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PRI ORI TY [0001] This application clainms priority to U S. App. No.

13/ 094, 70 2bideee4oon April 26, 2011, and U.S. Provi si onaCTASRO11/803310

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
rel ates generally to processes for produci ng ethanol and, in particular, to
purifying an et handINRBENGREACKE PURIINYIN G A ANOEACKGROUND OF THE

| NVENTI ON [ 0003] Et hanol for industrial us

e is conventionally produced from
petrochem cal feed stocks, such as oil, natural gas, or coal, fromfeed
stock internedi ates, such as syngappi@grifyy om starchy materials or cellul ose
materials, such as corn or sugar cane. Conventional methods for producing
et hanol[0GM p mThstapphdeeivh cim§ peokitsttodkS, Aps NeellB/0a8, 71 4, difed eh |Apriv g6, 2011,
materials, include the acid-catalyzed hydration of ethylene, nethanol

hormol ogad iLon, Peivistdial ApgoRer 6d{Ae8Na8i Bled ity Sk o Bsstmiredy it nelypks is
Instabﬁlié¥ringeﬁhgcﬁqn}cal feed stock prices contributes to fluctuations
in the €O EFC EORY Ht?Sﬁg?Ty produced et hanol, naking the need for
alternative sources of ethanol production all the greater when feed stock
prices rise. Starchy materials, as well as cellulose material, are
converted to ethanol by fernEildl OB THHBWeENTIONer mentation is typically
used for consuner production of ethanol, which is_suitable for fuels, or
human dYH2LnPe gresenty mygefian; wga,teSf EERY at0) BiRCespessfoArIAGUCHIS BBAnQk| 4de In

mat er i : e it Bl straints on the anmount of
ethano?gﬁﬁgﬁggéhﬁﬁzmgﬁg ﬁ%@@lﬁgﬁkfﬁ%ﬁg?ﬁwgkag%%q£'0004] Et hanol production
via the reduction of al kanoi c acids and/or other carbonyl group-containing
conpounds has been wi dely studied, and a variety of conbinations of

catal ysts, supports, and BPeKeROIGNROHATHEINYENMEONoeen nmentioned in the

litera ring.the reducti on of .al kanoi ¢ ac¢i.d, e.qg., aceti¢ acjd, other
corrpourtln‘g@%llr gd%?‘gféﬂl ‘Sttﬂ‘”ﬂé‘tsﬁ é%rFSPVeélPO%?ﬁ K %“ﬁ‘r?%@ff PR @ng@e@é%?i %fieg ﬁEO.C[<SFhese

i mpuri tjes | n p Ctl r action
oy s it PEORC b Yean o d RN N B SEhIR I Monk | BRAHECES

t oget hefataMatshoretindoe! mand]Qsudedsebrd @rsiyazeat rQEesntioni méthedsdodplbliignd t to

separate. In addition when conversion is WD 2012/ 006499PCT/ US2011/ 043310

i nconpledregl fipmk peftncheiigali fded workisras viall ashiwncealidse matenials, ipelodeite acidhi ch nust
be renmoved to recover. et hanol .. [ 0005] EP02060553 descri bes. a process for
conver EXARZH, b GERFEE AL oo QRRH! MhUBFD RGTRERUEIET RS WYATGGds bons ¢ o0
et hano'ﬂo@@lﬁ AR NYAERARPE prQchdit A rRANRICK pREtdohRibaldaDg llctuezqaﬁs gt ream
from t he 'hydrogenation reactor iIs separateg 0 obtain an ethano pr oduct
and a slig @amofebnandbnadlydeddhcedeth@iohyhakagethanesd fahaltdmatise k@eys|of dthhmolt he

hydr ogenati on reactor. [0006] W2009063176 describes a process for the
pr oducPrastcien Bk the ahtef wben Ked stoplopaccesiss $asty motskialswiserdl # acHelose

