WD 2012/ 006236PCT/ US2011/ 042784 WEAK ACI D RECOVERY SYSTEM FOR ETHANCL
SEPARATI ON PROCESSES PRI ORI TY CLAIM [0001] This application clains priority
to U S. Amp.20Nmoc2B8/ 094, 722, filed April 26, 2011, and BcBusBvawissonal

App. No. 61/363,109, filed on July 9, 2010, the entireties of which are

i ncorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002] The present
invention relates generally to processes and systens for produci ng et hanol
and, in particular, to processes and systens for recovering unreacted
acetic acid in an ethanol production system BACKGROUND OF THE | NVENTI ON
[0003] ByRAROK CIOFRECEASER VY SFEM BORCRYRANONAEPA RAQIOBEPRDI(IRSES
petrochem cal feed stocks, such as oil, natural gas, or coal, fromfeed
stock internedi ates, such as syngas, or from starchy materials or cellul ose
material s, such as corn or suga tlonal met hods for producing
et hanol from petrochem cal feedﬁgﬁggggygggﬁi as from cel |l ul ose

mat er ijade] 1T ysiRichih aging- GairRy Yz B, hyish ald, cpm/ogzﬂ 72t k@ ngril I8t ITANOhnd
honol ogation, direct al cohol synthesis, and FlscherTropsch synthe3|s

| nst aBi-Bi Pyovisionbt Api hBRi éé{36f’é@8 &ladcRn phuiye 8s 2048t fliehgaterstiesoof (iveluatd ons
inth V, ol Yy produced ethanol, naking the need for
alterg% @gmgggggggﬁg%EQE ahol production all the greater when feed stock
prices rise. Starchy materials, as well as cellulose naterial, are
converted to ethanol by ferment ation. However, fermentation is typically
used for consuner productloﬂ”@*lb@ﬁgﬁgiﬂﬁXEN@E@F% or consunption, which is
suita or

o e b s L ST peilip s S
restramdls1mmn@ha‘anpumbweiam1HQMﬂhsﬁhatunannganpmdmdaedufmndnmdusﬂnmal
use. (f k Et h production via the reduction of al kanoic acids and/or
ot her PEAM™S W@ﬁ“%?bup cont ai ni ng conpounds has been widely studied, and a
vari ety of conbinations of catalysts, supports, and operating condi ti ons
have been nmentioned in the literature. During the reduction of al kanoic

acid, e.g., acetic acid, B@KHQER@ﬁﬁﬁB&HHEHEHEWHBWHEHQmﬁth et hanol or are

f ' | t h duct |
ey 5 AR T R TR 7 o DG RSS9 §5
m Xt ursgsh asRar n@xedIRh€ or dotli MG Tyl peenater @ediaes tsaElsasdfyagqy odfieRdtdroat

t oget her with ethanol and/or water form azeotropes, which are difficult to
separ dtaenalnongdilose magials, sishas ceTg sHEaTicRBD nhPBteationh meghads dorauedycngaci d

et angr PO E P AP et B TR M ERIE MR BT o
to ethamghedhy@hu@mgfamﬁm&rhmﬂgnbhhnh@dgammrbmaﬁakoh@mhﬁmangaaﬁmdcand

hydr ogenat he et hanoic. acid to ethanol. The streamfromthe
hydr ogéRR¥ sinthestlgrta gtys@;?&ﬁﬁ?@&“f%%ﬁé‘t%‘i’% RElC R PHRHBH S TOARIGHALAR 18 st r eam

of acefd GspGf &n@&glo%‘éw brRGE ALt Bano MM fdind ﬁle We&Y O Gfeh @it @ulkdbPERARY | ON
reactor. [0006] Therefore, a need remains for 1 nproving the recovery of
ethanqﬂomnnnmaﬂqudanQHW&wdbabhbdimsmsbyer&mumwngnamﬂamsmeﬂasndﬁﬂosuch as

acetic_aci and/ or r.oup ontal £o ounds UVMVARY OF
THE | RVAREORE FO00F e b by ferkisn Bl e o et fe P GuaaT garianes L

di r ectegfsuln®er prafuRGSSSf dtRnoP FRAHAL BOcRNAPQSn, vAREPK isitde tHudd 8PuRdn
hydrogenating acetic acid in a reactor in t he presence of a catalyst to

f or m @onsuuisioat haadditipn, derentationef beichy oerHhnerde, materiads cemprtesceth tiooalm d,
igr)ﬁ%%gbr%?so and l ec?e?{resg: rt ! %n gﬁfob}ﬁgg [ Ud hfel'{](%l%lo()lpfgciu %%qr.l cms%%af(la ]?edue
conpri[se0yg VIahaiol gﬁdluurftnleva@tMeambh@fa%ﬂmc sepanal/bnghétcatias Igr@u{ﬂor tion
of the first residue in a separator colum into a separated dlstll at
conpr i°ePiaglngeERRouaAnhas beep ai el suried; ander Wit ofsiompinatiens ef @lpts. and
retur t t

[ oosrirers kSRt BeRORNHON, Bleibheh RERRRH R eIk aRe ByifCuE 28Rk by

pr ocess afkanoipaoduein gceeﬂ'c faaialo bt;heccmmdmd ngretthiencsit veipls ethhngdroowiedbngedbincidede
et hanol ﬁroduft co S|n? t%hangb aC%HGP aci d, ter and e h | .acetate,
separ aFa°Hg 5t Hicsayp %{“1&%# TG BFOO LA i HEC SERAfEA HroHAEY SUh reactipn st
colum into a first distillate conprising ethanol, and a first residue
conprising water and acetic acid, separating at |east a portion of the
first residue in a separator colunn |9to a separated distillate conprising
water, and a separated residue conprising acetic acid, and directing at

| east a portion of the separated residue to an ethanol synthesis reactor.
I n ot her enbodi nents, a portion of the separated residue, which conprises
acetic acid, may be directed to a vinyl acetate production process, acetic
anhydri de productlon process, or sold separately as a product. WO
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[0009] In a third enbodi nent, the present invention is directed to a
process for producing ethanol, conprising the steps of hydrogenating acetic
acid i n avoearos236n the presence of a catal yst to formpaTarsoae/oei7sanol
product, separating at |east a portion of the crude ethanol product in a
first colum into a first distillate conprising ethanol, ethyl acetate, and
|l ess than 10 wt. % water, and a first residue conprising acetic acid and

wat er, and separating at |least a portion of the first distillate in a
second colum into a second distillate conprising ethyl acetate and a
seconghik@sésdus eQImpli Sdtﬂﬁhg%tl%@hatloﬁpéﬁrs RESEHUREN Nt (g MRAWNGHLO010] The
i nvention may be nore conpl étely understood in consideration of the

f ol | owhehgr deteaifdradazgesepdspivhioh asf diffmultdo sepandodImastditeonofhankrenivergientis on i n
R e T R e R o
pr odugs r@Bv&\siiaanl. and weak acid recovery systen1|n accordance with one

enbodi nrent of the esent invention. [0012] FIG 2 is a schematic diagram
of an [@Q(}ﬂndiPOé%%%etdewbwgmﬁe%r feralertiig hy drecedhvas {p ehanobmvebivigg an

t t
{0137 PR FESOLARHEE.l DR AR IR ecide e B SRAE R T BB i ng
a wat dhesapan ditoar tha rmgldmalkatmuehcnﬁommagataVlsto@MMarvethgnca Rtreach aﬁ?d:ii itreanin

accordance with one enbodi menpt of t resent invention. DETAILED
DESCROPHE 468 et NueRes: 1Fhﬂsrf88¥£?cf) torihe Fﬁ@b@&ﬁnammﬁm@gem i nvention
re'atgﬁmﬂﬁ”Qﬂé&%&eth&%ﬁ@ Ins REOEHHTEV I RDHR §ﬂ§k@%ﬁo§ﬂé&%ﬂ§u&9%39&&'fy'ng
a crude ethanol product recovering unreacted acetic acid a weak

aci d sibtaamd]by'lfhmlqmdtdkamudacsds sarh asowptrd ®ed aadet btheacirborah drovgt@ntaanug may
be obtainewHGron1one or nore distillation colums used to process a crude
et han§P™hP The process of the present invention can be applied to a

vari ety of ethanol production systenms and beneficially may be used in
applications for the recovery and/or purification of ethanol on an

industrial scale. For exa ABY QI THS PeEENTHPNt he present invention

e At g0 DRGSR SR FLARR AL s HR:R1RA0RRRORCT ARRAL L 042704
puri f |ng et anof rocess comprising d?og |ng "Jcetic

aci d iefhahbe c@hﬁﬁﬁﬂglﬂleafepa of ﬁizc&bgéiatmé Q&tid]acitine ahyzd:lt@gﬂ flat progenteaics i on
produces a crude et hanol product that conprises ethanol, water, ethyl

acet atatahighiodapt a¢rudeathanohpsioduct sAPE SRS ethangluPiter aad ackgc paigr BParagperat i ng
ef fici S v ting the
or udo EPFA3yioh B YRIARRATERP bk} (PR TRE LIRS B UK ROAPRARE,
streamﬂmﬁdyamiaﬁﬁmuskwﬁcbmmmmagpamaMmdmn&pmedamhwnesmqunnmgmeEHQMng ener gy

requirenments to_recover . et hanol m t he crude etha product. [0016] In
b £l e b

r ecov Py Yt hahist resiine i éfcpégaé%fsc i} O B SeRSEE URPIRRS YR GF or e
di sti Il @bd 9id ¢ NS mpHImE AELRMRE Ghd Feté’t%r% dt FeaS€LPYEHn b BRsERPateq ude

et hanol product in the ini'tial (first) coludm to reduce esterification that
woul d reashsunehd teectdesi r ed et hanol product. In preferred enbodi ments, the

k i t . Q. d bstanti al t f th
wat or T0H1; Mo Sl il neF e RS e BreG Y0t wiins ok bdefine' "
Pr ef eregthhyl, cémpmdifg tHedstk of B@VM%& ciude anél cjﬂ#@&l&%&lﬁﬂ@ﬂlng)étﬂ%tackﬂ@t is

fed to the colum is renoved as the weak acid stream The percentage of

wat er acdnpated apdhgthylacytagee méﬁtmg apleagigardrgonel e cone ethghelrpradist e Besti vity,
3\/2?; J },u\cf\;ﬁemnalir(l 23? g%& fs{lﬁ?a{ 5%18 flSlg%gtrrBIthq 02}/ frirrg? é@%lpégm%glb%lgg w%?e tan(? g%)tl f t5(f)1/e
| n onecrlxpdiai@ptt lchhia poetada @dh@lﬁﬁst FSRINe MY seamol Surhfi Gd 5@84;atra1e<90% of the
water fromthe crude ethanol product, and nore preferably 55%to 88% or
63% t ¢liBiLi9te QORPEiSHE Woam%ﬁﬁpgfat% epidyeeRpPraasets ard. 4 direstingatdedsy

and/ or, t s,in the
B S e b

per cembags aﬁthe/\m)elraterdeﬁmmmj whish acatiprisps aetidecidf inag be Heeaed ©ra oylceatteat i on
inthe distillate is greater. than the azeotropi ¢ anou of mater for the

di st IPFRUSTION BIPE9Ss. aqsHC ¢ i PEP T ABPRORE: chc?ﬁ%ir%eg@fa Y §5¢RR098%06 of t he
acetic acid fromthe crude ethanol product, e.g., at |east 90% and nore
preferably at |east about 100% In terns of ranges, the weak acid stream
preferably conprises from85%to 100%.0f the unreacted acetic acid fromthe
crude et hanol product, and nore prefeﬁ%bly from90%to 100% In one

enbodi nent, substantially all of the unreacted acetic acid is recovered in
the weak acid stream By renoving substantially all of the unreacted acetic
acid fromthe crude ethanol product, the process, in sone WO

2012/ 006236PCT/ US2011/ 042784



aspects, does not require further separation of acetic acid fromthe
ethanol. In this aspect, the ethanol product may contain sone acetic acid,
e.g., traweamuwstss of acetic acid. [0018] By renovi ng aCtaskzolaoszisst r eam
which has relatively large portion of the water, fromthe crude ethanol
product in the initial colum, in one enbodi nent, the process beneficially
reduces the energy required for further additional water renoval steps
since less water will be contained in the ethanol-containing distillate of
the initial colum. Nonethel ess, additional water renpval steps may be

enpl oy @609 N 1hR.hiPH BHBSERRNO L ﬂ‘t@sehfh\ﬁ@él{tlcﬁrls dfr&dte® Bass fdr (ROARNPY dr ous

et hanol product is desired. The anount of water in the final ethanol

pr oducthapaly compysige ferstipa gt by‘drag?natlezawe@uq actdun agesréarah ke presenee efdvant ageous
to hay i.ent S [.eno | Vet

et handtntoB sy s usERRIGE el TR 805w & bob EIRY Al el Rt

aci d si b €@amcoldnef @rablipst tRellate comprisds adetdlCetbgl detate, bR lesNdan 10 wtbe

reactor to increase ethanol production. The water frontthe weak aC|d stream
may beVasely ik fiisbrastdne capBtiEng asqjidrsgerdrraier. and wpatafies Ackest apouEyofThe

oyt narr ol Eihe PEEke P e bt ARl SOt B ERA A

st0|cheanﬂhegdmdahhﬂmﬁ@ﬁﬂMmohc|d hydr ogenati on reacti on, when acetic acid

i s hydrogenated to formethanol, the resulting crude ethanol product

typically conprises water and ethanol in about a 1:1 nole ratio. Since the
conversion o this reactigRrks DERSRIPRAINIHOMR APeugr, the crude ethano
product al so typically conprises sone residual acetlc acid. [0021] In one
enbodi[f@i] dfhetilreenppe sentbeimure wpinpletely hedqutoccesscoadivlatmlalg ebuslfyllsapar at es
acetic nd water in a weak acjd.streamin.a sin istillation

ot umieRarLPERaB S vaeldp ErBRdtit o RE MRl sF RSB 1 L on col umm
i's | esscdhsihyindelrheimps Matedif liRe ad@eral X sRRakalifilaGRktkC acid. The weak acid
stream may be returned to the reactor, but it is preferred to renove at

| east [80Mdr thlEn 1 dfa sahempte diagramos atheshanehrrodustepnstypleamnderaskacidaegavsinng t he
acet i ¢ ey 0. NGl RAGIRL crPRIRING: YBLELfriomARy return streams to the
react o V’ reaction comditions and reduces unnecessary

wat er [pogesaGng s 4 &ma&]atusmagﬁlnt &f diydhagepaiduaivncttahysidsyvdaRakiddecsatal yst s
conprising a first netal and optionally one or nore of a second netal, a

t hi r d SHEEHhagnS AR AGAGEIN apetrdinee vai ‘?IIS’rFé}IlIO)?hDéWt &T tho present invention.

