WO 2011/ 140455PCT/ US2011/ 035543 PROCESS FOR PRODUCI NG ETHANOL CROSS
REFERENCE TO RELATED APPLI CATI ONS [0001] This application clains priority
to U S. Anp.20No40453/ 094, 688, filed on April 26, 2011, amdTWSIN11/8835¢3 Si ona
App. No. 61/332,696, filed on May 7, 2010, the entirety of which is

i ncorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002] The present
invention relates generally to processes for producing ethanol and, in
particular, to separating ethanol and ethyl acetate under |ow pressure
condi tions. BACKGROUND OF THE | NVENTI ON [ 0003] Ethanol for industrial use
is conventionally produced from petrochem cal feed stocks, such as oil,
natural gas, or coal, froflf¥ged EF%@E“WHFQ?HEHF%FéS, such as syngas, or
fromstarchy materials or cellulose materials, such as corn or sugar cane.
Conventi onal methods for producing ethanol from petrochem cal feed stocks,

as well ‘as from cel lod@seRIBERENTESTO RIELNTED! APPRKCIAdFION S| yzed hydration
of ethyl ene, nethanol honol ogation, direct alcohol synthesis, and

Fi scherlHipSdte syt éximstosty i By iApppder bgfiehpbinieben Asriock Wit ces
Cont T OHRS A Re D BETheSon TR P Ry

gr eat elingdngurakce Beresi Petef@enes rise. Starchy materials, as well as
cellulose material, are converted to ethanol by fermentation. However

fermentation is typically used for consuner production of ethanol, which is
suitable for fuels or hunman ' .PﬁfﬁﬁfWB ion, fernentation of
starchy or cellul ose nateria?gﬂ?gg%g¥§glﬁﬁt 05% sources and pl aces

r est r ai[6d02] orTHehgre samd Uidendbn etlhesglentialy tcgnodesseprfod peaihcingr ethmablisindj &l

use. [0004] . Et hanol productjon vja the reduction of al kanoic acids and/or
ot her PaFsERYA tOd?%ﬁl%@%h?qﬁge@aﬁﬁ%ﬁd@dﬁfé@wﬂgéﬁuw @afyiost-udi ed, and a
vari ety of conbinations of catal ysts, supports, and operating conditions
have been nmentioned in the literature. During the reduction of al kanoic
acid, e.g., acetic acid, BAGKGROUDOUOHIHEE BNYBNFEAGNwW t h et hanol or are

f d.jn si ti.ons, . These i ities limt th ti d
rocovel)El dithdaidform Rl SR shiiarnh i brdied ciedf pfeibieaed Mages.
hydr ogenat 481, n&it2 ofs, dF o) PEMTEL JibtdlintepddiR@s, skl i {as, or from starchy

2011/ 140455PCT/ US20I1/ 035543 et hanol and/or water form azeotropes, which
ar e di midtenigls ot esllylopamatesials, puchddicoinon suadFagd nvemsnaenal swetheslo apn et e,

e D3 BB SR LR A AL Db

hydr ocalidqié cielyethByRhtidnnyf@iyilae, semdasitionglsdieiohydrocatiiSyithessy, BANOi C
acid and hydrogenating the ethanoic acid to ethanol. The streamfromthe
hydr ogdtighflohropscictyshepis. busplildy dnpetepchpmigahicad SOt arens conirbsshd a stream
of acetq L d. i i tion
Feact o C1BEHE A AU pREE Ry Bldhlkd SnEAGIAE b RERRERGIE
et hanolsoficcesfeticmot proguaduct] thdpeiatee ovhby feeddtork pgiced Kendtarche mdseriabugh as
acetic acid, and/or other carbonyl grou -c%ptainiqg%conpoungs. SUMMARY OF
THE | seRiI1losoTeriAl arerqon¥ericd ip SHARRHRY, [eRentalis diR W VST dFHTEHHIOR 1S
di 1 ect qghit01yasPl AGLORsUr pRSRIHGH BerBiIANRhich SATRALIS FaulY dF paaRRt i Ng
acetic acid’from an acetlg acid feed streamin a reactor to forma crude
et hanolcopsuntiuion. dwagdifien, dignentudinolof stetchy lor aglbtedeanatamas awepdtes with thod
separating at |east a portion of the crude ethanqgl produ i.n.a first
ol umm PHEST IS rirae oraihe Seshr ol SRS L BREARI e e BB B%na o
first neeo P@tﬁ&@?f@h%rﬁﬁﬂﬂe@e@&dtﬁh oAAltaB@Pafiat hiorrdthér&afongl ROGHI on of
the first distillate in a second col um under |ow pressure conditions into
a secofgn@ining ¢anapaaindphgsriesn madady biyified canday wrighoofrosdamtigns el¢agalgsts,
compr i 31 BRE ANGlero h 000RiL A B B REaNd el L. PRESEN L AKERL] OF 19
irected™t 0 a process=for produci'ng etnanol, conprising pro I'ng a crude
et hanolof prkaaic acidoap), a&stidGickl bavotomiunys aredeinaddeyitaedhna odgiedpra@tinnwat er ;
separating at |east a portion of the crude ethanol product in a first
col umm sidstreacaions. r EResgimgpyriticsdignic GapredicHen srdvspovernabietBany frogtercht e and a
first regsi; : I ies| tycoaci 6 e i i on of
the fiFERigy oy PR £8t BAnAAE duhaR Ty fronBIRORSRA T Mol BAFoRBBORI O D
a second distillate conprising ethyl acetate and a second residue
conprising ethanol. [0009] In a third enbodi ment, the present invention is
directed to a process for producing ethanol, conprising hydrogenating
acetic acid froman acetic acid feed streamin a reactor to forma crude
et hanol product conprising ethanol, ethyl acetate, and acetic acid,
separating at |east a portion of the crude ethanol product in a first
colum into a first distillate conprising ethanol and ethyl acetate and a
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WO 2011/ 140455PCT/ US2011/ 035543 portion of the first distillate in a second
colum into a second distillate conprising ethyl acetate and a second

resi due cwopnigidmgset hanol, wherein a total concentrati ecTafS2evatess43 ed to
t he second columm is less than 10 wt.% based on the total weight of all
conponents fed to the second colum [0010] In a fourth enbodi nent, the
present invention is directed to a process for producing ethanol,

conpri sing hydrogenating acetic acid froman acetic acid feed streamin a
react ofetafof MaMray &4 E%é&%?és, RRGAUEE dﬁvﬂgﬁ{ f}?%'e a&a%? 'Tﬁgﬁditiof%é(ﬁ acetat e,
and water; separating at [east a portion of the crude ethanol product in a
first cohwmonmiocanpletesunrdacstd ddidtemagionprihesimde ethinen phodand watidiyhusdet at e
and a first residue c ising water; and separating at |east a portion of
the fi F%‘flomdstpir?qoé?léetﬁ%%ir second col urm under | ow pressure conditions into
a secongos]stEp(2856 BUTRives APr&kivior 8GRl BAFLAITAS BNEthARS iflé8/ing
conprising ethanol. The conversion of acetic acid in the reactor may be

gr eat erconyrannOchydregarponstomtleamercaisid/angr hygregenathienthe e9nnEBRAEH tOBSARIPTI ON

OF DRAW N 0011] ..The .invention is .described in.detail helow wth

et or erld8 ToE ABT LIS AT el R sl SRR kBt B b8 B e simitar
parts. skl 3f adehiGacill and ethys ekl wisicllisags@mBdab tehrirbasnatiofeactuet i on system
usi ng reduced pressure that yields a residue stream conprising ethanol and
a di st [P0 e Thshsed sampinselionymprared prosesses 198 EsPHRIHELS MNOhToNe? EHIOBIOREGt of
t he pr At V. J; : .S ' ' an et hanol
pr oduc"t% ?g‘n%esd y@trg%&dfl @al}cé}%ﬁ%i&g?égé&thhaé agétbcgarcz ?gﬁ%glf) &lgt %agﬁ((;)rﬁﬁgﬁ)f& Pet hyl

acet at eonnirifgecdmghindends col umm in accordance with one enbodi ment of the
present invention. [0014] FIG 3 is a graph show ng the weight percent of
water in the feed versus the anmobunt of energy required for the

et hanol /et hyl acetate sepakgiN@ARY CPegEaSENAioN i1 ation col um DETAI LED
DESCRI PTI ON OF THE | NVENTI ON I ntroduction [0015] The present invention

r el at e40007] prlo edsstesntfodimengcibe praseny ietendnols Greotdced phycebpyitr prpenaing ng
acetic acid in the esence .of a catalyst. The. hyd nation reaction

pr oduc &80k FRRIIRA RGP EGRERE A ASE TP Al S ERET R Gl TERPHD)

acet at %rrﬁ'ﬁ!&ﬁfﬂ@fe&ﬁn@lgﬁbdj&t a6 PrisiARehehd1eéthyImebhtel hi@Pacebt Ayil: @pttah€al S
typically co-produced with ethanol and nmay al so be formed WO