Conver FEGETAD At ARGl e e eh et phoroy B HBm o s pptged Tor 7"

hydr 09%8%5111@?%1%69&%%%f afill GhcREs uBAE fR AR br IRfnanREn&hPABR! fn ARlitfhnl S
converted by primary hydrogenation process to ethyl ethanoate, which

et hyl érhanaabeof sarclonveretl@dsdiyatarid e canplaesywilly thod geuradsi aad ppicexcessiito
produce et hanol . é%OO? US Pat. No. 6,632,330 describes a process for the
r ecove O} theranaqyet eiagihangl thot aabe peaduged tor igdRgERldse such as et hyl acetate, from

i kK. . The 1| f eed ki i I i
R R T R
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effective for selective hydrogenation of Inpurities containing reactive

car bonytippgrtegnd optratiebgontiviohy hinedeaamentidved imghe titeritee. Durinp ¢heceductispondi ng
al cohol s. After recovery fromthe sel ective hydraqgenati on zone of . a.

sel ect i@é‘k@%@w%@&%@& Fih Othep ForpREtiTdre E@fme ratly gilangheriwe fpwedingie

al kano .and -t he .corr. ndi ols, this i istdlled.in one or nore
ai st PG ZoRg RbrEEnge P QR etahuR bt 45 R B i oat o

t her ef KRR EBr bampRS QUi drdRARRN, dhes El@?%dt@éﬂhﬂt&oé@ﬁer!mr@Nﬁ@l _
processes for recovering et hanol froma crude product obtained by reducing
al kanoiagd/acwatsy fosmahectmpec athich ascditicultrid separat. hleradditioh ahyh cgrvespnaent ai ni ng
conpounds. SUMVARY OF THE | NVENTI ON



[0009] In a first enbodi nent, the present invention is directed to a nethod
for purifying an ethanol product, conprising hydrogenating acetic acid in a
primary rwacbmoos4y9t he presence of a first catal yst to fomrmsaoianusseo et hanol
product; separating at |east a portion of the crude ethanol product to
yield an intermedi ate stream conprising ethanol and one or nore inpurities
selected fromthe group consisting of ethyl acetate, acetal dehyde, acetic
aci d, arampless, wpreagied el remangs in i Podextivoghiootet, Waobmystdessnoveddat act i ng

t he interned%ate streamin a secondary reactor in the presence of a second
cataly§?mgﬁflﬁgakogen under selective conditions for hydrogenating said one
or mor ?uaas!mmzmsspdésemﬁ@s% P8ekd fo?@orﬁiehﬁagqllydm%%tm etfndNByAsRECt , the
purified ethanol product is not subjected to any further liquid-Iiquid
separ atbwowrrtinphtee bydiderteink &netharicoabic 4ndgyrdyena mp ahedtkahoicacahte edranofor e
distillation cglunns. [0010] In a second enbodi nent, the present invention
i s di r dbe sdeanpiramiiag Mhogesrtiqnuradtesiihspparatgdiaebiatrmrdhangl adedt and HEresst hod
conpri signg:. . RL:ovi di ude. et.hano i Sl et hanol and one or
nore | %EEC%PF fggelg\élslaej%@glt %St%fer g’ﬁ%‘:ﬁ ﬁ%‘ae g(::ff%eucgtrog@en |d§ %%ﬁg[{%lfreet ryI acet at e,

acet al qgingfle wEL®RLE3 [F6iddscridBa flogEds Yor tAE loahictiol W EBSRN AlohNYcdr Béhabdtis OF
nore inpurities in a reactor in the presence of a catal yst under selective
condi t ifedstotlo whasedr thg emdvnavgosdedl siovh uriirsti @averedpo sdiesisaapwhichiiedieet hanol
product, wherein the concentration of the one or re inpurities in the

pur i f i EBMETRAROTIIPKAGH TG PHaFe {0 RO ER BB PIAckE heh  nor e

I purl bl goely fntt Rl ﬁoi%tagﬁgéj%on%r? Y d %;gq%}g? %dljo eifitibi! bfoqu%qutﬂglnem , 1 he_
present 1nvention Is directed to a nethod to roduci ng et hanol conpri si ng:
hydr ogefahdang v dtiey @thatodtdlis@opver @AY aseR@llAY hiydrobORtipi fRLRBE o plodacd i I st
catalyst to forma crude ethanol product, separating at [east a portion of
t he cr@thendt hanol product to yield an internediate stream conprising

