WO 2012/ 006438PCT/ US2011/ 043213 HYDROGENCLYSI S OF ETHYL ACETATE | N ALCOHOL
SEPARATI ON PROCESSES PRI ORI TY CLAI M [0001] This application clains
priority wo 202806438p. No. 13/094,714, filed on April 26pCZ0BN11Am2130 U. S.
Provi si onal App. No. 61/363,056, filed on July 9, 2010, the entirety of
which is incorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002]
The present invention relates generally to processes for producing al cohol
and, in particular, to form ng an ethanol conposition having a reduced

et hyI acetate conten%m N%S% e EVEW& | ﬁ@] Et hanol for
industrial use is co Hy—prodgcegLLrowrpéiLgigenlcaI feed stocks,
such as oil, natural gaaL.COHOIASEPARATIONEPROOERSESt er nedi at es, such as
syngas, or fromstarchy materials or cellulose nmaterials, such as corn or
sugar cane. Conventional nethods for producing ethanol from petrocheni cal
feed stocks, as well as fromce RPEY BtaRfal s, include the

aci d- catalyzed hydr ati on of eth%FM%e, ngﬁhaﬁgl honDIogatlon di rect al cohol
synt h¢80®] dlrds ﬁ]pd;lcittmanimpfsqalrmay;ntoﬂésSi AppINetlam%ﬁM firdpatApdizénteid, feed

st ock I‘IC ontrl tes f t he cas of conve nt.ional |y
or oducBd &L R RorSingal g Feb HEBHIFbreh rbliigs 20 Do B RERE o B Fafol
produqﬁdoq;[gbrggeh hgﬂgﬁllg}rleeagrgtqceMen feed stock pri ces rise. Starchy materials,

as well as cellulose nmaterial, are converted to ethanol by fernmentation.
However, fernmentation is typi caIIy used for consuner production of ethanol,

which is suitable for fuels gt hu iQn. In addition, fernmentation
of starchy or cellul ose mat E&F’ Hﬁgﬁﬁiyﬁw‘l{[ﬁ&f ood sources and pl aces
restraoeu2g Orhet pRs@fbMntioh Rlaan@inefgt to€ procBRePrOdpeRIdcihgralédmdvsha, al
use. [000 I%Et hanol production via the reduction of al kanoic aci ds and/ or
ot her pedicslanyip fefingugp 2 eireae! s Aot e bunits a Fetticerbethyhicdiaracostaitli ed, and a
vari ety of conbinations of catal ysts, supports, and operating condl tions
have been nmentioned in the literature. During the reduction of al kanoic
acid, e.g., acetic acid, Be{(eGROQMID WHISHAISVENTEINW t h et hanol or are
forrred in side reactions, These inmpurities |limt the production and

recovaP{O3r Ehaneh & industiad egis camantignnlly Bepdircsd ffovibpet&@a?eﬁwel fegd) ptogls-

hydr o r

Daor A BRLGEE SR Al 1R hthich AREML sut Ay RERBOfromHhrcty

di ffi amdterietlsaosmﬂaroae matdrralsasiutihtas mrmbmng@@m@r@omnumal nednpk érgyrodutieact ed

acid r u , j ch nust r ved t.g recover
ot handi D OoRB PeEpIsaoEs EebiR pes el frisie Shfe TR il R HGAOH- whor o a
CarbOQ@&E@U§h§@@Q§ﬁ9@&h%§m§9ﬂMﬁ&5Pﬂnﬁ@o§Mﬁ%h@§&§aﬁ@@ﬂ hthbsid Sn§PRVRSLed to
et hanoi ¢ "acid, which is then esterified and which i's then hydrogenated to
pr odudeogsch awdhemEFIwmhaemamdoaﬁm% T&1 ssdckarges eorithleutes Wiflvichutiopyiocess
wher e ers ed from rlflca ion e fed to the al gohol

oynt hddi ©sf BEEPEPRRRHT B SRR R REE Al 86T f R or e, a
need res@icHsn hiDEhel dFRAtOMIING: feEPstbECHYERE Yis@f SREdhgn@tedidl O clifaydepseduct
obt ai ned by reducing al kanoi c acids, such as acetic acid, and/or other

car boratergi quip cewisttad i eihancd hﬁ&m@gtatlon However, fermentation is typically used for

consumer production of ethanol, which is suitable for fuels or human consumption. In addition,

fermentation of starchy or cellulose materials competes with food sources and places restraints
on the amount of ethanol that can be produced for industrial use.

[0004] Ethanol production via the reduction of alkanoic acids and/or other carbonyl group-
containing compounds has been widely studied, and a variety of combinations of catalysts,
supports, and operating conditions have been mentioned in the literature. During the reduction
of alkanoic acid, e.g., acetic acid, other compounds are formed with ethanol or are formed in side
reactions. These impurities limit the production and recovery of ethanol from such reaction

mixtures. For example, during hydrogenation, esters are produced that together with ethanol



SUMMARY COF THE | NVENTI ON [0007] In a first enbodi nent, the present
invention is directed to a process for producing ethanol, conprising the
steps of Woadngess8i ng acetic acid in a first reactor i rCrhs2@nesenze of a
catalyst to forma first crude ethanol product, separating at |east a
portion of the first crude ethanol product into an ethanol product stream
and a derivative stream conprising ethyl acetate. The process may use one
or nore distillation colum to separate the first crude et hanol product.
The Pr.9 .t her ris a C 2

or t SROBT Sl RrlFsSRrhS SERLARRAN MR B Bl B G R By SRy
secondn@inidé&e alrhénedd fldodbains id i @@dmrih@t pideuet Wﬁmﬁlmtrsr ed tgiovedyo be fed
to one of the distillation colums to separate ethanol. [0008] In a second
embodireWer ethi®lpr esent invention is directed to a process for producing
et hanc[b(’)ﬂigorﬁifz‘O%b de@@rlb'sets %g)% (%fss R ﬁ}’c%o% e?ha]}lbf \%%ergEtlcgr%oﬁﬁc}e%Qfee(ﬁ)srt(?cqut
conpri'sing ethanol, acetic aci tate and water, separatin

| east iacpoettedo @hthbhe gfid whrtchcsrmileereédmmdianprcmdub twhiahtie tlen estehifind hncpr oduct

t d d t t t hyl t d ti t
PR e S T e I A
form a;Seactess WG et anal degédcﬁom Egggﬁiatloﬁ afe felitd theOiRRMI MH{e&st he

present invention Is d|recte to a process for producing ethanol
conpr irsichy usebtogiregisegthangldmdgeethariohg acetic acid in a first reactor in the

prese f catalyst to forma first crude eth duct eacting in a
e condifsleerdh® Lited Smpf Fhdaoe o fer P e ot REa crplSRGENAn fne
presenpaield ydiQaeNalkhdi@idia sS@CRANdettd MAE 188/2B%er BIrBEHE broupWBntaining

2012/ 006438PCT/ US2011/ 043213 and separating at |east a porfion of the
secongompaddset hanol product in one or nore colums to obtain ethanol.

[0010] In a fourth enbodi nent, the present invention is directed to a
process for producing ethanol, conprising the steps of hydrogenating acetic
acid in a first reactor inStUMeIARYSERGRIOINGENGI@NYst to forma first crude
ethanoI(Froduct separating at |east a portion of the first crude ethanol

pr odud®047 dnpifirsirenzhordiinenti the presertiipentign sxdirecteddo a prmsesssiongradtragol . wat er
and et i:si ting
a1 g Eih Bl dns B dhs of oL RLEL Ry R AR A e EERER Cond
distlbhabetEﬂbpnhﬁhmgmmkhymnﬂtemﬂua amdmﬁngecbmdameﬂkduﬁtmeﬁntmgdag et hano
and water lopélonallg igg rat lgf 8portlon of the.second residue
in a CHIRPG! RIBIUAHI AR sthahelpre k ?té‘tarntt‘ LILHAPYS G PRERYIS SR 255t r d
resi d%ecb%%ﬁé ﬁh@Gsé’\%e%r1111&9@159[1%'131%0?@95%@& prlgtteatthe 1?&%111(:@ PRLbI RB@k, t he
second distillate in a fourth colum into a fourth distillate conprising
acet alldehpyaesafvdhear famprishs reestimguie aceopid sacigr @tdagl a a@ubapétheadndvate@ct ing in
a second reactor at n of the fir a
or ¢ giteut i i PhesBhsrtan bieP B brSharbediribincbibes ohfeibab S83k tn
resi dgghahbl gro@ud@iheseRaed &f oltydmRIBtilRioh @b Minths36 6&Acht€ ElAgil et hanol  product .

[0011] In a fifth enbodi ment, the present invention is directed to a
proced806% Ip @ﬁﬁ(fgﬂdre@lb@dfm@r@tthe prrdentanvearon isphisdisd o aoemess for agdudeg st eps

gil gr Ot/l{aﬁ ngoﬁlgﬁs@%{h%t%e ! %?gro% %g rhé rcR%‘é% haﬁgl;%f)dtgct g(gmgttlgﬁlrggtfha? qge]'t : (r:s t
crude ae&ttbaaml efhiybaktetdte wid dafer, rsspar@tﬁigtmmeasm pordioh bf ge fitstsdridd @bgot pivauitsi ng

ethanol and a first residue conprising acetic acid, separaté@g at | east a
por ti 8#osn eth@éotﬁfpétct direan pncig derivtize SEeadher BRIISHMNCtht a5 etates abbrRaCNgstti | | at e
conpri I I nd water,
opt T onal TP A  fim3 B e P R R e B e M
col unmretlianblopradadti rd di stillate conprising ethanol and a third residue
conpri nal | y separating. at. Ieast a portion of the second
Goobt PR HRdhie ERbe R e TREL P aiin e aed o GRS e i

acet a'e@?aﬁdﬂ%mﬁﬁﬁsﬂg ’flféléte:p'@ orﬁwﬂg&aﬁﬁg@té@aegr iRttt R&R53hEhe &@Qn&@@ﬁ& Ing at
| east a portion of irst distillate, at |east a portion of the second
di st i Ich@atyst @ridfror fast dﬂ@@sﬁth@Obpwwnre@@tlrtme afsecmidireactai af lgast mpartien pf ésence

of hy secgnd crude et hano oduct

erbod g gl Bl A s b BB teeptdouB gyt pRodtkl
hydrogenol yzi ng ethyl acetate, conprising hydrogenating acetic acid in a
reactor in the presence of a catalyst to forma first crude ethano
product; and reacting an ethyl acet at & containing streamin a

hydr ogenol ysi s unit under conditions effective to forma second crude

et hanol product WO 2012/ 006438PCT/ US2011/ 043213 conpri sing nore et hano
than the ethyl acetate-containing stream wherein the ethyl

acetate contalnlng streantls t he flrst crude ethanol product or a

. o o, Y F A/ A M~ o o I Y oy



[0014] In an eighth enbodi ment, the present invention is directed to a
process for hydrogenating acetic acid in a first reactor in the presence of
a cat al yswoto1dmws438a first crude et hanol product, separ&Crasg2@t/okerast a
portion of the first crude ethanol product in a first colum into a first
distillate conprising ethyl acetate and acetal dehyde, and a first residue
conprising acetic acid, ethanol, and water, wherein a substantial portion
of the et hanol and/or water fromthe at |east a portion of the first crude
et han [ e
secon d Béspt%g#(ﬁ%tat Telggt r}gor:; efs tzlﬁ g%%g? gﬁldg%%agol [f}%dlfcgr?lfngme %rgrg(é &8[3111 st tg

et hanaebtadi extlangdl, and recoveri ng ethanol fronlthe first residue. BRI EF
DESCRI PTI ON OF DRAW NGS [ 0015] The invention rmay be nore conpletely
under 0O iTH adewsh %!@P%Filméﬁt 81% REBSSIE VeI g dkﬂ‘é‘tt‘éﬂ fogPraesss fqrmr%wntgf
vario f i i ng
i i O B R r R R e b EQTRLRN ot h A TP Y LAY,
a sch@anbmcmdbagmahxmwumnﬂmmhapmhugrﬂ@amnngathyﬂh@mﬁkh&ﬁ%ﬁiﬁECMSda vapor
derivative streamt? a hydr agen ‘iL%SIS eactor .i.n a cordanceﬁgth one

enbodicHAe! RIPAYghdn et spipmn o fighd lst[l mmlrcfﬂs(glgat anal, wateb e ititile di agr am

of “an .gthanpld aoﬁﬁgké%idhé’ BodylifhddtRtacill EDGESing al leGila g)ogt%d Mahé igestreamto
a hydrogenol ysis reactor in accordance with one enbodi ment of the present

i nventdistiate\WDa 204 2xl@0BUBBRACTH 8$20d disOUBR t8MPOOng kthil GetatCandsa seconhemat i ¢
di agram.of an et han oduct i on em havin arate h en feed

ot r o e MR BLORL e PRSP TG B0 BRb S RRRRntE *t ne
pr esentsidutg AtthiddcollRAXD Rhia dikBIhE cBmpeikiasRiagodindartami edside cehmpasak
production system having a hydrogen feed stream for the hydrogenation

r eact orat¢rnopftanstyl m&atwgtahle@ﬁét rontirtiefrbpsecond disellye e e faurihmpdien 8140 a[ 0020]

F' G %@ttr'ﬂ?d&ﬂ?a‘%@‘%{%é a% %%%g #la ?o%ﬁlt?.'}%dlﬂ&%g s d%r t@l‘%ké‘tg%eh yf g a

O renove ac direc trve streamto a

hydr ogenohy $i § sdcead teattor At lagst @I‘pd&mheaf\l\hé ﬁrsomenlwb@dﬂm pa@tioi bthpve@dt
invention. [0021] FIG 2B.is a schematic dia %{am of a_hydrogenati on process

havi ngistilateswpiar at leat agwrtipnef thefonshaesidusyaihe prssengnpf hydipeengo forma
hydroggggh%ﬁ% f@%aé%%?d%%.accordance wi th one enbodi nent of the present

i nvention is a schematic diagram of a hydrogenati on process
havi ng0@Mg depdifdt émimdtmbmlmm pagseintantyndioo grediodcyesii to arpe@@tssaforipnrigttmg)at tlesnce
with one enbodL gt of the sent inventi on hOOZ % 1 $ a schematic
di agr &MdsretipnpERe HnCosis i steRs fawﬂwrtta@ FLER ﬁe%'mao Rof%Genol ysi s

react QbnlpRsiag Céﬂfag@ln Q@etl\é‘ahla onel RebedifeMieOtedahfinPhERER ﬁd?ﬁ((ﬁﬂéﬂ Q8 firdt 0024]
FIG 4Ais a schematic diagramof a reaction zone conprising a

hydr ogam@tqtlmnol protestii i diatticolymrainth hipct digeltask y@msrlfrleg@tth@molmnd adicgrdahoe

t t
i agr anmar Rt dedR iR SRR BEN ST B Bek ARP R DietBei b Bl T on ©
react arseadid dstlREd dabipristheSdth @ atethRene afsedshddbdi@ed @hprRing AMoPARNQANKST S
reactor in accordance wi th one enbodi nent of thetgresent i nvention. [0026]

FI G ®pHgnalysepunting & leishg paition of therseernd; reridyoine bisspiuginigtoa hedct or
havi ng, & aydr, %?1@%? ﬂ@ §ﬁ§i¥d‘ O AR 1@1% ¥5deSr, SRFaAY s AGE QN fance

with one enmbo resent | nven
portion of the second distillate in a fourth column 1nto a fourth distillate comprising acetaldehyde

and a fourth residue comprising ethyl acetate, and reacting at least a portion of the first distillate,
at least a portion of the second distillate and/or at least a portion of the fourth residue in the
presence of hydrogen to form a second crude ethanol product.