2012/ 6 r I

cecond Cod Tt et eGP O AP PR egc e RN RE Gl e,
VI B, \hd BieaWhéill récoaasisystom haeingl a, exerattaninhanodenceetial oneasmlaclimentdd tinet al  or
a netal selected fromany of Goups IIIA TVA VA and VIA Preferred netal
combi REEFYHEVEBPNsome exenpl ary catal yst conpositions include platinumtin,
pl ati nun rut heni um plati nunl rheni um pal |l adi unf rut heni um

pal | adi um rheni um cobal t/pall adium cobalt/plati num cobalt/chrom um
cobal t/rut heni um cobBlEAED DESORSP TIAY AT IHIINSGEONal | adi um

copper,/ zi nc,. nickel/palladium gold/palladium rutheniumrhenium and
ruthedﬂﬁ%ﬂﬁpg%. Exenpl ary catal ysts are further described in U S. Pat. No.
7, 608 [Fek] anchelpr&enBiubent 1A reldRd QL RADARODthdnBEp @At ttIoRt JroSes@k alikeherdd @r
|ncorporated herein by reference. |n another enbodinent, the catalyst

conpr iPYESyiag Teyude ethagal papust aed rechiecringperegeted rrgccichiromg, wealacidygream.

2009/ ti L i ref, nce.
{00231 T ahacbRE e sl Pl e b L AP b SR Onb¥d RO RTE S

sel ectd@ﬂﬂlﬁn@mdlh@ngﬁ@upo @ﬁﬁﬁt,s?d ¢roge ﬁflatﬁﬂ) pﬁﬁlﬂct i Tieprocebaf the pmseﬂtel
rut heni um. rhodium palladium osm um ium platinum_titanium zinc,

chr omilRYRItPH e} RE3PPAEE %%mﬁw obgfharal ﬁg%’t‘éﬁ*P“ premsran bynefilvimase wisdal i s
sel ec [ I I b ni cke
and r Elt%ﬁ%grﬁcg@ﬁsp\/gfgl pr er g&r%ld%tr P ﬂﬂﬁ@%t}o?lsc{}“te%%{ (gllonloegl %&I Ilé'{pesdéq?rg(lr)ﬁt pl ati num
and pakhmaplieumrioikespettzef fther;sﬁsenemabntmnplatestey@deasteb rmecaviering apd/ef er r ed
that the catal yst conprises platinumin an amount |less than 5 w.% e.g.,

|l ess than 3 wt.%or less than 1 wt.% due to the high demand for platinum

[ 0024] As indicated above, the catalyst optionally further conprises a
second netal, which typically would function as a pronoter. If present, the
second nmetal preferably is selected fromthe group consisting of copper,

nmol ybdenum tin, chromum iron, cobalt, vanadium tungsten, palladium

pl ati num Ianthanunt cerium nmanganese, ruthenium rhenium gold, and

ni ckel . More preferably, the second netal is selected fromthe group
consisting of copper, tin, cobalt, rhenium and nickel. Mre preferably,
the second netal |s selected fronttln and rhenlunt [0025] If the catalyst

N a . o . o - .



[ 0029] Suitable support materials may include, for exanple, stable netal
oxi de- based supports or ceram c-based supports. Preferred supports include
si |l i caceow® 212ppp6236s, such as silica, silical/alumna, apGraspoiilode7ss|icate
such as calciumnetasilicate, pyrogenic silica, high purity silica, and

m xtures thereof Ot her supports may include, but are not limted to, iron
oxide, alumna, titania, zirconia, nmnagnesium oxide, carbon, graphite, high
surface area graphitized carbon, activated carbons, and m xtures thereof

[ 0030] As indicated, the catal yst support nmay be nodified with a support
nodi f ip@Fifyihdethons p%’d%t@é’d B%5]b%ce@sﬂ%nﬁ%@ﬁ@ﬁydFﬂg@hz{tlr@racmacb&mat'ﬂe PEdsBi@ of

nodi fier that increases the acidity of the catalyst. Suitable acidic
supporatcatpbidt f i ers may be sel ect ed frontthe group conS|st|ng of : oxi des of
G oup l,S.. OXi netal s,

oXi deéb%/‘fél c”ﬁ)h%&ytxﬁgéngn%’t%a C“%%%;dé‘sceso i gtha‘%i)i it ‘tha CO%&I[SSS?I&H%%IOM des,
and mwdiel! efylt deetaentindadted @ceeuepﬁrtndmdutlmenﬁnemdwm@rbm@@ramgect ed from
the group consisting of Ti02, ZrQ2, Nb205, Ta205, WO

2012/ GHEIIBRCTIEBITELT0 2D 8 HreRenio sy engipn anvoboss paratiag ths2osle thaspbpriodictaci di ¢

suppor; I r ng of Ti02,
N (e R e B L
MD03, app2ad) reQnA08, rediiROfy dviaf}®, reiufameGa03¢coaradetBai0 Bonf DO Siide lethaanlot her
enbodlne¥ t he support nodifier nmay be a basic nodifier that has a | ow
vol at iPf¢ Vi no volatility. Such basic nodifiers, for exanple, may be

sel ectiggdfr qmrééa)%e@rtgﬂétﬁam N ﬁﬁdc@&eé%f‘ thé b)eséﬁt iﬁ?‘Je‘nﬂ@n g&r 4 cﬁ“fﬁcﬁb dRNIIASS
(ii) alkali nmetal oxides, (iii) alkaline earth metal metasilicates, (iV)

al kal icolmtral Umtaa:mdl dcetad mc;l 1s(rginoGdoliipmIhdBemrde athamdipdabict vhg ingiad L(tﬁrSI])I B

net a tasi | ate net e B net al
ot asiPRet B e FisraticheRRtRub rorRu e i 9sRE FRmdlPrreb, oy D etred

met asiehibeain®sits, BtcheEaktdeRESreafn, BRAirédi®ieS cdimisiddd h RGh st b Pf R on BF the L&,
acetates, and | actates may be used. Preferably, the support nodifier is

sel ectaad therusmeactes ageidussid GasI the pﬁgle ¢thapgl peducanBrefesaldsi 4 mawriesoiothe avferof
sodi u a i C s well
e b egms tHarHOI g@gpﬁ%#{g% feeﬁg?ﬁﬁg JB}@E%’}Q ng%d %ﬁ e w‘ég} @Qgtir%angu%lﬁeart
modi f ip@fceht&g@oﬁ‘aht@t temMcSel negtvary depdndivg on DGR aatceécelwalbioyl a0dlselectiiity, and

nmetasilicate (CaSiB). If the basic support nodifier conprises calcium
met asithg wai <ea61q' ptrqagn, &fﬁempl@dntamemaesq eet@c abguipditeiobHheor ateHEore Ahecsruds

et or R U g TR PR e oo R M I EL SR S VR R o

SaintsﬁbhammyNon@heeﬁ%heﬂsahnﬁw%nﬁaunwﬁbﬂﬁmmtBSﬁmms&hauﬂmaahmxhnbnmsathe

fol |l ow in rOX|na tely 95 wt h surface area
Sili c&fg‘g@B{Ya‘%e} g@ oot gﬁ/atﬂ §5z/a 0 T, ©f l%tﬁmﬁo‘?“éh PRFETENS A 6111 2
nm a‘é@fd%@/o?@él@ctmﬂyufﬁ% sQl‘;stﬁﬁ’faP%or%ioﬁ) of Wi{ed vﬁtﬁdmsdéﬁﬁ%em/eaﬁfea'&% Mamnt r usi on
porosinmetry and a packing density of about 0.352 g/cnB (22 Ib/ft3). [0033]
A pr eﬁwlmfr@n B0 %atod Stviersa, fsupgotd tor?é)t’/erTlaﬂ pdreenmexﬁmasérlrélnaV®thr egyfrom
Sud Chemni. a _nom na a densi ut
o565 Tgrvired G BB BB PRy b A8 g ul bSPR St Be ar ea
of abQM&maﬁpﬁqu@ﬁémnﬂlg, and a pore volunme of about 0.68 m/g. [0034] As
w il be %ppreC|ated by those of ordinary skill in the art, support

mat er i[89%] arBlesféqaé@@@cst@@uehnqmnlmﬁé at:@ﬂ%tl%ﬁét ofifpe pesiciagidgliom allsl rudect i ve,
select bu t pye t

f or mat %hgﬁo atq?%gg%q]b %HPEC’% erglﬂ Htegacr}%f) L(?tlmblgt/és/ 1(iirrltatter(Pl ) H(;lg%gper sed

t hr oughowtalt dtbecl §tt@ﬁﬁpr’eferm3at@dpms tﬁhﬁl m%ets 16@%1‘0@@1&3 tﬁfreatctt,el ufpid fo8gg
shell) or decorated on the surface of

2012/ (o5 8ePethgsPeactchapd 814’“[ @reﬁfeqblyrﬁenb%&/at%w %o ﬁlbe%q tmleﬂdémeth table for
use Wstﬂ%t{nﬂﬁll?%ﬁ t%ﬁﬂte dn?é’a? RBPLEd Fsrr@&JVlé lify tﬁe%%%q‘tctch{tfé%l&h 54 (?P{ngs

i mpregnation © nodi support ough ot her processe
chenleabﬁmmmﬁyaﬂeﬁd&nﬂwam&ﬂmyaajamjﬁemﬁh@meedﬂmﬁquomnpnmgm@tmennsonm
techni ques are described in U S. Pat. No. 7,608 744 and U.S. Pub. No.

2010/ 0029995, the entireties of which are incorporated herein by reference.
[ 0037] Sone enbodi nents of the process of hydrogenating acetic acid to form
et hanol may include a variety of configurations using a fixed bed reactor
or a fluidized bed reactor. In many eqpodlnents of the present invention,
an "adi abatic" reactor can be used; that is, there is little or no need for
i nternal plunbing through the reaction zone to add or renove heat. In other
enbodi ments, a radial flow reactor or reactors nay be enployed, or a series
of reactors nmay be enployed with or without heat exchange, quenching, or
|ntroduct|on of addltlonal feed naterlal Alternatively, a sheII and t ube

e 1. . Y o - ) o o S



[ 0041] Al though the reaction consunes two nol es of hydrogen per nole of
acetic acid to produce one nole of ethanol, the actual nolar ratio of

hydr ogen wo 2apatos236aci d in the feed stream may vary fromcahusae110@084d to
1:100, e.g., from50:1 to 1:50, from=20:1 to 1:2, or from12:1 to 1:1. Mbst
preferably, the nolar ratio of hydrogen to acetic acid is greater than 2:1,
e.g., greater than 4:1 or greater than 8:1. [0042] Contact or residence
time can also vary wi dely, dependi ng upon such vari abl es as anount of
acetic acid, catalyst, reactor, tenperature, and pressure. Typical contact
times qggaee dbdsaidt feqlilrd Gt RR s@farAioR OF Q8 ctRidME 8 thd\@RaeV Bl @ls RPatt shwhen a
catal yst systemother than a fixed bed is used, wth preferred contact

t i mes ethanol praduct gy opaiaoy sqpifagretie akidtd onsaceginduntsmf@catiaasidi00 seconds,
e.g., 3 to 80 secand r.fromQ.4 tg 30,seconds.. he.r aw
ey (LT i@ i GRERINR Sleabb Mty o n RERL o PP e o
this ithwventé ediamayrdRco@rthy Bgtidl colmmnih el dnatidldem o Uthe @rddasd bedefgalnat ur al
gas, petroleum coal, bionmass, and so forth. As exanples, acetic acid my
be pr sednsesthyicaeit ernist fippbenadditionnl, watekteaionahsyens suie dess Marer Vet g1 ene
oxi daldh (ine@ti 3 tehifiol SIS Mt AR ANART Dl hn' MITEHERL! bRl ARG
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advant ageous to produce acetic acid fromsynthesis gas ("syngas") that is
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Pr opi oni spera, Anaerobiospirillum and Bacteriodes, and in particul ar,
species selected fromthe group consisting of Clostridiumformcoaceticum
Clostridiumbutyricum Morella thernoacetica, Thernoanaerobacter kivui,
Lact obaci | I us del brukii, Propionibacterium acidi propionici, Propionispera
arboris, Anaerobiospirillum succinicproducens, Bacteriodes anyl ophilus and
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WO 2012/ 006236PCT/ US2011/ 042784 [0050] Alternatively, acetic acid in vapor
formmay be taken directly as crude product fromthe flash vessel of a

met hanol warbompbmsbi on unit of the class described i n UPBT/URat11/0MTS4

6, 657,078, the entirety of which is incorporated herein by reference. The
crude vapor product, for exanple, may be fed directly to the ethanol
synthesis reaction zones of the present invention wthout the need for
condensing the acetic acid and |ight ends or renoving water, saving overall
processi ng costs. [0051] The acetic acid nmay be vaporized at the reaction
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t he h%gpgdgniglgﬁﬁﬁéggﬁﬂgﬁp?cOEE%ﬁggggﬂgg%/écgékﬁm£% use rmﬁ tﬁ§ﬁ¥qH&k
produammMBUheUMQammb&aemmEQQWQWaM®yafwﬁhhaaahﬁbenwhﬂwmwmmmehno&mﬂbysk per
hour, e.qg. east 400 grans of ethanol per kil ogram of catal yst per hour
or at“W§§§Pm§QBO§F5ﬂEf of ethanol per kilogram of catalyst per hour, is
preferred. In terns of ranges, the productivity preferably is from 100 to
3,000 grams of ethanol per kilogram of catal yst per hour, e.g., from400 to
2,500 grans of ethanol per kilogranlonicatalyst per hour or from600 to
2,000 grans of ethanol per kilogram of” catal yst per hour. [0055] Operating
under the conditions of the present invention nmay result in ethanol
production on the order of at least 0.1 tons of ethanol per hour, e.g., at
| east 1 ton of ethanol per hour, at least 5 tons of ethanol per hour, or at
Ieast 10 tons of ethanol per hour. Larger scale industrial productlon of
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Conc. (wt.%9 Conc. (w.% Conc. (W.% Conc. (WM.% Ethanol 5 to 70 15 to
70 15 to 50 25 to 50 Acetic Acid O to 90 O to 50 15 to 70 20 to 70
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[0026] The preferred metal ratios may vary depending on the metals used in the catalyst. In
some exemplary embodiments, the mole ratio of the first metal to the second metal is from 10:1
to 1:10, e.g., from 4:1 to 1:4, from 2:1 to 1:2, from 1.5:1to 1:1.5 or from 1.1:1to 1:1.1.