et hanol or._nmore inqpurities selected fromthe, group. consisti of
ot iyt 4e@Ph: D N By TR dercbS wiGe S g ShevgCatinty b SRy Bl s e
in thej ' [ agt or '
cond t 1B . B R e R R e o
pr oductwithBReEERESORIdRTAtON halyDRAMNGSsdn0@ a2}y didien iy eiédtioa hi droge@adsi bed in

detai|l below with reference to the appended draw ngs, wherein Iike nunerals
desi gnaeee Bifiainge updgrtsslecteddlogemagon tandigons eslepaivdpi sslagiaghukivgshation
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reactor 1 n accordance wth an enbodi nent o resent invention. [0015]
FI G 2 hyérogemmcddasmtipe paidagrmamuod inalndinaelie diyyrad@ecat nohthproecespsndiayi ng a
finishing reactor in accordance with an enbodi ment of the present

i nvent ialsAholp.als 6y distilied 1BoResorgneye HistHation nesgioamioprogete sbwamiaty pure

hydr ogepat i,pn ess hayi a finishing WD 2012/006499PCT/ US2011/ 043310
reacto@mWng%Eﬁﬁgﬁﬁs mapﬁwﬂﬁﬁﬂﬁﬁgg ‘ment of the present invention. DETAILED

DESCRI oy @ﬁeﬁ&ﬁIEMMENﬁhQthﬂkdBHM&%&@%r&QQ&J%,Eﬂﬁn&ﬁﬁﬁ@@%nﬁ@ RIAILEON _
relates to processes for purifying ethanol produ%ed by hydrogenating acetic
aci d i mbtahed py eslenmg abkdanaic aatlalsydt as atéte doyd aodjenaheéraarboedarogncgrtoandoges a
crude et hanol product that conprises ethanol, water, acetic acid, and ot her
i npur i CPBROWMEh as ethyl acetate, acetal dehyde, and diethyl acetal. Various
et hanol applications, such as industrial or fuel applications, require that
these inpurities be reduced to acceptable levels. To recover ethanol, these
impurities, along wth wat egnanadracet THERNYENTRYN be renoved using a
separation system containing distillation colums, adsorption units,

menbr afedd?] ahda 6otrbinhediments thepersewtfintdotien srdirected o aintthod e sepfanadsi on
systen1itwgay(ﬁe difficulaﬁﬁo achieve low ] evels of inpurities re%gired for
the varilBpRl FEYHSHEPMBBHIG RukpEALING d5etafild INGHPTIRHE 935K i1 thF BECSERES ChRso be

f or med ri ' iNG. Y ddi k] y may be
requi r St e BERaRY a0 AT PR, HPalafe SURLE TpoRii R Aluc R
enbodi fRifuct ta yidlMasintetfiedi@R@GH M B@YprixénUgRshol Shd GRUE endr&BnfulpiEs bcldcgl. One
advantage of using a finishing reactor 1s that the inpurities my be

conver tiogh ihagouprendswig of dthet dvaratd, agataddabde, atremc;g,cidear?tgdi@tlhylydceﬂaugn@lmy be
advant ageously increased while reducing inpurity concentrations. As an
further benefit, in sonme enbodinments, no further liquid-liquid separation
is necessary to purify the ethanol after the finishing reactor. [0018] The
process of the present invention involves hydrogenating acetic acid in a
primary reactor to produce a crude product that is separated to form an
internedi ate stream The internediate stream may be enriched in ethanol and
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WO 2012/ 006499PCT/ US2011/ 043310 streamw || vary. \Wen ethyl acetate is in
the internediate stream the anmpbunt of ethyl acetate nay range from1l to
3000 wppmvoestp/aoed9pom 10 to 2000 wppm or from 50 to 150@Cwurseo11issmo di et hyl
acetal is present in the internediate stream the diethyl acetal
concentration may range from1 to 1000 wopm e.g., from 10 to 800 wppm or
from25 to 500 wopm When acet al dehyde is present in the internediate

st r eamcoRtp@ingdls @F@@P@A@é sEeie Bt yesndar ieasior A mkpaneseses af a sscavloptalispid e. g. |