2011/ 140465 patipusp decroRssagobyrodyttan pifirggoluam oo yfrsedistidae geapiigingci d. To
i nprove_oper.at. LG i .. the processes of the pr t invention

i nvol v%thsagglaarangtqr&%'glgft’%%tggﬁ ﬂ%r@?ﬁﬁ r%lsrll(?}leect%ﬁ1 Sa eat%gttlgeacﬁ(?fc%l r S%ga\?vﬁbn 5 geﬁars teg1

condi t ipoRsoni of tRe Hiss Histillat i sceOhd BFlumhahaer 10w jresshRr@hditiass mtd 4 grbonends
colum I n one enbodi ment, the |ight-ends columm operates at subat nospheric
pr essurdesillaggronpgisE sy agetidpand 8 saqod gesiduecogprisgsapol kpa to 50 kPa or
fromO. a Pa 1l I; T | i - .y

oper at JOUBIE 1hd sEtbrShnciinalitiRe PG ERlRn 14 dieclc b pERES, 1P iR

di f f er eftmaohedmpesing pevidh@d cree etlaadli grodice soraprighheathahol anhblyletcéryie, aedt at e
advant ageous@[% increases allowing for_a nore efficient sepgi%ati on of these

conponéhtdsang BaEESeRFAHIA s P EHBB Af s rfudesthanpbpiofyet dr p bt coOREINi e

et hanol, p&Ofuntad SonhithideCerRardol Akd et SdcblaleindATisOleSiale EdlabriSEPRCAL GSidl he
crude ethanol product into a first distillate and a first residue. The
first dndséparaing a¢mapra pegorohhadirst destibigle imasc@nd cohmth wideelovopgsnires, and
the first .residue co i.ses unreact.ed acetic acid, and optionally.water.
Opt | on&PRYHoRAFa SRR 3BT sE CpaLg ey ostrd e o ebiis Empptiiigay be
removeg@iHsgbng one or nore adsorption units or menbranes. [0017] The first
distillate is fed to a light-ends colum that is operating under |ow

pr essul 800 ndntaithing cmippdimeng e prpwst woentinn iy dopaied © speersd fefipreducing e
conpri sj .ace . th 3 % et .5 to
it LR i ot U G S LA S (R R R
| ess t Haimn 4 0thdeepiamel pipducacehptisng dinens eabyichediaft hhd Adedic aBY; RpsAtieOHPr i se
acet al dehyde. In sone enbodi nents, the second distillate may be recycled to
t he hyd¢asheRaiodRf egeudsrethapqbpiodBeids 8 figst cofepingse st disiilafe comprising

advant aGAYSIN PLTRLAES a8 2 P30 IO IOE ARSEDMad RSl s 4 hat
requires mninmal ‘treatnent to renove ter “and ot her organi cs. tionally,
an extractive agent, preferably conprising water, is fed to the |ight-ends
colum to facilitate renoval of et han% in the second residue. [0018] In
one preferred enbodi nent, the total anbunt of water fed to the |ight-ends
columm, including water fromthe first distillate as well as water in the
extractive agent (if any), is less than 10 wt.% e.g., less than 6 wt. % or
|l ess than 4 wt.% based on the total weight of all conponents fed to the
i ght-ends colum In terns of ranges, the total anount of water fed to the
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WO 2011/ 140455PCT/ US2011/ 035543 e.g., at |east 40%or at |east 50%
relative to the sane colum operated at atnospheric pressure. However, as
nore wat ewoi2eife4sso the |ight-ends colum, the water cearaske@wsssas of the
second residue increases requiring further treatnent of the second residue
to obtain a desired ethanol product. The anount of water in the final

et hanol product nmay vary depending on the intended application. Additional
wat er renoval steps may be enployed in the processes of the invention, for
exanpl &oridn @hARRY disQtise 5‘?&%? 9(519H1H%t0'asseg@r§f di&fiard Hesth ‘ﬁ%aéthﬁrh Qtfate
Acetic Acid [0019] The pr ocess t he present 1nvention e usegi

any hydndgeeainidaesigireomeagsisingretipmot wdiergn e tétalnmohcentiagomat waieaf&i to ¢lat al yst S,
reaction cq nd tion nd se roce es.tha be us n, t he

nydr ogarer g Bds fen g BeGT b Gl B HRBET FRiehhal o FE Rl Bashi0 Whe r aw
mat er i gb&ndaeRinke aci d and hydr ogen, used in connection with the process of

this invention may be derived fromany suitabl e source including natural
gas, pd00ledma fewd embobmgsss theamlsegbmfvmttom is Ageasschiopl rosesacwtpredugdied may

be prod |.at | |.deh i.dation | ene
o it D10 Yo BalR b A PG b G RE MR o PR N s e @hi

car bonyb@t h ofudpleRasisEsdisd b@rﬁ@hﬁng ethafslogtbigltdcem e findw &fet; Gegudhthgadt east a
described in U S. Pat. Nos. 7,208,624; 7,115,6772; 7,005,541; 6,657, 078;

6, 627, Wnlon@fihl%crgé@ethsnwgod@lmn firsueplopp intg ady, dgslatesanprispggthasal
4,994, r iy
refere%ggEt ggﬁeﬁ% IFdaa ﬂf%g&%&g ﬁ%lrr%yg&fa W ﬂ-{inSP &ﬁg@%eléafsﬁggg@g? e t}\%yt h
such n#irkratialllacan tacseg/drmltaohnnrpumeeﬂmepres@ﬁé) 2dddisspetbracieeant dstdlanat ur al gas

prices fluct uatg1 iecom ei t her e or |ess glegltn ive, met hodf for
pr oduci°AGPEE8EcEY 6‘?6&“%1 ?Fﬁ%?%’éi ESIPHEIRE §E14 SONYEIROR §F B

monoxi ge;qfif B @hdiF nay %e gﬁ%&?ﬂlaﬁ@é'@/&%ﬁd %Y@pl‘éféi‘éﬁﬁy gfle%[e%l?dn%% nterest. In
particul ar, when petroletmis relatively expensive, it may becone

advant ageous to produce acetic acid from synthesis gas ( syngas ') that is
derived fromnore avail a . 6,232,352, the
entirety of which is |nc$mgﬁﬂbﬁe§§¢%@r{§% for exarrpl e, teaches
a met hggonf] reieriabédionng d@scm&m{l@étaﬂlb@mw {vah I{aﬁ@eﬂé@mm@capﬁeﬁd@f diaGatdsc

aci d. By retrofltthr;gra net hanol plant, the large capital costs associated
with C(Wh}f@@ﬂl&@ nwmetaliydesi gnai sieidaripertaci d plant are significantly reduced or
I argel m t t f hanol
syn nedP 8121 0diCa E i & sl B auP b IRk S Y Bl B B Lot Tie

t hen usm yicdd o Ridae st campidith ethiihoa asd Adlsérnalerom@risinpydiyogeimi or t he

hydr ogenati on step may be supplied from syngas. WO

2011/ 1469038PCT MISQe Entodanent ph e preseit 1§6‘?’Féloénbod| ments, sone or all of the
raw nma 0 - cess may
be der |t[§(ije1 pzﬁrlg}i' %ﬂ%?&ggﬁgﬁt@fi@gﬁ?{ﬂ {gf@%@e}ﬁ/ﬁ%gﬁod or %xa@pogg?ﬁ%%gﬁg%e& c acid
may be séjgaramth dfredrannkdrianiof] aectated thed iphrendxdotienn boddeoneehwtihonay be

derived frg The s gl;as may be formed by partial oxidation
Fn%“g@g%erpé

r ef or mcAPO SR KGMO8nd t he carbon nonoxi de may be separated from
syngas [ofi4 21 |PEIG| ¥is zb%’ 991?(51)&/15@%{6 WeighS R dnPof WeeSinaRe ffed R¥ALOBRNRIJURBLT he
acetic aci formthe crude et hanol product may be separated from syngas.