[0012] In a sixth embodiment, the present invention is directed to a process for
hydrogenolyzing ethyl acetate, comprising hydrogenating acetic acid in a reactor in the presence
of a catalyst to form a first crude ethanol product; and reacting an ethyl acetate-containing stream

in a hydrogenolysis unit under conditions eftective to form a second crude ethanol product

W2



WO 2012/ 006438PCT/ US2011/ 043213 DETAI LED DESCRI PTI ON OF THE | NVENTI ON

I ntroduction [0027] The present invention relates generally to processes
for formwg2etensB i n an et hanol production system wheP€rusaoigionzaim
conprising ethyl acetate is reacted with hydrogen, i.e. through

hydr ogenol ysis, to form additional ethanol. The processes are particularly
wel | -suited for ethanol production systens in which acetic acid is
hydrogenated in the presence of a catalyst to formethanol. The additional
ethangl is .in L h e r h. [ i on.
empodr R G R hetsRd bt b Sy IRRR oPLRUMERRh T SHE b NS RGERRICT

et hanebniingdstasach g falssQuiestan] pestuet Gtd daivatitd@tcamrt@ereof ged fromthe
system The hydrogenol ysis reaction is as follows: CH3COOCH2CH3 +2 H2 2
cHacHA8# 3] odp gjsevgrgh %‘Pé%@@@sﬂ}?fpfﬁsﬁét BredoRts dkgdert fognPiegsss B applied to a
var i ety loc &hAANCLIAIRMHGE hiQPrYSE fifhe BRACREREHICELAL! i HTAY 1 BfsrisgR 11
appl i cations ' the recovery and/or p riflcation of ethanol on an

i ndustetliaabl podihee, sepantiexaripdsea puaron ot sheaspeatide ethartoherquivesientfirktnaodnn on

relate to processes for. recovering and/or purifying ethanal produced by a
proced¥© t_ﬁﬁ%‘ﬁ%ﬁf SRR AR g el acqt'«_ﬁe»taﬁlg apfiféfsréﬁé\ég MR al yst .
n_onacanbee ARM bR HEtorRIiN wCPHBIAhe WIER o RIS MACAE Edadur | ng

the hydrogenating of acetic aci may be present in the crude ethanol
pr oducthaanldiroducs, rdewivingtware fsam daniref distHaterouiden pn ethase], mixeurprsepentaiy at

reacted jn the presence pf.hydrogen tq fprm.ethanol. . [00 The. .

v ogeiiag POToBPY B SR L eas Aafsebdehbit Mo RRarLPoRE seFisestnt ed
by t hcétalel sawanecdndaedidionfpndEdQthahdl, HAd (3@ st 1Q83Pht 1bdyt a

t heoretical enbodi ments where ethanol and water are the only products of

t he hyertegerfdbe spsonddistilian in thp presensgef &y hragen tOpﬂoaa@cs@CCé@rﬁma/eseéhaﬂpiL 9 wt. %
et han k 28.1 wt.% water. However, not all of the acetic acid fed to the
hydrogéna I'on reactor is typically converted to ethanol. Subsequent

r eact i[oost] ofinah kamel embatimeds tlegresehd incattioans wirédiedoeat procadctd, may form

ot her byproducts such_ as ethyl acetate. Ethyl acetate is a byproduct that

r educ &y dtagenafing|agetisy acid Wahbist fedctont the Bresyse ofp sytalysciorfatng a syt cardso pe

pr odu i . at i i j ar.

Erbodi ne oM b A RETHE 295RRN M ASFL! S frod RAEHE S on o
advantiagedirst distd besumepreityydthd cettateeandhacételdpinaiduaidagfiaddisiduenampesihanol . WO
2012/ 006438PCT/ US2011/ 04321 0031], Unti| the excess acetic acid,. which is
not c&ﬁ@&rwﬁg{h&nﬁ B TR s W%‘@L&W%O EfaRo T 4ngog QuLer e y

r emov d b §ampditieh & e er S LhRIRRtLaREQHHE o, Bading ih B s@dndeidi? PREAL Rki&GP! um,
the crude ethaan.Product is not at chem cal "equilibriumand the

conposif thegecdrahdistg laesinghé piesence of hpdrogerhtarfotm wisedond catdectimapdprodudtoma et hy|
acet ate and mqéer. I n @fgﬁtenggdinents, it may be advantageous to esterify
the unf@YETRgehad fom e irstieyfus |y f ol 1 owed by a subsequent hydrogenol ysis

of the ethyl acetate. [0032] In one enbodi ment, one or nore of the

derivative streans obtained bé recoverin? and/ or purifying a crude ethanol

product is reacted w th BRFOHESCRIPEIIN Hy/BROGERHsi s. The derivative
strea I nyl t I | n r :
ccet; VTR RIS AT TR ARPIRR R L) BNEnSeMRaT bl RUIRNRE .,
and waleailed descpot oevaaious spbediednefofitled ieneiohyn vsinegtidheithyidr ogenol ysi s

reactor, the derjvative streampreferably conprises at |east 5 w. % et hyl
acet ataé?onél?aé‘.yl,ngé]t ayviggswheseipdikgnpmerqds degigaptesunigr P94ts| n one enbodi nent, t he
der i vahdief SUCRMICRURChRES RLRMh oREPLANRI BRAVEGS! BlslaNideairddl AngbRer
enbodi nent, the derivative stream conprises ethy cetate, acetal dehyde,
and etdeanalve straaiged a Apdioherolwneditmemtacceidencderitlvate angb sl medof denpesdeses

et hyl .acet.ate, acetal dehyde, ethanol, and water. In still another
enbodi'MERt°%t he derivative stream conprises ethyl acetate, acetal dehyde,

et hanqbo1MatrG. ads A6@kiGti8@iadranEaCih QhadddBrAPRANERetn thi diRRtdelduat i ve
stream may be obtained from séparate streans and m'xed. In addition, the
one ordenprteedtrimar phedrogemmdyrss teactbeinraseedanteiwitlt dree dnlehdogerioif Yl preseatict or
pr ef er.abl ¥ conprise substantially no acetic acid, e.g., less than 2 w. % or
|l ess tHhaf"0™5 wt.% In other embodi ments, the anount of ethanol in the
derivative streamto be reacted via hydrogenol ysis preferably conprises

m nor anounts of ethanol, e.g., less than 20 wt.% or less than 10 w. %

[ 0033] In one enbodi nent, the crude et4hanol product may be fed to a

hydr ogenol ysis reactor. In such enbodi nents, the derivative streamto be
reacted may conprise ethyl acetate, acetic acid, ethanol, and water, as

di scussed above. Depending on the reaction conditions and catal yst, further
hydr ogenati on of acetic acid and/or other conponents, such as acetal dehyde,

e - NN PN



WO 2012/ 006438PCT/ US2011/ 043213 hydrogenati on process. Further catalysts
are described in U S. Pat. No. 5,198,592, and Caus, et al., "Selective
Hydr ogenovp=in /6438t hyl and ethyl acetate in the gas pirasasonioeper and
supported G oup VIII netal catalysts,” Applied Catalysts A General, Vol.
79 (1991) pages 1-18, both of which are hereby incorporated by reference.
Hydr ogenation Process [0035] The hydrogenation of acetic acid to form

et hanol is preferably conducted in the presence of a hydrogenation

cat al o1 SWt-a r i al ysts include S rising a
Fir ot el G GT: MARARECBhER, SPARIMELT Sl IB MR RIS R 121 2P S
any nubeizenfecdddeimhomal magbalmdecrapl iva@bldanewah 08¢ ahpsdimebp@ahé preidie
first .and optional second and third nmetals nay be selected from G oup TB,
|1 B, IpyegtionyB vB, VIB VIIB, VIII transition netals, a |lanthanide netal, an
actini t : : , and

U AW AG B S SRk SR e b AT ShoeuRl dhhe d Mirod® Fons
i ncl udesdpdt@hmrfamhitihgdrogk@dttion uedctartit ecroudanc g vathiona rinbhémentrpt the present

pal | adi um.rut heni um pal | adi unirhenium cobal t/palladium cobalt/platinum
cobal t"¢HH8% um cobal t/ruthenium cobalt/tin, silver/palladium

COpper[f){lP%ﬂj] | iU i€ QRARMafL Dfardth 6K& éRaLdI BFH B0 DRl BAPRIRAL B8imn to

rutheni um’rhenium and ruthenium iron. Exenplary catalysts are further
descr irbmdvd avetdldshyathat (Neects7a BD8J Addvaging sted®n tcPubydringenoPBE0LB0@9995, t he
entireties of ich are incorpgrated herein by reference. In another
enbodiaﬁ%cf@?ncf’l?’\éxﬂ‘coé}eael“ﬁ/bé’fm %ﬁﬁfﬁ?@éeSSH%BY%P§~ catal yst of the type described
in U $00Ayb.FINo2B 209 HHRRAAEARcrdn6f £AYdrb&dnitie pMikEmalimgitine QER@stained herein
by reference. [0036] In one enbodi nent, the catalyst may favor the

f or matcPliiss a Batey Sepaedioatditaiy alydrogeaslysis reackyylin aecordanee aifdl a8 hanol . Such
cataly, ri i . S. Pub. Nos. 2010/0029980; 2010/0121114;

2010/ (‘fﬁfg’%%&tgﬁ@‘ i’é%g?tdhf‘g?f‘ﬁ “and pending U S. App. No. 12/699, 003, the
entir go@amt aniGs2anda sihlealats dia@mnobf sy dibgeagon p@ngésmlaaihgdwfbyega?étﬁfnence. I01e
catal yst for neking ethyl acetate includes a conbjnation of a first neta
sel ect%éﬂ‘n:quc@ﬁf‘ @H]@d%}gsmiysz%@?@f g cafdangeckish ongeabodimstpfdhgricsddi um and a
secong,n®tigh sel ected fromthe group consisting of nolybdenum rhenium
zirconium zinc, tin, copper, and cobalt on a support. A particular

cat al }8023] hdtlGmays hechsmatiediafgom ff odaciongzoat hyhpaseg atedegamtiosasd pl at i num
tin and at | east one support, wherein the.nolar.ratio of platinumto tin is
| ess OWAREBNONES BagOr fr e nGemPofiMANHRT Diethnd HBPRIRL al yst

conpr ij§es PaIGAdh Y sERERtE Maghdl oY rdaBBS zBRRoFPPRAL b hyWRERitHnl he nol ar
ratio of rheniumto palladiumis |less than 0.7:0.3 or greater than

0. 85: @steBficanon2@1lih0loeE38 P ST s il AGHBRNGe PIDINE emhodinentsithp peasynt
enbodi.ment., the catal yst conprises a first netal selected fromthe group
consi <¥V°RY°Sf copper, iron, cobalt, nickel, ruthenium rhodium palladi um
osm urois|i diGMBRE @bdhRiAtic HiabAM UM reabidh zonBcOMpH Bhg hheBidsehatital adenum
and tungsten. Preferably, the first netal is selected fromthe group

consi esierfcasfongrantonieha desvatad stispmdbesaritis dipardlo, a yddogarphaisireasiorNdr e
refer firs i e pl ati num and pal | adium Wen
Ito he fia?%%rxar{lec%gﬁ thc%lrr?peﬁl}bgg}an%qtgf fll%?ﬁ]&%lhtthyés&%? eferred that the catal yst

conpr i[6&%] plFAG. A sdhemptiadiapnin dsatthanzone Womprisigg g reactc@dhavibpan 3 wt . % or
less than 1 wt.% due to the high demand for C@I ati num [Oo(gé] As | ndi cated
above,hYE“Wée'&f’é{O&IS?@toncﬁﬁfiﬁ‘éﬁﬁ%gle?olyw PISEPN HhRRsPIdeBeE Wit gpGAHLRIIENT Ofths ch

typi craplrisgmvm%@iohuncti on as a pronoter. |If present, the second netal
preferably 1s selected fromthe group consisting of copper, nolybdenum
tin, chromum iron, cobalt, vanadium tungsten, palladium platinum

| ant hanum cerium manganese, ruthenium rhenium gold, and nickel. Mre
preferably, the second netal is selected fromthe group consisting of
copper, tin, cobalt, rhenium and nickel. Mire preferably, the second netal
is selected fromtin and rhenium [0039] In certain enbodi nents where the
catal yst includes two or nore netals, e.g., a first netal and a second
nmetal, the first metal optionally is present in the catalyst in an anount
from0.1to 10 wt.% e.g., from0O.1to 5w.% or from0.1to 3 wm.% The
second netal preferably is present in an amount fromO.1 to 20 wt.% e.qg.,
fromO0.1 to 10 wt.% or fromO.1 to 5 WmM.% For catalysts conprising tw or
nore netals, the two or nore netals n'éy be alloyed with one another or may
conprise a non-alloyed netal solution or m xture. [0040] The preferred
netal ratios nay vary depending on the nmetals used in the catalyst. In sone
exenpl ary enbodi ments, the nole ratio of the first nmetal to the second
metal is from10:1 to 1:10, e.g., from4:1 to 1:4, from2:1 to 1:2, from
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[ 0046] As indicated, the catal yst support may be nodified with a support
nodi fier. In sone enbodi nents, the support nodifier may be an acidic

nodi fi er wbabizaes3gases the acidity of the catal yst. SuiPCahiSeoiaoiitiz
support nodifiers may be selected fromthe group consisting of: oxides of
G oup I VB netals, oxides of Goup VB netals, oxides of Goup VIB netal s,
oxides of Group VIIB netals, oxides of Goup VIIIB netals, alum num oxi des,
and m xtures thereof Acidic support nodifiers include those selected from
the group consisting of Ti 2, Zr02, Nb205, Ta205, Al 203, B203, P205, and
5b203. Preferred acidic support nodifiers include those selected fromthe
group consisting of DIORAILBHPESNRIPEION aF0BHEANY NN The acidic

nodi fier may al so i nclude W3, MO03, Fe203, Cr203, V205, WM02, CuO, Co203,
and Bi@@@i‘?ﬁg@ﬂ] I n anot her enbodi nent, the support nodifier may be a
basi c fi I i

bast ¢ (P LA 030 85 Rl NN GUAEM h 8ca0d YOk BIklma Sl BERVE
al kal |pm@ilteaom by steeit adheiexi desgan( d':dn)preshﬂ@&thylrmemte ipxdaded wilhi hyidyogeinkiad.i ne earth

nmetal WO 20 006438PCT/ 820 2 t sr | i cates, al kal | net al
met asithioEgh fO%wTQ’ LprgﬂlPé Par %Baﬂgﬁ C(RIP§ESESS atltalﬁ%sf arh stted”
et asighi GRIRS prcﬁi\'ﬂbt'idn {ERHR ih Whﬁh%@t% ac@éﬂsdr?y%ro&ﬁaﬂed In t@é%%eﬂdelc@ alBlad)st

rretaS|I|cates and m xtures thereof In addi'tion to oxides and
met asitd farat @ha,ncxbt Thbe addypewl ethamp dd ini addgionrie thedithrgpohptodatadshronghri t es,

acet at e Pre erab port modifier

aitpe R Rl e U R R G A
sodi URjel@Rh@ &S} U¥L rERQESSkidéMresad Slatife pfR0didaMthe)sy§ttinUMhe ddrosbtlysias wel |
as mxtures of any of the foregoing. Mre preferably, the basic support
nodi f ireactips issasdallewsim si | | cat e, and even nore prefer abI y cal ci um

nmetasilicate (CaSi 33). Ié ?ﬁ%\d{ﬁg ort2[ﬁgpt 8k conprises cal cium

netasilicate, it is prefer ast ion of the cal cium
net asi[0283t eTHeprodeses s tirl ﬁreseﬁt 1f1mdsrmon[oaﬁ)68hppﬂ1eralrtefaeranagt Flethagel Bo@RObL
material is SS61138 Hi gh Surface Area (HSA) Silica Catalyst Carrier from

Sai nt SEBe@s AndRgefisially ey dejused @cﬂ?ﬁll?ﬁtf%‘ﬁ ﬁrfcthﬁseames a%cf/Pr PHIfERHPBPE s t he
foI | o t t ea
WRdo P c'ffxpﬁﬁ%ﬁ&ﬁal gﬁ@ gg{‘&g@f’%&}%&*@s a%hé’ct?éf e gr%gﬂt%eﬁﬂ&ft feﬁé’tg%

l'ica;, surface area o medi an por Iameter o out 12
nm a\pemcaagﬁs parrecorefingrendsdr @bduig BtldnchBdbduad bmas*uweedodnypd@mgury i ntrusion
por osi mﬁ and a acllkf’ﬁﬂ% density f about 0. 352 eé]lg?q ft3li)1 [ 0049]
A pr oAU Ui AS SRBHF O apP ) 1B RR Ralodrest e it £ r om
Sud d&@éfhﬂ% Raih ntglyaoer}ﬂmitﬂﬁd 40 ATBIe8K dRfce AR o AcdP achl ARINEAY Ve ﬁ’rfese'illlt)ﬁijt
0.562 g/m, an absorptivity of abouf 0.583 g H20/g support, a surface area
of abdhg crILa@ettlmOI?)EO f@ld/@rmd:leaw@tmreestmammfeh@tmé@p@dua 6$f¢fﬁvagly £@0&Din The
cat al ¥§t ggos#%% ns stw tablt% gr use with the present invention
pr ef erabP'y Are’ R IR al i npregnation of the nodified support,
al t hoygénqt hete IRUALLEARS: ofla@énoaesmd:hefmlﬁ alhaMEARAY vheRasdyt beoreprmdht@l sothbe

enpl oyed. Such inpregnation techniques are described in U S Pat . Nos.