[0027] The catalyst may also comprise a third metal selected from any of the metals listed
above in connection with the first or second metal, so long as the third metal is different from the
first and second metals. In preferred aspects, the third metal is selected from the group
consisting of cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium. More
preferably, the third metal is selected from cobalt, palladium, and ruthenium. When present, the
total weight of the third metal preferably is from 0.05 to 4 wt.%, e.g., from 0.1 to 3 wt.%, or
from 0.1 to 2 wt.%.

[0028] In addition to one or more metals, the exemplary catalysts further comprise a support or
a modified support, meaning a support that includes a support material and a support modifier,
which adjusts the acidity of the support material. The total weight of the support or modified
support, based on the total weight of the catalyst, preferably is from 75 wt.% t0 99.9 wt.%, e.g.,
from 78 wt.% to 97 wt.%, or from 80 wt.% to 95 wt.%. In preferred embodiments that use a
modified support, the support modifier is present in an amount from 0.1 wt.% to 50 wt.%, e.g.,
from 0.2 wt.% to 25 wt.%, from 0.5 wt.% to 15 wt.%, or from 1 wt.% to 8 wt.%, based on the
total weight of the catalyst.

[0029] Suitable support materials may include, for example, stable metal oxide-based supports
or ceramic-based supports. Preferred supports include silicaceous supports, such as silica,
silica/alumina, a Group IIA silicate such as calcium metasilicate, pyrogenic silica, high purity
silica, and mixtures thereof. Other supports may include, but are not limited to, iron oxide,
alumina, titania, zirconia, magnesium oxide, carbon, graphite, high surface area graphitized
carbon, activated carbons, and mixtures thereof.

[0030] As indicated, the catalyst support may be modified with a support modifier. In some
embodiments, the support modifier may be an acidic modifier that increases the acidity of the
catalyst. Suitable acidic support modifiers may be selected from the group consisting of: oxides
of Group IVB metals, oxides of Group VB metals, oxides of Group VIB metals, oxides of Group
VIIB metals, oxides of Group VIIIB metals, aluminum oxides, and mixtures thereof. Acidic

support modifiers include those selected from the group consisting of TiO», ZrO», Nb,Os, Ta,0s,



Water 5 to 40 5to 30 10 to 30 10 to 26 Ethyl Acetate 0 to 30 0 to 20 1 to
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Al O3, B2Os, P20s, and Sb,O;. Preferred acidic support modifiers include those selected from
the group consisting of TiO,, ZrO,, Nb,Os, Ta,0s, and Al,O3;. The acidic modifier may also
include WQO;, MoQ;, Fe; 05, Cr;,05, V205, MnO,, CuO, Co,03, and Bi,0s.

[0031] In another embodiment, the support modifier may be a basic modifier that has a low
volatility or no volatility. Such basic modifiers, for example, may be selected from the group
consisting of: (1) alkaline earth metal oxides, (i1) alkali metal oxides, (ii1) alkaline earth metal
metasilicates, (iv) alkali metal metasilicates, (v) Group IIB metal oxides, (vi) Group IIB metal
metasilicates, (vii) Group IIIB metal oxides, (viii) Group IIIB metal metasilicates, and mixtures
thereof. In addition to oxides and metasilicates, other types of modifiers including nitrates,
nitrites, acetates, and lactates may be used. Preferably, the support modifier is selected from the
group consisting of oxides and metasilicates of any of sodium, potassium, magnesium, calcium,
scandium, yttrium, and zinc, as well as mixtures of any of the foregoing. More preferably, the
basic support modifier is a calcium silicate, and even more preferably calcium metasilicate
(CaSi0;). If the basic support modifier comprises calcium metasilicate, it is preferred that at
least a portion of the calcium metasilicate is in crystalline form.

[0032] A preferred silica support material is SS61138 High Surface Area (HSA) Silica Catalyst
Carrier from Saint-Gobain NorPro. The Saint-Gobain NorPro SS61138 silica exhibits the
tollowing properties: contains approximately 95 wt.% high surface area silica; surface area of
about 250 m*/g; median pore diameter of about 12 nm; average pore volume of about 1.0 cm’/g
as measured by mercury intrusion porosimetry and a packing density of about 0.352 g/cm’ (22
Ib/ft).

[0033] A preferred silica/alumina support material is KA-160 silica spheres from Sud Chemie
having a nominal diameter of about 5 mm, a density of about 0.562 g/ml, an absorptivity of
about 0.583 g H,O/g support, a surface area of about 160 to 175 m*/g, and a pore volume of
about 0.68 ml/g.

[0034] As will be appreciated by those of ordinary skill in the art, support materials are
selected such that the catalyst system is suitably active, selective and robust under the process
conditions employed for the formation of ethanol.

[0035] The metals of the catalysts may be dispersed throughout the support, coated on the

outer surface of the support (egg shell) or decorated on the surface of the support.



0.1to6 0.1to 4 [ 0057] In one enbodi nent, the crude ethanol product
conprises acetic acid in an anount |less than 20 wt.% e.g., less than 15
w. % | ewe20tez06B6 wt. % or | ess than 5 wt. % | n enbodi memtus20uamiiargs | ower
anounts of acetic acid, the conversion of acetic acid is preferably greater
than 75% e.g., greater than 85% or greater than 90% In addition, the
selectivity to ethanol may al so be preferably high, and is preferably
greater than 75% e.g., greater than 85% or greater than 90% Separation of
Crude Ethanol [0058] FIGS. 1, 2, and 3 show a hydrogenation system 100
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In preferred enbodi hents, he weak acid stream conprises about 30 wt.%
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streamis processed using the weak acid recovery zone shown in FIG 2. In
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strea o anount of acetic acid. [0060] Hydrogen and acetic
acid g}§1 %%%?%Q§K€aporlzer 110 via lines 104 and 105, respectively, to
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the siflereatBR&ONPOLAIORith He RSP rﬁf:leg eactor 103. Further nodifications
and addi tional conponents to reaction zone 101 are descri bed bel ow. [0061]
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Such guard be nmay be enpl oyed in the vapor or uid streans. Suitable
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functionalize cul'ar” speci es as’s ur or
Dur i nghotihie spued I’ve@emyatGHBVp bOGIRSIST than 60@1 te' etglagiedtemh@dmo st rgambt t$1an
w t hdrawn, preferably continuously, om reactor 103 via |ine

cr ude 28PRlRoPT GyEB dtRater $hane 0D ey IBéefe’é @é%ﬂth&rﬁﬂﬁ‘édﬂ%aflgea%%rwmato

uhi Csolgbott® N o POK!sS86%-81/ P e £3M AE 17 1 Fibeh BT Gadm BB hi-agher
106 i n one enbodi nent preferabBly operates at a tenperature o% from20C to
250C, 660¢hs” fron1SOC to 225C or from60C to 200C. In one WO

2012/ 006236PCT/ US2011/ 042784 enbodi ment, the pressure of flasher 106
preferably is from50 Ga to 2000 CGa, e.g., from75 Ca to 1500 Ga, or from
100 Ca to 1000 Ca. [0062] The vapor streamexiting the flasher 106 may
conpri se hydrogen and hydrocarbons, which may be purged and/or returned to
reaction zone 101 via line 113. As shown in FIG 1, the returned portion of
t he vapor stream passes through conpressor 114 and is conbined with the
hydr ogen feed and co-fed to vaporizer 110.



[0063] The liquid fromflasher 106 is wi thdrawn and punped via line 115 to
the side of first colum 107, also referred to as the acid separation

col um. Iwoane/mai36di nent, the contents of |ine 115 arePsuhst@anioiziy y
simlar to the crude ethanol product obtained fromthe reactor, except that
t he conposition has substantially no hydrogen, carbon di oxi de, nethane or
et hane, which are renoved by the flasher 106. Exenpl ary conponents of
liquid in line 115 are provided in Table 2. It should be understood that
liquid |ine 115 may contain other conmponents, not |isted, such as

ConMponenyoy dﬁfe'h%ﬂag@ﬁzﬁmntdbﬁoflzﬁ%s cdyel %Ll‘?atFaggE@ o8l FlctdNt tdCREcontdMhe X9

Conc. (wt.% Con % Ethanol 5 to 70 1 60 15 to 50 Acetic Acid <90

5 to g)@esitgetd@owqprqmtthq ceg;aly‘r@c gl at the GHSV selected, although there is no bar to the use of
higher pressures, it being understood that considerable pressure drop through the reactor bed may
be experienced at high space velocities, e.g., 5000 hr or 6,500 hr™",
[0041] Although the reaction consumes two moles of hydrogen per mole of acetic acid to
produce one mole of ethanol, the actual molar ratio of hydrogen to acetic acid in the feed stream
may vary from about 100:1 to 1:100, e.g., from 50:1 to 1:50, from 20:1 to 1:2, or from 12:1 to
1:1. Most preferably, the molar ratio of hydrogen to acetic acid is greater than 2:1, e.g., greater
than 4:1 or greater than 8:1.
[0042] Contact or residence time can also vary widely, depending upon such variables as
amount of acetic acid, catalyst, reactor, temperature, and pressure. Typical contact times range
from a fraction of a second to more than several hours when a catalyst system other than a fixed
bed is used, with preferred contact times, at least for vapor phase reactions, of from 0.1 to 100
seconds, e.g., from 0.3 to 80 seconds or from 0.4 to 30 seconds.
[0043] The raw materials, acetic acid and hydrogen, used in connection with the process of this
invention may be derived from any suitable source including natural gas, petroleum, coal,
biomass, and so forth. As examples, acetic acid may be produced via methanol carbonylation,
acetaldehyde oxidation, ethylene oxidation, oxidative fermentation, and anaerobic fermentation.
Methanol carbonylation processes suitable for production of acetic acid are described in U.S. Pat.
Nos. 7,208,624: 7,115,772 7.005,541; 6,657,078: 6,627,770; 6,143,930: 5,599.976; 5,144,068:
5,026,908; 5,001,259; and 4,994,608, the entire disclosures of which are incorporated herein by
reference. Optionally, the production of ethanol may be integrated with such methanol
carbonylation processes.
[0044] As petroleum and natural gas prices fluctuate becoming either more or less expensive,
methods for producing acetic acid and intermediates such as methanol and carbon monoxide
from alternate carbon sources have drawn increasing interest. In particular, when petroleum is
relatively expensive, it may become advantageous to produce acetic acid from synthesis gas
(“syngas”) that is derived from more available carbon sources. U.S. Pat. No. 6,232,352, the
entirety of which is incorporated herein by reference, for example, teaches a method of

retrofitting a methanol plant for the manufacture of acetic acid. By retrofitting a methanol plant,
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the large capital costs associated with CO generation for a new acetic acid plant are significantly
reduced or largely eliminated. All or part of the syngas is diverted from the methanol synthesis
loop and supplied to a separator unit to recover CO, which is then used to produce acetic acid. In
a similar manner, hydrogen for the hydrogenation step may be supplied from syngas.

[0045] In some embodiments, some or all of the raw materials for the above-described acetic
acid hydrogenation process may be derived partially or entirely from syngas. For example, the
acetic acid may be formed from methanol and carbon monoxide, both of which may be derived
from syngas. The syngas may be formed by partial oxidation reforming or steam reforming, and
the carbon monoxide may be separated from syngas. Similarly, hydrogen that is used in the step
of hydrogenating the acetic acid to form the crude ethanol product may be separated from
syngas. The syngas, in turn, may be derived from variety of carbon sources. The carbon source,
for example, may be selected from the group consisting of natural gas, oil, petroleum, coal,
biomass, and combinations thereof. Syngas or hydrogen may also be obtained from bio-derived
methane gas, such as bio-derived methane gas produced by landfills or agricultural waste.
[0046] In another embodiment, the acetic acid used in the hydrogenation step may be formed
from the fermentation of biomass. The fermentation process preferably utilizes an acetogenic
process or a homoacetogenic microorganism to ferment sugars to acetic acid producing little, if
any, carbon dioxide as a by-product. The carbon efficiency for the fermentation process
preferably is greater than 70%, greater than 80% or greater than 90% as compared to
conventional yeast processing, which typically has a carbon efficiency of about 67%.
Optionally, the microorganism employed in the fermentation process is of a genus selected from
the group consisting of Clostridium, Lactobacillus, Moorella, Thermoanaerobacter,
Propionibacterium, Propionispera, Anaerobiospirillum, and Bacteriodes, and in particular,
species selected from the group consisting of Clostridium formicoaceticum, Clostridium
butyricum, Moorella thermoacetica, Thermoanaerobacter kivui, Lactobacillus delbrukii,
Propionibacterium acidipropionici, Propionispera arboris, Anaerobiospirillum
succinicproducens, Bacteriodes amylophilus and Bacteriodes ruminicola. Optionally in this
process, all or a portion of the unfermented residue from the biomass, e.g., lignans, may be
gasified to form hydrogen that may be used in the hydrogenation step of the present invention.