from1 qQ 250 or fraom 25 to 1500 wopm, Wien acetic.acid.is present
1t he M oBafT e el iSRS ol BT B AT gl from 1
to 100QuMRpRMth&oprodhdtOm d dsPecBARe WRATRIREhahbI PR AR EsoPAD dMRAM ahP019] The
internediate streamnay be fed in |1 quid or vapor phase to the finishing

r eact offyrtlel Squid-éfjerdrsephratmnaslha carle@tidaclyprodrecmay be sepderedaorde di LOE
effective to reduce the concentration of inpurities in the internedi ate

st reamdbﬁﬁﬂatﬁ}ﬂcﬁﬂ’ B¥Sa purified ethanol product. The concentration of the one

or nor ?0(‘1'6?”#1 %%e%?gd Qmﬁ&ﬁmgﬁ{%l% ié)?eg(rerrgtimp%n Bd?rg&g(ﬁe tosir}@gtlrhg% golef é),ltl.@ﬁ/%[%g:? an the

concentratio e one o uritres’in ol Stteam In
one enbade MBRAhol prfRICE theSm@hod ERSristha? PGV Erl@dleth&hoP P@dAEt cBRDAsin
inpurities, and nore preferably, at l1east 75%reduction or at least 97%

r educt iethanolland bes osmofe imperitisstselectadumtthogroupponsisting st ¢thyltdeetaet hanol
product, t concentratiop of total inpurities may be | ess than 1000 wppm
e.g., pizsalehde 660 Prilfp st s by SRS thsrOTE 08 BOFSIUHECYEm | n one
enbodi : j L : S 1 al nyed
erooc PRy e pRESks S0 Al LIRS e, B SUIRLATL Sldpiyed
enpl oy eslprotiti& 4 pglified dw@holgb_m}ulet, wokrelipe ChiideSiFation of kiR @k banete pfpodtiedinwi | |
vary. For exanple, the individual concentrations of ethyl acetate,

acet al detpydiéied adendl raduics lass thah herppncentietien ofrthy olveor| reeys impiatiies 00thappm
e.g., less than 100 wppm or |ess than 50 wpopm Because the inpurity
concentCFLES]FieHﬁ“r]é)ﬁ?fﬁ‘r%rrent vari es dependi ng on the desired ethanol

appl i cagdan. 1 & gimv ink i '

hpur SUAT phb g erRIPRAEIRG kit BHIGT, iR AR Ha Rl B LB 1

pr ef er athayolroinpasibg astagehaing abétiguictihiaguinthrg @pabain todprebdngel bl fidsgui d
separation refers to the separation of two conpositions that are both

| i qui dsatakystriodennt @ppee ethyrcd prddctasappaphentleaspi pesion ef thereaide cdiongl predyse of
the inpurities renailni in the ethgnol, product aft.er the secondary.reactor
bre sl iakidd TETTRAE P o jiped GapPAOTE A PRHRPHIGS SRCGRURM bRt he
et hanol o n 8] t il syst ens
sed & R KR IR o B oL R SRRATALER P
gas- | i ghe idtesm@hatatireim imysebendenpeayadintder sekomwecoadtiossfogagdropsingaaidssary,
fromthe secondary reactor or downstream of the secondary reactor. WO
2012/ 00BAgYPeTRUEP ORI WSS ethasy pérfsk y React or [0021] The secondary reactor
may be a hydrogenation finishing reactor that reduces the inpurities to

et hanol or a hydrolysis finishing reactor that forns additional ethanol.
When a hydrol ysis fini shigigereasS@IPTRONSHIDRAWINRY be desirable to al so
use a hydrogenation finishing reactor in conbination therewith. A suitable
hydr og¢oH2] oM hé iimieatiom @ desamliedrinndeyail badow exidnpdferendentol thelepgentled dkaendsed
reactor, slurry bed reactor (Raney-N ckel), plug flow reactor, or adiabatic
r eact ovheigbkke IHEneralh legnaly SIBEHLBIS.conpri ses a hydrogenati on fi ni shing