7, 608 [qllpviag geartigis3, 489 and U S. Pub No. 2010/0197485 referred to above,
the entireties of whi ch RLE at e? %ﬁ bﬁdef erence. [0051] Sone
enbodi nents of the process" o dr ogen acetic acid to form ethanol may
i ncl ugeo3n]vdn itledoyetiohl ﬁﬂfﬁdilgelrﬂt@.tmh@ftsethkﬁtbhglcﬁwﬁﬂeb(ﬁﬁ theechly aeiiors ofthea

fIU|d|zed bed reactor. In man enbodlnents of the present nventlon

" adi abafiogenFivaceastior dhe pridgsdgnolimraguct ompigs & | Bl foretmolndrs LB f or
i nt er nalePIFTRiRY 4 Bhelflf’?’igthﬂe Lhgic a%ﬁlcf%d e Qo groﬁggnzﬁfé)q ctdrg ?cah?%hnvet@d ot her
enbodi ments, a radial flow reactor or rea S may e errp or a series
of reacbmasolnﬁgab@qumméamm ofi tlmnot, swelt atscnstenltieatonexrtlham acqumasz tomg, or

0L OO0 0 15 550 B LS A SLORL el u0e
2012/ Q%ﬂ@ﬁﬁ’@é MI2OL1E0A32d3at ’gthy ARRProdted be A iRRteaMrdTRYNatRA JToused in

a single vessel or in a’series vessel s with heat exchangers

t her elettigsasirl. I[nomﬁ’@]reql nmb@@flentsetiteeﬂtybdcrermm@ubteh@d¢eaay@r9gen0éysearwa@md in
a fix ed. reac r .tube, where the
Fenc e ISEL apsiin® el Sreblf  PUF ROl SBUBETSULIEE: {hrough 't he
catalyst. Qther reactors, such as fluid or ebullient bed reactors, can be
enpl oyed. In sone instances, the hydrdgenatlon catal ysts may be used in
conjunction with an inert naterlal to regul ate the pressure drop of the
reactant streamthrough the catal yst bed and the contact tine of the
react ant conpounds with the catal yst particles. [0053] The hydrogenation
reaction nmay be carried out in either the Iiquid phase or vapor phase.
Preferably, the reactlon IS carrled out in the vapor phase under t he

o . e A N~ 1 NN N



[ 0055] 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 2a#ts4s8aci d in the feed stream may vary fromcalsae110@213 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. [0056] Contact or residence
time can also vary wi dely, dependi ng upon such vari abl es as anount of

aceti hd, c d r TY.RI € ont act
i mes 0BC VAR T BRRIGE g BTRE h Bre PR RS /o lliofoen s

cat al yedctgystsebotaitialy rédharedardm md:nhxﬁcbthaaaoup@ﬂuct\/\e thimaeied sgdragiont act
times, at |east for vapor phase reactions, of fromO0.1 to 100 seconds,

e.g., PhgH thexruds @ba@éemﬁiagt ip Aok 3 shemical qayilduiugppishide copppsition favors
2012/ QOGARBRGE PedQidY \941{5%6%0 [aggﬁg ]f%rﬂh@thﬂ;laa\@eﬁ?et e Iﬁ%gﬁlé EmB6lithed d
hydrogen, used I'n connection wt rocess of this invention nmay
der i vetdmby berndmayitageitsab kesesiyuhe ennemtbcuaheng acnatmnna]ly gﬂ@wepé)tyraoiuhwweIuoal

bi omajpg and so fg th, As exanples, acetic acid nmay be produced via

met hangfrogsnysHy PEIE sy acetitel dehyde oxi dation, et hyl ene oxi dati on,

oxi datpysf %%ﬁ@%ﬁbb&&enﬁ%ﬁe BPRBFOH the HETVIBOL 8hd AL o%ﬁ&ﬁmec&@é’r&gnyl ation
processes suitable for production of acetic acid are described in U S. Pat.
Nos. th/@)Bp@Q@zmg?a, «m& éft?@nol Prost S4dacted, BV 078genghBRZh Ty drogenolvies. 9131&"

5, 599, 976: . 5, 6,908; 5,001.259: and 4, 994, 608, ent

i oot SeU R EPERPEs PR R 2L aPHERLY AP PoretaREoL &R vt e
pr OdU%Eét@lﬂereeWhﬁHthl{@eﬁ ab&alis RUAOAsTi @y McbAAL SHE Rabapt fr@rp%w@@ﬁlbmpfbaéd on
processes. [0058] Eetrol eum and natural gas prices fluctuate becom ng
ei t heretfigensydy usegdheRpbagenpdsisretdiond shefdsrivighaatenngr eferb]yecomir esntid

|t ef M| 2469, SHEM AR RLNARRh.ARd CARANARNANIE 18R AhbRERBLCEar bon
sour ces have drawn 1 ACT 65%] ngin articul ar, Féum i s
rel at id‘éﬁ{/aztlve)snedﬂﬁlcuﬁhprllsds dﬁl’@&ab&@t@ﬁﬁd aobtmét@geousmo@hq@remﬂaudmeacehe c acid
from Z‘ént hesis gas ("syngas") that is derived fromnpre avajl abl e carbon
sour cé§rivaivg strpgp CON@HS@& e ageiater agtagieny deeryd ethanli Brvet anqthesipor ipet

her ei Qh«%)aer Vafid §RGR cd %rlsgg(%ﬂgl a%eta?ee?%?ﬁﬁelﬁ/dgeét l h1d Bk sttﬂl'a'ﬂgth@r

met ha ant or 't he mBanUT atture of acetrc aci yretr itting a

met harmiboph]amnt the Henlaavgetreapcdmprieosthsl mmlaaeteldewmehetmogemzﬁmaandon for a

new acetlc t are significantly. reduced or elim nat ed. Al
or " aaetiisract dFadi e Qlrharedr tetiS ARt STt Mdle QYRS SPRBaC and
suppl isgdarharfd SERAT &t QJdlt%H khe &er&%%f@'&lemtlv)é‘@fr%lé ® vehenidsiadnd 0 produce

acetic acid. In a simlar nmanner, hydrogen for the hydrogenation step may
be s uplnpdrogdndlmmegyu@g amfer{alﬂ%@]npnsﬁ sibatentgathodi arene acid.sogrelesy than R vaf%o '@he raw

| th
Gor v Tl 3o g SURE FIRERY RS B Fhishu i i BN BEGHT R oy
be f Orrél&%df\ﬁQ_P%] thangls @efraddy fanpries axhcteumdatstorethanbi el nay tike xer i ved

from syngas % gas may be forned by partial oxi dati on reforni ng or
st eamWtepoesighang Yre carbon nonoxi de may be separated from syngas.

Sim | ti tic
ey ﬁg@@ér '%X%hg@@pa& Hlaeh t1§e %Pﬁ&éjeth o pFod%Et Ee ﬁ:‘gﬁé t%glgﬁforgeﬁ‘cﬁg&lé‘?ea&%F
syngadnp siidh dnbioaliméray, tb@ddﬁfatlveﬁtréaﬂlﬁm beaéacﬁécg/lllagﬁ c@ﬁpl’ﬂ)&r’etﬁﬁ acaes, ac‘éhe ag@ar bon
source, for exanple, may sel ected fromthe group cgnsistin f natural
gas, &thanokard weish s d@@aqseg BPViFadEPeRHES b HSi TRAIO8 $8N HeR e C@ﬁi’%@ s or
ny dr OgeandTRY AR PRERIER dif %?‘o'ﬂ&e? cfbbCEEL, SRENAC RSy RURRy S8

bi o- deri ved hane gas prod uce landfills or agricultural waste. [0060]
In an(mhﬂerhydnigedwlwmeactohéoranmg adﬂnamadjeuhsmﬁ in the hydrogenati on step may
be forﬁrﬁg‘ V\% /006438P§£/ USZOlg./ 043213 frgmthe fernmentation of blﬁ)mass
The f dPfristht 15CBH T BeeSHdasiBF hedpYanfopdha erh@ly b gerint Sprataduodsh a
honbagalyaeRRahely &k fae@r SRRMLE %ﬁlﬁrlsfe@'ér@ﬁlysﬁugﬂfaﬁlet d%‘g%hbl s1§@ht‘dlfy@{sQ§dl@dé“9
little, if any, carbon dioxide as a by-product. The carbon efficiency for
the fepheaitsapiaoted @ﬂ@d@@@f p@lmee paldE yuppsrigd @an@gn@ﬂq@fﬁlllm%angy eonpsr cathlypis80%

'? ;/plgtr:a ftﬂ% IY;@ sgppotﬁ,eg 8ﬁta§rfs{m a ec%l&t}?%f on eg%ﬁbeg[})&] ‘%&aﬁ%télﬁgﬁtﬁ%ﬁf%ﬁw&g whi ch

m croorgani smenpl oyed in the fernentation process is of a genus sel ected
fromthe group consisting of Clostri dlme Lact obaci |l us, Moorella,

Ther noanaer obact er, Propioni bacterium’ Propioni spera, Anaerobiospirillum
and Bact eri odes, and in particular, species selected fromthe group

consi sting of C ostridium forn coacet i cum Costridiumbutyricum WMorella
t her nbaceti ca, Thernoanaerobacter kivui, Lactobacillus del brukii,

Pr opi on| bact er| um aC| d| pr op| on| CI , Pr opi on| spera ar bor| S,
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[0064] Alternatively, acetic acid in vapor formmay be taken directly as
crude product fromthe flash vessel of a nethanol carbonylation unit of the
cl ass deswoi2bedos438U. S. Pat. No. 6,657,078, the entiret pCofUSasilons2ils

i ncorporated herein by reference. The crude vapor product, for exanple, may
be fed directly to the ethanol synthesis reaction zones of the present

i nvention without the need for condensing the acetic acid and |ight ends or
renovi ng water, saving overall processing costs. [0065] The acetic aci d may
be va e Vv hd

0o RS RY O L P D TR R 1) SR R BRIEORIEY, cg

wth al r‘eﬂeaéctlvefmdtdgeﬁcblyﬁabfmemyg@r&l etﬁjdcahetaﬁ‘e 1ﬂrﬁergageﬁaseafm@pemul um
carbon dioxide and the |like. For reactions run in the v hase,

t enpersdPRTEISHEMP ¥ Iﬁeleéeﬁmab/rsr%df%pmhqdr{éat@lw Srfaspenl. ch’ét 9 (t19§@é§1gﬁ°o}( 1Bal |
bel owthe, IPQEerlltere%gi @ﬁg&gteg%w%ffe}e@cgne enbodi nent, the acetic acid may

be vaporized at the poin acetic acid at the parti cul ar
pressﬂ{xel,rogmaitldrhﬁmceshe vapori zed acetic acid may be further heated to the

react ature I n. ano d| ment , e ac acid is m xed
with 3@%‘5 %@ Bart@nxpiasrtr%cwf; frwarl %rlwferﬁeéalwﬁan e e vapors up
Lo thed@AG da HydlSen i RIFRGEAHT SuitdBIShRi 880t &RaIGETIcRidRChEIYsE
transferred to the vapor state by passing hydrogen and/or recycle gas

t hr oug:hmtphemg@é”trsmla@h ajldattr)tlanallarmercamme oht semonrb oletal A5 mand or any