Exemplary fermentation processes for forming acetic acid are disclosed in U.S. Pat. Nos.
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0.001 to 0.03 O her Esters <5 <0.005 <0.001 O her Ethers <5 <0.005 <0.001
O her Al cohols <5 <0.005 <0.001 [0064] The ampunts indicated as |ess than
() in thewoabli2®eidhr oughout present application are prefreraisbyiinet7spr esent
and if present may be present in trace anounts or in anmpunts greater than
0.0001 wt.% [0065] The "other esters"” in Table 2 may include, but are not
limted to, ethyl propionate, nethyl acetate, isopropyl acetate, n-propyl
acetate, n-butyl acetate or m xtures thereof The "other ethers"” in Table 2
may include, but are not limted to, diethyl ether, nethyl ethyl ether,

I sobutgydooetgoy b oet beg: 074005t Urses skher eof 55bhe c00isasr 7 88 Lohohad 7i883.68bl e 2

may i nclude, but are not
the entireties of which are incorporated herein by reference. See also U.S. Pub. Nos.
2008/0193989 and 2009/0281354, the entireties of which are incorporated herein by reference.
[0047] Examples of biomass include, but are not limited to, agricultural wastes, forest
products, grasses, and other cellulosic material, timber harvesting residues, softwood chips,
hardwood chips, tree branches, tree stumps, leaves, bark, sawdust, off-spec paper pulp, corn,
corn stover, wheat straw, rice straw, sugarcane bagasse, switchgrass, miscanthus, animal manure,
municipal garbage, municipal sewage, commercial waste, grape pumice, almond shells, pecan
shells, coconut shells, coffee grounds, grass pellets, hay pellets, wood pellets, cardboard, paper,
plastic, and cloth. See, e.g., U.S. Pat. No. 7,884,253, the entirety of which is incorporated herein
by reference. Another biomass source is black liquor, a thick, dark liquid that is a byproduct of
the Kraft process for transforming wood into pulp, which is then dried to make paper. Black
liquor 1s an aqueous solution of lignin residues, hemicellulose, and inorganic chemicals.
[0048] U.S. Pat. No. RE 35,377, also incorporated herein by reference, provides a method for
the production of methanol by conversion of carbonaceous materials such as oil, coal, natural gas
and biomass materials. The process includes hydrogasification of solid and/or liquid
carbonaceous materials to obtain a process gas which is steam pyrolized with additional natural
gas to form synthesis gas. The syngas is converted to methanol which may be carbonylated to
acetic acid. The method likewise produces hydrogen which may be used in connection with this
invention as noted above. U.S. Pat. No. 5,821,111, which discloses a process for converting
waste biomass through gasification into synthesis gas, and U.S. Pat. No. 6,685,754, which
discloses a method for the production of a hydrogen-containing gas composition, such as a
synthesis gas including hydrogen and carbon monoxide, are incorporated herein by reference in
their entireties.
[0049] In one optional embodiment, the acetic acid fed to the hydrogenation reaction may also
comprise other carboxylic acids and anhydrides, as well as acetaldehyde and acetone. These
other compounds may also be hydrogenated in the processes of the present invention. In some
embodiments, the presence of carboxylic acids, such as propanoic acid or its anhydride, may be

beneficial in producing propanol.
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WO 2012/ 006236PCT/ US2011/ 042784 limted to, nethanol, isopropanol,

n- propanol, n-butanol or m xtures thereof In one enbodi nent, the liquid

st ream 11SOrma2/m623pr i se propanol, e.g., isopropanol andfor/us2@nopasdl , in
an anount fromO0.001 to 0.1 w.% from0.001 to 0.05 wt.%or fromO0.001 to
0.03 wt.% In should be understood that these other conponents may be
carried through in any of the distillate or residue streans descri bed
herein and will not be further described herein, unless indicated

ot herwi se. [0066] Wen the content of acetic acid in liquid stream 115 is

less { 0@51}%5 AtterfativeRe a@fic AcRISRIBASH 10N Gl WaMaldld difdBy Becrilid pRAdctartih tHequi d
stream 115 may be introduced directly to second colum 108, also referred

to as ﬂahlevqtﬁsglmf agneBanod Farhony Lt el Qﬂtbﬁclatscdeacrﬁbem@rwn&fabé%@e@ﬁt(@@ to
Iozlet Ie% l%{ltlrgtx t0 %vh?chsg? ﬁ)%trét?(!l Qr%%lhl 9 gfe?enctehtf'ﬁ S@Ft he p?gc%uc %XQQI%FJ In
107, enag/ be fe@dRectRabfth@sthh@Meynthdsis @action Zoh&ssdf th@presmt L%nncbmw&a@ﬁteﬁb acetic
aci d, £ort|on of the water, and other heavy conponents, if present, are

r enovded FBisPRdsEsies sorsietis agid iand [1Ehend o ERPVHIZSVAES KaHRSPYe Hf Brosessy
continygusly, as residue to forma weak acid streamin line 116. The
conposi tion of weak acid stream may vary, but preferably conprises acetic
aci d geesnatér.ac@idweid oappenemirzedtit theakacaon tengteraarm follewdesehicbelek i n Tabl e

3 bel ow. | n _enbodi nts of pre inventio ak aci stre; n1in | i ne
116 na§Py&ep rasﬁéé?sasc may, b sfweag%ngaw@ﬁy%res%wnz%ﬁéutv%ﬁé%%f 1tgdavithar et ur ned
to the.Leag! | in%ﬂ &BNE o OREEPRA it Ye enaat%%ﬁtﬂeq’lﬁmotat%t)ﬁdl‘&% Agkkk Bt gap may be

returned ditectly tothe reactlon zone 101 wi'thout being processed in the
weak aawdonenmveﬂwxmpnepmﬁﬂth@@mymhﬂmgShmédace@naﬂ@du@ﬂpmgﬁ@mabﬂyﬂhtmn1the
weak acid r e one 150 t pori zer y..red uce t amount of
neavi aet Wi Eaa B BE BrPbRErE P i g agbP RS PO T et B RBunt of
heavi egpéizeat Menod gr@ynﬂdmé&mcmfa&ltﬁé eiRehes RbsstiReaR Be£SR vaPbligdr educi ng
byproducts Weak Acid Recovery [0068] In FIG 1, weak acid stream 116 is
i nt r odaeiischoichmen ge Airther Beated ol thpragetor ietdemparaigps. én almthlerwatb@du%@p,dhat or

col u d.o h r. r

ai t1 cet e B IpSR AR s bare BRliRT by hs Rt e RSB ke
aci d does remoﬁlﬁremeafpe@zmm@&eaw tthe wleramdhmtr@memh@dhmpbr staepn@zr at or
colum 151 may conprise an extraction agent, such as a conpound ca abl e of

for mi Mgssie rsesencpe i s cifere Froughehe AFRiS 3R 35 RAtTBPHBIL(E f&@é@elﬁm ofm an

azeotr, i r de WO

20121 O0RDyHBBE L BT b0 e AR P A e R AR LB 0. oy

acet atj@)S2putly Ipaaiz:etaatthe hydmgénaﬁcmbﬁztoetic déid siopraspiele &tvberble cavbeondifsul fi de,
tetrahydrof§£ i sopr opanol., ethan and IE%Z al kanes. E@hyl acet at e,

i sopr Gp§C ettt VAl aresBbFRIPre ki AT oF i B &S Hpounds.
Et hyl 2c8tiah 8hd fr@ “PoRfRi6 A RAZERIHTORBGRTRAMAR dolBh (HBRef &P Rt RnP&EL( rom
one or nore derivative streams in the system 100, such as the residue in

| i ne 125 comppyrathergbiumetid 28d. Teverzsieoty opeesodd 43 avavkerpepreafage bwd hvas a
boilin poi n an _acetic acid, (118C e ted

fr om oReRoisa inchaksel® The et dbpRE B ™A% Fooabiehmshn 2 BEafBr ot um
151 i SeRPSU9a! fdeddn6l®rh, fU@RORIMD orbiMOSR 864, %lﬂfd@lgﬁ'dét@],ysﬁsh‘l‘?atﬂl@'{}@l‘ﬁgﬂt ure of the
residue exiting in line 155 from col uim 151 referably is from100C to
160G, cengerswmwmdiw@les sichsoat sastiSOfmenadast Y a8conFigambpdimsatset e of t he

distil] Ll ref Cto
S g 0Bt LSMLER IR LR MR 2
pr essuha 110fag e pakeation p@@dlumm d&ipemite fan@avérsiomby .applopaate@e SR ifdams er g.
from1 kPa to 475 kPa or from 1l kPa to 375 kPa. [007Q] The acetic acid is
wi t hdrissAt RESSHTERROTS BpGH it perechifighii ta sampeisits dorrRegr srleEtiVifY! i ne 155 and
dlrect o] S Wil 1 ne
e Ay RS TSI L R I R R R T A
gr eat elmdérbt@nd Ant mQh%ongxoeacﬂ esnviehtad {idin aveti®acig hmﬂeimd&ﬂmderﬁ&e%ctvmy%ndr

greater than.99 .w n _one enbodi.nen t he rin re |due 155
5T edhat i ilebendgn T CONST 1t e S0an e 3h DS CRvaed
preferred enbodi nents, the acetic acid concentratlon of residue in I|ne 155
is greater than the acetic acid concentration of residue in |ine 116.

[0071] In one enbodinent, the residue in line 155 may be fed to an et hanol
synt hesis reactor, such as the hydrogéﬁatlon reactor 103 shown in FIG 1. In
ot her enbodinents, a portion of the separated residue, which conprises
acetic acid, may be directed to a vinyl acetate production process, acetic
anhydri de production process, or sold separately as a product. [0072] The
dlstlllate |n I|ne 156 of separator colunn 151 conprises the water
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110C, e.g. from40C to 100C or from45C to 95C. [0074] In one enbodi nent,
the amount of water in the extract in line 161 is |ess than the anmount of
wat er i n weakizwsmdestream 116. Preferably the extract i RClriuseo1i®1276onpri ses
at least 10 wt.% acetic acid, e.g., 25 w.%acetic acid or at least 50 w.%
acetic acid. The raffinate in line 162 of the extractor 154, which
conprises water and the azeotrope conpound, are directed to the effl uent
still 152. Separator colunmm 151 operates as described above in FIG 1.

Et hanol Recovery [0075] Returning to the separation zone 102, first colum

107 alag@id RAdE cBAvanaibe@dndli §t irdfbdblhe Whhit séisctWityhdk8vN prafekdbne tAel 7, and
whi ch may be condensed and refl uxed, for exanple, at a ratio of from10:1

t o 1: Tetalyst splectivitp p ghaxylaged st teastfqUdmeis. 2zt degs2?0Po, qraoleast 3@kenAs bsedt col umm
107 i erat ed under ut 170 kPa, . the ratur f the rnesi,due exiting
o1 RIS Bl SOPSURRS ! ek Wt FBR B Pyl RS o5

to 12Q¢hyl W2t01 P/ BL0RAIHMRETSRNT k6 @AAdB4s o ledst 8061 0QCat Rask B, orThideast
tenperature of the distillate exiting.in line 117 from colum 107

pr ef st yPreteried smbedimants goke hydrggenation pogse Alse BBCIVY sele¢ivty to 80C. In

pref eru'hﬁé’scif%f%g)‘?&d{ﬁ;% Suchldd Gndihie! %thé}{eeaﬁd‘ca'rﬁ edi&%ﬁe.c?g?ﬁéléc%%ﬁ 4§ Hdke MO €
bi nary and t p et I, and/ or I

ertiary azeotropes of water, anol , et acetate and
t he t enpeti@blerpeodifctd grefecibsyt isli¢atieani 4%0) ¢ geleldthamdyo hdeappaoiomiaky at or

above the iling ints of any of these azeoatropes. .The one o re binary
and t &F¢F f} al%é%ﬁ%ﬁlé%ﬁ%w%ftéﬁ{e &t REiserPle o fgn “C’é‘t‘%‘f?“{a%se‘i“%ﬁf be Rt rode
wat er ﬁ@éah?rl‘&ls 1tha‘9@"$,rlé%ttﬂé’d 1%9(?31@5%?@@.2%@ (}fl@ﬁ&tYilc a@if[aﬁ)tggsteﬁ oRBGthe catalyst is

wat er / et hanol /et hyl acetate. In other odi nent s, pressure of "first
col umvotGTteray alkamggewhicbrhage littleavatue dBlidd tigm, asdug). , from 1 Oa to 475 Oa or

from to..375 Qa. mpl ary conponents of the distillat. nd .resi due
commod MR TR GR T Tiret R T e 165 Terar o el B s el BRAvFEe Shoul o
be undafasboashnicharihd ehediydltddeh@tod RBEH &Stk AUBgIABY o@k@t@ly@a&%@ip@r Rivpen
conponents, not listed, such as conponents derived fromthe feed. For

converiedisayity peatdeast 100 ames ahethredipgulilegram oé catrlyst pas bpwia sy leastsii0be
referr, eﬂn§ & é ﬁan{oﬂger Ol{ifﬁrélfzﬁ% o# (isjaﬂllggt %%lgh%ﬂ or a]c fehs? %Pé\ gfaé%uﬁbet%}ipﬁpeg :kﬂl%ljglrnat €s

or re§ ues O m SO pe re

nuner iof caalsf pee hsur sqaefeetedt M fefins ef @ngesl thepieRictiVidy phieSdrablgi Sbmtiloens f r om
one anot her, but such nodifiers should not be cgnstrued as requiring any

part i cellOQrerampat ethansh pei lelaeran abpatalgstpeRkurceR UIRM E9He 2. 14k r9s ebnc.