The syrgergy requutea ifor, therathaie/ether ingesate fSepwaticarin ¢heyseobndcdistidbniogs saluoes. The
carbon source, for exanple, may be selected fromthe group consisting of
natural gas, oil, petroleum coal, biomass, and conbi nations thereof.
Syngas or hydrogen mageE@hSOEbORtRIPTEON OPMHE PAGENTEONTEt hane gas, such
as bio-derived nethane gas produced by landfills or agricultural waste.

[ 0023] IntiodusHemer enbodi ment, the acetic acid used in the hydrogenation
step "E ﬁi fﬁ{egﬁ’gseg 18%1{&6% rglg{eg?@ﬁr%%s%@s f%[r ré% thaﬂ&ﬁglfoﬁ{lg% tion
proces fera enic roc moacet geni c

M cr oomgaivigsmting abatdm:ﬁu mSthg preserice ofla ehualysacrlda }gfrdmgenatﬁtgl tehdtion@rodiceany,
carbon di oxi de as a by-product. The carbon efficiency for the fermentation
pr oces$Tleethangbprpdyg tl@qt@g}p@wsqswg}anq]@%ateéfeéléxlélpet@qqaﬁnrgmcbacege agifletndt han
90% as ﬁ%@ﬂ 0 i a
carbon effi CP %ﬁttl:et; 0 ﬁg\égé&%ﬂegg&b l(%pﬁfl oﬁg{aﬁggfﬁhgg%aﬁgoagpg%Wéﬂén% Iggxgd in
the fernmentation process is of a genus selected fromthe group consisting
of Clostridium Lactobacillus, Morell ? Ther noanaer obact er,

Pr opi oni bacteri um Propioni spera, Anaerobiospirillum and Bacteriodes, and
in particular, species selected fromthe group consisting of Costridium
form coaceticum C ostridiumbutyricum Moorella thernoacetica,

Ther npanaer obacter kivui, Lactobacillus del brukii, Propionibacterium

aci di propi oni ci , Pr opi oni spera ar bor| S, Anaer ob| ospiril I um
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[ 0026] The acetic acid fed to the hydrogenation reaction nmay al so conpri se
ot her carboxylic acids and anhydri des, as well as acetal dehyde and acet one.
Pr ef er ablwoQ 2a115140458bl e acetic acid feed stream conpri se®CorisS2an/opssne of the
conpounds sel ected fromthe group consisting of acetic acid, acetic
anhydri de, acetal dehyde, ethyl acetate, and m xtures thereof. These ot her
conpounds nmay al so be hydrogenated in the processes of the present
invention. In sone enbodi nents, the presence of carboxylic acids, such as
pr Opan%z(est%ﬁhgatﬁfn dftu%r&eﬂau%étféemmo R?r@@é‘%ﬁér&i 'efﬁ&eﬂ?&fsd Hiel JGceREe’R@NO! -

Wat er y al so be present in the acetic acid fee 0027] Alternatively,
acetictbmmdﬁmhumapmmlmwohtﬁagwmeguhkehmuﬂmedemylasumxmﬂbrhwepmmmn@ron1the

flash vessel of a.. hanol, car ion.unit t he cl ass . described in

U & R i TR P SRt aS e R Bl el cGuaR° IERE ! Prery o
whi ch 'eﬁlﬂoﬂﬁ@e{n@%@hgﬁ dhak @d)lﬁmlﬁ}bpéﬁlft&ra@ E‘@&tma'dibﬂeﬁé yﬂﬁisu‘{ékﬁﬁﬁ%lﬁg aduLh.1 kber
exanpl e, fed directly to the ethanol synthesis reaction zones of the

pr esentto d%éﬂa ieen figm RdukPatheOkdedr fiom ¢dhklle hsdhiPa ha seagtangbodanentailes | i ght

aci o mipEERSB B npSia B RAF M B ERARERLY B SRE RoprotihniRe™ ' ©

vapor i zlﬁtﬂeraﬁ&tbet:\xz@@u the rertivieeofagititiad Gnghanot indwthlylogetel aalv@rnagemdslkyut ed state
or diluted with a relatively inert carrier gas, such as nitrogen, argon,

hel i uminGeAsEbH I AYIBR fere MA e fieientisRRAratiQsy of thEeCPBIRENGNEh i n t he vapor phase,
the te t r not
ol oapoidh; hrItee RO Pirehviroh Ife EXSE EMaict oot bh 0RR 01 4
may be dvmmlaﬁmzaﬂumh thdreepmoated thg cpeierthandl @oéddt intaaifistakistillae gmaratfirsul ar

pressure, orized acetic acid ma e further heated to the
react orreﬁl‘tlﬂee?r mgﬁﬁéﬁﬁﬁﬁ’e&mﬂﬁlsﬁ%ﬁﬁ "éli’ﬁa&ﬂ?tﬁ@n%/n AR osgtGsea '%f&ﬁla ?‘ir%t i xed
Wi th otReN Q8RR sBEHRER 1 &ARRLE édlﬁ‘gaendfo?hb%ﬁﬁiw%r @ﬁidnﬁﬂy,t\@ﬁeﬂ&%ﬁﬂsé/ ppors up
to the reactor inlet tenperature. Preferably, the acetit acid

t r ansf ergsedt indhe fust diapldate, snd nEythe rpmss«tdmgslrlrg/@ireagemraradatompmreuytsloe gas
through the acetic acid at a tenperature at or bel ow 125C, fol | owed by
heat i ng"BF"#H&E" conbi ned gaseous streamto the reactor inlet tenperature.

[0029] [6prm ermeaui®itlimidk f¢d® PMDERESs &ﬂurhﬁ@fa@m%auﬁig R8&tbw pR&dsiret 0 form

et hanol may include a variety of configurations using a fixed bed reactor

or a f lcanditigesd B@dlgheaecﬂsmolumlmmhw seaduiadisi tescapprishie ghdgeptntel anddessi on,
di d f
o el SRR 5 SRR SR v BecebOER obf DhiVE: PSR 0. e

enbodi MR Wi %eetiadl ald bohan EEEWPPm@Lhyl @égior Thesacobe dBipheyed,alr a series
of reactors may be enployed with or without heat exchange, quenching, or

i nt rod&@fniPHF’P YRSy El§- o ajontecsarbadines. ahe seapnddingiate Biay De zecyklerito f1sd t ube
reacton, g&hﬂﬁq Wit %@ﬁ%cegsf &ﬂﬁé s. nq‘}\}émléﬂiyd\aﬁta é&fél aﬂrevﬁ&% cases,

t he rea zone nmay be housed in e vessel series of
vessel$ﬂwnmnnb¢anﬁQHEMangmﬂrﬁhﬁmﬁhﬂnwgenmn@ﬁﬁ@ﬂheanmteﬁenmedwa&maddnents,
the catglyst is e in a fixed bed rea r, eg., int sh

pi pe or‘ﬂfeﬁ BE2AHe @’Uf)%fg%’r A EXtEpstiye ag%lfg%{p{aif\; % Wmﬂﬁ?%‘ﬁ%ﬂﬂ F%ft%fjnto g\eg ggéssed

over OfenifEAWaR 1 Pa%ﬂﬁ@t%@érﬂé&al of Bth&dol i ARLOEHd rSY&le. @s fluid or ebul Iient
bed reactors, can be enployed. In sone instances, the hydrogenation

cataly s[t)&l&}ayln lbee predeirddrenclmdiimentt the moteli anovah of wetet fadeto drd lightends a&duhat e the

dr.o t ant t h h th t d th
P oot s it wRlter 1 e A B S S A e AR e e B s ¥ 003
The hydRQoeN@t. 708 gr a6 kA% WBS B8eLaMdnl £Ft.9baded dﬁ'thé"ﬁﬁalt HtlogWild phase or

vapor WD 2011/ 140455PCT/ US2011/ 035543 phase Pref erably, e reaction is
carr i eg¢omppngnss feddo (hedight-prdsseolumaeln teres efopngsa he tQ,f@lrﬁ!llilQlln@ pswatehtedrteact i on