2012/ 00643 1/0 32 of. the,combi ned sepus

ot r oalii HeMERRIOT e aRraih s AeaB {G0eE e ipuAny SOR SEpgras

hydr oggir@hieis @hy a@@etlé&ecaﬁud GraMp A8 NI VEIH, aver i, &/ ROV, SilRAraatitiaget i C
acid and favor abI e selectivity and productivity to ethanol . Fongu oses of
t he presielpta lnnthamile sietaltaneactividmnesd oy emaqtdlrelepied diom ary afHfaroanpll ac etic
acid iy thg \‘fﬁedpr‘eﬂ%d ?etaﬁ%\ﬁ%[ L8nd 1%r§o %8@%? & %&ﬁfst E&]ﬁ o RS ér?cu?ac
Conversr ‘oni s’ exp ed & ol e perce n} ased o C aci

f eed. pTaheuﬁmv@nmnom/nmmenbm qilatineﬁsltheﬂla% p@lle@llumﬁﬁhthblﬁﬁﬁﬁ pACAundthdn@ast 40%
at least 50 ast 60% at |least 70% or at | east 80% Although

cat aI f@bé&ﬂpfﬂ%@ltwa\sc@bfﬁr/@lﬁtleuﬂ\@rbékt/eh@nar@ erbaftrrathewiums Golpltdd. at | east 80% or
at %ﬁ%efﬁ)??f%ﬁh%l@, ?gﬂ;ﬁ% ?ﬂ’%ﬁg|n'imc%§§er?zlﬁc°}4’l&91 aﬂ%élltlﬁplgpﬁlynﬁgdlaﬁlcept abl e at

hi gh rse, we erstood that in
many cathesipmithenismp esbitheaitnyiroomiensptaey Eoilyaomednshanlekyibappr O iPat.e

recycl r f la ors, but is.more difficuylt to
conpentar s Foraont! Sdndeneus 8o RBRE fhunidios of wpiondve Rsreste bk ol o
per cenl, BRESMe OMh £RMEEEhBHdiRRat itk @a@dl&’st chinpafay! @j()/p/ﬁ)/ seglel P&t&QH'e t,pat each
conmpound converted fromacetic acid has an |nde endent selectivity and that
sel ectdesdribpd iis Ui h e eNaleI09f006A6 o theemsiapnof which éxianpiperatddthesdn gl e % of

t he con erted acetic acid is converted to ethanol, we refer to the ethanol
sel ecttVI¥Y“as 60% Preferabl y, the catal yst selectivity to ethoxylates is

at | 66[6{53@0%1 ofle gmboditneh€ asd caf; Qt nQy fatorltB@flrm8Q9h oA8hylSeetafteininfixtukdre term
"et hoxyl ates" refers specifical to the conpounds et hanol, acetal dehyde,

and etohgthyheestae and phafobr §mf5ﬂatatlwés gelderribed tyUtS Peb ipnR0] 0&1998Rast ~ 80%
e.g., t 48 iJTen

hydr nggﬁ\%o?%ﬁ 4r%0(:4)(9%19%}%5é %ﬁgégﬁﬁéﬁﬁf‘é ec(g P%ﬁ‘?ﬁ"?%d ot e}s\ﬂ%r a Péeé]g(rjot ucts,
such aﬁnrmiohmﬁes andtdivafBurea hﬁw@&rhta@mlrﬂbmiradei byle€ersiglee @rieVdatayy st ortoleksies

unde3|ra | e prodz‘fts preferabl ﬁ | ess t han 4%@ e.g., less than 2%0{ | ess
t han fﬁ)@y REstae gcdrdss aispi mtaHe%e UHE g1et prlectpd auctélega% cpregEstofinckel

undet tﬁﬁglnearﬁr[ﬁﬂ%ﬁm n9 %Eérﬁlnmﬁfal Q| dEaneso e H8up C¥sisRRE of gl%g}bldéfndn‘?ss
than 2% less than | ess an 0.5% of the acetic ac ed over

cat al yb¢nius, nooURINt, e:dlct t)n alokpereand cwiblakt lonhauppdri.t Alperticalan eatalyhte:hattlh@nbeas

fuel. bO%F&} The terﬂilgroduct|V|%% as used @ereln refers to the %rans
of a Sp& BEPdnrigg GEY! acetaje compiises Bfatinpgy, HA 4ndgk F?%OP?I%”H%?Hr%{B%Vﬁ'&ttP
based f)at o kF pRERATRo Bh iCREAhYSD 4USCEr BeiteNAHA 0.6/ BT AdbGE} Widayleof at
| east 100 grans of ethanol per kilogramof catalyst per hour, e.g., at
| east ca@b/sgmnmscs patadane| rhegmpmk indoajienst ofe wapail yslner@erthehmglar mtiogtl | east
ns_of anrof cat er. hour, is preferred. In
Cer mo By ig BPARRY iDE i PO parefiEh B § 552 om 100 to" 3000 gt ans of
et hanol per kil ogram of catal yst per hour, .g., from 400 to 2,500 grans of
et hanol per kil ogram of catal yst per hour or from600 to 2,000 grans of
et hanol per kil ogram of WO 2012/ 006438PCT/ US2011/ 043213 cat al yst per hour.
[ 0069] 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 least 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 |ndustr|al

Y . I 1 I Y T I o - o, .




Conc. (wt.%9 Conc. (wt.% Conc. (Ww.% Ethanol 5 to 70 10 to 60 15 to 50 25
to 50 Acetic Acid O to 90 5to 80 15 to 70
WO 2012/006438 PCT/US2011/043213

[0037] In one exemplary 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. When 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 demand for platinum.
[0038] As indicated above, the catalyst optionally 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.
[0039] In certain embodiments where the catalyst includes two or more metals, e.g., a first
metal and a second metal, the first metal optionally is present in the catalyst in an amount from
0.1to 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.

[0040] 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.

[0041] 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.%.



20 to 70 Water 5to 40 5to 30 10 to 30 10 to 26 Ethyl Acetate 0.01 to 30
0.05to 20 1 to 12 3 to 10 Acetaldehyde 0 to 10 0O to 3 0.1 to 3
WO 2012/006438 PCT/US2011/043213

[0042] In addition to one or more metals, the exemplary 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.
[0043] The total weight of the support or modified support, based on the total weight of the
catalyst, preferably is from 75 wt.% to 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. 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.

[0044] 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.

[0045] 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.

[0046] 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,
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.

[0047] 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
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the hydrogenation of acetic acid, the hydrogenol ysis of ethyl acetate and
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embodi m}s of the invention. [0074] As shown in FIG | A and 1B, hydrogen
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150 may be flashed and fed to the reaction zone 101 via l'ine 155. In one
enbodiaheytt0.6& méghydr ogen fed to hydrogenation reactor 103 is fed without

[ ' t fr t he feged . As in FIGS., | A and 1B
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reaction zone 101 and recycled within reaction WO

2012/ GhenzgPaprUsamstion 4%y 1adso 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.

[0051] 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
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(Liquid Stream 115) Conc. (m % Conc. (mt % Conc. (Wt % Ethanol 5 to 70
10 to 60 15 to 50 Acetic Acid <90 5to 80 15 to 70 Water 5 to 35
WO 2012/006438 PCT/US2011/043213

[0057] 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.

[0058] 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,
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.

[0059] 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 2as bio-derived methane gas produced by landfills or agricultural waste.

[0060] In another embodiment, the acetic acid used in the hydrogenation step may be formed
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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.
6,509,180: 6,927,048: 7,074,603; 7,507,562; 7,351,559: 7,601.865: 7.682,812: and 7,888,082,
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.
[0061] 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.

[0062] 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
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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.

[0063] 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.

[0064] 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. 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.

[0065] 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 1s 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,
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[ 0083] The anounts indicated as less than () in the tables throughout
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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
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catalyst per hour.

[0069] 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.

[0070] In various embodiments, the crude ethanol product produced by the hydrogenation
process, before any subsequent processing, such as purification and separation, will typically
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 10 to 60 15to 50 25to0 50
Acetic Acid 0to 90 5to 80 15to 70 20to 70
Water 5to0 40 5to0 30 10 to 30 10 to 26
Ethyl Acetate 0.01to30 0.05t020 1to 12 3to 10
Acetaldehyde 0to 10 0to3 0.1t03 02to2
Others 0.1to 10 0.1to6 0.1to4 -

[0071] As indicated above, the hydrogenation process preferably forms primarily ethanol and a
minor amount of ethyl acetate. In other embodiments, the catalyst selected for hydrogenating

acetic acid may favor the formation of ethyl acetate, i.e., have a greater selectivity for ethyl
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acetate than for ethanol, and particularly may favor formation of mixtures of ethanol and ethyl
acetate. In these embodiments, the crude product may have more ethyl acetate, on a weight
basis, than the crude ethanol product as described above in Table 1. The processes of the present
invention advantageously can tolerate increased formation of ethyl acetate since ultimately the
ethyl acetate will be converted to ethanol in the hydrogenolysis step.

[0072] In one embodiment, the crude ethanol product may comprise acetic acid in an amount
less than 20 wt.%, e.g., of 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 Systems

[0073] Various separation systems may be used to recover ethanol and obtain a derivative
stream that comprises ethyl acetate. FIGS. 1A-1D, 2A, 2B, and 2C are exemplary hydrogenation
systems 100 that comprise a reaction zone 101, separation zone 102, and hydrogenolysis zone
150. FIGS. 1A-1D illustrate exemplary hydrogen feed and integration of hydrogen between the
reaction zone 101 and hydrolysis zone 150. These exemplary hydrogen feed and integration
shown in FIGS. 1A-1D may be incorporated in the other exemplary separation zones 102 shown
in FIGS. 2A, 2B, and 2C. Other separation systems may be used with embodiments of the
present invention. Each of the exemplary hydrogenation systems 100 are suitable for the
hydrogenation of acetic acid, the hydrogenolysis of ethyl acetate and separating ethanol from the
crude reaction mixture according to various embodiments of the invention.

[0074] As shown in FIG. 1A and 1B, hydrogen is preferably fed directly to hydrogenolysis
zone 150 via line 104. In embodiments of the present invention there is substantially no
hydrogen in the derivative streams from the separation zone 102 that are fed to the
hydrogenolysis zone 150 and fresh hydrogen via line 104 is preferably added to hydrogenolysis
zone 150. The excess hydrogen from hydrogenolysis zone 150 may be flashed and fed to the
reaction zone 101 via line 155. In one embodiment, the hydrogen fed to hydrogenation reactor
103 1s fed without increasing the pressure from the feed source. As shown in FIGS. 1A and 1B
there 1s no hydrogen gas recycle loop in hydrogenolysis zone 150 and instead, the excess

hydrogen from hydrogenolysis zone 150 is fed to reaction zone 101 and recycled within reaction
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zone 101. The excess hydrogen from hydrogenolysis zone 150 is provided in sufficient amount
to account for the consumed hydrogen in reaction zone 101. Thus, hydrogen from line 104’ may
be used as needed to provide additional make up hydrogen to reaction zone 101. In preferred
embodiments, hydrogen from lines 104 and/or 155 may be added downstream of compressor
114. Hydrogen from the reaction zone 101 in line 113 may also be combined with the hydrogen
from line 104” and/or 155.

[0075] In FIG. 1C illustrates separate hydrogen sources for reaction zone 101 and
hydrogenolysis zone 150. Hydrogen is fed via line 104 to hydrogenolysis zone 150 and
hydrogen is separately fed to reaction zone 101 via line 104, The hydrogen for each source may
be obtained from the same raw material, e.g. syngas. FIG. 1C also illustrates a gas recycle loop
in hydrogenolysis zone 150. The vapor portion in line 155 may pass through compressor 158
and be recycled to hydrogenolysis reactor 152. A portion of the compressed vapors in line 155’
may also be directed to reaction zone 101 to provide additional hydrogen as needed. In addition,
line 155° may be suitable to provide a purge for hydrogenolysis zone 150.

[0076] InFIG. 1D hydrogen in line 104’ is fed directly to reaction zone 101. In the
embodiment shown in FIG. 1D, fresh hydrogen is preferably not introduced to hydrogenolysis
zone 150. Instead, a slip stream 159 from the recycled vapors in line 113 is withdrawn and fed
to hydrogenolysis zone 150. Line 113 contains a substantial amount of hydrogen that may be
sufficient for converting ethyl acetate to ethanol in hydrogenolysis reactor 152. Hydrogenolysis
zone 150 may recycle the vapor stream 155 via line 1557 or may return any excess hydrogen to
reaction zone 101 via line 155, Feeding slip stream 159, as shown in FIG. 1D, may allow a
purge to be taken from reaction zone 101 that reduces the amount of hydrogen lost in the overall
system 100.

[0077] It should be understood that although FIGS. 1C and 1D are shown with a gaseous ethyl
acetate feed to hydrogenolysis zone 150, the hydrogen feed and integration may also be applied
with the liquid ethyl acetate feed to hydrogenolysis zone 150 as shown in FIG. 1B.

[0078] In each of the exemplary separation systems 100, hydrogen, either fed directly from line
104’ indirectly from line 155 or a combination of both, and acetic acid via line 105 may be fed
to a vaporizer 110 in reaction zone 101. In one embodiment, hydrogen and acetic acid may be
combined and jointly fed to the vaporizer 110, e.g., in one stream containing both hydrogen and

acetic acid. Vaporizer 110 generates a vapor feed stream in line 111 that is directed to reactor
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composition in line 115 and are withdrawn, preferably continuously, as residue. When the
content of acetic acid in line 115 is less than 5 wt.%, the acid separation column 107 may be
skipped and line 115 may be introduced directly to second column 108, also referred to herein as
a light ends column. In addition, column 107 may be operated to initially remove a substantial
portion of water as the residue. Some or all of the first residue may be directly or indirectly
returned and/or recycled back to reaction zone 101 via line 116. Recycling the acetic acid in line
116 to the vaporizer 110 may reduce the amount of heavies that need to be purged from
vaporizer 110. Reducing the amount of heavies to be purged may improve efficiencies of the
process while reducing byproducts. Optionally, acetic acid in line 116 may be processed using a
weak acid recovery system to remove water in the line 116 and return a dry acetic acid
composition to vaporizer 110.

[0086] 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.

[0087] When column 107 is operated under about 170 kPa, the temperature of the residue
exiting in line 116 preferably is from 95°C to 120°C, e.g., from 110°C to 117°C or from 111°C
to 115°C. The temperature of the distillate exiting in line 117 preferably is from 70°C to 110°C,
e.g., from 75°C to 95°C or from 80°C to 90°C. In other 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. Distillate and residue compositions for first column 107 in FIGS. 1A-1D and 2A for
one exemplary embodiment of the present invention are provided in Table 3. It should be
understood that the distillate and residue may also contain other components, not listed, such as
components in 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.
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TABLE 3
FIRST COLUMN 107

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethanol 20to 75 30to 70 40 to 65
Water 10 to 40 15 to 35 20to 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 60 to 100 70 to 95 85 to 92
Water <30 1to 20 1to15
Ethanol <1 <0.9 <0.07

[0088] As discussed above, in one embodiment, a substantial portion of the water from the
crude ethanol product in line 115 may be separated into the residue in line 116. As a result the
water concentrations in Table 3 for the residue would be higher, e.g. up to 90 wt.%., or up to 75
wt.%. Particularly at high conversions, the residue of the first column 107 may comprise a
significantly greater concentration of water than is indicated in Table 3. In other embodiments,
the residue stream 116 may be a dilute acid stream that may be treated in a weak acid recovery
system or sent to a reactive distillation column to convert the acid to esters.

[0089] As shown in Table 3, without being bound by theory, it has surprisingly and
unexpectedly been discovered that when any amount of acetal is detected in the feed that is
introduced to acid separation column 107, the acetal appears to decompose in the column such
that less or even no detectable amounts are present in the distillate and/or residue.

[0090] Depending on the reaction conditions, the crude ethanol product exiting reactor 103 in
line 112 may comprise ethanol, acetic acid (unconverted), ethyl acetate, and water. After exiting
reactor 103, a non-catalyzed equilibrium reaction may occur between the components contained
in the crude ethanol product until it is added to separator 106 and/or first column 107. This
equilibrium reaction tends to drive the crude ethanol product to an equilibrium composition

between ethanol/acetic acid and ethyl acetate/water, as shown below.



30 to 50 Ethanol 20 to 75 30 to 70 40 to 70 Ethyl Acetate <3 0.001 to 2
0.001 to 0.5 Acetic Acid <0.5 0.001 to 0.3 0.001 to 0.2 [0098] The wei ght
rati o of woharalo643n t he second residue to ethanol in thecsaseomnd/odi2ssill ate
preferably is at least 2:1, e.g., at least 3:1, at least 8:1, at least 10:1
or at least 15:1. The weight ratio of ethyl acetate in the second residue
to ethyl acetate in the second distillate preferably is

EtOH + HOAc S EtOAc + H,O

[0091] In the event the crude ethanol product is temporarily stored, e.g., in a holding tank,
prior to being directed to separation zone 102, extended residence times may be encountered.
Generally, the longer the residence time between reaction zone 101 and separation zone 102, the
greater the formation of ethyl acetate. For example, when the residence time between reaction
zone 101 and separation zone 102 is greater than 5 days, significantly more ethyl acetate may
form at the expense of ethanol. Thus, shorter residence times between reaction zone 101 and
separation zone 102 are generally preferred in order to maximize the amount of ethanol formed.
In one embodiment, a holding tank (not shown), is included between the reaction zone 101 and
separation zone 102 for temporarily storing the liquid component from line 115 for up to 5 days,
e.g.,upto 1 day, orupto 1 hour. In a preferred embodiment no tank is included and the
condensed liquids are fed directly to the first distillation column 107. In addition, the rate at
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
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.