(wt. %etkgiﬂglcper &YYBgro 1 cqic%{ail)ls{ Bérqlour or from 600 to 2,000 grams of ethanol per kilogram of
catalyst per hour.
[0055] Operating under the conditions of the present invention may result in ethanol
production on the order of at least 0.1 tons of ethanol per hour, e.g., at least 1 ton of ethanol per
hour, at least 5 tons of ethanol per hour, or at least 10 tons of ethanol per hour. Larger scale
industrial production of ethanol, depending on the scale, generally should be at least 1 ton of
ethanol per hour, e.g., at least 15 tons of ethanol per hour or at least 30 tons of ethanol per hour.
In terms of ranges, for large scale industrial production of ethanol, the process of the present
invention may produce from 0.1 to 160 tons of ethanol per hour, e.g., from 15 to 160 tons of
ethanol per hour or from 30 to 80 tons of ethanol per hour. Ethanol production from
fermentation, due the economies of scale, typically does not permit the single facility ethanol
production that may be achievable by employing embodiments of the present invention.
[0056] In various embodiments, the crude ethanol product produced by the hydrogenation

process, before any subsequent processing, such as purification and separation, will typically
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comprise unreacted acetic acid, ethanol and water. As used herein, the term “crude ethanol
product” refers to any composition comprising from 5 to 70 wt.% ethanol and from 5 to 40 wt.%
water. Exemplary compositional ranges for the crude ethanol product are provided in Table 1.
The “others” identified in Table 1 may include, for example, esters, ethers, aldehydes, ketones,

alkanes, and carbon dioxide.

TABLE 1
CRUDE ETHANOL PRODUCT COMPOSITIONS
Conc. Conc. Conc. Conc.
Component (wt.%) (wt.%) (wt.%) (wt.%)
Ethanol 5to 70 15to 70 15to 50 25to0 50
Acetic Acid 0to 90 0to 50 15 to 70 20to 70
Water 5to0 40 5to0 30 10 to 30 10 to 26
Ethyl Acetate 0to 30 0to 20 1to 12 3to 10
Acetaldehyde 0to 10 0to3 0.1t03 02to2
Others 0.1to 10 0.1to6 0.1to4 --

[0057] In one embodiment, the crude ethanol product comprises acetic acid in an amount less
than 20 wt.%, e.g., less than 15 wt. %, less than 10 wt.% or less than 5 wt.%. In embodiments
having lower amounts of acetic acid, the conversion of acetic acid is preferably greater than
75%, e.g., greater than 85% or greater than 90%. In addition, the selectivity to ethanol may also
be preferably high, and is preferably greater than 75%, e.g., greater than 85% or greater than
90%.

Separation of Crude Ethanol

[0058] FIGS. 1, 2, and 3 show a hydrogenation system 100 suitable for the hydrogenation of
acetic acid and separating ethanol from the crude reaction mixture according to one embodiment
of the invention. System 100 comprises reaction zone 101, separation zone 102, weak acid
recovery zone 150. Reaction zone 101 comprises reactor 103, hydrogen feed line 104 and acetic
acid feed line 105. Separation zone 102 comprises flasher 106, first column 107, and second
column 108, optional third column 109, and fourth column 123. Weak acid recovery zone 150,
in FIG. 1, comprises azeotropic acid-water separator column 151, effluent still 152 and decanter
153. In FIG. 2, the weak acid recovery zone 150 comprises azeotropic acid-water separator
column 151, effluent still 152, extractor 154 and decanter 153. Weak acid recovery zone 150

receives a weak acid stream from the separation zone. FIG. 3 shows a weak acid recovery zone
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150 similar to FIG. 2, with first column 107, second column 108, and a water separator 140 for
recovering ethanol.

[0059] In preferred embodiments, when the weak acid stream comprises about 30 wt.% or
more of acetic acid, e.g., about 40 wt.% or more, or about 50 wt.% or more, the weak acid stream
is processed using the weak acid recovery zone shown in FIG. 1. When the weak acid stream
comprises less than 60 wt.% acetic acid, e.g., less than 50 wt.% or less than 40 wt.%, the weak
acid stream is processed using the weak acid recovery zone shown in FIG. 2. In optional
embodiments, the weak acid system as shown may process a weak acid stream containing any
amount of acetic acid.

[0060] Hydrogen and acetic acid are fed to a vaporizer 110 via lines 104 and 105, respectively,
to create a vapor feed stream in line 111 that is directed to reactor 103. In one embodiment, lines
104 and 105 may be combined and jointly fed to the vaporizer 110, e.g., in one stream containing
both hydrogen and acetic acid. The temperature of the vapor feed stream in line 111 is
preferably from 100°C to 350°C, e.g., from 120°C to 310°C or from 150°C to 300°C. Any feed
that is not vaporized is removed from vaporizer 110, as shown, and may be recycled or
discarded. In addition, although FIGS. 1 and 2 represent line 111 being directed to the top of
reactor 103, line 111 may be directed to the side, upper portion, or bottom of reactor 103.
Further modifications and additional components to reaction zone 101 are described below.
[0061] Reactor 103 contains the catalyst that is used in the hydrogenation of the carboxylic
acid, preferably acetic acid. In one embodiment, one or more guard beds (not shown) may be
used to protect the catalyst from poisons or undesirable impurities contained in the feed or
return/recycle streams. Such guard beds may be employed in the vapor or liquid streams.
Suitable guard bed materials are known in the art and include, for example, carbon, silica,
alumina, ceramic, or resins. In one aspect, the guard bed media is functionalized to trap
particular species such as sulfur or halogens. During the hydrogenation process, a crude ethanol
product stream 1s withdrawn, preferably continuously, from reactor 103 via line 112. The crude
ethanol product stream may be condensed and fed to flasher 106, which, in turn, provides a
vapor stream and a liquid stream. The flasher 106 in one embodiment preferably operates at a

temperature of from 20°C to 250°C, e.g., from 30°C to 225°C or from 60°C to 200°C. In one
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5 to 100 10 to 90 25 to 75 Water <95 10 to 90 25 to 75 Ethanol <1 <0.9
<0.07 [0077] In one enbodiment, the anmount of water in the distillate may
be | ess tWwanottmwemaount of water in the binary and/ or tecTiisey1azEss ropes
of water, ethanol and/or ethyl acetate. In ternms of WO

2012/ 006236PCT/ US2011/ 042784 w . % the amount of water in the distillate is
|l ess than 10 wt. % e.g., less than 9 wt.%or less than 8 w.% In one
enbodi ment the anount of water in the distillate is about 8.5 w.% [0078]
As shown in Table 3, w thout being bound by theory, it has surprisingly and

unexpegiedinye @B p kS EOVLN RHet AL preRebARYTANBURPa 8f 20airal e kS fdaf BekRd i n
the feed that is Introduced to the first colum 107, the acetal appears to

deconiode0q kPa hefrewml IW9rkPaueA09hER2.| ess or even no detectabl e anbunts are

pr ese%%iﬁ tlt]qee chiii)gll sitrlelafffllte?(itian%qﬁg hadlP '1(%J Elay comprise hydrogen and hydrocarbons,
which may be purged and/or returned to reaction zone 101 via line 113. As shown in FIG. 1, the
returned portion of the vapor stream passes through compressor 114 and is combined with the
hydrogen feed and co-fed to vaporizer 110.
[0063] The liquid from flasher 106 is withdrawn and pumped via line 115 to the side of first
column 107, also referred to as the acid separation column. In one embodiment, the contents of
line 115 are substantially similar to the crude ethanol product obtained from the reactor, except
that the composition has substantially no hydrogen, carbon dioxide, methane or ethane, which
are removed by the flasher 106. Exemplary components of liquid in line 115 are provided in
Table 2. It should be understood that liquid line 115 may contain other components, not listed,

such as components derived from the feed.

TABLE 2
FEED COMPOSITION

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Ethanol 5to 70 10 to 60 15to 50
Acetic Acid <90 5to 80 15t0 70
Water 5to 40 5to 30 10 to 30
Ethyl Acetate <30 0.001 to 20 1to12
Acetaldehyde <10 0.001 to 3 0.1t03
Acetal <5 0.001to 2 0.005to 1
Acetone <5 0.0005 to 0.05 0.001 to 0.03
Other Esters <5 < 0.005 <0.001
Other Ethers <5 <0.005 <0.001
Other Alcohols <5 < 0.005 <0.001

[0064] The amounts indicated as less than (<) in the tables throughout present application are
preferably not present and if present may be present in trace amounts or in amounts greater than
0.0001 wt.%.

[0065] The “other esters” in Table 2 may include, but are not limited to, ethyl propionate,
methyl acetate, isopropyl acetate, n-propyl acetate, n-butyl acetate or mixtures thereof. The
“other ethers” in Table 2 may include, but are not limited to, diethyl ether, methyl ethyl ether,

isobutyl ethyl ether or mixtures thereof. The “other alcohols” in Table 2 may include, but are not
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[0079] The columms shown in FIGS. 1 and 2 may conprise any distillation

col um capabl e of perform ng the desired separation and/or purification.
Each col uwo 2prafoex3abl y conprises a tray col unm havi ng f Pomub2410/01584trays,
e.g., from10 to 100, from20 to 95 trays or from30 to 75 trays. The trays
may be sieve trays, fixed valve trays, novable valve trays, or any other

sui tabl e design known in the art. In other enbodi nents, a packed colum may
be used. For packed colums, structured packing or random packi ng nay be
enpl oyed. The trays or packing may be arranged in one continuous colum or
they nayitddqo ah&@naR dsdgtopMd], ALprEPaRd ] GRbMARS of Hiktutdakerbdre Ivapor fromthe
first section enters the second section while the liquid fromthe second
sect i embedinesns, thebquyiql rstst:aleééi g compeise propssy., %elseereeet%@eﬂoemnmgelr s and
| iqui Cii ?Ql%lé)gl%t orfn \5%??0 69} Y Ob(%l t”R)'(%V (()V\Cn) tfrome@%Bl Wwt.%, }
distilTation co be of” any convent 1ona gn are S|np fied

in Fl Gould balﬂdde?rstoédi tlﬁthth&ﬁe @tﬁerl%o@@on&manﬂy%e cheri tﬁfl’@yiglbﬁl ayplthedstitté he
base of each colum or to a circulating bottom streamthrough a heat

exc hangétsmbte stieypy fleseribegt hpsgin pehadll gt hedhpheredescribed digreyy unjpse pdigated

reboi | gf an al so be used. The heat that is provided to the reboilers my
be derlveg rom any heat generated during the process that is integrated

wi t h t[6e6a] eBEhéreths contefitr afracetic @xd arlinglid ﬁoaanchl i ¢dys dmnanet Kietheluealt

generati ng. chem cal process or bOlle Al t hough one reac and fl asher
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WO 2012/ 006236PCT/ US2011/ 042784 [0088] In one preferred enbodi nent, the
second residue 118 conprises an ethanol product as described in Table 7 and
does not wequizmeisart her processing. In such enbodi nent eCTiuseo1@hiii7ed ency of
the system 100 may be inproved by reducing the need for further capital and
energy to further process second residue 118 to obtain an ethanol product,
havi ng a conposition as described in Table 7 below. |In enbodi nents where

t he second residue 118 conprises an ethanol product, it is preferred that

t he second columm 108 is not an extractive colum. [0089] Optionally,
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and directed to the reaction zone 101. The composition of the residue in line 155 is essentially
acetic acid in an amount of greater than 80 wt.%, e.g., greater than 90 wt.%. greater than 97
wt.%, greater than 98.5 wt.% or greater than 99 wt.%. In one embodiment, the amount of water
in residue 155 is less than 3 wt.%, e.g., less than 1 wt.% or less than 0.5 wt.%. In preferred
embodiments, the acetic acid concentration of residue in line 155 is greater than the acetic acid
concentration of residue in line 116.

[0071] In one embodiment, the residue in line 155 may be fed to an ethanol synthesis reactor,
such as the hydrogenation reactor 103 shown in FIG 1. In other embodiments, a portion of the
separated residue, which comprises acetic acid, may be directed to a vinyl acetate production
process, acetic anhydride production process, or sold separately as a product.

[0072] The distillate in line 156 of separator column 151 comprises the water azeotrope and
may be condensed and fed to a decanter 153. Decanter 153 biphasically separates the distillate
into a light phase in line 157 that comprises azeotrope compound, preferably ethyl acetate, and a
heavy phase in line 158 that comprises water. The light phase in line 157 may be in total reflux
as shown in FIG. 1, or is partially refluxed to separator column 151 while another portion is

purged from the system 100. The heavy phase in line 158 is fed to effluent still 152 to recover
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an effluent stream comprising water in line 159 and a vapor stream comprising the azeotrope
compound, i.e., ethyl acetate, in line 160. When still 152 is operated under standard atmospheric
pressure, the temperature of the effluent exiting in line 159 preferably is from 100°C to 120°C,
e.g., from 105°C to 115°C or from 105°C to 110°C. The temperature of the vapor overheads
exiting in line 160 from still 152 preferably is from 70°C to 95°C, e.g., from 75°C to 90°C or
from 80°C to 89°C. The vapor overhead in line 160 may be condensed and directly or indirectly
ted to the decanter 153. Effluent stream 159 may be purged from the system, or optionally
introduced to an extraction distillation column, such as the second column 108.