react or, d N 1S eferaply f o, 1h econdary reactor,. Optionally,
tho-y UL RS 2 OGNl alerh B b IR E RO S BEE b M un T Fom ¢ he
hydr Ogﬁgdmg%ﬁbﬁréaétoF hercBsriARE WithemGhod Rfent BPRE bRderdt [1RBh@s. out si de sour ce.
[ 0022] The conditions in the finishing reactor may be controlled as to

m ni m 1e01dhe FiGr Matsiacohafaticuhageen of apydrogdneson protdsehetipanbhispngduct .
Cener al Ie(, the fini shi n? reactor is O era%g at a tenperature from50C to
300 C, hgdiglysisppastar ibareofdgneersith g enbsung et thePragBicnverHeipr essure of the

3000 kEta] PR atichEP RGOt Bub B futhao BREMATD 0y °

f i ni shirg@tdaydiceaeAmie vaith ireamcdimerdt betheJrabmshvedyn i ncl ude those descri bed
bel ow for the primary hydrogenation reactor. |In sone enbodi nents, the sane
cat al y$@01é6hpIFty etisiarschengtip diageany ohyad aogiberdtyilimgenasias pracessapving adgesdingn t he
secondary reactor. A suitable catalyst for the secondary reactor nmay
conprise nmetal catalyst on a suitable support. The netal may be sel ected
fromthe group consisting of copper, iyon, cobalt, tin, nickel, platinum
rhenium ruthenium palladium silver, and conbi nations thereof Wthout
bei ng bound by theory, because the internediate streamcontains a | ow | evel
of inpurities it may not be necessary for the hydrogenation catalyst in the

. . o, o o o .



TABLE 1 PURI FI ED ETHANOL PRODUCT Conponent Conc. (wt.% Conc. (wt.% Conc.
(Wm.% Ethanol 88 to 99.9 90 to 99.5 93 to 99.5 Water <12 0.1 to 9 0.4 to 8
Aceti c AcwO 262/0b6499. 01 <0. 005 PCT/US2011/043310

reactor in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
Introduction
[0017] The present invention relates to processes for purifying ethanol produced by
hydrogenating acetic acid in the presence of a catalyst. The hydrogenation reaction produces a
crude ethanol product that comprises ethanol, water, acetic acid, and other impurities such as
ethyl acetate, acetaldehyde, and diethyl acetal. Various ethanol applications, such as industrial
or fuel applications, require that these impurities be reduced to acceptable levels. To recover
ethanol, these impurities, along with water and acetic acid, may be removed using a separation
system containing distillation columns, adsorption units, membranes, and combinations thereof.
However, even with the separation system it may be difficult to achieve low levels of impurities
required for the various ethanol applications. In addition, the impurities may also be formed
during separation. Depending on the system, additional energy may be required to achieve the
sufficiently low levels of impurities. In one embodiment, a finishing reactor may be used to
reduce the impurities. One advantage of using a finishing reactor is that the impurities may be
converted into the desired ethanol product. Thus, ethanol yields may be advantageously
increased while reducing impurity concentrations. As an further benefit, in some embodiments,
no further liquid-liquid separation is necessary to purify the ethanol after the finishing reactor.
[0018] The process of the present invention involves hydrogenating acetic acid in a primary
reactor to produce a crude product that is separated to form an intermediate stream. The
intermediate stream may be enriched in ethanol and comprise one or more impurities selected
from the group consisting of ethyl acetate, acetaldehyde, acetic acid, diethyl acetal and mixtures
thereof. The impurities may also comprise higher esters, aldehydes, acids and acetals. In one
embodiment, the impurities are mixtures of ethyl acetate, acetaldehyde, acetic acid, or diethyl
acetal. Depending on the separation system, the total concentration of impurities in the
intermediate stream may be at least 100 wppm, e.g., at least 250 wppm or at least 500 wppm. In
terms of ranges the total concentration of impurities may be from 0.01 to 12 wt.%, e.g., from
0.05 to 8 wt.% or from 0.05 to 5 wt.%. In some embodiments, the total concentration of
impurities may be from 0.01 to 1.2 wt.%, e.g., from 0.025 to 0.8 wt.%, or form 0.05 to 0.5 wt.%.