[0092] 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.
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[0098] The weight ratio of ethanol in the second residue to ethanol in the second distillate
preferably is at least 2:1, e.g., at least 3:1, at least 8:1, at least 10:1 or at least 15:1. The weight

ratio of ethyl acetate in the second residue to ethyl acetate in the second distillate preferably is
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WO 2012/ 006438PCT/ US2011/ 043213 TABLE 6 FOURTH COLUWN 123 (FIG 2A) Conc.
(wt.% Conc. (W\t.% Conc. (Wm.9% Distillate Acet al dehyde 2 to 80 2 to 50
5 to 40 WO 2012/006438 PCT/US2011/043213

portion or all of the third residue in a tank (not shown) or treating the third residue to further
separate any minor components such as aldehydes, higher molecular weight alcohols, or esters in
one or more additional columns (not shown).

[0102] Third column 109 is preferably a tray column as described above and preferably
operates at atmospheric pressure. The temperature of the third 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 third residue exiting from third column 109 preferably is from
70°C to 115°C, e.g., from 80°C to 110°C or from 85°C to 105°C. Exemplary components of the
distillate and residue compositions for third column 109 are provided in Table 5 below. It should
be understood that the distillate and residue may also contain other components, not listed, such

as components in the feed.

TABLE 5
THIRD COLUMN 108

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethanol 75 to 96 80 to 96 85 to 96
Water <12 1to9 3to8
Acetic Acid <1 0.001t0 0.1 0.005t0 0.01
Ethyl Acetate <5 0.001 to 4 0.01to3
Residue
Water 75 to 100 80 to 100 90 to 100
Ethanol <0.8 0.001t0 0.5 0.005 t0 0.05
Ethyl Acetate <1 0.001t0 0.5 0.005t00.2
Acetic Acid <2 0.001t0 0.5 0.005t00.2

[0103] In one embodiment, the third residue in line 121’ is withdrawn from third column 109
at a temperature higher than the operating temperature of the second column 108. Preferably, the
third residue in line 121” is integrated to heat one or more other streams or is reboiled prior to be
returned to the second column 108.

[0104] Any of the compounds that are carried through the distillation process from the feed or
crude reaction product generally remain in the third distillate in amounts of less 0.1 wt.%, based
on the total weight of the third distillate composition, e.g., less than 0.05 wt.% or less than 0.02
wt.%. In one embodiment, one or more side streams may remove impurities from any of the

columns 107, 108 and/or 109 in the system 100. Preferably at least one side stream is used to
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remove impurities from the third column 109. The impurities may be purged and/or retained
within the system 100.

[0105] The third distillate in line 119 may be further purified to form an anhydrous ethanol
product stream, i.e., “finished anhydrous ethanol,” using one or more additional separation
systems, such as, for example, distillation columns (e.g., a finishing column) or molecular sieves.
[0106] Optionally, when the water concentration of the second residue in line 118 is
sufficiently low, e.g. less than 20 wt.% or less than 10 wt.%, water may be removed using an
adsorption unit, membrane, molecular sieves, extractive distillation, or a combination thereof.
The adsorption unit may employ a suitable adsorption agent such as zeolite 3A or 4A. In one
preferred embodiment, adsorption unit 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 kPa to 150 kPa. The PSA unit may comprise two to five beds.

[0107] Returning to second column 108, the second distillate in line 120 preferably is refluxed
as shown, for example, at a reflux ratio of from 1:30 to 30:1, e.g., from 1:5 to 5:1 or from 1:3 to
3:1.

[0108] InFIGS. 1A, IC, 1D, 2A, 2B, and 2C, a gaseous portion of the second distillate in line
120 1s directed via line 138 to the hydrogenolysis zone 150. A portion of the second distillate in
line 120 may also be purged or refluxed. The gaseous portion of the second distillate may be fed
to compressor 151. The compressed gaseous portion in line 140 is co-fed with hydrogen feed
stream 104 in FIGS. 1A and 1C, and is directed to the hydrogenolysis reactor 152. In FIG. 1D
compressed gaseous portion in line 140 comprises hydrogen in a slip stream 159 from the vapor
stream 113. Optionally, hydrogen feed stream 104 may be fed to the compressor 151 to form the
compressed gaseous portion 140. In addition, gaseous portion in line 138 may also be pre-heated
before being fed to compressor 151. The compressed gaseous portion and hydrogen in line 140
may be preheated to a temperature of at least 150°C, e.g., at least 200°C or at least 250°C before
being fed to hydrogenolysis reactor 152, provided that the feed, i.e., compressed gaseous portion
140, remains in the vapor phase and above the dew point.

[0109] The hydrogenolysis reactor 152 preferably comprises a hydrogenolysis catalyst. The
reactants, namely the ethyl acetate in the gaseous portion of the second distillate, react in the
presence of hydrogen and the catalyst to form ethanol. Suitable hydrogenolysis catalysts include

copper support on silica or copper oxide supported on magnesia-silica, Raney copper catalysts,
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Group VIII supported catalysts, and catalysts as described above with respect to the
hydrogenation reaction. Further catalysts are described in U.S. Pat. No. 5,198,592, and Claus, et
al., “Selective Hydrogenolysis of methyl and ethyl acetate in the gas phase on copper and
supported Group VIII metal catalysts,” Applied Catalysts A: General, Vol. 79 (1991) pages 1-18,
which are incorporated herein by reference. The reaction conditions in the hydrogenolysis
reactor 152 may vary, but the reaction is preferably conducted at a temperature of from 150°C to
350°C, e.g., from 200°C to 300°C or from 225°C to 290°C and a pressure of from 1 MPa to 6
MPa, e.g., from 2 MPa to 5 MPa or from 3 MPa to 4.5 MPa. The hydrogenolysis reaction is
preferably conducted continuously in the gas phase. The hydrogenolysis reactor 152 is
preferably operated under conditions effective to convert at least 40% of the ethyl acetate to
ethanol, e.g., at least 80% or at least 90%. The hydrogenolysis reaction may be conducted with
excess molar amounts of hydrogen and preferably the molar ratio of hydrogen to ethyl acetate is
greater than 10:1, e.g., greater than 15:1, or greater than 20:1. In one preferred embodiment, the
molar ratio is about 25:1. The excess hydrogen may be removed and fed to the hydrogenation
reactor 103.

[0110] The crude reaction product of the hydrogenolysis reactor 152 is continuously
withdrawn via line 156. In one embodiment, the crude reaction product comprises at least 5%
less ethyl acetate than the gaseous portion of the second distillate in via 138, e.g., at least 75%
less ethyl acetate or at least 90% less ethyl acetate. In another embodiment, the crude reaction
product of the hydrogenolysis reactor 152 comprises at least 5% more ethanol than the gaseous
portion of the second distillate in via 138, e.g., at least 10% more ethanol, or at least 25% more
ethanol. Other components, such as water, acetaldehyde, and other impurities may be present in
the crude product of the hydrogenolysis reactor 152 in minor amounts.

[0111] The crude reaction product in line 156, which may be referred to as a second crude
ethanol product, may be condensed and fed to separator 153, which, in turn, provides a vapor
stream and a liquid stream. The separator 153, e.g., a flasher or knock-out pot, in one
embodiment operates at a temperature of from 50°C to 500°C, e.g., from 70°C to 400°C or from
100°C to 350°C. In one embodiment, the pressure of separator 106 is from 50 kPa to 2000 kPa,
e.g., from 75 kPa to 1500 kPa, or from 100 kPa to 1000 kPa.

[0112] The vapor stream exiting the separator 153 may comprise hydrogen and hydrocarbons,

which may be purged and/or returned to reaction zone 101 via line 155. As shown in FIG. 1A,
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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.

[0117] In one embodiment, a liquid portion or all of the fourth residue in line 125, is directed
via line 141 to a vaporizer 154 along with hydrogen feed stream 104. A portion of the fourth
residue of fourth column 123 may also be purged from line 125. Vaporizer 154 generates a
vapor feed stream in line 140 that is fed to the hydrogenolysis reactor 152. The hydrogenolysis
reaction is carried out in a similar manner as described above. The crude reaction product is
preferably sent to the separator 153 via line 156. The crude reaction product is separated in the
separator 153 into a vapor stream and a liquid stream, and the liquid stream is preferably
introduced to the second column via line 157. Vapor stream 155 exiting the separator 153 may
comprise hydrogen and hydrocarbons, which may be purged and/or returned to reaction zone 101
via line 155. As shown in FIG. 2A, the returned portion of the vapor stream in line 155 is
combined with the hydrogen vapor stream of line 113 that passes through compressor 114.
[0118] 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.

[0119] 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 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 109 are provided in Table 6. It should be understood
that the distillate and residue may also contain other components, not listed, such as components

in the feed.
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TABLE 6

FOURTH COLUMN 123 (FIG. 2A)

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 Oto 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

[0120] FIG. 2B illustrates another exemplary separation system to recover ethanol. Liquid
stream 115 is introduced in the middle or lower portion of a first column 160, also referred to as
acid-water column. For purposes of convenience, the columns in each exemplary separation
process, may be referred as the first, second, third, etc., columns, but it is understood that first
column 160 in FIG. 2B operates differently than the first column 107 of FIG. 2A. In one
embodiment, no entrainers are added to first column 160. In FIG. 2B, first column 160, water
and unreacted acetic acid, along with any other heavy components, if present, are removed from
liquid stream 115 and are withdrawn, preferably continuously, as a first residue in line 161,
Preferably, a substantial portion of the water in the crude ethanol product that is fed to first
column 160 may be removed in the first residue, for example, up to about 90% of the water from
the crude ethanol product, and more preferably up to about 75%. First column 160 also forms a
first distillate, which is withdrawn in line 162.

[0121] When column 160 is operated under about 170 kPa, the temperature of the residue
exiting in line 161 preferably is from 90°C to 130°C, e.g., from 95°C to 120°C or from 100°C to
115°C. The temperature of the distillate exiting in line 162 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 160 may range from 0.1 kPa to 510 kPa, e.g., from 1 kPa to 475 kPa or from 1 kPa to
375 kPa.

W2
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[0122] The first distillate in line 162 comprises water, in addition to ethanol and other
organics. In terms of ranges, the concentration of water in the first distillate in line 162
preferably is from 4 wt.% to 38 wt.%, e.g., from 7 wt.% to 32 wt.%, or from 7 to 25 wt.%. A
portion of first distillate in line 163 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. It is understood that reflux ratios may
vary with the number of stages, feed locations, column efficiency and/or feed composition.
Operating with a reflux ratio of greater than 3:1 may be less preferred because more energy may
be required to operate the first column 160. The condensed portion of the first distillate may also
be fed to a second column 164.

[0123] The remaining portion of the first distillate in 165 is fed to a water separation unit 166.
Water separation unit 166 may be an adsorption unit, membrane, molecular sieves, extractive
column distillation, or a combination thereof. 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.

[0124] In a preferred embodiment, water separation unit 166 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 two to five beds. Water separation unit 166 may remove at least 95% of
the water from the portion of first distillate in line 165, and more preferably from 99% to 99.99%
of the water from the first distillate, in a water stream 167. All or a portion of water stream 167
may be returned to column 160 in line 168, where the water preferably is ultimately recovered
from column 160 in the first residue in line 161. Additionally or alternatively, all or a portion of
water stream 167 may be purged via line 169. The remaining portion of first distillate exits the
water separation unit 166 as ethanol mixture stream 170. Ethanol mixture stream 170 may have
a low concentration of water of less than 10 wt.%, e.g., less than 6 wt.% or less than 2 wt.%.
Exemplary components of ethanol mixture stream 170 and first residue in line 161 are provided
in Table 7 below. It should also be understood that these streams may also contain other

components, not listed, such as components derived from the feed.
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[0125] Preferably, ethanol mixture stream 170 is not returned or refluxed to first column 160.
The condensed portion of the first distillate in line 163 may be combined with ethanol mixture
stream 170 to control the water concentration fed to the second column 164. For example, in
some embodiments the first distillate may be split into equal portions, while in other
embodiments, all of the first distillate may be condensed or all of the first distillate may be
processed in the water separation unit. In FIG. 2B, the condensed portion in line 163 and ethanol
mixture stream 170 are co-fed to second column 164. In other embodiments, the condensed
portion in line 163 and ethanol mixture stream 170 may be separately fed to second column 164.
The combined distillate and ethanol mixture has a total water concentration of greater than 0.5
wt.%, e.g., greater than 2 wt.% or greater than 5 wt.%. In terms of ranges, the total water
concentration of the combined distillate and ethanol mixture may be from 0.5 to 15 wt.%, e.g.,
from 2 to 12 wt.%, or from 5 to 10 wt.%.

[0126] The second column 164 in FIG. 2B, also referred to as the “light ends column,”
removes ethyl acetate and acetaldehyde from the first distillate in line 163 and/or ethanol mixture
stream 170. Ethyl acetate and acetaldehyde are removed as a second distillate in line 171 and
ethanol is removed as the second residue in line 172. A portion of second distillate in line 171

may be fed to hydrogenolysis zone 150 as described above in FIG. 1A. Second column 164 may
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diethylene glycol, 1-naphthol, hydroquinone, N,N’ dlmethylformamlde 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 paraftins, or a combination thereof. When extractive agents are used, a
suitable recovery system, such as a further distillation column, may be used to recycle the
extractive agent.

[0130] Exemplary components for the second distillate and second residue compositions for
the second column 164 are provided in Table 8, below. It should be understood that the distillate

and residue may also contain other components, not listed in Table 8, e.g., acetal.
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TABLE 8
SECOND COLUMN 164 (FIG. 2B)
Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)

Second Distillate

Ethyl Acetate 510 90 10 to 80 15to 75
Acetaldehyde <60 1 to 40 1 to 35

Ethanol <45 0.001 to 40 0.01 to 35

Water <20 0.01to 10 0.1to5

Second Residue

Ethanol 80 t0 99.5 85to 97 60 to 95
Water <20 0.001to 15 0.0lto 10
Ethyl Acetate <1 0.001to2 0.001t0 0.5
Acetic Acid <0.5 <0.01 0.001 t0 0.01

[0131] The second distillate in line 171, which comprises ethyl acetate and/or acetaldehyde,
preferably is refluxed as shown in FIG. 2B, 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 171 or a
portion thereof may be returned to reaction zone 101.

[0132] In FIG. 2B, a gaseous portion of the second distillate in line 171 is directed via line 138
to the hydrogenolysis zone 150 similar to described above for FIG. 1A. The gaseous portion of
the second distillate may be fed to compressor 151. The compressed gaseous portion in line 140
is co-fed with hydrogen feed stream 104 in FIG. 2B, and is directed to the hydrogenolysis reactor
152. The compressed gaseous portion and hydrogen in line 140 may be preheated to a
temperature of at least 150°C, e.g., at least 200°C or at least 250°C before being fed to
hydrogenolysis reactor 152, provided that the feed, i.e., compressed gaseous portion 140,
remains in the vapor phase and above the dew point.