t enper 0 35 om 225C
to 300%5‘%5“@%%@@%@ E%fg%%éﬁ?h‘el gor gg’évb?oégfrlr%?‘#e ef%?%?%%fg;g’g’ Eg 3000
kPa, e.The adfiitiomobCorkPavated t(}?the@lghPalds@blufrﬁrom;lMuk@aleteﬁergw&m@mentﬂfer

reactants may be fed to the reactor at a gas hourl% ace veIOC|ty (GHSV)
of gr eé’P@‘iﬂtl%g’r‘i‘ Ighgrepgs.cpluran. gFor @ﬁ@g{eeppqrhtgpg the dighhends colymuminger tfan 2500

hr-1 or, r t @SN qmy range
from 56) r ﬁﬁﬁéﬁ%&’b%ﬁpy&g eHérg} T?dr Hgg%‘i)ﬁf{o O?@g]%%d tggathr - 3%r om 1000
hr-1 to 10 000 hr 1, or fron11000 hr-1 to 6500 hr-1. [ 0032] The

hydr ogenation optionally is carried out at a pressure just sufficient to
overconme the pressure drop across the catalytic bed at the GHSV sel ect ed,

al though there is no bar to the use of higher pressures, it being

under stood t hat considerabl e pressure drop through the reactor bed may be
experienced at high space velocities, e.g., 5000 hr-1 or 6,500 hr-1. [0033]
Although the reactlon ~consunes tmo nDIes of hydrogen per ol e of acetlc

. - . - Y 1 v



cobal t/ruthenium cobalt/tin, silver/palladium copper/palladium
copper/zinc, nickel/palladium gold/palladium rutheniunrhenium and

r ut heni unworon/14e6enpl ary catal ysts are further descri bedTius20118355Rat . No.
7,608, 744 and U.S. Pub. No. 2010/0029995, the entireties of which are

i ncorporated herein by reference. In another enbodi nent, the catal yst
conprises a Co/ Mo/ S catalyst of the type described in U S. Pub. No.
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by those o §rdi nary skill in the art, support materials are sel ected such
that the catal yst systemis suitably active, selective and robust under the
process conditions enployed for the formati on of ethanol. [0044] Suitable
support materials may include, for exanple, stable netal oxide-based
supports or ceram c-based supports. Preferred supports include silicaceous
supports, such as silica, silica/lalumna, a Goup IIA silicate such as
calciumnetasilicate, pyrogenic silica, high purity silica, and m xtures
thereof . O her supports may include, but are not Ilmted to |ron OXI de




[0047] A preferred silica support material is SS61138 H gh Surface Area
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pref er aly sntirstiek o Mhidhtaré mCBq%(ﬁecghaeﬁ wfrefidi@aoleparo Ki3.GgbaNvnf cat al yst
per hour, e.qg., from400 to grans of ethanol per kilogram of catal yst
per hoepb%rplg?rg&%aeééot)%o%%@éé tar 5%%%% @tm%meewmraeghar%ry feieTaSPst per
hour. WO 2011/ 140455PCT/ US2011/ 035543 [ 0053] 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

et hanol per hour, at least 5 tons of eghanol per hour, or at |least 10 tons
of ethanol per hour. Larger scale industrial production of ethanol,
dependi ng 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 |east 30 tons of

et hanol per hour. In terns of ranges, for large scale industrial production
of ethanoI the process of the present |nvent|on may produce frontO 1 to
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Conc. (wt.% Conc. (w.% Ethanol 5 to 70 15 to 70 15 to 50 25 to 50 Acetic
Acid 0 to 90 O to 50 15 to 70 20 to 70 Water 5 to 40 5 to 30
WO 2011/140455 PCT/US2011/035543

[0024] 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 is an aqueous solution of lignin residues, hemicellulose, and
inorganic chemicals.

[0025] 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.

[0026] The acetic acid fed to the hydrogenation reaction may also comprise other carboxylic
acids and anhydrides, as well as acetaldehyde and acetone. Preferably, a suitable acetic acid
feed stream comprises one or more of the compounds selected from the group consisting of
acetic acid, acetic anhydride, acetaldehyde, ethyl acetate, and mixtures thereof. 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. Water may also be present in the acetic acid feed.

[0027] Alternatively, acetic acid in vapor form may be taken directly as crude product from

the flash vessel of a methanol carbonylation unit of the class described in U.S. Pat. No.



10 to 30 10 to 26 Ethyl Acetate O to 30 0 to 20 1 to 12 3 to 10
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to 4 WO 2011/140455 PCT/US2011/035543

6,657,078, the entirety of which is incorporated herein by reference. The crude vapor product,
for example, may be fed directly to the ethanol synthesis reaction zones of the present invention
without the need for condensing the acetic acid and light ends or removing water, saving
overall processing costs.

[0028] The acetic acid may be vaporized at the reaction temperature, following which the
vaporized acetic acid may be fed along with hydrogen in an undiluted state or diluted with a
relatively inert carrier gas, such as nitrogen, argon, helium, carbon dioxide and the like. For
reactions run in the vapor phase, the temperature should be controlled in the system such that it
does not fall below the dew point of acetic acid. In one embodiment, the acetic acid may be
vaporized at the boiling point of acetic acid at the particular pressure, and then the vaporized
acetic acid may be further heated to the reactor inlet temperature. In another embodiment, the
acetic acid is mixed with other gases before vaporizing, followed by heating the mixed vapors
up to the reactor inlet temperature. Preferably, the acetic acid is transferred to the vapor state
by passing hydrogen and/or recycle gas through the acetic acid at a temperature at or below
125°C, followed by heating of the combined gaseous stream to the reactor inlet temperature.
[0029] Some embodiments of the process of hydrogenating acetic acid to form ethanol may
include a variety of configurations using a fixed bed reactor or a fluidized bed reactor. In many
embodiments of the present invention, an “adiabatic” reactor can be used; that is, there is little
or no need for internal plumbing through the reaction zone to add or remove heat. In other
embodiments, a radial flow reactor or reactors may be employed, or a series of reactors may be
employed with or without heat exchange, quenching, or introduction of additional feed
material. Alternatively, a shell and tube reactor provided with a heat transfer medium may be
used. In many cases, the reaction zone may be housed in a single vessel or in a series of vessels
with heat exchangers therebetween.

[0030] In preferred embodiments, the catalyst is employed in a fixed bed reactor, e.g., in the
shape of a pipe or tube, where the reactants, typically in the vapor form, are passed over or
through the catalyst. Other reactors, such as fluid or ebullient bed reactors, can be employed.
In some instances, the hydrogenation catalysts may be used in conjunction with an inert
material to regulate the pressure drop of the reactant stream through the catalyst bed and the
contact time of the reactant compounds with the catalyst particles.

[0031] The hydrogenation reaction may be carried out in either the liquid phase or vapor
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contain other conponents, not listed in Table 2. TABLE 2
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cobalt/ruthenium, cobalt/tin, silver/palladium, copper/palladium, copper/zinc, nickel/palladium,
gold/palladium, ruthenium/rhenium, and ruthenium/iron. Exemplary catalysts are further
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. In another embodiment, the catalyst comprises a
Co/Mo/S catalyst of the type described in U.S. Pub. No. 2009/0069609, the entirety of which is
incorporated herein by reference.

[0036] In one embodiment, the catalyst comprises a first metal selected from the group
consisting of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium,
platinum, titanium, zinc, chromium, rhenium, molybdenum, and tungsten. Preferably, the first
metal is selected from the group consisting of platinum, palladium, cobalt, nickel, and
ruthenium. More preferably, the first metal is selected from platinum and palladium. In
embodiments of the invention where the first metal comprises platinum, it is preferred that the
catalyst comprises platinum in an amount less than 5 wt.%, e.g., less than 3 wt.% or less than 1
wt.%, due to the high commercial demand for platinum.

[0037] As indicated above, in some embodiments, the catalyst further comprises a second
metal, which typically would function as a promoter. If present, the second metal preferably is
selected from the group consisting of copper, molybdenum, tin, chromium, iron, cobalt,
vanadium, tungsten, palladium, platinum, lanthanum, cerium, manganese, ruthenium, rhenium,
gold, and nickel. More preferably, the second metal is selected from the group consisting of
copper, tin, cobalt, rhenium, and nickel. More preferably, the second metal is selected from tin
and rhenium.