Depending on the separation system, the individual amounts of the impurities in the intermediate



Et hyl Acetate <0.1 <0.05 <0.01 Acetal <0.1 <0.05 <0.005 Acetone <0.05 <0.01
<0. 005 Isopropanol <0.5 <0.1 <0.05 n-propanol <0.5
WO 2012/006499 PCT/US2011/043310

stream will vary. When ethyl acetate is in the intermediate stream, the amount of ethyl acetate
may range from 1 to 3000 wppm, e.g., from 10 to 2000 wppm or from 50 to 1500 wppm. When
diethyl acetal 1s present in the intermediate stream, the diethyl acetal concentration may range
from 1 to 1000 wppm, e.g., from 10 to 800 wppm or from 25 to 500 wppm. When acetaldehyde
1s present in the intermediate stream, the acetaldehyde concentration may range from 1 to 3000
wppm, e.g., from 10 to 2500 wppm or from 25 to 1500 wppm. When acetic acid is present in
the intermediate stream, the acetic acid concentration may range from 1 to 1000 wppm, e.g.,
from 10 to 800 wppm or from 25 to 500 wppm.

[0019] The intermediate stream may be fed in liquid or vapor phase to the finishing reactor,
also referred to as a secondary reactor, under conditions effective to reduce the concentration of
impurities in the intermediate stream and produce a purified ethanol product. The concentration
of the one or more impurities in the purified ethanol product should be less than the
concentration of the one or more impurities in the intermediate stream. In one embodiment,
there is at least a 25% reduction in one or more impurities, and more preferably, at least 75%
reduction or at least 97% reduction. In terms of the total amount of impurities in the ethanol
product, the concentration of total impurities may be less than 1000 wppm, e.g., less than 500
wppm, less than 100 wppm, or less than 75 wppm. In one embodiment, at least one of the
impurities may be substantially removed from the ethanol product. Depending on the reaction
and separations systems employed, the individual amount of impurities in the ethanol product
will vary. For example, the individual concentrations of ethyl acetate, acetaldehyde, acetic acid,
or diethyl acetal may be less than 500 wppm, e.g., less than 100 wppm or less than 50 wppm.
Because the impurity concentration requirement varies depending on the desired ethanol
application, it may be necessary to reduce the amount of certain impurities.

[0020] After the secondary reactor, the ethanol product is preferably not subjected to a liquid-
liquid separation. Liquid-liquid separation refers to the separation of two compositions that are
both liquids at room temperature and atmospheric pressure. Preferably, none of the impurities
remaining in the ethanol product after the secondary reactor are separated using a liquid-liquid
separation technique. In addition, the ethanol product is preferably not returned to any of the
separation systems used to process the crude ethanol product. It should be understood that a
gas-liquid separation may be employed to remove excess gas, as necessary, from the secondary

reactor or downstream of the secondary reactor.



<0.1 <0.05 [0026] In addition to | ow concentration of ethyl acetate,
acetic acid, acetal dehyde, and/or diethyl acetal, the purified ethanol
product oWbothe/qpsesent invention preferably contains vePgTiusaiamuisme s,

e.g., less than 0.5 wt.% of other alcohols, such as nethanol, butanol,

i sobut anol , isoanyl alcohol and other C4-C20 al cohols. In one enbodi nent,

t he anmpunt of isopropanol in the WO 2012/ 006499PCT/ US2011/043310 purifi ed
et hanolSegdaiydeacter f r om 80 to 1,000 wppm e.g., from 95 to 1,000 wppm from

100 to ar . from.150 t errbod purified
ot hanoI[J@aLmﬁﬁggchn%%%getaﬁtﬁ{ mat s 29w BB oy Be SNGe RGP Hp Rhusei iR,