[0133] The crude reaction product of the hydrogenolysis reactor 152 is continuously
withdrawn via line 156. In one embodiment, the crude reaction product comprises at least 5%
less ethyl acetate than the gaseous portion of the second distillate in via 138, e.g., at least 75%
less ethyl acetate or at least 90% less ethyl acetate. In another embodiment, the crude reaction
product of the hydrogenolysis reactor 152 comprises at least 5% more ethanol than the gaseous
portion of the second distillate in via 138, e.g., at least 10% more ethanol, or at least 25% more
ethanol. Other components, such as water, acetaldehyde, and other impurities may be present in

the crude product of the hydrogenolysis reactor 152 in minor amounts.
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[0134] The crude reaction product in line 156, which may be referred to as a second crude
ethanol product, may be condensed and fed to separator 153, which, in turn, provides a vapor
stream and a liquid stream. The vapor stream exiting the separator 153 may comprise hydrogen
and hydrocarbons, which may be purged and/or returned to reaction zone 101 via line 155. As
shown in FIG. 2A, the returned portion of the vapor stream in line 155 1s combined with the
hydrogen vapor stream of line 113 that passes through compressor 114. The liquid stream exiting
the separator 153 comprises ethanol and is preferably returned to the separation zone 102 via line
157. As shown in FIG. 2B, the liquid stream in line 157 is returned to the second column 164.
[0135] FIG. 2C is another exemplary separation system to recover ethanol. Liquid stream 115
1s introduced in the upper part of first column 180, e.g., upper half or upper third. In one
embodiment, no entrainers are added to first column 180. In first column 180, a weight majority
of the ethanol, water, acetic acid, and other heavy components, if present, are removed from
liquid stream 115 and are withdrawn, preferably continuously, as residue in line 181. First
column 180 also forms an overhead distillate, which is withdrawn in line 182, and which may be
condensed and refluxed, for example, at a ratio of from 30:1 to 1:30, e.g., from 10:1 to 1:10 or
from 1:5to 5:1. The distillate in line 182 preferably comprises a weight majority of the ethyl
acetate from liquid stream 115.

[0136] The distillate in line 182 is fed to a hydrogenolysis unit 150 similar to FIG. 1A and 2B,
as described above. The crude reaction product of the hydrogenolysis reactor 152 is
continuously withdrawn via line 156 and separated into a liquid stream in line 157 and a vapor
stream 155. The liquid stream 157 in line 157 may be fed to first column 180 or optionally to the
second column 183.

[0137] When column 180 is operated under about 170 kPa, the temperature of the residue
exiting in line 181 preferably is from 70°C to 155°C, e.g., from 90°C to 130°C or from 100°C to
110°C. The base of column 180 may be maintained at a relatively low temperature by
withdrawing a residue stream comprising ethanol, water, and acetic acid, thereby providing an
energy efficiency advantage. The temperature of the distillate exiting in line 182 preferably at
170 kPa 1s from 75°C to 100°C, e.g., from 75°C to 83°C or from 81°C to 84°C. In some
embodiments, the pressure of first column 180 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 distillate and residue
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10:1 or from1l:3 to 3:1. In one aspect, not shown, the second distillate
171 or a portion thereof may be returned to reaction zone 101. [0132] In
FIG 2B, a gaseous portion of the second distillate in line 171 is directed
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wt.% or less than 2 wt.%. In other embodiments, when the conversion is lower, e.g., less than

90%, the amount of acetic acid in the first residue may be greater than 10 wt.%.

[0140] The distillate preferably is substantially free of acetic acid, e.g., comprising less than
1000 ppm, less than 500 ppm or less than 100 ppm acetic acid. The distillate may be purged
from the system or recycled in whole or part to reaction zone 101. In some embodiments, the

distillate may be further separated, e.g., in a distillation column (not shown), into an



[0136] The distillate in line 182 is fed to a hydrogenolysis unit 150
simlar to FIG | A and 2B, as descri bed above. The crude reaction product
of the hywopagemobissi s reactor 152 is continuously w thdrPamuseéia/ohizng 156
and separated into a liquid streamin |ine 157 and a vapor stream 155. The
liquid stream 157 in line 157 may be fed to first colum 180 or optionally
to the second colum 183. [0137] Wen colum 180 is operated under about
170 QCa, the tenperature of the residue exiting in line 181 preferably is
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FI RST COLUW 180 (FIG 2C) Conc. (wm.% Conc. (w.% Conc. (WM. % Distillate
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comprising acetic acid and water, and a second distillate in line 185 comprising ethanol. Second
column 183 may be a tray column or packed column. In one embodiment, second column 183 is
a tray column having from 5 to 150 trays, e.g., from 15 to 50 trays or from 20 to 45 trays.
Although the temperature and pressure of second column 183 may vary, when at atmospheric
pressure the temperature of the second residue exiting in line 184 preferably is from 95°C to
130°C, e.g., from 100°C to 125°C or from 110°C to 120°C. The temperature of the second
distillate exiting in line 185 preferably is from 60°C to 105°C, e.g., from 75°C to 100°C or from
80°C to 100°C. The pressure of second column 183 may range from 0.1 kPato 510 kPa, e.g.,
from 1 kPa to 475 kPa or from 1 kPa to 375 kPa. Exemplary components for the distillate and
residue compositions for second column 183 are provided in Table 10 below. It should be
understood that the distillate and residue may also contain other components, not listed in Table

10.
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Tabl e . 10. V\Q Olf%/ 006438PCT/ US2011/ 043213 TABLE 10  SECOND UW 183 (FI G
20) in the distillate of line 185 may be closer to the azeotropic amount of water, e.g., at least 4 wt.%,
preferably less than 20 wt.%, e.g., less than 12 wt.% or less than 7.5 wt.%. Water may be
removed from the second distillate in line 185 using several different separation techniques as
described herein. Particularly preferred techniques include the use of distillation column,
membranes, adsorption units, and combinations thereof.

[0145] FIG. 3 shows another embodiment of the present invention of a hydrogenation system

200. System 200 comprises reaction zone 201 and separation zone 202. Reaction zone 201
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comprises hydrogenation reactor 203, hydrogen feed stream 204, acetic acid feed stream 205,
hydrogenolysis reactor 252, and vaporizer 210. Separation zone 202 comprises separator 200,
acid separation column 207, referred to above as the first column, and product column 209,
referred to above as the third column. Preferably, the system 200 shown in FIG. 3 does not have
a light ends column and/or an aldehyde removal column. Reducing distillation columns in
system 200 may advantageously improve the efficiency to recover ethanol with less energy and
capital investment. In providing a hydrogenolysis reactor 252 before the separation zone 202,
the system 200 substantially reduces any ethyl acetate formed in hydrogenation reactor 203.
This reduces the separation processing necessary to remove ethyl acetate from the crude ethanol
product.

[0146] Hydrogen and acetic acid may be separately fed or jointly fed to a vaporizer 210 from
feed streams 204 and 205. Vaporizer 210 generates a vapor feed stream in line 211 that is
directed to reactor 203. The temperature of the vapor feed stream in line 211 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 210, as shown, and may be recycled thereto. Vapor feed
stream in line 211 is first fed to reactor 203 to hydrogenate the acetic acid, preferably in the
presence of a catalyst.

[0147] During the hydrogenation process, a crude ethanol product stream is withdrawn,
preferably continuously, from reactor 203 via line 212. The crude ethanol product stream, which
comprises ethyl acetate in addition to ethanol and water, may be fed to the hydrogenolysis
reactor 252 for the formation of additional ethanol from the ethyl acetate. In one aspect, the
crude ethanol product includes residual hydrogen in an amount sufficient to perform the
hydrogenolysis reaction on the ethyl acetate in hydrogenolysis reactor 252. In another aspect,
additional hydrogen from feed stream 204’ is fed to hydrogenolysis reactor 252. In some
embodiments, the crude ethanol product stream may be preheated before being fed to
hydrogenolysis reactor 252.

[0148] A crude product stream 256 may be continuously withdrawn from hydrogenolysis
reactor 252, condensed and fed to separator 200, e.g., a flasher or knock-out pot. Separator 200,
in turn, provides a vapor stream and a liquid stream. The separator 206, in one embodiment,

operates at a temperature of from 50°C to 500°C, e.g., from 70°C to 400°C or from 100°C to
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350°C. In one embodiment, the pressure of separator 206 is from 50 kPa to 2000 kPa, e.g., from
75 kPa to 1500 kPa, or from 100 kPa to 1000 kPa.

[0149] The vapor stream exiting the separator 206 may comprise hydrogen and hydrocarbons,
which may be purged and/or returned to reaction zone 201 via line 213. As shown, the returned
portion of the vapor stream passes through compressor 214 and is combined with the hydrogen
feed stream 204 and is fed to vaporizer 210. The returned portion of the vapor stream in line 213
may also be combined with the feed stream 204’ and is fed to the hydrogenolysis reactor 252.
[0150] The liquid from separator 206 is withdrawn and pumped via line 215 to the side of acid
separation column 207, as described above. The liquid in line 215 preferably has a reduced ethyl
acetate concentration, e.g., at least 5% less ethyl acetate than the crude ethanol product in line
212, at least 75% less ethyl acetate, or at least 90% less ethyl acetate. The other components of
liquid in line 215 are described in Table 2. The residue from the acid separation column 207 in
line 216 may be returned to the reaction zone 201. The distillate from the acid separation
column 207 in line 217 preferably is directly fed to the product column 209. The distillate from
the acid separation column 207 in line 217 preferably has a reduced amount of ethyl acetate. The
other components of liquid in line 215 are described in Table 3. Acid separation column 207 and
product column 209 operate in similar manner as described above in FIGS. 1A, 1B, and 2A.
Ethanol may be obtained from the distillate of product column 209 in stream 219. The residue of
product column 209 in line 221 comprises water and preferably is purged from system 200.
[0151] In some embodiments, the separation system 202 in FIG. 3 may be similar to those
separation systems described in FIGS. 2B or 2C.

[0152] In FIGS. 4A and 4B another hydrogenation system 300 is shown that comprises an
esterification reactor 345 according to one embodiment of the present invention. The
esterification reactor 345 produces additional ethyl acetate by esterifying residual acetic acid and
ethanol in the crude ethanol product. This approach advantageously reduces or eliminates acetic
acid from the crude ethanol product thereby simplifying the separation process since it is
unnecessary to include a step of removing acetic acid from the crude ethanol product. The
subsequent hydrogenolysis of thus produced ethyl acetate forms additional ethanol.

[0153] InFIG. 4A, system 300 comprises a reaction zone 301 and a separation zone 302.
Reaction zone 301 comprises hydrogenation reactor 303, hydrogen feed stream 304, acetic acid

feed stream 305, esterification reactor 345, hydrogenolysis reactor 352, and vaporizer 310.
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Separation zone 302 comprises separator 300, e.g., a flasher or knock-out pot, acid separation
column 307, referred to above as the first column, and product column 309, referred to above as
the third column. The system 300 in FIG. 4A is similar to the one shown in FIG. 3, with the
addition of an esterification reactor 345.

[0154] Hydrogen and acetic acid may be separately fed or jointly fed to a vaporizer 310 from
feed streams 304 and 305. Vaporizer 310 generates a vapor feed stream in line 311 that is
directed to hydrogenation reactor 303. A crude ethanol product stream may be continuously
withdrawn from reactor 303 via line 312 and fed to esterification reactor 345. In some
embodiments, the crude ethanol product stream may be cooled before being fed to esterification
reactor 345.

[0155] An esterification reaction product in line 346 may be continuously withdrawn and fed
to hydrogenolysis reactor 352. In one embodiment, the esterification reaction product in line 346
includes sufficient residual hydrogen to perform the hydrogenolysis reaction in reactor 352.
Alternatively, additional hydrogen from feed stream 304’ may be fed to hydrogenolysis reactor
352. In some embodiments, the esterification reaction product 346 may be preheated before
being fed to hydrogenolysis reactor 352. A crude product stream 356 may be continuously
withdrawn from hydrogenolysis reactor 352, condensed and fed to separator 306. Separator 306,
operating at conditions described above, in turn, provides a vapor stream and a liquid stream.
The vapor stream exiting the separator 306 may comprise hydrogen and hydrocarbons, which
may be purged and/or returned to reaction zone 301 via line 313. As shown, the returned portion
of the vapor stream passes through compressor 314 and is combined with the hydrogen feed
stream 304 and fed to vaporizer 310. The returned portion of the vapor stream in line 313 may
also be combined with the feed stream 304’ and fed to the hydrogenolysis reactor 352.

[0156] The liquid from separator 306 is withdrawn and pumped via line 315 to the side of acid
separation column 307, as described above. The liquid in line 315 in FIG. 4A preferably has a
reduced ethyl acetate concentration. The other components of liquid in line 315 are described in
Table 2. The residue from the acid separation column 307 in line 316 may be returned to the
reaction zone 301. The distillate from the acid separation column 307 in line 317 preferably is
directly fed to the product column 309. The distillate from the acid separation column 307 in
line 317 preferably has a reduced amount of ethyl acetate. The other components of liquid in

line 315 are described in Table 3. Acid separation column 307 and product column 309 operate
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[0143] The weight ratio of ethanol in the second distillate in line 185 to
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r eact estenBoationgearsir A Scrlibhd ethsr dupenests a6 lmay | berecdaseriredondlayle 2.

wi t hdrawn from hydrogenol ysis reactor 252, condensed and fed to separator
206, e.g., a flasher or knock-out pot. Separator 206, in turn, provides a
vapor streamand a |iquid stream The separator 206, in one enbodi nent,
operates at a tenperature of from50C,to 500C, e.g., from70C to 400C or
from 100C to WD 2012/ 006438PCT/ US20117043213 350C. In one enbodi nent, the
pressure of separator 206 is from50 Ca to 2000 Ca, e.g., from75 CGa to
1500 OCa, or from 100 Ca to 1000 Ca. [0149] The vapor streamexiting the
separator 206 may conprise hydrogen and hydrocar bons, which nay be purged
and/or returned to reactlon zone 201 vra I|ne 213 As shomn the returned
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Separation zone 302 conprises separator 306, e.g., a flasher or knock-out
pot, acid separation colum 307, referred to above as the first colum, and
product cwbunre/@®688 referred to above as the third col umaT/Ushb@189yRtEm 300
in FIG 4Ais simlar to the one shown in FIG 3, with the addition of an
esterification reactor 345. [0154] Hydrogen and acetic acid nmay be
separately fed or jointly fed to a vaporizer 310 fromfeed streans 304 and
305. Vaporizer 310 generates a vapor feed streamin line 311 that is

direc I t a r m nmay
be 00?11?1? r{%sgcll}s 911?19 E@ de&n c#u?%ﬁl{l ﬁleac gr co E)%‘t }qgn ll'hzﬁ%]%!f&{?ﬁeogt%ctﬁe Petaétgﬁ
esterubh@amlon reactor 345. I n sone enbodlnents t he crude ethanol pr oduct
stream may be cgol ed before being fed to esterification reactor 345. £0155]
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react or 352. crude product stream 3 may be continuously w thdrawn from
hydr oglesmibyd nalsoweeaﬁﬁr 185Zhe gmdeﬂmﬂomndlrfeeﬁ 8tmassbq3@mmro$se$016fon$eipar at or
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reaction zone 301 via line 313. shown, the returned portion of the vapor
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conmponents of liquidin line 315 are scribed in Table 3. Acid separation
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300. [015 I'n one optional enbodinment, the liquid stream 315 conprises a
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pr odu%gn (l:(5 IetCJl"rr%S é:l);ggm\}ﬁ? ﬁ%’ut' eﬁ{r}% e%alt? gi%g e:ﬁlnmgg ?1 Iggggglgl Pl on?gac#lxn Eg‘%o