[0073] Weak acid stream 116 that is fed to weak acid recovery zone 150 in FIG. 1 preferably
comprises acetic acid in an amount of about 30 wt.% or more of acetic acid, e.g., about 40 wt.%
or more, or about 50 wt.% or more. In embodiments when weak acid stream 116 comprises less
than less than 60 wt.% acetic acid, e.g., less than 50 wt.% or less than 40 wt.%, a weak acid
recovery zone 150 as shown in FIG. 2 may be used. Weak acid stream 116 is initially introduced
to the upper portion of an extractor 154. Extractor 154 may also receive a portion of the light
phase 157 from decanter 153, which comprises an azeotrope compound, preferably ethyl acetate,
suitable for extraction. The extract in line 161 of extractor 154 are fed to the separator column
151. When extractor 154 is operated under standard atmospheric pressure, the temperature of the
raffinate exiting in line 162 and the extract exiting in line 161 preferably are from 40°C to
110°C, e.g. from 40°C to 100°C or from 45°C to 95°C.

[0074] In one embodiment, the amount of water in the extract in line 161 is less than the
amount of water in weak acid stream 116. Preferably the extract in line 161 comprises at least
10 wt.% acetic acid, e.g., 25 wt.% acetic acid or at least 50 wt.% acetic acid. The raffinate in
line 162 of the extractor 154, which comprises water and the azeotrope compound, are directed
to the effluent still 152. Separator column 151 operates as described above in FIG. 1.

Ethanol Recovery

[0075] Returning to the separation zone 102, first column 107 also forms an overhead
distillate, which is withdrawn in line 117, and which may be condensed and refluxed, for
example, at a ratio of from 10:1 to 1:10, e.g., from 3:1 to 1:3 or from 1:2 to 2:1.

[0076] When first column 107 is operated under about 170 kPa, the temperature of the residue
exiting in line 116 from column 107 preferably is from 90°C to 130°C, e.g., from 95°C to 120°C
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or from 100°C to 115°C. The temperature of the distillate exiting in line 117 from column 107
preferably is from 60°C to 90°C, e.g., from 65°C to 85°C or from 70°C to 80°C. In preferred
embodiments, the distillate in line 117 comprises one or more binary and tertiary azeotropes of
water, ethanol, and/or ethyl acetate and the temperature of the distillate in line 117 may be
approximately at or above the boiling points of any of these azeotropes. The one or more binary
and tertiary azeotropes of water, ethanol, and/or ethyl acetate include water/ethanol, water/ethyl
acetate, ethanol/ethyl acetate and water/ethanol/ethyl acetate. In other embodiments, the
pressure of first column 107 may range from 0.1 kPa to 510 kPa, e.g., from | kPa to 475 kPa or
from | kPa to 375 kPa. Exemplary components of the distillate and residue compositions for
first column 107 are provided in Table 3 below. It should be understood that the distillate and
residue may also contain other components, not listed, such as components derived from the
feed. For convenience, the distillate and residue of the first column may also be referred to as
the “first distillate” or “first residue.” The distillates or residues of the other columns may also
be referred to with similar numeric modifiers (second, third, etc.) in order to distinguish them
from one another, but such modifiers should not be construed as requiring any particular

separation order.

TABLE 3
FIRST COLUMN

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethanol 20to 75 30to 70 40 to 65
Water <40 1to35 5to 35
Acetic Acid <2 0.001t0 0.5 0.01t00.2
Ethyl Acetate <60 5.0to 40 10 to 30
Acetaldehyde <10 0.001to 5 00lto4
Acetal <0.1 <0.1 <0.05
Acetone <0.05 0.001 to 0.03 0.01 to 0.025
Residue
Acetic Acid 5 to 100 10 to 90 25to 75
Water <95 10 to 90 25to 75
Ethanol <1 <0.9 <0.07

[0077] In one embodiment, the amount of water in the distillate may be less than the amount of

water in the binary and/or tertiary azeotropes of water, ethanol and/or ethyl acetate. In terms of
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0.001 to 2 0.001 to 0.5 Acetic Acid <0.5 0.001 to 0.3 0.001 to 0.2 [0092]
The weight ratio of ethanol in the residue to distillate of the Iight ends
colum 108opnedmesmbly is at least 2:1, e.g., at |east S5prer/tsbolhmeasss 8: 1, at
| east 10:1 or at least 15:1. The weight ratio of ethyl acetate in the
residue to distillate preferably is less than 0.4:1, e.g., less than 0.2:1
or less than 0.1:1. In enbodiments that use an extractive colum wth water
as an extraction agent as the light ends colum 108, the weight ratio of
ethyl acetate in the residue to ethyl acetate in the distillate is |ess
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of the distillate and residue conpositions for optional third col um 109
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[0080] The associated condensers and liquid separation vessels that may be employed with
each of the distillation columns may be of any conventional design and are simplified in FIGS. 1
and 2. As shown in FIGS. 1 and 2, heat may be supplied to the base of each column or to a
circulating bottom stream through a heat exchanger or reboiler. Other types of reboilers, such as
internal reboilers, may also be used. The heat that is provided to the reboilers may be derived
from any heat generated during the process that is integrated with the reboilers or from an
external source such as another heat generating chemical process or a boiler. Although one
reactor and flasher are shown, additional reactors, flashers, condensers, heating elements, and
other components may be used in various embodiments of the present invention. As will be
recognized by those skilled in the art, various condensers, pumps, compressors, reboilers, drums,
valves, connectors, separation vessels, etc., normally employed in carrying out chemical
processes may also be combined and employed in the processes of the present invention.
[0081] The temperatures and pressures employed in the columns may vary. As a practical
matter, pressures from 10 kPa to 3000 kPa will generally be employed in these zones although in

some embodiments subatmospheric pressures or superatmospheric pressures may be employed.
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which the non-catalyzed reaction occurs may increase as the temperature of the crude ethanol
product, e.g., in line 115, increases. These reaction rates may be particularly problematic at
temperatures exceeding 30°C, e.g., exceeding 40°C or exceeding 50°C. Thus, in one

embodiment, the temperature of liquid components in line 115 or in the optional holding tank is
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maintained at a temperature less than 40°C, e.g., less than 30°C or less than 20°C. One or more
cooling devices may be used to reduce the temperature of the liquid in line 115.

[0084] As discussed above, a holding tank (not shown) may be included between the reaction
zone 101 and separation zone 102 for temporarily storing the liquid component from line 115,
for example from 1 to 24 hours, optionally at a temperature of about 21°C, and corresponding to
an ethyl acetate formation of from 0.01 wt.% to 1.0 wt.% respectively. In addition, the rate at
which the non-catalyzed reaction occurs may increase as the temperature of the crude ethanol
product is increased. For example, as the temperature of the crude ethanol product in line 115
increases from 4°C to 21°C, the rate of ethyl acetate formation may increase from about 0.01
wt.% per hour to about 0.05 wt.% per hour. Thus, in one embodiment, the temperature of liquid
components in line 115 or in the optional holding tank is maintained at a temperature less than
21°C, e.g., less than 4°C or less than -10°C.

[0085] The distillate, e.g., overhead stream, of column 107 optionally is condensed and
refluxed as shown in FIG. 1, preferably, at a reflux ratio of 1:5 to 10:1. The distillate in line 117
preferably comprises ethanol, ethyl acetate, and water, along with other impurities.

[0086] The first distillate in line 117 may be introduced to the light ends column, i.e., second
column 108, preferably in the top part of column 108, e.g., top third. Second column 108 may be
a tray column or packed column. In one embodiment, second column 108 is a tray column
having from 5 to 70 trays, e.g., from 15 to 50 trays or from 20 to 45 trays. As one example,
when a 25 tray column is utilized in a column without water extraction, line 117 is introduced at
tray 17. Also, when a 30 tray column is used without water extraction, line 117 is introduced at
tray 2.

[0087] Although the temperature and pressure of second column 108 may vary, when at about
20 kPa to 70 kPa, the temperature of the second residue exiting in line 118 from second column
108 preferably is from 30°C to 75°C, e.g., from 35°C to 70°C or from 40°C to 65°C. The
temperature of the second distillate exiting in line 120 from second column 108 preferably is
from 20°C to 55°C, e.g., from 25°C to 50°C or from 30°C to 45°C. Column 108 may operate at
a reduced pressure, near or at vacuum conditions, to further favor separation of ethyl acetate and
ethanol. In other embodiments, the pressure of second column 108 may range from 0.1 kPa to

510 kPa, e.g., from 1 kPa to 475 kPa or from 1 kPa to 375 kPa.
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30 to 80 40 to 75 Ethanol <30 0.001 to 25 0.01 to 20 Water <25 0.001 to 20
0.01 to 15 Residue Et hyl Acetate 40 to 100 50 to 100
WO 2012/006236 PCT/US2011/042784

[0088] In one preferred embodiment, the second residue 118 comprises an ethanol product as
described in Table 7 and does not require further processing. In such embodiments, the
efficiency of the system 100 may be improved by reducing the need for further capital and
energy to further process second residue 118 to obtain an ethanol product, having a composition
as described in Table 7 below. In embodiments where the second residue 118 comprises an
ethanol product, it is preferred that the second column 108 is not an extractive column.

[0089] Optionally, second column 108 may be an extractive distillation column. In such
embodiments, an extraction agent, such as for example water, may be added to second column
108. If the extraction agent comprises water, it may be obtained from an external source or from
an internal return/recycle line from one or more of the other columns. Optionally, the extraction
agent 1s obtained by recycling a portion of the third residue 121 from third column 109, also
referred to as the product column, and/or a portion of the effluent 159 from the weak acid
recovery zone 150.

[0090] Other suitable extractive agents for second column 108 may include, for example,
dimethylsulfoxide, glycerine, diethylene glycol, 1-naphthol, hydroquinone, N.N’-
dimethylformamide, 1,4-butanediol; ethylene glycol-1,5-pentanediol; propylene glycol-
tetraethylene glycol-polyethylene glycol; glycerine-propylene glycol-tetraethylene glycol-1,4-
butanediol, ethyl ether, methyl formate, cyclohexane, N,N'-dimethyl-1,3-propanediamine, N, N'-
dimethylethylenediamine, diethylene triamine, hexamethylene diamine and 1,3-diaminopentane,
an alkylated thiopene, dodecane, tridecane, tetradecane, chlorinated paraffins, or a combination
thereof.

[0091] Exemplary components of the distillate and residue compositions for second column
108 are provided in Table 4 below. It should be understood that the distillate and residue may

also contain other components, not listed, such as components derived from the feed.
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60 to 100 Ethanol <40 0.001 to 30 O to 15 Vater
Acet al dehyde < 1 0.001 to 0.5 Not detectabl e Acetal

<25 0.001 to 20 2 to 15

<3 0.001 to 2 0.01to 1

WO 2012/006236 PCT/US2011/042784
TABLE 4
SECOND COLUMN

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethyl Acetate 10 to 90 25t0 90 50 to 90
Acetaldehyde 1 to 25 lto 15 l1to8
Water 1to25 1to 20 4to 16
Ethanol <30 0.001 to 15 0.01to5
Acetal <5 0.001to 2 0.01to1
Residue
Water 30 to 70 30 to 60 30 to 50
Ethanol 20 to 75 30t0 70 40 to 70
Ethyl Acetate <3 0.001to 2 0.001t0 0.5
Acetic Acid <0.5 0.001t0 0.3 0.001t00.2

[0092] The weight ratio of ethanol in the residue to distillate of the light ends column 108

preferably is at least 2:1, e.g., at least 5:1, at least 8:1, at least 10:1 or at least 15:1. The weight

ratio of ethyl acetate in the residue to distillate preferably is less than 0.4:1, e.g., less than 0.2:1

or less than 0.1:1. In embodiments that use an extractive column with water as an extraction

agent as the light ends column 108, the weight ratio of ethyl acetate in the residue to ethyl acetate

in the distillate is less than 0.1:1.

[0093] When second column is an extractive distillation column, the residue 118 comprises

ethanol and water and may be fed via line 118 to an optional third column 109, also referred to as

a product column, as shown in FIGS. 1 and 2. More preferably, the residue in line 118 is

introduced in the lower part of third column 109, e.g., lower half or lower third. Third column

109 recovers ethanol, which preferably is substantially pure other than the azeotropic water

content, as the distillate in line 119. The distillate of third column 109 preferably is refluxed as

shown, for example, at a reflux ratio of from 1:10 to 10:1, e.g., from 1:3 to 3:1 or from 1:2 to 2:1.

