

the same. 5 C 9Strippbigced f3resses tniiRruckion £61 R R enDh§aRliednLR
comprising acetic acid comprising the steps of:
(a) contacting the aqueous phase with a solvent/co-
solvent mixture comprising:

(i) a water-immiscible solvent 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 mo ..-
alkyl amines said solvent having a coefficient of distribution
greater than 10; and
. (1ii) at least 10% by volume of a non-alcohol co-
solvent having a boiling point lower than the boiling point of
said solvent (i),

wherein said mixture extracts acetic acid from said
aqueous phase;

(b) extracting acetic acid from said aqueous phase into
the resulting solvent phase; and

{c) distilling acetic acid from said solvent phase under

a temperature not exceeding 160°C.



The pressure of the fernmentation broth in Part Ais rapidly decreased from
6 or 3 at nospheres to atnospheric pressure in order to release CO2 prior
to loading in the extractor. The CO pressure in the culture appreag ESZ[II)&]G
equi l i brium concentration according to Henry's | aw at one atnosphere,
greatly 10 reduced | evel which hel ps maxim ze acid extraction by the .
solvent. D. Stripping via Preheating to Relieve Dissol ved CO_ The cell-free
streamin Part Ais preheated prior to extraction to relieve CO in nuch
the same manner as noted in Part C -The broth cannot be reused after
heating. 15 All. published docunents are “Reor porated by reference herein.
Nurer ous nodifications and variations of the present invention are included.

in the above ﬁlentl fied s&em fi C%tfl 5’? nd are exfpect.ed to be obvious to
one of skill iAYt hefRARACTOR FyCro 3ligRPronses 19T the Praduetiny of goatinacid, said
conposi ti qﬁ&e@nﬁm@ﬁgﬁg&% afpebeit he present invention are believed to be
enconpassed in the scope OF t he cl ai ns appended. hereto. 0 7 SEP 2006 . 39 1.
A wat er -imm sg: bl e (iabl vefnmmemtmgwlv&Mnergaxtseleetrefﬁrﬁmrthsgmgp co;fgﬁ)mg’alof(l) carbon
wat er - ihl.e sol vent,. conpri reater than 50% vol ume . of

mi xt ur e of“ﬁ%ﬂ%# BFPOR difrds apf iﬁ@ﬂ%‘g &5 Calfh@wmonamdﬁ,e@r oaﬁepnde@nd hyibyogen;
0.01% Up s @) V@Bdtﬁnb:ﬁ)%fdetaﬂéﬁy&r%/gé%)&n‘é%&gfctor% e d0tlan %ﬂs 12

sol vent -having a coefficient of “distribution: g (?arfb) at
| east 109FHYPrFBIZERERasTObIC mwgamebmrlmasmhmmmedjmmmlmgeba pbefubingg poi nt

I th I t wh d t
ext ract o SearaRd el fodidle BEiCBE, 0L 5 (The maxture according o

Streans. 2. The m xture according to-

claim'l wherein sal(bJ) C Osepatatieg baid Backemial foth BitRr YArhpbndmtk B saidieih. tb gﬁ‘:@idla}(

separ ates %her,eaIl and has | ow tOXI city to anaerobic acet ogenl bacteri a.
stantially cell-free stream; - _ '

, (c) contlnuously extractmg acetic ac1d from said cell-free stream into & solvent

. phase by contactmg said cell-free stream with a solvent mixture of a.ny of claims 1 through 8 to



3. The m xture according to claim| wherein said co-solvent fornms an
azeotrope with water and acetic acid. 4. The m xture according to claim|
wher ei n sai d-co-sol vent conprises a hydrocarbon having from9 t %% car bon
atonms. 5. The m xture according to claiml| wherein said solvent ) P 2006
contains greater than 80% by vol une said di-alkyl amnes and is reduced to
| ess than about 1% by vol unme of 'l ow boiling conpounds and nono=al kyl

am nes wherein said | ow boiling conpoHnds boil at or below 1.15 C at 69.9
Torr. 6. The m xture accordlng to claih 1 wherein said sol vent (a) further