[ 015840l andFképardiBn zoNs @M Bélﬁnc@mnrel @aPriseaLidactior z@mﬁav&ﬁglhycﬁemaa@n gdhezone
302, and h%ﬂrﬁ.enolysls zone 320 Reaction zone 301 conprises hydrogenation
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or knock- out g aci d separation colum 307, |Iight ends col um 308

r ef er fetb4]o Hﬁdrbgfm aecontt aod uam balsqweatelarfdd pr pdubtfed 6} ammpad@er 410 from

Hydr ogenol ysi s ne onpri se dro en fee tream 304 and .

v ogenoiyans PLaG 47 STkt Dy EhEaa0 PR EFETGA PITEH 8 5 o the one
shown gifctell & reb@or W64 NpefR@aRd dhd VR Bledaite SRt LN 4 COBISOR thRBEA e 345. In

ot her enbodi ments, the esterification reactor 345 may be conbined with the

f eat urhéérqgauegm Zone #% GinditBen thoyughrilig bydrogenodisiswsing 46 Aﬂtbow ahavon
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reaction zone 301 via line 355. Optionally, hydrogen nay al so be fed
directly to the reaction zone 301 via %ine 304' . Hydrogen, either fed
directly fromline 304", indirectly £ m | ine 355 or a conbination of both,
and acetic acid via line 305 may be fed to a vaporizer 310. Simlar to FIG
4A, the vaporized feed stream 311 is fed to the hydrogenation reactor 303
to produce a crude ethanol product in line 312 which is fed to the
esterlflcatlon reactor 345 to produce an esterlflcatlon reactlon product in
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[0164] Hydrogen and acetic acid nmay be separately fed or jointly fed to a
vapori zer 410 from feed streans 404 and 405. Vaporizer 410 generates a
vapor feeaso=0r2dmm3sn [ine 411 that is directed to react ®@CTABR011BuAEr abl vy,
the vapor feed streamin line 411 passes through the hydrogenation zone 461
and then through the hydrogenol ysis zone 462. Al though not shown, there may
be multiple hydrogenati on and hydrogenol ysis zones, as well as optional
esterification WO 2012/006438PCT/U82011/043213 zones. A crude ethano

pr odu tr u I 0 via
l'ine %%5%‘ gq??é Wh(!’Sl'rbr(itjano Strr8d1S 1ﬁEl%mbgﬂggﬁggc%nﬁmnnﬁﬁﬂhgﬁﬁ%&géﬁﬁggtOr
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provides a vapor streamand a liquid stream [0165] The vapor stream
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returne portion of the vapor stream passes through conpressor 414 and i's
combi etsSM t Thet apohytaraogemtifeestbd sqtareantt0daypaenpres Hydrogapaend kgtroddBonsThe
returned portion of th vapor streamin line 41 so, be conbined with
the fadueiprglnpugsd g yebigne totfﬁ%CtIHQ&PB‘bé%Y19i‘Pn%¥bnéS Ao [the 5B Methe
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preferably is purged from system 400. h§167] Some of the residues w thdrawn
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propyl acetate, isopropyl acetate, butyl acetate, vinyl acetate,

di i sopropyl ether, carbon disulfide, ?trahydrofuran, i sopropanol , et hanol,
and C3-Cl12 al kanes. Wien neutralizing'the acetic acid, it is preferred that
the residue conprises less than 10 w. % acetic acid. Acetic acid nay be
neutralized with any suitable alkali or alkaline earth netal base, such as
sodi um hydroxi de or potassium hydroxi de. Wen reacting acetic acid with an
alcohol |t i's preferred that the resrdue conprrses Iess than 50 W /
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[0173] The ethanol conposition obtained by the processes of the present

I nvention may be an industrial grade ethanol conprising from75 to 96 w.%
et hanol , wWO@o12/d06438 80 to 96 wt. % or from 85 to 96 w . YPerhseah/jo4i2ased on
the total weight of the finished ethanol conposition. Exenplary finished
et hanol conpositional ranges are provided belowin Table 11. WO

2012/ 006438PCT/ US2011/ 043213 TABLE 11 FI Nl SHED ETHANCL COWPCSI Tl ONS
Conmponent Conc. (wt.% Conc. (w.% Conc. (WM.% Ethanol 75 to 99.9 80 to

99.5 %?entll?ral?eg n\(%ft & sefecge% from any suitable acid resistant membrane that is capable of
removing a permeate water stream. The resulting acetic acid stream optionally is returned to the
reaction zone 101. The resulting water stream may be used as an extractive agent or to
hydrolyze an ester-containing stream in a hydrolysis unit.

[0168] In other embodiments, for example, where the residue comprises less than 50 wt.%
acetic acid, possible options include one or more of’ (i) returning a portion of the residue to
reactor 103, (i1) neutralizing the acetic acid, (ii1) 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, tetrahydrofuran,
isopropanol, ethanol, and C;-C)» alkanes. When neutralizing the acetic acid, it is preferred that
the residue 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.

[0169] 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.

[0170] The columns shown in figures 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
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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
WO 2012/006438 PCT/US2011/043213

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.

[0171] 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 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.

[0172] 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.

[0173] The ethanol composition obtained by the processes of the present invention 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 finished ethanol composition. Exemplary

finished ethanol compositional ranges are provided below in Table 11.
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<0. 05 <0.01 <0.005 Isopropanol <0.5 <0.1 <0.05 n-propanol <0.5 <0.1 <0.05
[0174] The finished ethanol conposition of the present invention preferably
cont ai ns wenyi1dmow3anounts, e.g., less than 0.5 wt.% of porhiseoialog2hdl s,

such as nethanol, butanol, isobutanol, isoanyl alcohol and other C4-C20

al cohol s. I n one enbodi rent, the anount of isopropanol in the finished

et hanol conmposition is from80 to 1,000 wopm e.g., from95 to 1,000 wopm
from100 to 700 wopm or from 150 to 500 wopm In one enbodi ment, the

fini shed et hanot——conpositionis substantiatty free of acetatdehyde,
optionally conprising |less than 8 WaBhlkdet al dehyde, e.g., less than 5 wppm

or less than 1 wppm | Sq oﬁ%@& further water
separation i s used, thgﬁiﬁ#ghg?ll @ﬁ@ﬁg EgﬁﬁFpﬁﬁsamn as a streamfrom
the water separation unit as di(satissed above. In such enbodi ments, the

et hanol concentr atdngidneht t he qthapol progwciwimy be dhghek.of)han |nd|cated

in Table 7, anqg[;lgugﬂerably |s75%@gt9er th t99(9%vt % etg@ 0% €.9., greater
than 98 wt. % oryg ater than 99.p wt. % ano

09 pro in this aspect
preferably conp gif ss than 3 w. /6matgg e.g., Ies EEan 2 W.%or |ess
fS?eégl g 6 3

...

than 0.5 w. he fInISQ d et hanol np05|t|on duced by the
enbodi nent s of &nt invention may be dsed in a v ety of
appl i cations i i |ng appl i cat tPOAs as fuel%l! solvents WWeni cal

f eedst ocks, pha$%%@§ht|cal prodldPs, cl eandklls, saniti#H®, hydrogenation
transport or cosguepaiobn. In fﬁél5appllcariﬁds the find.8hed et hanol
conposi ti on mayn-pepbh@nded wit K @asol i ne f00.1not or vehi @Pes such as

aut onobi | es, boats and small piston engine aircraft. In non-fuel

appl i C[ﬂI'hanThetffﬁﬁsHeU RtigRefc@ifianoh FeERsicht RReiR) fefetiHBtcdtais @y vant for
toiletry and cosnmetic preparations, detergents, disinfectants, coatings,

i nks, agignishaentesetiandal wt.%rReother 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.

[0175] 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.%.

[0176] 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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WD 2012/ 006438PCT/ US2011/ 043213 fini shed et hanol conposition may al so be
used as a processing solvent in manufacturing processes for nedicinal

pr oduct s,wbaotr/qos43par at i ons, dyes, photochem cal s and | aCgUSpI10©eRss ng.
[0177] The finished ethanol conposition may al so be used as a chemi cal
feedstock to make ot her chem cals such as vinegar, ethyl acrylate, ethyl
acetate, ethylene, glycol ethers, ethylam nes, aldehydes, and higher

al cohol s, especially butanol. In the production of ethyl acetate, the
fini h Lt I th
g e S L Rk
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et hanol ,__such as those described in copending U S. Pub. Nos. 2010/0030002
and 2dﬁb7/7¢o3ﬁc¢of1mslreﬁ|@ﬂ@ﬁpi GENRAS OB AR aéﬁdbedwé p®3 Ghesicakfeqditodk tamakper eby
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the invention.
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7. The process of claim 1, wherein the second crude ethanol product
conprises at |east 5% nore ethanol than the at |east a portion of the
derivati weozordmm3Bed to the second reactor. 8. The pr@cedas2afi/oed2ai m 1,
wherein the at |east a portion of the derivative streamis reacted in the
presence of a hydrogenolysis catalyst. 9. The process of claim1, further
conprising the steps of: feeding hydrogen to the second reactor; WO

2012/ 006438PCT/ US2011/ 043213 flashing at | east a portion of the
second grude et hanol product to generate a vapor stream conpri sing
hydrogé&?gggg‘introducing the vapor streamto the first reactor. 10. A
process for producing ethanol, conprising the steps of: providing a first
crude et hanol product conprising ethanol, acetic acid, ethyl acetate and
water; I Apesapdei prgduging ethaiolcopyrsingthestepnel i rst crude et hanol
product i nt g f.EhRRBAkeR! QAU o SHECRMANM de (RELNAL VP RAREIT HHAR S O
et hyl acetatg; §n reacting at least a portion of t derivative

st r eamcruiletdtlenpl gedaade of hydrogen to forma second crude et hanol product.
11. The process of clain110,.mhef§%n t he gerivative str.eam coppri ses, at

| east 5 wt. FERAFNG HcletshPelOrtianor st gues stharolonrasivht 160 ApdPdioh PEHiCt
der i vali¥snhy §aBiifi@ sHBRRLoMpAlNALIYFakiAeam 13- The process of claim

10, wherein the derivative streamis a liquid derivative stream 14. The
process of ctating 1102 sedoad e¢astdrhaelehitrasportoudethetdeanaiveptreanan thespreswpes af ed

'none h%ro%‘éﬁ o %Irl%tal sle!:c?r}dl c%]decgl‘léjn%? Br'oduct.

2. The process of claim 1, wherein the derivative stream comprises at least 5 wt.% ethyl
acetate.

3. The process of claim 1, wherein the derivative stream is a vapor derivative stream.

4 The process of claim 1, wherein the derivative stream is a liquid derivative stream.

5. The process of claim 1, wherein the first crude ethanol product is separated in one or

more distillation columns.

6. The process of claim 5, further comprising the step of:

introducing the second crude ethanol product into the one or more columns.

7. The process of claim 1, wherein the second crude ethanol product comprises at least 5%

more ethanol than the at least a portion of the derivative stream fed to the second reactor.

8. The process of claim 1, wherein the at least a portion of the derivative stream is reacted

in the presence of a hydrogenolysis catalyst.

9. The process of claim 1, further comprising the steps of:

feeding hydrogen to the second reactor;
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15. The process of claim 14, further conprising the step of: introducing

t he second crude ethanol product into the one or nore colums. 16. The
process oVochwyas8, wherein the second crude ethanol protdiseoicons ses at
| east 5% nore ethanol than the at |east a portion of the derivative stream
fed to the second reactor. 17. The process of claim 10, wherein the at

| east a portion of the derivative streamis reacted in the presence of a
hydr ogenol ysi s catalyst WD 2012/ 006438PCT/ US2011/ 043213 18. A process for
produci ng etfagl[ﬁﬁ% at (iQa (:;rﬂ(gn ?%héﬁs%%%d hde ethan lolygdt?(ge[n #ene ge\;a 8r acid
inafirst reac presence of a cat ﬁ SE"e orma Tirst crud
ethanoknp@@du@@nynghymogaa@hdng in a second reactor at least a portlon of
the first crude ethanol product in the presence of hydrogen to forma
second crudéméﬁhﬁﬁﬁﬁh%Y%H%é¥ambﬁﬂheﬁ““fawgéparat|ng at least a portion of

t he second crude ethanol product in one or nore columms to obtain ethanol.
19. The process of claim 18, wherein the first crude ethanol product

conpri 9€s eUhykmaméba@edud@@mhmhécnmqnemgthémebﬁ¢m119 wherein the second

crude ethanol<€roduc @g@ | ess eth acetate than the fI[St crud
et hanol pr odiding 841 st epert L progpctqoy Pﬁ‘ms% ethanpl Aesticasih eIyt Hgtainandt eps
of : water€sterifying the at least a portion of the first crude ethanol

product to forman esterified reaction product, wherein at |east a portion
of the est erskpargchy gdeast arpopnadattheifasr emde ethanel prhéucs entor etbanst groducp?.

The progess er. .co steps of: feeding hydrogen
to the S%Bﬁﬂé?@86?%9@Sﬂemncompg§ﬂ$ﬁ ytﬁgg%? gast a portion of the second

crude et hangbacih@dtiehst ta®oBRNESALE d& i MARE tr&int 8RR GOILBAdeSIME AR @9 and

second crude ethanol product.

11. The process of claim 10, wherein the derivative stream comprises at least 5 wt.% ethyl
acetate.

12, The process of claim 10, wherein the derivative stream is a vapor derivative stream.

13.  The process of claim 10, wherein the derivative stream is a liquid derivative stream.

14. The process of claim 10, wherein the first crude ethanol product is separated in one or

more distillation columns.

15. The process of claim 14, further comprising the step of:

introducing the second crude ethanol product into the one or more columns.

16. The process of claim 10, wherein the second crude ethanol product comprises at least

5% more ethanol than the at least a portion of the derivative stream fed to the second reactor.

17.  The process of claim 10, wherein the at least a portion of the derivative stream is

reacted in the presence of a hydrogenolysis catalyst.



i ntroduci ng the vapor streamto the first reactor. 23. A process for

produci ng ethanol, conprising the steps of : hydr ogenati ng acetic
acid in awDizopfoossact or in the presence of a catal yst tecrarsaoia/ofii2nst crude
et hanol product; separating at |east a portion of the first crude

et hanol product in a first colum into a first distillate conprising

et hanol, water and ethyl acetate, and a first residue conprising acetic
acid; WD 2012/ 006438PCT/ US2011/ 043213 separating at |east a portion
of the fLirst, distjl in a n I nt .second distillate
conprigkng é}ﬁ%%ggééféﬁgu%ﬁ%aggggﬁgﬁﬁg¥egﬁgégﬁ %ﬁ%rising et hanol and water;

optional |y d$epaizatdting aettid @68tin a ey teh@Br Of tht heessp@osth caslystu® forma fidd rd
colum into a third distillate conprising ethanol and a third residue
conpr i $T4l§ aipnel product:  optional |y separating at least a portion of the

second di sti o i r I SLI e r:i sing
cetal denyas Shit &t Fofi R R GRMEE MR s! B ChBh RO etk b
react i mpgesenceaofedmzdn refociarseatnd @add etharpdptddont; ofid t he first distillate, at

| east a portion of the second distillate apd/or at |east a portion of the
fourth resi dERATHIGHNEAS LEIHER Oéﬁleﬁﬁﬂ%nédjé‘%ﬁqeteéhaf“@fm%“%téﬁ S S ERGHC Wi Aol
producty ohidth etdd¥@ Pr ocess of claim 23, wherein the second distillate is a
vapor derivative stream 25. The process of claim 23, wherein the second
distillate and/or the fourth residue is a liquid derivative stream 26. The

process, of aim 23, further .conpri.si he step_ of: introducing the, second
b vde. dfhandiieomgantet Hodt Uie SOREORdPE dhi S s L SEhiscy i o3
furthercgampri sing the step of: introducing the second crude ethanol

product into the third colum. 28. The process of claim 23, wherein the

second crude et hanol product conprises at |east 5% nore ethanol than the at
| east por t A | St.] t] nd
i oti 1 e ndmRest OFutu P Sishlih shsPonctlrp € PRI Bnfths! 1y SRS

pr ocessicehtecha the Zidst e redlianol fredwdt. | east a portion of the first

distillate, at least a portion of the second distillate and/or at |east a
portion of the fourth residue is reacted in the presence of a

hydrogenol ysjrg p?@ée@g YSdiaim 18, further comprising the steps of:

esterifying the at least a portion of the first crude ethanol product to form an esterified
reaction product, wherein at least a portion of the esterified reaction product is reacted in the

second reactor.