The residue in line 121 of the third column 109, which preferably comprises primarily water, is

preferably removed from the system 100 or may be partially directed to any portion of the

system 100, optionally to the second column 108 via line 121°. Third column 109 is preferably a

tray column as described above and preferably operates at atmospheric pressure. The

temperature of the distillate exiting in line 119 from third column 109 preferably is from 60°C to

110°C, e.g., from 70°C to 100°C or from 75°C to 95°C. The temperature of the residue exiting
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[0100] FIG 3 is a schematic drawi ng of an enbodi nent of the present

i nvention that conprises a first colum 107 and second colum 108 and an
weak aci awoeowesasesystem 150 from FIG 2. It shoul d bepromdsestioezyst hat in
ot her enbodi nents, the separation zone 102 of FIG 3, nmay be conbined with
the weak acid recovery system 150 in FIG 1. [0101] In FIG 3, there is no
third colum 123, e.g., acetal dehyde columm, or fourth colum 109, e.g.
product colum. Instead the second distillate in line 120 may be purged or
returned to the reaction zone 101. The second residue in line 118 conpri ses
et hangjona il Bhn 1 ERpRAGANG iOfoh Te°C PPt ke ifm t0re &eaord of ashdeseCi n

| ine 118, one or nore further colums or separation units may be used to
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r enovV eghyf dl@ednen seotshp@shdUotiliBted] Areh 2d Bonipomrgtsateyived froemas &deddi f f er ent

separation techniques. Particularly preferred techniques include the use of
a distillation colum, one or norerAYF gnes, one or nore adsorption units
or a conbi nation thereof An ad i w140 may renmove water (in water
stream 141) fromthe second re:?gggbﬁgopgﬁgN118 t hus produci ng an et hano
stream 142 conprising 97 Gnc4widB)5 wt . % Gongrdpe’et hanol . (thie. @d<0) pti on
uni t DAGilimey enpl oy a suitabl e adsorption agent such as zeolite 3A or 4A

I n ong&tpdmef erred enbodi ment7s tadgsor ption unigodAds iS a pressgres sgi ng

adsor ptiten (PSA) unit that isjoperated at a tgmerature fromy39¢ to 160C,
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from Pa. The PSA unid may conpri WO -
2012/é%%@é%%g$¥U82011/042784 f% five beds.%iéﬁggétion uni t Rgét%ﬁy renmove

at least. 90% of the water fromthe second residue in |line 118, and nore
prefe €from 95%to 99.99% Preferably at |east 95% of the ethanol from
the se¥¥Rd residue in 1ine’/ABIY% recover eds9 S8sorption uthito X4 in

et handith@ot eam 142, and nore pPeferably atl-§Ua6t0- 9% of t HEOGY AT . When
wat er Eeylewetated1l is not recyclle, water st r&k@hhtody> be purged OOt @2 stream
141 neicetodprd se et hanol , i n<whi ch case i tO.¢fHytoldeS desi r abl e 0pdptde@eéd all or
a portion of water stream 141 back to the first colum 107, via optional
line 143 for ethanol recovery in first distillate.in line 117 and to
provi d80%H Gy ‘éﬁ[tﬁ? EPMpRItNgp tfm)t' arefaprid theowelythe disfillafige progess frapm o feed or
Optio VA A (=1 : r : I i j of
the. {1l DR FolRY oy 26y By LR EFBRLALE I A0 AETRYD T2 aBRLE) B
108. \t¥d eral meycht efrineebird distitiee cogpogtiar, excapess tipnases Wi erlessayiaibe 02 enoved,
for exagpl , usiqgrﬁn adsorption unit, nmenbrane, nol ecul ar sieve

or a
conbi A4tP oM PHeTBHIIIBER QI & RS SHSHEHN LAY SSTHE TTRATHFRE LAY Shiig

adsor pbjy@ths(18PA 08UHdl St 1806 {HR]Y BN 190 PEradbRI R ldadode sRA) stidAintiSusddeh uni t
that is operated at a tenperature from30C to 160C, e.g., from 80C to 140C
and a rpnessigrpariges froorthe o doemn 60%550h«imepurigiegmay be pmged apd/ 05 Gtdmal A
menbr an .Of an array of menbranes may al so be enpl oyed to separate water
fron1ﬁﬁ§n?1F§Wsag%klllate inline 117. Ethanol [0104] The finished ethanol
conpogoe9pn TRtAdtNRE BYink N9 pla9tRTeRERer Purifibe tdfoRSeRAtanh AUBHS étBMhdPpRIEEADI Y
conprises from75 to 96 wt.%ethanol, e.g., from80 to 96 w.%or from 85
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example, at a reflux ratio of from 1:30 to 30:1, e.g., from 1:5to 5:1 or from 1:3 to 3:1.

[0097] In one embodiment, the distillate in line 120 is fed to fourth column 123, also referred
to as the acetaldehyde removal column. In fourth column 123, the distillate in line 120 fed and

separated into a fourth distillate, which comprises acetaldehyde, in line 124 and a fourth residue,
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Et hanol 75 to 96 80 to 96 85 to 96 Water < 12 1 to 9 3 to 8 Acetic Acid <1
<0.1 <0.01 Ethyl Acetate <2 <0.5 <0.05 Acetal
WO 2012/006236 PCT/US2011/042784

which comprises ethyl acetate, in line 125. The fourth distillate preferably is refluxed at a reflux
ratio of from 1:20 to 20:1, e.g., from 1:15 to 15:1 or from 1:10 to 10:1, and a portion of the
distillate is directly or indirectly returned to the reaction zone 101 as shown by line 124. For
example, the fourth distillate of the fourth column 123 may be combined with the acetic acid
feed, added to the vaporizer 110, or added directly to the reactor 103. As shown, the fourth
distillate is co-fed with the acetic acid in feed line 105 to vaporizer 110. Without being bound by
theory, since acetaldehyde may be hydrogenated to form ethanol, the recycling of a stream that
contains acetaldehyde to the reaction zone increases the yield of ethanol and decreases byproduct
and waste generation. In another embodiment (not shown), the acetaldehyde may be collected
and utilized, with or without further purification, to make useful products including but not
limited to n-butanol, 1,3-butanediol, and/or crotonaldehyde and derivatives.

[0098] Fourth column 123 is preferably a tray column as described above and preferably
operates above atmospheric pressure. In one embodiment, the operating pressure is from 120
kPa to 5,000 kPa, e.g., from 200 kPa to 4,500 kPa, or from 500 kPa to 3,000 kPa. In a preferred
embodiment, the fourth column 123 may operate at a pressure that is higher than the pressure of
the other columns.

[0099] The temperature of the fourth distillate exiting in line 124 from fourth column 123
preferably is from 60°C to 110°C, e.g., from 70°C to 100°C or from 75°C to 95°C. The
temperature of the fourth residue exiting from fourth column 125 preferably is from 70°C to
115°C, e.g., from 80°C to 110°C or from 85°C to 110°C. Exemplary components of the distillate
and residue compositions for fourth column 123 are provided in Table 6. It should be
understood that the distillate and residue may also contain other components, not listed, such as

components derived from the feed.
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<0. 05 <0.01 <0.005 Acetone <0.05 <0.01 <0.005 Isopropanol <0.5 <0.1 <0.05
n- propanol <0.5 <0.1 <0.05 [0105] The finished ethanol conposition of the
present iwoentzmee3pref erably contains very | ow anounts, PeTgiS2oli@sxsss han 0.5
wt.% of other alcohols, such as nethanol, butanol, isobutanol, isoanyl

al cohol and ot her C4-C20 al cohols. In one enbodi nent, the anmount of

| sopropanol in the finished ethanol conpositionis from80 to 1,000 wppm
e.g., from95 to 1,000 wopm from 100 to 700 wppm or from 150 to 500 wppm
I n one enbodi nent, the finished ethanol conposition is substantially free
of acetal dehyde, optionally conprising I'ess than 8 wppm acet al dehyde, e.g.,

E6
| ess than 5 wppm or |ess than l:?LO\C?O[FTH COLUMN

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Acetaldehyde 2to 80 2to 50 5to0 40
Ethyl Acetate <90 30to 80 40 to 75
Ethanol <30 0.001 to 25 0.01 to 20
Water <25 0.001 to 20 0.01to 15
Residue
Ethyl Acetate 40 to 100 50 to 100 60 to 100
Ethanol <40 0.001 to 30 0to 15
Water <25 0.001 to 20 2to 15
Acetaldehyde <1 0.001 to 0.5 Not detectable
Acetal <3 0.001to 2 0.01tol

[0100] FIG. 3 is a schematic drawing of an embodiment of the present invention that
comprises a first column 107 and second column 108 and an weak acid recovery system 150
from FIG. 2. It should be understood that in other embodiments, the separation zone 102 of FIG.
3, may be combined with the weak acid recovery system 150 in FIG. 1.

[0101] In FIG. 3, there is no third column 123, e.g., acetaldehyde column, or fourth column
109, e.g. product column. Instead the second distillate in line 120 may be purged or returned to
the reaction zone 101. The second residue in line 118 comprises ethanol and water. Depending
on the composition of the second residue in line 118, one or more further columns or separation
units may be used to recover a final ethanol product from the second residue in line 118.

[0102] In some embodiments, removing substantially all of the water produces an anhydrous
ethanol product suitable for fuel applications. Water may be removed from the second residue in
line 118 using any of several different separation techniques. Particularly preferred techniques
include the use of a distillation column, one or more membranes, one or more adsorption units or
a combination thereof. An adsorption unit 140 may remove water (in water stream 141) from the
second residue in line 118 thus producing an ethanol stream 142 comprising 97 wt.%, 99.5 wt.%
or more ethanol. The adsorption unit 140 may employ a suitable adsorption agent such as zeolite
3A or 4A. In one preferred embodiment, adsorption unit 140 is a pressure swing adsorption
(PSA) unit that is operated at a temperature from 30°C to 160°C, e.g., from 80°C to 140°C, and a
pressure of from 0.01 kPa to 550 kPa, e.g., from 1 to 150 kPa. The PSA unit may comprise two
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[0106] In sone enbodi nents, when further water separation is used, the

et hanol product nmay be withdrawn as a streamfromthe water separation unit
as di scuswoedoehovrss | n such enbodi nents, the ethanol comcentse@atioa2rsof the
et hanol product nmay be higher than indicated in Table 7, and preferably is
greater than 97 wt. % ethanol, e.g., greater than 98 w. % or greater than
99.5 wt.% The ethanol product in this aspect preferably conprises |ess
than 3 wt.% water, e.g., less than 2 w.%or less than 0.5 w.% [0107] The
fini shed et hanol conposition produced by the enbodi nents of the present
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Unreacted WaterAcetic Acid 1 40%29.9 11.7 58.4 2 50% 37.1 14.5 48.4 60%
44.2 17.3
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TABLE 7
FINISHED ETHANOL COMPOSITIONS
Conc.

Component (wt.%) Conc. (wt.%) Conc. (wt.%)
Ethanol 75 to 96 80 to 96 85 to 96
Water <12 1to9 3to 8
Acetic Acid <1 <0.1 <0.01
Ethyl Acetate <2 <0.5 <0.05
Acetal <0.05 <0.01 <0.005
Acetone <0.05 <0.01 <0.005
Isopropanol <0.5 <0.1 <0.05
n-propanol <0.5 <0.1 <0.05

[0105] The finished ethanol composition of the present invention preferably contains very low
amounts, e.g., less than 0.5 wt.%, of other alcohols, such as methanol, butanol, isobutanol,
isoamyl alcohol and other C4-C» alcohols. In one embodiment, the amount of isopropanol in the
finished ethanol composition is from 80 to 1,000 wppm, e.g., from 95 to 1,000 wppm, from 100
to 700 wppm, or from 150 to 500 wppm. In one embodiment, the finished ethanol composition
is substantially free of acetaldehyde, optionally comprising less than 8 wppm acetaldehyde, e.g.,
less than 5 wppm or less than 1 wppm.

[0106] In some embodiments, when further water separation is used, the ethanol product may
be withdrawn as a stream from the water separation unit as discussed above. In such
embodiments, the ethanol concentration of the ethanol product may be higher than indicated in
Table 7, and preferably is greater than 97 wt.% ethanol, e.g., greater than 98 wt.% or greater than
99.5 wt.%. The ethanol product in this aspect preferably comprises less than 3 wt.% water, e.g.,
less than 2 wt.% or less than 0.5 wt.%.

[0107] The finished ethanol composition produced by the embodiments of the present
invention may be used in a variety of applications including applications as fuels, solvents,
chemical feedstocks, pharmaceutical products, cleansers, sanitizers, hydrogenation transport or
consumption. In fuel applications, the finished ethanol composition may be blended with
gasoline for motor vehicles such as automobiles, boats and small piston engine aircraft. In non-
fuel applications, the finished ethanol composition may be used as a solvent for toiletry and

cosmetic preparations, detergents, disinfectants, coatings, inks, and pharmaceuticals. The
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finished ethanol composition may also be used as a processing solvent in manufacturing
processes for medicinal products, food preparations, dyes, photochemicals and latex processing.
[0108] The finished ethanol composition may also be used as a chemical feedstock to make
other chemicals such as vinegar, ethyl acrylate, ethyl acetate, ethylene, glycol ethers,
ethylamines, aldehydes, and higher alcohols, especially butanol. In the production of ethyl
acetate, the finished ethanol composition may be esterified with acetic acid. In another
application, the finished ethanol composition may be dehydrated to produce ethylene. Any
known dehydration catalyst can be employed to dehydrate ethanol, such as those described in
copending U.S. Pub. Nos. 2010/0030002 and 2010/0030001, the entire contents and disclosures
of which are hereby incorporated by reference. A zeolite catalyst, for example, may be
employed as the dehydration catalyst. Preferably, the zeolite has a pore diameter of at least
about 0.6 nm, and preferred zeolites include dehydration catalysts selected from the group
consisting of mordenites, ZSM-5, a zeolite X and a zeolite Y. Zeolite X is described, for
example, in U.S. Pat. No. 2,882,244 and zeolite Y in U.S. Pat. No. 3,130,007, the entireties of
which are hereby incorporated herein by reference.
[0109] In order that the invention disclosed herein may be more efficiently understood, an
example is provided below. It should be understood that this example is for illustrative purposes
only and is not to be construed as limiting the invention in any manner.

EXAMPLES
[0110] Several hydrogenation reactions were performed at different conversion rates as shown
in Table 8. Table 8 indicates calculated concentrations examples of total ethanol (free +
esterified), water and unreacted acetic acid corresponding to hydrogenation reactor acetic acid

molar conversions (%).



[0111] Each of the exanples were next separated in a first distillation in
a simlar manner as described above in FIGS. 1 and 2 with the first

di stil | atworzot2omezssover head wat er conposition set at 8. PCmusS2011/hadyBe 9
indicates the distillate water flow rate and the conpositions of the
correspondi ng exanpl e residue streans that that may be further processed in
a weak acid recovery system Table 9 Distillate Water flow rate (g/ mn)

Resi due Unreacted Acetic Acid W.% Water flow Exanplerate (g/mn) Wter
W.% 12.3 9.9 15.2 84.8 22.9 12.3

Table 8
Crude Ethanol Product (Wt.%)
Conversion Unreacted

Example Rate of HOAc Ethanol Water Acetic Acid
1 40% 299 11.7 58.4

2 50% 37.1 14.5 48.4

3 60% 442 17.3 38.5

4 70% 51.3 20.1 28.7

5 80% 58.2 22.8 19.0

6 90% 65.1 255 9.4

[0111] Each of the examples were next separated in a first distillation in a similar manner as
described above in FIGS. 1 and 2 with the first distillation tower overhead water composition set
at 8.5 wt.%. Table 9 indicates the distillate water flow rate and the compositions of the
corresponding example residue streams that that may be further processed in a weak acid

recovery system.