contains,from abouh %1t0.10% b volurretrl-alk | am nes, 7. The m xture
accor di g™ P8 SeIVaPhPhase cmprsing acelic gl Ansan agpegusphase ORRBIERAIONIEEP 2006
40 di stihtding: froma sol vent containing | ow boiling conpounds, nono-al kyl,
anmines, di-alkyl anmines and tri-alkyl anines substantially all |ow boiling

conpounds and nono@)ky| reapelingssaidmquepusoptese fcsald iokadtdr end paasing ¥sidgaRami ty
wher ei n R}al d | o(i\l/ébm | ing, conpounds boil at or-below 115 C at 69.9 Torr. 8.
The i xtRIEE toAQstiatiog cobimam ang, 7, vvherel n said solvent (a) is produced by

subj ecting said digtill n duc
substantially all @l -a t%%‘yﬁ?%élg{lﬁ@g ﬂ%?sé’ V§“#W%B¥@ﬁ?%ﬁ“§ﬁ@?‘ﬁc acid
froman @gm&wssfraﬂﬂﬁ@sow@;ﬁmha@mﬂea&&&ﬁferﬁme%o@af&édlﬁgfieoid‘e steps of: (a)
contacting the aqueous phase with a solvent/co- solvent m Xture conpri sing:
(i) a water-i mﬂ scwbdzlmnsaaid/@mltacnngmrd @su@mgrsteps; eccur WithoutDdsthytiallyl degediny a
m xture of mer s of . ranc |-aIk m nes, and from about
0. 0156 1 AR Ty 81 GRSt g REEA B i BN AP ARANg
coefficient of di stribution greater than 10; and (ii) at |east 10% by
vol ume of a non-al cohol co-

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, O-52 ATCC 55989, ERI2 ATCC 55380, C-01 ATCC
55988, and mixtures thereof.



sol vent having a boiling point |ower than the boiling point of said
solvent (i), wherein said m xture extracts acetic acid fromsaid aqueous
phase; (b) extracting acetic acid fromsaid aqueous phase into the

resul ting solvent phase; and (c) distilling acetic acid from saili? SEPv2068
phase under a tenperature not exceeding 160C. 07 SEP 2006 40a 10. An
anaerobic mcrobial fernentation process for the production of acetic acid,
said process conprising the steps of4 (a) fernenting at | east one as

sel ected fromthe group consisting of %1) carbon nonoxi de, (2) carbon.

di oxi de and rogen 3). car.bon. oxide, carbon di.gxi de and hydrogen; .
alnd (4) carbon” rm?fg%?ecﬂéq(i)aﬁ?ﬂemp&gg ° FCERBY 8£ wsbe Bfl(airﬁcocvﬁ@’ ?‘Bé‘%@g‘mﬁﬁt‘o&n
aqueous Fain Sl _ I | i g K- Lent
o e e i P LR oSl ot Wb
(b) sepanati¢manesiaim, dndat Bastant passdthet fromrthe ponpsohsistigd 6f (B edrbort BopdaHd, de

a substantially cell-free stream (c) continuously .extracting acetic acid
fr om sai(d) eapen &Pé@eﬁlﬁ SNFHORRHL 63 casinn manoxigh sawbopyliexdde and hydgogsal end (4)

|- f ' f clains | th to 0 7
Sep 2008 T FETRIY Doy SR bidb AR e bech Bl B g Ao
phase campiprisinptonaictngsHid bediin withdi saifenf MixtiRGfahy B9chahél] agseaLS phase to

sai d bioreactor and passing said solvent phase to a distillation colum;
and (e) ©oHRNHSHLENRACEnSTald pdetig agiddram lsaid stibane it saith selwemsfmikdire;tand datiblirige

i ) ] r xceedi n
igbg SERA a?cte 1|c Xcﬂél oM garl](‘ie sa%n\{ & 5 dpsgﬁgt?onutrégn%rera urte %o gxrc%g 1nge lg(?°tC theretrom, g

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:

(a) 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.