[0038] In certain embodiments where the catalyst includes two or more metals, e.g., a first
metal and a second metal, the first metal is present in the catalyst in an amount from 0.1 to 10
wt.%, e.g., from 0.1 to 5 wt.%, or from 0.1 to 3 wt.%. The second metal preferably is present
in an amount from 0.1 to 20 wt.%, e.g., from 0.1 to 10 wt.%, or from 0.1 to 5 wt.%. For
catalysts comprising two or more metals, the two or more metals may be alloyed with one
another or may comprise a non-alloyed metal solution or mixture.

[0039] 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 1.5:1 to 1:1.5 or from 1.1:1 to 1:1.1.

[0040] The catalyst may also comprise a third metal selected from any of the metals listed
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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.%.

[0041] In addition to one or more metals, in some embodiments of the present invention the
catalysts further comprise a support or a modified support. As used herein, the term “modified
support” refers to a support that includes a support material and a support modifier, which
adjusts the acidity of the support material.

[0042] The total weight of the support or modified support, based on the total weight of the
catalyst, preferably is from 75 t0 99.9 wt.%, e.g., from 78 to 97 wt.%, or from 80 to 95 wt.%.
In preferred embodiments that utilize a modified support, the support modifier is present in an
amount from 0.1 to 50 wt.%, e.g., from 0.2 to 25 wt.%, from 0.5 to 15 wt.%, or from 1 to 8
wt.%, based on the total weight of the catalyst. The metals of the catalysts may be dispersed
throughout the support, layered throughout the support, coated on the outer surface of the
support (i.e., egg shell), or decorated on the surface of the support.

[0043] 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.

[0044] 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.

[0045] 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.
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Acidic support modifiers include those selected from the group consisting of TiO,, ZrO,,
Nb,Os, Ta;0s, Al,Os, B,Os, P2Os, and Sb,Os. Preferred acidic support modifiers include those
selected from the group consisting of TiO,, ZrO,, Nb2Os, Ta,Os, and Al,Os. The acidic
modifier may also include WOs, M0Os, Fe;0s, Cr,0s, V205, MnO,, CuO, C0,03, and Bi,0s.
[0046] 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: (i) alkaline earth oxides, (i1) alkali metal oxides, (iii) alkaline earth metal
metasilicates, (iv) alkali metal metasilicates, (v) Group IIB metal oxides, (vi) Group 1IB 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
(CaSi0Os). If the basic support modifier comprises calcium metasilicate, it is preferred that at
least a portion of the calcium metasilicate is in crystalline form.

[0047] 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 following 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
glem’ (22 1b/ft).

[0048] 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.

[0049] The catalyst compositions suitable for use with the present invention preferably are
formed through metal impregnation of the modified support, although other processes such as
chemical vapor deposition may also be employed. Such impregnation techniques are described
in U.S. Pat. Nos. 7,608,744 and 7,863,489 and U.S. Pub. No. 2010/0197485 referred to above,

the entireties of which are incorporated herein by reference.
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least 400 grams of ethanol per kilogram of catalyst per hour or at least 600 grams of ethanol per

kilogram of catalyst per hour, is preferred. In terms of ranges, the productivity preferably is
from 100 to 3,000 grams of ethanol per kilogram of catalyst per hour, e.g., from 400 to 2,500
grams of ethanol per kilogram of catalyst per hour or from 600 to 2,000 grams of ethanol per

kilogram of catalyst per hour.
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SECOND COLUWN 108 Conc. (Wm.% Conc. (Wm.% Conc. (Wm.% Second Distillate
Et hyl Acetate 10 to 90 25 to 90 50 to 90 Acetaldehyde 1 to 25 1 to 15 1 to
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ethanol may also be preferably high, and is greater than 75%, e.g., greater than 85% or greater
than 90%.

Ethanol Recovery

[0056] Exemplary ethanol recovery systems in accordance with embodiments of the present
invention are shown in FIGS. 1 and 2. Each hydrogenation system 100 provides a suitable
hydrogenation reactor and a process for separating ethanol from the crude reaction mixture
according to an embodiment of the invention. System 100 comprises reaction zone 101 and
separation zone 102. Reaction zone 101 comprises reactor 103, hydrogen feed line 104 and
acetic acid feed line 105. Separation zone 102 comprises a separator 106, a first distillation
column 107, and a second distillation column 108. FIG. 2 also includes a water separator 120
for removing a portion of the water from the first distillate in line 115.

[0057] Asshown in FIG. 1., hydrogen and acetic acid are fed to a vaporizer 109 via lines 104
and 105, respectively, to create a vapor feed stream in line 110 that is directed to reactor 103.
In one embodiment, lines 104 and 105 may be combined and jointly fed to the vaporizer 109.
The temperature of the vapor feed stream in line 110 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 109 and may be recycled or discarded thereto. In addition, although line 110 is
shown as being directed to the top of reactor 103, line 110 may be directed to the side, upper
portion, or bottom of reactor 103.

[0058] 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 upstream of the reactor, optionally upstream of the vaporizer 109, 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 may
include, for example, carbon, silica, alumina, ceramic, or resins. In one aspect, the guard bed
media is functionalized, e.g., silver functionalized, to trap particular species such as sulfur or
halogens. During the hydrogenation process, a crude ethanol product stream is withdrawn,
preferably continuously, from reactor 103 via line 111.

[0059] The crude ethanol product stream in line 111 may be condensed and fed to a separator
106, which, in turn, provides a vapor stream 112 and a liquid stream 113. In some

embodiments, separator 106 may comprise a flasher or a knockout pot. The separator 106 may
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operate 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. The pressure of separator 106 may be from 50 kPa to 2000 kPa, e.g., from 75 kPa to
1500 kPa or from 100 kPa to 1000 kPa. Optionally, the crude ethanol product in line 111 may
pass through one or more membranes to separate hydrogen and/or other non-condensable
gases.

[0060] The vapor stream 112 exiting separator 106 may comprise hydrogen and
hydrocarbons, and may be purged and/or returned to reaction zone 101. As shown, vapor
stream 112 is combined with the hydrogen feed 104 and co-fed to vaporizer 109. In some
embodiments, the returned vapor stream 112 may be compressed before being combined with
hydrogen feed 104.

[0061] The liquid stream 113 from separator 106 is withdrawn and pumped to the side of first
column 107, also referred to as an “acid separation column.” In one embodiment, the contents
of liquid stream 113 are substantially similar to the crude ethanol product obtained from the
reactor, except that the composition has been depleted of hydrogen, carbon dioxide, methane
and/or ethane, which are removed by separator 106. Accordingly, liquid stream 113 may also
be referred to as a crude ethanol product. Exemplary components of liquid stream 113 are
provided in Table 2. It should be understood that liquid stream 113 may contain other

components, not listed in Table 2.

TABLE 2
COLUMN FEED COMPOSITION
(Liquid Stream 113)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Ethanol 5t070 10 to 60 15to0 50
Acetic Acid <90 5to0 80 15t0 70
Water 5t040 5to 30 10 to 30
Ethyl Acetate <30 0.001 to 20 1to12
Acetaldehyde <10 0.001 to 3 0.1t03
Acetal <5 0.001 to 2 0.005t0 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

[0062] The amounts indicated as less than (<) in the tables throughout present specification

are preferably not present and if present may be present in trace amounts or in amounts greater
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75 to 99.5 80 to 96 85 to 96 Ethanol <12 1 to 9 3 to 8 Ethyl Acetate <0.01
<0. 005 <0.001 Acetic Acid <1 0.001 to 0.1 0.005 to 0.01 [0075] The final

et hanol pwocuocti4ptsdduced by the process of the present PaoTarstéion3isay be
taken fromthe second residue in line 117. Any of the conpounds that are
carried through the separation process fromthe feed or crude reaction
product generally remain in the ethanol residue in an anount |ess than 0.1
wt.% based on the total weight of the second residue, e.g., less than 0.05

Wt . % Of @80t 02 Wt . %

[0063] 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 limited to, methanol, isopropanol, n-propanol, n-butanol or mixtures thereof. In one
embodiment, the liquid stream 113 may comprise propanol, €.g., isopropanol and/or n-
propanol, in an amount from 0.001 to 0.1 wt.%, from 0.001 to 0.05 wt.% or from 0.001 to 0.03
wt.%. In should be understood that these other components may be carried through in any of
the distillate or residue streams described herein and will not be further described herein, unless
indicated otherwise.