Table 9
Distillate Residue
Water flow Water flow  Water Unreacted Acetic
Example  rate (g/min) rate (g/min)  Wt.% Acid Wt.%

1 2.3 9.9 15.2 84.8
2 2.9 12.3 21.7 78.3
3 34 14.7 304 69.6
4 4.1 17.0 425 57.5
5 4.6 19.3 60.5 39.5
6 52 21.6 90.3 9.7

[0112] As indicated in Table 9, the majority of water for each example is separated with the
residue. Examples 1-4 are preferably processed in a weak acid recovery system of FIG. 1.
Examples 5 and 6 are preferably processed in a weak acid recovery system of FIG. 2 that
includes an extractor.

[0113] While the invention has been described in detail, modifications within the spirit and
scope of the invention will be readily apparent to those of skill in the art. In addition, it should

be understood that aspects of the invention and portions of various embodiments and various

W2
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21.6 90.3
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features recited below and/or in the appended claims may be combined or interchanged either in
whole or in part. In the foregoing descriptions of the various embodiments, those embodiments
which refer to another embodiment may be appropriately combined with other embodiments as
will be appreciated by one of skill in the art. Furthermore, those of ordinary skill in the art will
appreciate that the foregoing description is by way of example only, and is not intended to limit

the invention.



9.7 [0112] As indicated in Table 9, the majority of water for each exanple
is separated with the residue. Exanples 1-4 are preferably processed in a
weak aci awoeoewesasesystem of FIG 1. Exanples 5 and 6 aPeTpisedianadysy
processed in a weak acid recovery systemof FIG 2 that includes an
extractor. [0113] Wile the invention has been described in detail,

nodi fications within the spirit and scope of the invention will be readily
apparent to those of skill in the art. In addition, it should be understood
that aspects of the invention and portions of various enbodi nents and
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with ot her ‘& OS%%Sr?r%fn?fg’d%%H%mg‘fq?& rle‘x’éi‘bnprﬁr%%%:gith gtﬁpso”@one of skill in the art.
Fur t her mor eyyditdaesin@fac@icticidhinya ©kétbt inithe plegere tof Wichthlyafiorfeeh ataideRétanbhe
foregoi ng description is by way of exanple only, and is not intended to

li mit Prediict sraaisikenethanah siiendowpaeed reeissid/ 042784 We claim 1. A
process f .Oge I ﬂl’écdt 9sE] E(?Iﬂ% It%f ﬁl@%mdesétﬂ‘hglot [Q%dﬁét?tp ? e :colun*n intd Wfifspgenating
acetic aci n aTeactor 1n the presence of a catalyst to forma crude

et hanalistipaedwatpricmgrthaabhgneéh fian oésidusaberpriamg wineremdtaeeticawet;i ¢ aci d;
separating at |east a porti.on Pf the crude ethanol product in a first

Col urm i nt SCBRrfnec IGHGE PoTiat @ @Gr%?ti rEfidhy 18EHERBAIOT BT RiorSEPasdue
CONPI i 5 gt WL isABvAGChiCa &phfited residue SGRMsAMJ NGridhcilieast a portion of
the first residue i'n a separator columm Into a separated distillate

conpri si ng refatreng atdeadt a pseparcdtledsepasicduesidwrtpithssiengoacet i ¢ aci d; and
returning at |l east a portion of the separated residue to the reactor. 2.
The process of claim1, wherein the separated residue has a greater

concemnt r at imoR pRdcedE ot difimAL ivehek iR fhel RBarbietl $EsidiRSad W @reater concehbfratid ocess of
claim1, wherein the separated residue conprises acetic acid in an anount
of gr @ggteracichian g figst wisidue.

2

3. The process of claim 1, wherein the separated residue comprises acetic acid in an amount

of greater than 97 wt.%.

4 The process of claim 1, wherein the first residue comprises acetic acid in an amount of

from 5 to 100 wt.%.

5. The process of claim 1, wherein the first residue comprises water in an amount of less

than 95 wt.%.

6. The process of claim 1, wherein the first distillate comprises one or more binary and/or

tertiary azeotropes of water, ethanol, and/or ethyl acetate.

7. The process of claim 1, wherein the first distillate comprises water in an amount of less

than 10 wt.%.



4. The process of claim1, wherein the first residue conprises acetic acid
in an anount of fromb5 to 100 wt.% S. The process of claim1, wherein the
first reswouel2onssi ses water in an anount of | ess thanP@%/us01%042784 The
process of claim1, wherein the first distillate conprises one or nore
binary and/or tertiary azeotropes of water, ethanol, and/or ethyl acetate.
7. The process of claiml1l, wherein the first distillate conprises water in
an anount of less than 10 wt.% WD 2012/ 006236PCT/ US2011/ 042784 8. The
process of claim1, further conprising the step of: separating at

| east ga porthe@Ro@ks btQaifnl I,%rtl@lér%bhlbhﬁh%tlhensté}) sfecond colum into a second
distillate conprising ethyl acetate and a second resi due conprising

et hanol .  Separiengpt deselss partioe phibsiBst datiidlate in atspeonslecobiven és i derendonpri ses
et han%listi!llgte %111%?@%ntet Oyfl a(f:ert.%ma5§ a‘%c‘o%%l j[rgsic?u% A %)sin 1e9‘ian;>rp e process of claim
1, wherein the sep§ra or “colum comnpri ses an 5Eeo§rope aci d-wat er separator
colum. 11. The process of claim 10, further conprising the step of:

addi ng one or nore conpounds tqQ the azeotrope aci d-water separator col umm
to foPm an Tedsegespel i, weessin thesee@idresiee enfapises gidpeoldeapauauy afs
selecggg?ggggy%gpgg yp consisting of ethyl acetate, propyl acetate,

i sopropyl acetate, butyl acetate, vinyl acetate, diisopropyl ether, carbon
di sul fide, tetrahydrofuran, isopropanol, ethanol, and C3-Cl2 al kanes. 12.

The praocess_of clai ,. further. conprising the step of extracting, at | east
a por ifion diereeery pitipeh éelagh@%p%mtoag@aP}n&ﬁ@lp&a?ﬁpadm%aowwgq-wa@ﬁ
extragt,£aBprdishRg at least 10 wt.%acetic acid; and introducing at |east a
portion of the extract to the separator colum. 13. The process of claim
1, wherein the acetic acid is forned from net hanol and carbon nonoxi de,

wherei.n each of the t.hapol., .the carbon nonoxide, and hydrogen for the
hydrodgnati FET@SS?gﬁﬁgfﬂbéﬁﬂF¥SﬂWBVﬂﬁ%§?Sﬁﬁﬁamherein the syngas is

derived fraaiiag@at BPMoBOLRRURE! RChe dzdotBpR g val @UBp £ 05 E&thinAgo efrnat ur al
gas, oil, petroleum coal, biomass, and conbinations thereof 14. A process

for praaeuimpagyidt watab Wheehiheiose pg mohecappedsis:selected from the group consisting

of ethyl acetate, propyl acetate, isopropyl acetate, butyl acetate, vinyl acetate, diisopropyl ether,

carbon disulfide, tetrahydrofuran, isopropanol, ethanol, and C;-C;, alkanes.

12. The process of claim 1, further comprising the step of extracting at least a portion of the
first residue using an azeotrope compound to yield an extract comprising at least 10 wt.% acetic

acid; and introducing at least a portion of the extract to the separator column.

13. The process of claim 1, wherein the acetic acid is formed from methanol and carbon
monoxide, wherein each of the methanol, the carbon monoxide, and hydrogen for the
hydrogenating step is derived from syngas, and wherein the syngas is derived from a carbon
source selected from the group consisting of natural gas, oil, petroleum, coal, biomass, and

combinations thereof,

14. A process for producing ethanol, comprising the steps of:
providing a crude ethanol product comprising ethanol, acetic acid, water and ethyl

acetate;



provi ding a crude ethanol product conprising ethanol, acetic acid, water
and ethyl acetate; WD 2012/ 006236PCT/ US2011/042784 separating at |east a
porti on obothe/msisde et hanol product in a first colum POT@WSa01ionz84
distillate conprising ethanol, and a first residue conprising water and
acetic acid; separating at least a portion of the first residue in a
separator colum into a separated distillate conprising water, and a
separated residue conprising acetic acid; and directing at |east a portion
of the separated residue to an ethanol synthesis reactor. 15. The process

of clai m 14epahaiceit 'Pea"sﬂ?g&ﬂﬂﬁ@ﬂih‘é%hidérbtlﬁno Hi& iR€ ifigst icBlubhiEinfePafat ed
residue is greater than the concentration of acetic acid in the first

resi dulestillategzontphigingrethpask and a grvirepidug compeisiaignvatéreind apettcaacet r esi due

conpri ses ag ez}rét?ngaaillgasl éHof "ﬁ%ﬁ@tﬁrgr gglueeaﬁlersebzﬂgt%r gglu}{\l'tn'i?{ 0 sle7ara‘gléﬁe .
process of Sai M, ePerR Che “rirst resdus conpri ses Aceti®Y4cd in an
anmountdigeifllafercompdising W&, whd #sepakBed rEkidupeanmsnOiceat atitd ddl, wherein the
first residue conprises water in an amunt of less than 95 wt.% 19. The
process of diegling atdeasihBerapn of e separated gsiduielte ae ethagphsytiess waeobr nor e
binary and/or tertiary azeotropes of water, ethanol, and/or ethyl acetate.
20. The process of claim 14, further conprising the step of:

separ di5i ng Tk preast ofeclgpor 14, evhendin theeohtenstatich sfidcetiat@d imtha sg@cand resaluam
into a seconqﬁdistillate.co risin etqyl acetate, and a second residue
conpr i'S#FRCRRA MR concenfratiop g ﬁ?@&égélﬁf‘%ﬁ%ﬁ?ﬁlﬂﬁ wherei n the second

resi due conprises ethanol in an anobunt of from75 w.%to 96 wt.% 22. The
process of claim 14, wherein the separator colum conprises an azeotrope
aci d- viat er Tepar@soof dohulvih wherein the separated residue comprises acetic acid in an

amount of greater than 97 wt.%.

17.  The process of claim 14, wherein the first residue comprises acetic acid in an amount of

from 5 to 100 wt.%.

18.  The process of claim 14, wherein the first residue comprises water in an amount of less

than 95 wt.%.

19.  The process of claim 14, wherein the first distillate comprises one or more binary and/or

tertiary azeotropes of water, ethanol, and/or ethyl acetate.

20.  The process of claim 14, further comprising the step of:
separating at least a portion of the first distillate in a second column into a second

distillate comprising ethyl acetate, and a second residue comprising ethanol.

21.  The process of claim 20, wherein the second residue comprises ethanol in an amount of

from 75 wt.% to 96 wt.%.

22. The process of claim 14, wherein the separator column comprises an azeotrope acid-

water separator column.



WD 2012/ 006236PCT/ US2011/ 042784 23. The process of claim 22, further
conprising the step of: addi ng one or nore conpounds to the azeotrope
aci d- wat ewoeranez3ér col unm to form an azeotrope w th waCens2ethesssh t he
one or nore conpounds is selected fromthe group consisting of ethyl
acetate, propyl acetate, isopropyl acetate, butyl acetate, vinyl acetate,

di i sopropyl ether, carbon disulfide, tetrahydrofuran, isopropanol, ethanol,
and C3-Cl2 al kanes. 24. The process of claim 14 further conprising the
step of extracting at |east a portion of the first residue using an
azeotrope conpound to yield an extract conprising at least 10 wt.% acetic
acid; and introducing at |east a portion of the extract to the separator

col umi¥3. 25 heAmrgrescelsdaimod2, pyrdencpmprisng dhisotep donpri sing the steps of:

hydr ogenat i Q¥in %%E io m%&i, 9 dl'&[%no_u%dsf t%atﬁé ereoitrgg% ?cﬁ%—r\))v;at?esrlesgéag%t?); cc?}m%ﬁittg k’é’rﬁtan: (f)le

forma crude”@enandl "pro separ a portion o

cr ude agédiape lwith st twhierei@theiohs or GO pIInGs B sklet®tl fidinstheldr@ipecanoiditid Si ng
et hanol , ethyl acetate, and less than 10 w.% water, and a first residue
conpr io§ethy! aeEre. rapil acere seirepy! agsate, butyl acs@ieav | #gtase. diisesepy egskt i on
of the, fihStu it jd bR dorcab i dat@-@ distillate
conprﬁg&ﬁgﬁé?ﬂyﬁ’g%é?%ﬁgﬁ%%dliﬁgg@d%dgrégRJﬁgR%éﬁﬁﬁﬁgﬁﬁg et hanol. 26. The
process of claim 25, wherein the second residue conprises ethanol in an
f f 7 9 . %

am)unt249 "[rh% rBrOCSess\,Agf c{gi}nol 4? %r\t%er c%mprising the step of extracting at least a portion of the

first residue using an azeotrope compound to yield an extract comprising at least 10 wt.% acetic

acid; and introducing at least a portion of the extract to the separator column.

25. A process for producing ethanol, comprising the steps of:

hydrogenating acetic acid in a reactor in the presence of a catalyst to form a crude ethanol
product;

separating at least a portion of the crude ethanol product in a first column into a first
distillate comprising ethanol, ethyl acetate, and less than 10 wt.% water, and a first residue
comprising acetic acid and water; and

separating at least a portion of the first distillate in a second column into a second

distillate comprising ethyl acetate and a second residue comprising ethanol.

26.  The process of claim 25, wherein the second residue comprises ethanol in an amount of

from 75 wt.% to 96 wt.%.