wherein said extracting and distilling steps occur w thout substantially
degrading said amne to an am de, thus enhancing the efficiency of
production of acetic acid. 11. The process according to claim 10 wherein
said separating step enploys a centrifuge, a hollow fiber nenbrgnesgpqn%
solid-liquid separation device. 12. The process according to claim10
wherein said distillation step occurs in a substantially oxygen-free
vacuum 13. The process according to Ia|n110 wherein step (e) further

enpl oys a vacuumat a pressure betmeeé about 0.5 to about 10 psia. 14. The

process accorg% ig claim10 er ei ;é%gllrd anaerobi c bacteria is sel ected
from the gro T BHOCHRS aGFOTARS: 1815 7 fyrthes spmprising sgexséing said solvent and
Butyri baﬁh'i@édtldéﬁhi@ﬁa@é’l:&ﬁtﬁﬁﬂg &macté;aqﬁ{org)a% Jt%%g&gl“ cum C. acetobutylicum
C. form caceticum C. kluyv , C. thernoaceticum 'C. thernocellum C.

t her nosaccharol yti cum Eubacterium|inosum Peptostreptococcus productus,

C. ljungdahlii, and m xtures thereof 15. The process according to claim 14
wherein said €& | j Uhypreressiaceerding) te slaim 8rwhnreinesaidsdistillation slepsiatrs inga of .
PETC AT CC 55989, ER12 ATCC 55380, C- 01 ATCC 55988, and

m Xt ur egﬁbﬁ%ﬁ@%p%@%-@gﬁ VBTHE™ 42 16. A nethod for enhanci ng the
efficiency of acetic acid recovery froma fernentation broth conprising an
aqueous stream cont ai ning an anaerobi c acetogeni c bacterium an aqueous
nutrient medim afke procésastording tgakiradi7ecliceein stepnd) hethgr GuiflogONSacinng Of
(1) carbon rmnotgﬁgw c?&’ 6 (ﬁgr bon di oxi de and hydrogen, (3) carbon nonoxi de,
carbon df'65HEe° #ﬁ‘)‘ SYE t%ﬁ%"”(%ﬁps@ar bon nonoxi de and hydrogen; said
gas having been fernmented therein and said nethod conprising contacting
said streamw th a solvent m xture of any of clainms 1 through 8;

conti nuously 2kt r athd pgcesaiadcardieiite chirhd 7iwigsris ahid a%hér@&@bh&eﬁ@is%l%@ﬂe&%ﬂn
m xture; and distilling said acetic acid fromsaid solvent at a

distil | P 8@@&?&%‘?%&)‘?@4%&ba€%é@éﬁklm 46@oddii, onetbaoteriummdthydotrophicum,
subst ant I i t m de. naer o] crobi al
f er nent P?on%%%@%g P%ps?ﬁeg %wélz“ﬁ‘ef% Or&’c‘éféféf‘f”éﬁcf‘i Zglvergaql?dZerm@tg@tm C

conpri si m@rridrellsmeOStheimosaccharolyticum, Eubacterium li imosum, Peptostreptococcus productus,

C. ljungdahlii, and mixtures thereof.

22. | The process according to claim 21 wherein said C. Jjungdahlii 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. 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 broth comprising acetic acid, water,

and bacterial cells;



(a) providing in a fermenter an anaerobi c acetogenic bacteriumin a
nutrient mxture and a solvent m xture of any of clains 1 through 8 for a
time sufficient to acclimate said bacteria to said solvent; (b)7 SEP g
introducing into said fernenter a gaseous stream conprising at |east one
gas selected fromthe group consisting of (1) carbon nonoxide, (2) carbon
di oxi de and hydrogen, (3) carbon nonoxi de, carbon di oxi de and hydrogen,
and (4) carbon nonoxi de and hydrogen; gnd producing a fernmentation broth
conprising said bacteria, nutrient ﬁEéIUﬁ] acetic acid, solvent and water,
wherein said gas is fernmented therein; (c) introducing said fernmentation
broth into a separation device, wherein an aqueous phase containing said
bacteria and nutrient nmediumis separated fromthe sol vent phase which
contains acetic acid, solvent and water, without filtration; (d)
continuously disti |(1b) Ngirftfodtihy ents @h Eﬁt@&cﬁl@h@i’é@m@ Eon(tﬁl}urighé?th@f:@Ed)rﬁm%@)hﬂsolvent
separatel y fromthe sol vent phase under a t enperature not exceedi ng 160C
wher ei n B#peio gqntmluphgaww pesuand hﬁwmg)@l’tltssmd@amqeatheyefdmgr(a)dat@rsm whth

amne to a am t enh ng the eff|C| tic

product i Th° e?”%ﬁ‘?;‘ %‘gél) vfg{ (%Pfglsﬁ?%%§%1¥e 9€6§ ﬁﬁ‘%hig’f‘ﬁl?etfﬁér
conpr i swg)w&ﬁ;s&ége%n@ﬂhﬂ 5&&%%@&1 &mﬂem%aa dva?éilléﬁf?y§nd‘-’§a?a%t189aé b@ééf)% 2 d
bacteria into said fernenter. he process according to aim lé'?