[0064] Optionally, crude ethanol product in line 111 or in liquid stream 113 may be further
fed to an esterification reactor, hydrogenolysis reactor, or combination thereof. An
esterification reactor may be used to consume residual acetic acid present in the crude ethanol
product to further reduce the amount of acetic acid that would otherwise need to be removed.
Hydrogenolysis may be used to convert ethyl acetate in the crude ethanol product to ethanol.
[0065] Liquid stream 113 is introduced in the middle or lower portion of first column 107. In
one embodiment, no entrainers are added to first column 107. In first column 107, water and
unreacted acetic acid, along with any other heavy components, if present, are removed from
liquid stream 113 and are withdrawn, preferably continuously, as a first residue in line 114.
First column 107 also forms a first distillate, which is withdrawn in line 115, 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.

[0066] When first column 107 is operated under about 170 kPa, the temperature of the
residue exiting in line 114 preferably is from 90°C to 130°C, e.g., from 95°C to 120°C or from
100°C to 115°C. The base of first column 107 may be maintained at a relatively low
temperature by withdrawing a first residue stream comprising both water and acetic acid,
thereby providing an energy efficiency advantage. The temperature of the first distillate exiting
in line 115 preferably is from 60°C to 90°C, e.g., from 65°C to 85°C or from 70°C to 80°C. In
some embodiments, the pressure of first column 107 may range from 0.1 kPa to 510 kPa, e.g.,

from 1 kPa to 475 kPa or from 1 kPa to 375 kPa. Exemplary components of the first distillate
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[0076] The second distillate in line 116, which conprises ethyl acetate
and/ or acet al dehyde, preferably is refluxed as shown in FIG 1, for

exanpl e, WO 2a1wv@h4sax ratio of from1:30 to 30:1, e.g., PCoOMS20110335¢3 10:1 or
from1l:3 to 3:1. In one aspect, not shown, the second distillate 116 or WO
2011/ 140455PCT/ US2011/ 035543 a portion thereof nmay be returned to reactor
103. In sone enbodi nents, it may be advantageous to return a portion of
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[ 0086] The associ ated condensers and |iquid separation vessels that nmay be
enpl oyed with each of the distillation colums may be of any conventi onal
desi gn amsoana/wi4spl i fied in the figures. Heat nay be sepplisedisssahe base
of each columm or to a circulating bottom streamthrough a heat exchanger
or reboiler. O her types of reboilers, such as internal reboilers, may al so
be used. The heat that is provided to the reboilers nmay be derived from any
heat generated during the process that is integrated with the reboilers or
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Wat er
e.g., from 35°C to 70°C or from 40°C to 65°C. The temperature of the second distillate exiting

in line 116 preferably is from 20°C to 55°C, e.g., from 25°C to 50°C or from 30°C to 45°C.
[0072] The total concentration of water fed to second column 108 preferably is less than 10
wt.%, as discussed above. When first distillate in line 115 comprises minor amounts of water,
e.g., less than 1 wt.% or less than 0.5 wt.%, additional water may be fed to the second column
108 as an extractive agent in line 118. Line 118 may be introduced to second column 108
above the feed point of the first distillate in line 115. A sufficient amount of water is preferably
added via the extractive agent in line 118 such that the total concentration of water fed to
second column 108 is from 1 to 10 wt.% water, e.g., from 2 to 6 wt.%, based on the total
weight of all components fed to second column 108. If the extractive agent comprises water,
the water may be obtained from an external source or from an internal return/recycle line from
one or more of the other columns or water separators.

[0073] Suitable extractive agents may also include, for example, dimethylsulfoxide,

glycerine, diethylene glycol, 1-naphthol, hydroquinone, N,N’-dimethylformamide, 1,4-
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butanediol; ethylene glycol-1,5-pentanediol; propylene glycol-tetraethylene glycol-
polyethylene glycol; glycerine-propylene glycol-tetracthylene 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. When extractive agents are used, a suitable recovery system, such as
a further distillation column, may be used to remove the extractive agent and recycle the
extractive agent.

[0074] Exemplary components for the second distillate and second residue compositions for
the 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 in Table 4.

TABLE 4
SECOND COLUMN 108

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Second Distillate
Ethyl Acetate 10 to 90 25t0 90 50 to 90
Acetaldehyde 1to25 1to15 1to8
Water 1to 10 1to7 1to 16
Ethanol <30 0.001 to 15 0.01to 11
Acetal <5 0.001to 2 0.01to1
Second Residue
Water 7510 99.5 80 to 96 85 t0 96
Ethanol <12 1t09 3to8
Ethyl Acetate <0.01 < 0.005 < 0.001
Acetic Acid <1 0.001 to 0.1 0.005 to0 0.01

[0075] The final ethanol product produced by the process of the present invention may be
taken from the second residue in line 117. Any of the compounds that are carried through the
separation process from the feed or crude reaction product generally remain in the ethanol
residue in an amount less than 0.1 wt.%, based on the total weight of the second residue, €.g.,
less than 0.05 wt.% or less than 0.02 wt.%.

[0076] The second distillate in line 116, which comprises ethyl acetate and/or acetaldehyde,
preferably is refluxed as shown in FIG. 1, for example, at a reflux ratio of from 1:30 to 30:1,

e.g., from 1:10 to 10:1 or from 1:3 to 3:1. In one aspect, not shown, the second distillate 116 or
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<0. 01 <0.005 Isopropanol <0.5 <0.1 <0.05 n-propanol <0.5 <0.1 <0.05 [0089]
The finished ethanol conposition of the present invention preferably

cont ai ns wenyil/@wmsanounts, e.g., less than 0.5 wt.% of porhiseoialoasshdl s,
such as nethanol, butanol, isobutanol, isoanyl alcohol and other C4-C20

al cohol s. I n one enbodi rent, the anobunt of isopropanol in W

2011/ 140455PCT/ US2011/ 035543 the finished ethanol conposition is from80 to
1,000 wppm e.g., from95 to 1,000 wppm from 100 to 700 wppm or from 150
to 500 amn tlh?reeflﬁlaggpﬁ)ghl‘i’i@@% reh&8r 109 BB @hitRAMhert QTR bd ON 1S
substantially free of acetal dehyde, optionally conprising I'ess than 8 wppm
acet al addhydageoes .retures pottivant Seoappdisttlatees seattoan03. Wopethyl ©@OQE] anidforsone

mbodi ts, further . ' [ d, the .eth I duct
b i t AEk R8T et Yl o R A REF iR BioeBad? Bioronf Rt RR Gk AL B B ove.
I N suchReamaQsi reRMé:S THeMRRIWN BBA the GRGRMLY RédcR? nely Behfed & Raset 109 @duct may

be greater than indicated in Table 5, and preferably is greater than 97
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non-fuel  applications, the finished ethanol conposition nmay be used as a
sol vente“*l@{)e&%iaﬁéﬁtteﬁngfﬁﬂa‘i?é%ﬁ%}yidﬁ' preparations, detergents, disinfectants,
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al so be uséd as a processing solvent in nmanufacturing processes for
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pr ocessfharg/gbe condensed and refluxed via line 121, for example, at a ratio of 10:1 to 1:10, e.g., 3:1 to

1:3 or 2:1 to 1:2. The remaining portion of the first distillate in line 115 is fed, preferably in
the vapor phase, to a water separator 120. Water separator 120 may comprise one or more
adsorption units, membranes, extractive column distillations, or a combination thereof.
Suitable adsorption units include pressure swing adsorption (PSA) units and thermal swing
adsorption (TSA) units.

[0079] A membrane or an array of membranes may also be employed to separate water from
the distillate. The membrane or array of membranes may be selected from any suitable
membrane that is capable of removing a permeate water stream from a stream that also
comprises ethanol and ethyl acetate.