22. The process of claim 18, further comprising the steps of:

feeding hydrogen to the second reactor;

flashing the at least a portion of the second crude ethanol product to generate a vapor
stream comprising hydrogen; and

introducing the vapor stream to the first reactor.

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

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

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

acid;
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30. A process for purifying a first crude ethanol product, conprising the
steps of : WD 2012/ 006438PCT/ US2011/ 043213 providing the first crude
et hanol pwoadoctooessapri sing et hanol, acetic acid, ethyl acettst@iamtisater;
separating at |east a portion of the first crude ethanol product in a first
colum into a first distillate conprising ethanol and a first residue
conpri sing acetic acid, separating at |least a portion of the first
distillate in a second colum into a second distillate conprising ethyl

acetate and S g g dg&tﬁ)ﬁ%‘}’ 2 g &@af%@'m %”Qec}%ﬁ} Eblumn into 2ORELenally

separating a a por on “of t e second residue 1 n olum 1 nto

a thir digdilstel doh@tnem@mﬂl@n h&dting afd hagwnd agMitue doftipridingestiadblearclonged, si ng wat er ;
optionally seParatln at least a portion of the second distillate in a
fourth col umitipily sPrating At lgta PPracR o dhprcontgesidust '8l Ay IR 18ofour t h

resi duec‘hﬁ:(f)g@ 11'1&% nggltlmﬁ% @Q@l%ﬁ@atﬁ[“@remdue ]g:oﬁlﬁ %Wg tet | east a portion of

the first stl east a portion o cond distillate and/or at
| east a por topaonadlfy sehaafuauiattlbast @gpiodua ofitheé beropd dseitiete i0fa thywdt ogemntiotof or m a

second cr hanol roduct Th ess of claim 30, wherein the
first dPyt ﬁlﬁf&ﬁaée By eyl s Rurhaes dyescomprishigretd Peate; Yl st ream
32. The progegsin@hn le@édﬁﬂgr@actmrl@dsf'atpeﬁlc;n' drSthe GFQidilialeat fhe aﬁﬁﬁ'@é}ﬂof
distillate and/of fourth residue is a |liquid derivative stream 33.

procesghwﬁxomhdmﬂﬁﬂeaﬁ@bth@kaﬁanmnngla@ﬂmhbu@hepubmJnnmiw@dmcen@hymeg@econd

crude EtEanol uct ipto thqj Fcond colum. 34. The process of claim 30,
furthe ‘%ﬂb?f Pﬁ C?ﬂ%e%?%ﬁl%? ntroduci ng the second crude et hanol

product into the third colum. 35. The process of claim 30, wherein the at

| east a portion of the first distillate, at |east a portion of the second
distil 24t e drg/mspcess of daigy23 wherain the segondrsbistilgteris B vapes dedisative stisa@t ed i n
the presence of a hydrogenol ysis catal yst.

25.  The process of claim 23, wherein the second distillate and/or the fourth residue is a

liquid derivative stream.

20. The process of claim 23, further comprising the step of:

introducing the second crude ethanol product into the second column.

27. The process of claim 23, further comprising the step of:

introducing the second crude ethanol product into the third column.
28. The process of claim 23, wherein the second crude ethanol product comprises at least
5% more ethanol than the at least a portion of the first distillate, at least a portion of the second
distillate and/or at least a portion of the fourth residue.
29.  The process of claim 23, wherein the at least a portion of the first distillate, at least a
portion of the second distillate and/or at least a portion of the fourth residue is reacted in the

presence of a hydrogenolysis catalyst.

30. A process for purifying a first crude ethanol product, comprising the steps of :
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WO 2012/ 006438PCT/ US2011/ 043213 36. A process for hydrogenol yzi ng et hyl
acetate, conprising: hydr ogenating acetic acid in a reactor in the
presence Wb 20120m6w8yst to forma first crude ethanol pr@ediaiS2oianes213
reacting an ethyl acetate-containing streamin a hydrogenol ysis unit under
conditions effective to forma second crude ethanol product conprising nore
et hanol than the ethyl acetate-containing stream wherein the et hyI
acetate-containing streamis the first crude ethanol product or

derivative e 7 h I [ cond
crude et hangjﬁ(g o g}éttg ﬁFs? md%seél%a-lﬁafplf%)dggttcsogg,/p?{sm eeﬂl th'\(?ﬁ&g {th%l ace

acet at eng ontai ni ng stream 38. The process of cl al m 36 wher ei n the second

crude et hanol product conprises at |east 5% | ess ethyl acetate than the
et hyl acet atseREHHIZAtIRHE agtardeef ﬂegﬁfstACIﬁ%é@egolfprdwé@acfifﬁfgcqitlﬁan@p a

conpri %r&%lﬁhﬁtescto?ﬂﬁlsﬂfc etl?anol andW fsP&%inﬂ%: 05'154 <1 %g@et@%!ciql inafirst reactor

in the presence o st to forma |rs e et hanol product ;
separating atpdratast atalepara pomlioofoftﬂhe ﬁristr distildatede aetdaamblcolpnmdum ai secand i r st

col um |nliuoaf|rst dis |IIate§n%) et hanol wg{ ng]d et hyl acetate,
and a fHSElate EIPESRERp AFLRAGIGR &t B SE e £REPA S LGS HARk 1 W8 tion of the
vater from theoaily! ?é?rratlﬁg prerabtoi‘{)&ftlohtlﬁtflé k&boné rrék@(ﬁleeﬁnr@ﬂf?ﬂd RN@HHGhto a

renoving water from first dis |ate to forman et hanol m xture;
separaﬂmnbd@mHMeaempamm@mmwmﬁaodaﬁheieﬁﬁaﬂgmnnmangmeﬁfn a second col um

compr i g oPHaD serfutnd ATy 3t ihe B EREURATA AR PSR SpLERINY"

porti ofo@th dibEllfeeanpridhSidetdl@ihgdé Bnd @%L@ﬂl&%ﬁ&%dﬁﬁpfﬁﬁ@r&%ﬂ Acét@tef /N a
second crude et hanol product. 40. The process of claim 39, wherein the

second cr udéeastinanbleagraoniten ebierirstedstdlaty, ablepstsoparter obthssaendidigilatthe at
least 3, pof Gl Al pbBBSHARPFodthis tesl dudlif -G 802 FARIRRRTTL Y5A 11283213

crude ethanol product.

31.  The process of claim 30, wherein the first distillate and/or the second distillate is a

vapor derivative stream.

32, The process of claim 30, wherein the first distillate, the second distillate and/or fourth

residue is a liquid derivative stream.

The process of claim 30, further comprising the step of:

W2
W2

introducing the second crude ethanol product into the second column.

34. The process of claim 30, further comprising the step of:

introducing the second crude ethanol product into the third column.
35.  The process of claim 30, wherein the at least a portion of the first distillate, at least a

portion of the second distillate and/or at least a portion of the fourth residue is reacted in the

presence of a hydrogenolysis catalyst.
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41. The process of claim39, wherein the at |east a portion of the second
distillate conprises at least 5 w.%ethyl acetate. 42. The process of

cl ai m 39,wotheraiosd3Bhe second crude et hanol product conpPCIas201e9¢$32¢3 hyl
acetate than the at | east a portion of the second distillate. 43. The
process of claim39, wherein the at |east a portion of the second
distillate is withdrawn fromthe second colum as a vapor. 44. The process
of claim 39, wherein the at |least a portion of the second distillate is

condensgd ang WCLIGEAN LLATIE SRTANL.GOLUTTAR 2 | Tauid. 45, The

process 0 er “conmpri’sin e fl ashi ng at

| east a por thiyorvgehatingecstCauidl iic i veetceti éRqire@nodul catalysepabah adirktndroda
vapor streamand a liquid stream and introducing a portion of the liquid
st r eamethgnphgodedod col um. 46. The process of claim39, further

conpri sing : S : di : r : ; o

fl ashi ng at99§g§%%§‘%@?fﬁ%ﬁﬁg?ﬂ@ﬁﬁxggggﬁﬁIE?hﬁﬂﬁgﬁﬁﬁﬁgﬁ‘%ﬁﬁ J%%c?gmggﬁ%rate
a vaporeftsttinearn ¢onpriscogl byde ogleanol gnatuchtcomdushggnédeeethapbdrethat tleamhyb t he
first reactor. .47. The process of Qlain139, further co risinggéhe stFps
of : f eFRIGIYPEBBR TG e fer cthd At igfe; containing fireaanisife J st cBulerethano

porti onQiuct Bea fdlvalive&hids @kkapol product to generate a vapor stream
conpri sing hydrogen; and introducing a portion of the vapor streamto the

second reactor.

2

37. The process of claim 36, wherein the second crude ethanol product comprises at least
5% more ethanol than the ethyl acetate-containing stream.
38. The process of claim 36, wherein the second crude ethanol product comprises at least

5% less ethyl acetate than the ethyl acetate-containing stream.

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

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

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

removing water from the first distillate to form an ethanol mixture;

separating at least a portion of the ethanol mixture in a second column into a second
distillate comprising ethyl acetate and a second residue comprising ethanol; and

reacting in a second reactor at least a portion of the second distillate in the presence of

hydrogen to form a second crude ethanol product.

40. The process of claim 39, wherein the second crude ethanol product comprises at least

5% more ethanol than the at least a portion of the second distillate.
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48. The process of claim 39, wherein at |east 95% of the water fromthe
portion of the first distillate is renoved. WO 2012/ 006438PCT/ US2011/ 043213
49. A prowexssids43pr oduci ng et hanol, conprising the stepsTafS2011/043213
hydrogenating acetic acid in a first reactor in the presence of a catalyst
to forma first crude ethanol product; separating at |east a portion
of the first crude ethanol product in a first colum into a first
distillate conprising ethyl acetate and acetal dehyde, and a first residue
conpri sj;ng t i et hanaql . . ter [ e} St i j on
of the%éthaﬁ%%pgﬁﬁgiég%% %?fﬁﬁgﬁ? ﬁ%zb a‘@%(ﬁggnggre?%%%@#ﬂéﬁéﬁéﬂonggééude
et hanolat Raaduet % ethyl acethgacting in a second reactor at |east a portion of
the second distillate in the presence of hydrogen to forma second crude
et hanol product; and recovering ethanol fromthe first residue. 50. The

pr ocess,of i . i [ rfl f L{ st
ool ducin o REEung: oHinhet ARREH pE, QP ERR LR BBt LRy Jt el i
first mesh@dukanctbepr lesit agowatnert tinsbcankdistllaei d. 51. The process of claim
49, wherein the second crude ethanol product conprises at |east 5% nore

et hanol than the at least a portion of the first distillate. 52. The

process;30f  ghai flodQs Whakigl Bot Reedlin kRSt le%sth%ﬁdr%h oF thd1@eddntiSdisllasd id | ate
conprises at least 5 w.%ethyl acetate. 53. The process of claimA49,

wher ei nithdeaveetomdhe sagdad evlhamails apapeluct conpri ses | ess ethyl acetate than
the at least a portion of the first distillate. 54. The process of claim
49, wherein the at least a portion of the first distillate is w thdrawn

fromthe firge sobdseTbradaith BaPNherei®Phe AN Eeafl @GRSGoP L Gh&lisbaohd. divhiRk€iN t he
at least a portion of the first distillate is condensed and wi t hdrawn from

the fi rcendensediand wshdiawn diginpthe yeyopd reluooeas3BiRUTY. US2011/ 043213 56. The
process of claim49, further conprising the steps of:

45. The process of claim 39, further comprising the steps of:
flashing at least a portion of the second crude ethanol product is separated into a vapor
stream and a liquid stream; and

introducing a portion of the liquid stream to the second column.

46. The process of claim 39, further comprising the steps of:

feeding hydrogen to the second reactor;

flashing at least a portion of the second crude ethanol product to generate a vapor
stream comprising hydrogen; and

introducing the vapor stream to the first reactor.

47. The process of claim 39, further comprising the steps of:

feeding hydrogen to the first reactor;

flashing at least a portion of the first crude ethanol product to generate a vapor stream
comprising hydrogen; and

introducing a portion of the vapor stream to the second reactor.

48.  The process of claim 39, wherein at least 95% of the water from the portion of the first

distillate is removed.
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flashing at | east a portion of the second crude ethanol product is
separated into a vapor streamand a liquid stream and introducing a
portion oWothe/dos4psi d streamto the first colum. 57. TireTarSowes$3203 cl ai m
49, further conprising the steps of: feeding hydrogen to the second
reactor; flashing at | east a portion of the second crude ethanol
product to generate a vapor stream conprising hydrogen; and introducing the
vapor streamto the first reactor. 58. The process of claim49, further
conprising the steps of: feeding hydrogen to the first reactor;
flashing at |l east a portion of the first crude ethanol product to generate
a vaporost r eaproeedspbi siotgeify ethege ncongidingthe edpicog a portion of the vapor
streamto the second reactor. . )
hydrogenating acetic acid in a first reactor in the presence of a catalyst to form a first
crude ethanol product;
separating at least a portion of the first crude ethanol product in a first column into a
first distillate comprising ethyl acetate and acetaldehyde, and a first residue comprising acetic
acid, ethanol, and water, wherein a substantial portion of the ethanol and/or water from the at
least a portion of the first crude ethanol product;
reacting in a second reactor at least a portion of the second distillate in the presence of
hydrogen to form a second crude ethanol product; and

recovering ethanol from the first residue.
50. The process of claim 49, further comprising separating a portion of the first residue in a
second column into a first distillate comprising ethanol and a first residue comprising water and

acetic acid.

51. The process of claim 49, wherein the second crude ethanol product comprises at least

5% more ethanol than the at least a portion of the first distillate.

52. The process of claim 49, wherein the at least a portion of the first distillate comprises at

least 5 wt.% ethyl acetate.

53. The process of claim 49, wherein the second crude ethanol product comprises less ethyl

acetate than the at least a portion of the first distillate.

54. The process of claim 49, wherein the at least a portion of the first distillate is withdrawn

from the first column as a vapor.

55.  The process of claim 49, wherein the at least a portion of the first distillate is condensed

and withdrawn from the first column as a liquid.
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56. The process of claim 49, further comprising the steps of:
flashing at least a portion of the second crude ethanol product is separated into a vapor
stream and a liquid stream; and

introducing a portion of the liquid stream to the first column.

57. The process of claim 49, further comprising the steps of:

feeding hydrogen to the second reactor;

flashing at least a portion of the second crude ethanol product to generate a vapor
stream comprising hydrogen; and

introducing the vapor stream to the first reactor.

58. The process of claim 49, further comprising the steps of:

feeding hydrogen to the first reactor;

flashing at least a portion of the first crude ethanol product to generate a vapor stream
comprising hydrogen; and

introducing a portion of the vapor stream to the second reactor.
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