wher ei n ﬁ:emdmdnqs«todsIpdnaseocrorm:rfsmgmamhhsastam aad raitesit artiaal |y oxygen free
vacuum 20. The process according to claim1l7 wherein ste further
enpl oys a vacuum al® pr eEsYsl H‘goﬁalcg@-‘ﬁ@%ﬁrphé%tﬂ sagyl @Ofe@C@b@praE@mE{}ﬂlé soprgnt The
processh&&gg{odd B9 f1%id %c‘%‘lﬁﬂlﬂj ﬁ/nerel n said anaerobic bacteria is selected

g S c

from roup consisting of et obacteri um ki vui, A woodii,

But yri bact eri um netdy!l otdsmmhbﬁﬂjmxstlﬂlngsﬁdmdhml%@bhé%élﬁf(c()?thea&@h@%iﬁléhd cum
C. formcaceticum C. Kkluyveri, C thernmoaceticum C. thernocellum C.

t her nos avaBasePRIALGLY fiom E@tﬁabieétrat@ﬁmpmwmmot%qum ¥PfGroccuspr oduct us,
C. ljungdahlii, and,m xt ur d :
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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.



strains consisting of: PETC ATCC 55383, 0-52 ATCC 55989, ER12 ATCC 55380,
C-01 ATCC 55988, and m xtures thereof. 23. An anaerobic m crobial
fermentation process for the production of acetic acid, said piOox&ER
conprising the steps of: (a) fernenting at | east one gas selected fromthe
group consisting of (1) carbon nonoxide, (2) carbon dioxi de and hydrogen,
(3) carbon nonoxi de, carbon dioxi de and hydrogen; and (4) carbon nonoxi de
and hydrogen in a bioreactor conprisjhg an agueous nutrient m xture and an
anaer obi ¢ acetogeni c bacteria; there produci ng a broth conprising acetic
acid, water, angfbacterial cells; O07SEP2006, 44 gpb introducing into an
extraction d8vi cel EPRRSESHRGeErdang toetlaim 2 mbersinsrdd Coliwegdahlipisselecigd figm the
cont i nyQLk ! i bt ih~sai d
br ot h i tFns BHARAE O S AOCIEN R W QER s BRI ATCT R € e

m Xt ur 65088, @ndiniiRturestthtrotyh 8, wherein a sol vent phase containing acetic
acid, solvent and water exits said extraction device separately froman
aqueous phase conprising said bacteria and nutrient nmedia; (c) recycling

sai d aqueous,,phasg to said bigreactor and passi ai d sol.ven hase tg a
di stil Iqat i 0?9&” anagrpIq ’fﬁ‘}cr@%}ﬁ%ﬂﬂ%g‘?fn E‘iog‘fsis I%Jrl tﬁ@ pfng‘ﬁ‘i“%%% %cﬁﬁ‘%/%"ﬁ& Séﬁase
of (C) grhRsPEShhSsiRLind sepslorwat er separately fromthe solvent at a

tenperature not exceedi ng 160C, wherein said steps (b) and (d) occur
wi t hout substanti(@) |y feegemaidg ayleastiothe gas seledted fram therprbaip cohsistirendfahcdartgnt he
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step oQmuMng aherébic atdSFeni battdrid, My prodiReng/aferbhtaldén brbftecdhissSacetic
according to claim23 wherein step (d) further enploys a vacuumat a

pr essuragidoindshissabied cathondiaxids; t o about 10 psia. 27. The process according

to claim23 wherein said anaergbic bagteria is.selected fro }
(lb? removing said arbon-dioxide fromm the ermentactilon brcr% 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 solvént 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.