[0080] In a preferred embodiment, water separator 120 is a pressure swing adsorption (PSA)
unit. The PSA unit is optionally 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 kPa to 150 kPa. The
PSA unit may comprise from two to five beds. Water separator 120 may remove at least 95%
of the water from the first distillate in line 115, and more preferably from 99% to 99.99% of the
water from the first distillate, in a water stream 122. All or a portion of water stream 122 may
be returned to first column 107, where it preferably is ultimately recovered from first column

107 in first residue 114. Additionally or alternatively, all or a portion of water stream 122 may
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feedstock to nmake other chem cals such as vinegar, ethyl acrylate, ethyl
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al cohol s, especially butanol. In the production of ethyl acetate, the

fini shed ethanol conposition may be esterified with acetic acid. |In another
application, the finished ethanol conposition nay be dehydrated to produce
et hyl ene. Any known dehydration catal yst can be enpl oyed to dehydrate
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may be separated into an acetic acid stream and a water stream when the residue comprises a

majority of acetic acid, e.g., greater than 50 wt.%. Acetic acid may also be recovered in some

embodiments from first residue having a lower acetic acid concentration. The residue may be

separated into the acetic acid and water streams by a distillation column or one or more

membranes. If a membrane or an array of membranes is employed to separate the acetic acid

from the water, the membrane or array of membranes may be selected from any suitable acid

resistant membrane that is capable of removing a permeate water stream. The resulting acetic

acid stream optionally is returned to reactor 103. The resulting water stream may be used as an

extractive agent or to hydrolyze an ester-containing stream in a hydrolysis unit.

[0083] In other embodiments, for example, where first residue 114 comprises less than 50

wt.% acetic acid, possible options include one or more of: (i) returning a portion of the residue

to reactor 103, (ii) neutralizing the acetic acid, (iii) reacting the acetic acid with an alcohol, or

(iv) disposing of the residue in a waste water treatment facility. It also may be possible to

separate a residue comprising less than 50 wt.% acetic acid using a weak acid recovery

distillation column to which a solvent (optionally acting as an azeotroping agent) may be

added. Exemplary solvents that may be suitable for this purpose include ethyl acetate, propyl

acetate, isopropyl acetate, butyl acetate, vinyl acetate, diisopropyl ether, carbon disulfide,
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tetrahydrofuran, isopropanol, ethanol, and Cs-C;, alkanes. When neutralizing the acetic acid, it
is preferred that the first residue 114 comprises less than 10 wt.% acetic acid. Acetic acid may
be neutralized with any suitable alkali or alkaline earth metal base, such as sodium hydroxide
or potassium hydroxide. When reacting acetic acid with an alcohol, it is preferred that the
residue comprises less than 50 wt.% acetic acid. The alcohol may be any suitable alcohol, such
as methanol, ethanol, propanol, butanol, or mixtures thereof. The reaction forms an ester that
may be integrated with other systems, such as carbonylation production or an ester production
process. Preferably, the alcohol comprises ethanol and the resulting ester comprises ethyl
acetate. Optionally, the resulting ester may be fed to the hydrogenation reactor.

[0084] In some embodiments, when the residue comprises very minor amounts of acetic acid,
e.g., less than 5 wt.%, the residue may be disposed of to a waste water treatment facility
without further processing. The organic content, e.g., acetic acid content, of the residue
beneficially may be suitable to feed microorganisms used in a waste water treatment facility.
[0085] The columns shown in FIGS. 1-2 may comprise any distillation column capable of
performing the desired separation and/or purification. Each column preferably comprises a tray
column having from 1 to 150 trays, e.g., from 10 to 100 trays, from 20 to 95 trays or from 30 to
75 trays. The trays may be sieve trays, fixed valve trays, movable valve trays, or any other
suitable design known in the art. In other embodiments, a packed column may be used. For
packed columns, structured packing or random packing may be employed. The trays or packing
may be arranged in one continuous column or they may be arranged in two or more columns
such that the vapor from the first section enters the second section while the liquid from the
second section enters the first section, etc.

[0086] 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 the
figures. 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 one flasher are
shown in the figures, additional reactors, flashers, condensers, heating elements, and other

components may be used in various embodiments of the present invention. As will be
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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.

[0087]

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. Temperatures within the various zones will normally range between the boiling

points of the composition removed as the distillate and the composition removed as the residue.

As will be recognized by those skilled in the art, the temperature at a given location in an

operating distillation column is dependent on the composition of the material at that location

and the pressure of column. In addition, feed rates may vary depending on the size of the

production process and, if described, may be generically referred to in terms of feed weight

ratios.

[0088]

The final ethanol product produced by the processes of the present invention may be

taken from the second residue 117. The ethanol product may be an industrial grade ethanol

comprising from 75 to 96 wt.% ethanol, e.g., from 80 to 96 wt.% or from 85 to 96 wt.%

ethanol, based on the total weight of the ethanol product. Exemplary finished ethanol

compositional ranges are provided below in Table 5.

TABLE 5

FINISHED ETHANOL COMPOSITIONS

Component Conc. (wt.%) Conc. (Wt.%) Conc. (wt.%)
Ethanol 75 to 96 80 t0 96 851096
Water <12 3t08
Acetic Acid <1 <0.01
Ethyl Acetate <2 <0.05
Acetal < 0.05 <0.01 < 0.005
Acetone <0.05 <0.01 < 0.005
Isopropanol <0.5 <0.05
n-propanol <0.5 <0.05

[0089]

The finished ethanol composition of the present invention preferably contains very

low amounts, €.g., less than 0.5 wt.%, of other alcohols, such as methanol, butanol, isobutanol,

isoamyl alcohol and other C4-C,g alcohols. In one embodiment, the amount of isopropanol in

24



Second Distillate (\t.% 12.4 76.0 5.1 34.2 61.7 0 Second Residue (wt.%
67.6 nd 30.8 98.7 0 1.3 Pressure in Second 101 kPa
WO 2011/140455 PCT/US2011/035543

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 SO0 wppm. In one embodiment, the finished ethanol
composition is substantially free of acetaldehyde, optionally comprising less than § wppm
acetaldehyde, e.g., less than 5 wppm or less than 1 wppm.

[0090] 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 greater than indicated in
Table 5, 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, €.g., less than 2 wt.% or less than 0.5 wt.%.

[0091] 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
finished ethanol composition may also be used as a processing solvent in manufacturing
processes for medicinal products, food preparations, dyes, photochemicals and latex
processing.

[0092] 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-35, a zeolite X and a zeolite Y. Zeolite X is described, for
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34.7 kPa  Col um EXAMPLE 2 [0096] A first distillate conprising
et hanol and ethyl acetate froma first colum was introduced to a second
col um Theol2oght4os8ds col urm, e.g., second col unm, was @epErnst@doadssn WO
2011/ 140455PCT/ US2011/ 035543

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.

[0093] In order that the invention disclosed herein may be more efficiently understood, an
example is provided below. It should be understood that these examples are for illustrative

purposes only and is not to be construed as limiting the invention in any manner.

EXAMPLE 1
[0094] The following examples were prepared with ASPEN Plus 7.1 simulation software to
test various feed composition and separation systems.
[0095] A crude ethanol product was separated in a first column into a first distillate and a first
residue. The first distillate was sent to a second column, which formed a second distillate and a
second residue. Table 6 shows the composition of each stream. Run A was run at atmospheric
pressure and demonstrated significant amounts of ethanol in the second distillate. Run B was
run at a pressure of 34.7 kPa and included a water separator as shown in FIG. 2 to remove

water from the first distillate.

Table 6
A B

EtOH EtOAc H,O EtOH EtOAc H,O
First Distillate (wt.%) 57.6 15.1 24.7 74.2 12.2 11.7
First Distillate After - - - 84.1 13.9 0
Water Separation
(wt. %)
Second Distillate 12.4 76.0 5.1 34.2 61.7 0
(wt. %)
Second Residue 67.6 nd 30.8 08.7 0 1.3
(wt. %)
Pressure in Second 101 kPa 34.7 kPa
Column