the group consisting of AcetobacteriumKkivui, A woodii, Butyribacterium
nmet hyl ot rophi cum  d ostridium aceti cum C. acetobutylicum C.

form caceticum C. kluyveri, C. thernpaceticum C. thernocellu ﬁf

t her nosaccharol yti cum Eubacterium |inmsum Peptostreptococcus ﬁ} C 2006 |
C. ljungdahlii, and m xtures thereof. 0 7 SEP 2006 45 28. The process
according to claim27 wherein said C. |jungdahlii is selected fromthe
strains consisting of. PETC ATCC 55383, 0-52 ATCC 55989, ERI 2 ATCC 55380,
C-01 ATCC 55988, and m xtures ther eof*® 29. An anaerobic m crobi al
fermentation process for the production of acetic acid, said process
conprising the steps of. (a) fernenting at | east one gas selected fromthe

group consi stiyg o r : I .carho i axli and hydr ogen,
(3) carbon ITDBI’I%X'I d*g,lééggf or?ggl gﬁgggﬁﬁmy@r%ag%?’% ﬁg&%g@g}’ﬁ%ﬁ aﬁ%‘h%‘%aﬁe
and hydr sjested filor thd groapcoistin@ralmitseges, ABthaak) Bieliem Natkbh, & onTeXdtiegas 878 an
anaer obi c acetogeni c bacteria, thereby producing a fernentation broth
conpr i si mixtaedhereof. aci d and di ssol ved carbon di oxi de; (b) rempving said
carbon dioxide fromthe fernmentation broth prior to extraction; (c)
contacting said broth (b) with a solvent conprising an amne for a tine

sufficient to3gausend hRclRraiBdrifiy 18kl W'Nﬁ?&in@ﬁ?%@mﬁ%%%ie@i)oﬁ%%ﬁi ¢ acld

and an aqueous phase conprising said nutrient nedium uously

di still i copngsreirrant sicipgerfaobums.ai d sol vent phase; (e) returning said aqueous
phase to said bioreactor. 30. The process according to claim?29, wherein
said fernentation broth conprises dissolved hydrogen sul fide and further

comri $1ng T egpVi ngh gl doAUEARER SUthIB EAMAAL o ELARILALOD BLOLD,

prior to extraction. ocess according to claim :
sai d renmducigg shceftes0reuT b fertentaion bigh §od ebntBRsraBhahie FronP 5048 ferehfdr.a gas

cont ai ni ng no carbon di oxi de, oxygen or hydrogen sulfide.
35, The process according to claim 29 or 30 further comprising separating said
bacteria 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 according 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.



0O 7 SEP 2006 46 32. The process according to claim 31 wherein said gas
further. conprises another gas $elected fromthe group-consisting of

‘ni trogen, methane, helium -argon, a non-reactive ‘gas or a mxture_thereof.
33. The process according to claim 31 wherein said renoving st eb?otggﬂr@ﬁ n
a countercurrent stripper colum. 34. The process according to claim?29 or
30, wherein said renoving .step conprises reducing the pressure on said
fermentation broth in a container separate fromsaid fernmenter. 35. The
process -according to claim29 or 30 f4ikther conprising separating said
bacteria from.other conponents in-said broth to provide a substantially
cell-free straam pTheproteds agtdiding RrokimME whewin saf distiEnPsterfstferatadifiang t o
-claim 35, wherein said renoving step conprises heating said cell-free

st ream t aeiyBAt 2P0essure ofbeswernAbawt 0. tpabaut 40 peiam sai d fernenter.  37. The
process according to claim29, wherein said solvent is the solvent mxture
of any of claims 1 through 8. 38. The process according to claim37 -
wherein sai d g StiTAd g36cesd RRoAAPUD Slaith 23 WhRHRGAB aHEROBIO backrad el b FORC

w t hout substantially degradi ng sai.d anine to _an am de, thus  enhancing the
ef fi ci endlie BIUDFeBRHEEobAceobastEtimchivgi 4. weedl, Bubribauerys metwiiraphiqu,o cl ai m

37 wherei .0 distillat) : LN 'S antial l,y. oxygen-free
vacuum 6oy Gt Qg £ deGRp R nE € bbbyt BB B S G
sai d di StHetrhdcaliurs @ phdrmbidackarepbumy EubactBNmIIAGRIMAP §165HSplotocelis HOENRRN
about 0.5 %gggﬁgyt-lo,psjs. 41. The proceSs according to' claim?29 wherein
said.. aha ihoae mixtpzes thereodl ected from the. group consi sting

of . Acet obacteri um ki vui, A woodii, Butyribacterium nethylotrophicum
Clostridiumaceticum C acetobutylicum C. form caceticum C. kluyveri, C. -
t her nbacet i cui?y " CThe plvecssac@idingto dxint hewirerscaahbC dfurigiahliis sElsbad fomitkem . .
|1 mosum o BERY ORIHEPER PRTEUSPERSYEHBrs2 ATCC 55089, BRI2 ATCC 55380, C-01 ATCC

55988, and mixtures thereof.

43.  The brocess 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 agueocus streams comprising about

- - 90% by volume of a mixture of isomers of highly branched di-
alkyl amines and between about 0.01% and a value less than 1%
by volume of mono-alkyl amines, and less than 10% by volume of
tri-alkyl amines, said solvent having a coefficient of

distribution of greater than 10.

45.  The solvent according to ciaim'44 which is a modified form of Adogen283® |

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



C. | ungdahlii, and m xtures thereof. 42. The process according to claim4l

wherein said. C. ljungdahlii is selected-fromthe strains consisting of.
PETC ATCC 55383, 0O 52 ATCC 55989, ERI 2 ATCC 55380, C-01 ATCC 55988, and
m xtures thereof, . 43. The process according to claim?29 \Ahe(;\;igkgs?#ﬂg

contact with solvent occurs .in a countercurrent colum. 44. nodi d

wat er-i mm sci bl e solvent useful in the extraction of acetic acid from
aqueous streans conprising about 90% by vol une of a m xture of isoners of
hi ghly branched di- al kyl am nes and between about 0.01% and a val ue | ess
than 1% by volunme of nono-al kyl am nes, and | ess than 10% by vol une of
tri-alkyl am nes, said solvent having a,coefficient of distribution of
greater than 10. 45. The sol vent accordi 6 to claim44 which is a nodified
form of . Adogen283(r) solvent, substantially reduced in its content of |ow
boi | i ng conpouggls amge irf fo ESim P ; The gl vent
according to claim Zféﬁle %?%%Fdé‘dfghbst ant i a% ;‘771’%5#? %?%gmééﬂ? ?Lﬁgﬁgﬁn @%Mnes.
47. . A net#@obhef.or preparing a nodified solvent conprising the steps of: 0 7
SEP 2006 48 (a) distilling froman unnodified solvent conprising |low

boi i ng conmpounds, nono-al kyl am nes, highly branched di-al kyl am nes and

tri-alkyl amings, a 0Q% qf said | ow boiling coppounds and
about 80 to ab@ﬁt 1‘88@%%?7?@33’5&%%#%%%9&%&88@ I,ltc%fséqﬂ/hjieﬁ%%\c) ‘ng the
acetic acid extractive capacity of said distilled solvent; wherein said
distillation of said |ow boiling compounds occurs at about 100 to about

160 C at about 70 torr; and



(b) washing said distilled. solvent using an organic acid at an acid to
ratio of about 1:1 to about 5:1. 48. The nethod according to claim

sol vent

47 further conprising subjecting the distilled solvent to a second
distillation to reduce substantially all tri-alkyl am nes. g modi fied
wat er -i nmi sci bl e. sol vent accordlng to claim44 wherein sald oIv ﬁt as a

coefficient of distribution "of about 10 to about 20.

48
. (a)  distilling from an unniodiﬁ'ed solvent corﬁprising low boiling coﬁpomds,
mono-alkyl amines, highly branched di-alkyl amiﬁes 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 boxlmg compounds oceurs at about 100 to

" about 160 °C at about 70 torr, and

(b) ' ‘washing said distilled solvent usmg an orgamc acid at an ac1d to solvent

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

48, The method accordjng to claim 47 ﬁnther'comprisi.ng subj ecﬁné the distilled
solvent to a second distillation to reduce substantially all tri-alkyl amines. :

49. The modified water-immiscible solvent according to
claim 44 wherein said solvent has a coefficient of distribution

of about 10 to about 20.