EXAMPLE 2

[0096] A first distillate comprising ethanol and ethyl acetate from a first column was

introduced to a second column. The light ends column, e.g., second column, was operated at a
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pressure of about 35 kPa. The second residue was controlled to maintain an
ethyl acetate concentration of | ess than 100 wopm By varying the water
concent r avpanitttaetsswas fed to the col umm, an energy redecriuseomasssaeal i zed
as shown in FIG 3. A conparison was conducted by feeding a first
distillate wwth the same conposition through a second col umm that operated
at a pressure of about 101 kPa. As shown in FIG 3, |ess energy was
required to separate ethanol and ethyl acetate when the second col um was
run at g‘r@sgl‘ﬂ%%@aﬁ’&ﬁ%g‘l@ﬁ T'he?coﬁéré‘s d(ﬁl e wils ConPolfldS8 nERNS I%anﬂencrease
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produci ng- et conprising the steps of hydr ogenati ng acetic acid
f r om aronmastipic waidithie B@@@rmd@aml)emaladmgmmrom thefdoychsares 06 sidiiabt dne ald |
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col umm jhv¥h@oRahd pSrtiofd @ﬂdahbﬁi; Emb&IIRENSIaRg v@ﬁmrf@zitu@@ cecRbdYblodcRAen BRd a
first residue conprising acetic acid; and ]par ating at |least a
c

por t i ordppendeselajing Biay @ spmpingd er mﬁeféh@éé‘bﬁ@eééﬂ whalews depart.ol the Eyegnieg
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total concentration of water fed to the second colum is from2 to 6 wt. %
6. The process of claim1l, wherein an extractive agent conprising water is
fed to the second colum 7. The process of claim1l, wherein the first

distillate conprises less than 10 wt.% water. WO
2011/ 140455PCT/ US2011/ 035543
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8. The process of claim1, wherein water is renoved fromthe first
distillate using an adsorption unit, menbrane, extractive colum
di stil |l atwontioro&sconbi nati on thereof, to yield an et ha&oolusadriissses st ream
conprising less than 10 wt. % water. 9. The process of claim1l, wherein the
second distillate conprises less than 30 wt. % ethanol. 10. The process of
claim1, wherein the second residue conprises |ess than 100 wppm et hyl
acetate. 11. The process of claiml, wherein the acetic acid is forned from
met hangye @gmcar bon nonoxi de, wherein each of the nmethanol, the carbon
nonoxi d€, and hydrogen for the hydrogenating step is derived from syngas,
and whdr ei n A pwcessrigaoiecinieethaed, dfongmsagahe kiops sfour ce sel ected fromthe
group consi sting.,of natural gas, .oi.l etral eu coal , bi omass n
Jonbrnat 1 ons. t homadroReidind acfSisid brop BT ideBe GER S Mo BRipr LIk & he
steps of:  crude ea@¥l fHoBGctoMpHEiAg IHAANOLhPr RAHEL af@RRKiC9LAg et hanol , et hyl
acetate, acetic acid, and water; separating at |east a portion of the
crude et hanol pr ceRpsRtingntdeast @ portioplolie ¢radvehanql psedugt Bt 4 fifsaeelugdnpioi si ng
et hanol and et hyl ..ace e. and fir esi d ONPLi.Si N cetic. acid;.and
separating af%rStI %%g@gea&%ﬁ&qs%&et@%nok ﬁ%é ?tlﬁlys?t‘ceg"?%%ll({?gfs 5 ug Cgen glﬁl%%cacc)?tﬁcrm
under | ow pregisuie¢ conditions into a second distillate conprising ethyl
acetate and a second residue conprising ethanol. 13. The process of claim
12, wherein the SERBHINALIEISt R POITEH @fdg%aﬁstdb%ﬂlaﬁee@ ¥ yespndcalumg under lopy.
14. The pro [PRAREY - ' e e st I
oper at 6s frgf%ésgg@ (,E(gldggﬂﬁégtfo WNRE&Ld dlshRad eaRRdistlS binyl abiQR &R 4™ Rcond
residue comprising ethanol.

2. The process of claim 1, wherein the second distillation column operates from 0.1 to 100
kPa.

3. The process of claim 1, wherein the second distillation column operates from 0.1 to 35
kPa.

4. The process of claim 1, wherein a total concentration of water fed to the second column

is less than 10 wt.%, based on the total weight of all components fed to the second

column.

5. The process of claim 4, wherein the total concentration of water fed to the second

column is from 2 to 6 wt.%.

6. The process of claim 1, wherein an extractive agent comprising water is fed to the

second column.

7. The process of claim 1, wherein the first distillate comprises less than 10 wt.% water.
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WO 2011/ 140455PCT/ US2011/ 035543 15. A process for produci ng ethanol,

conprising the steps of: hydr ogenating acetic acid froman acetic
acid feedwetnaaisn a reactor to forma crude et hanol prProEIISROICOBS Si Ng
et hanol, ethyl acetate, and acetic acid; separating at |east a

portion of the crude ethanol product in a first colum into a first
distillate conprising ethanol and ethyl acetate and a first residue
conprising acetic acid; and separating at |east a portion of the

first i stilhat Gokdds drSEGANY, GREMIN walth g %ﬁ@@é&”ﬁoﬂi @Eiﬁﬂsﬁhﬁtiﬁﬁgﬁfsi KLY

ethyl acetate and a second residue conprising ethanol, wherein a tofal
concent r at i adsaptiovat@t, rhedbie, teheastecornduio disoHatian, loe gscontbamtivd thiredfy thased
on the total .weight of all conponents.fed to.the.s nd _col um 16. The
rocess. of - cidlf i fatiyibi SERET ERbE okt thn 1 MR BRckar or fed to the
second colum is from2 to 6 wt. % 17. The process of claim15, wherein an
extractive agent conprising water is fed to the second colum 18. The
procesd. of dihgi prodss ofnadaiel A, wherein tha sefiogd idistdlate eompiiies dess| @8 Xohwh %10

W % water. . 9. 1'I'he process of claim15, wherein water is renmoved fromthe
first distilTa8" usi ng an adsorption unit, nenbrane, extractive colum
distillation, or a conbination thereof, to yield an ethanol m xture stream
conprising less than 10 w. % water. 20. The process of claim15, wherein

t he sed@nd dibstroqest plotaisl unieeip dreateeand resigie campigses dess [dpa. 109 wppm gk ess
for producing.gfhanol, conprising the steps of: hydr ogenati ng acetic
acid froman acetic acid feed streamin a reactor to forma crude et hanol
product conprising ethanol, ethyl acetate, and water;

11.  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.

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

providing a crude ethanol product comprising ethanol, ethyl acetate, acetic acid,
and water;

separating at least a portion of the crude ethanol product in a first column into a
first distillate comprising ethanol and ethyl acetate and a first residue comprising acetic
acid; and

separating at least a portion of the first distillate in a second column under low
pressure conditions into a second distillate comprising ethyl acetate and a second

residue comprising ethanol.

13.  The process of claim 12, wherein the second distillation column operates from 0.1 to
100 kPa.

14.  The process of claim 12, wherein the second distillation column operates from 0.1 to 35
kPa.
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WO 2011/ 140455PCT/ US2011/ 035543 separating at |east a portion of the
crude ethanol product in a first colum into a first distillate conprising
et hanol awo 2etiipb4sacet ate and a first residue conpri Si n@CRAISRIL1/0355d3
separating at |least a portion of the first distillate in a second colum
under | ow pressure conditions into a second distillate conprising ethyl
acetate and a second residue conprising ethanol. 22. The process of claim
21, wherein the second distillation columm operates fromO0.1 to 100 kPa.
23. The process of claim 21, wherein the acetic acid conversion in the
reactor is greater than 90%

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

hydrogenating acetic acid from an acetic acid feed stream in a reactor to form a
crude ethanol product comprising ethanol, ethyl acetate, and acetic acid;

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

based on the total weight of all components fed to the second column.

16. The process of claim 15, wherein the total concentration of water fed to the second

column is from 2 to 6 wt.%.

17. The process of claim 15, wherein an extractive agent comprising water is fed to the

second column.
18.  The process of claim 15, wherein the first distillate comprises less than 10 wt.% water.
19. The process of claim 15, wherein water is removed from the first distillate using an
adsorption unit, membrane, extractive column distillation, or a combination thereof, to

yield an ethanol mixture stream comprising less than 10 wt.% water.

20.  The process of claim 15, wherein the second distillation column operates from 0.1 to

100 kPa.
21. A process for producing ethanol, comprising the steps of:

hydrogenating acetic acid from an acetic acid feed stream in a reactor to form a

crude ethanol product comprising ethanol, ethyl acetate, and water;
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22.

23.

WO 2011/140455 PCT/US2011/035543

separating at least a portion of the crude ethanol product in a first column into a
first distillate comprising ethanol and ethyl acetate and a first residue comprising water;
and

separating at least a portion of the first distillate in a second column under low
pressure conditions into a second distillate comprising ethyl acetate and a second

residue comprising ethanol.

The process of claim 21, wherein the second distillation column operates from 0.1 to
100 kPa.

The process of claim 21, wherein the acetic acid conversion in the reactor is greater than
90%.
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