COMPri $hpgitle8$S ethARM oBa WRR Blbfﬁgﬁhﬁhﬂglﬂé’a@%r tifat ﬁ)rms h&’cﬁﬁoﬂa'l‘@ﬂﬂar%lwwq{éh%r I ess
than 1 wopm [0027] The purified ethanol product produced by t

enbodi tedbdysoffinisheigpessent usedyientay ba desmbleeo alse dsed mh\aim@natetnyﬁmsfhmg
applications includi ng fuel s solvents, chem cal .feedstocks, pharnmaceuti cal

producr%act%rlb@@waélon hgnewitly e suit tﬁdryég&rattw@rﬁﬂr%hargsrs@t@r B, ESESHAPIEI on. | n
;gg'ol f‘t’r{’crtto%aattha{lé Pe Q:%ct% grtrﬁg%gﬁjfeg'&%t‘ﬁi %@?@% b fﬂgg i yr%?(%) é{d?&%gtlleg[ E)E

engi ne r@icfof " Wen tﬁmﬂnﬁﬁ 8dtoNBYnpRis&Oa lﬁ%@lré%&ﬁﬁhcﬁhsﬁtﬁﬂuﬂgl@b@éﬁ hedrogdagh - 10
non-fuel applications, e fini shed et han osition may be Used as a

soIvenpnﬂbabyd&t@ﬁhqxamdhddewubn6mpom¢@rdmmpm9gmdewes@dnvﬂmsdusﬂanectants

coating i nks, 4% har jmaceuti cal s. The fi.ni shed et hanol co srtron may

2l 50 bEcaisk iz be bl 59 redwiagaR TeCCIpRRtE REIFY 1aCtRT ouRRied Tragh an

medi ci %ﬂ{SIer ‘%gé food preparations, dyes, photochem cals and | atex

pr ocessli ng. ? 8] The finished et hanol conposi tion may al so be used as a

cheni cqdo2pednt ecdditicns ke f@ishfhrg r6eTgA 1R cOHEHlledSis Vb MadRize ths foyhataar yl at e,
et hyl acetate, ethylene, E ycol ethers, ethylam ne, ethyl benzene,

al dehydéglrthbummrlen?em thnet moghenduetl &@hcﬂaﬁy t ﬁmdn@g reyctbuma)pdtated laha t he

Cater foraurdienoal et TaSalh & ash BT HOF GgrCoadiogn A nd: %@Es b et hanol
CompOS b, g e 0 ENY A2 elal 0 RE GNP AN SO LADY okAOBNYGp 2L on

catal yst can te et anol , suc S escribed in
copendbO@)]d)aS@rthmb69O\ldeat02©m@1\E(030002 and 2010/ 0030001, the entire contents
and di scl osures of which are hereby |ncor porated by reference. A zeolite
cat al yiQOZS] ofln @mbcrﬁbménts thayeiblop apinshing ladroghentige h@ﬂdtoatth@wtdmtanaysm ude

Pr ef th h di t f at d
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consi Stchtgg’stoé(m eg%‘ hteefﬁvm Z%M?Sd?o &aﬁ&?ﬂeh&t@r 1%&@215'@13% #e0k 'séc%nd(arsé/zcﬁg okt ﬁ X i's

descri be for xarrp 244 and zeolite Yin

Pat, Nouitab]el3eal 30 Tor tlhd”&c@mmynehat@an@f chiprLSla netad cltely ety a snaallpsuppbed herel n
by ref er ence. Hydr ogenation of Acetic Acid_ in Pri rrary React or [ 0029] The
procesdh érnetarhelarzrrbw%ﬁtted ﬁ@@rtbr gﬁﬂ]ﬁrﬁ%@@ﬂ&@%@mﬁt HORI) ﬂyaﬂo@@l tion process

for producing,et.hano The rial act i.o0 t| ons, and
separ ap g ELORCpopl RGN Sy, AR FinlFhianb BRI BRI S ach
ar e desgaidRntyeku eleder VA0 t%agp&ﬁl%q%mzet L %'%%Qs L9R3%h fhe raw
material s, dceti¢ acid and hydrogen, fed to the prinmary reactor used in
connecheassany fon there dprgana&sm c@tfalytstnmsthe secembinoractaytoentdmrany @ckcfoue megahy
surtabl e source including patural petrol eum coal, biomass, and so
fort h. FRES@W rltescataés@érlrlt@blaé@rdhmow%r%@&@év GPEPTRELHE A MOERTiseRRArat i on,
acet al r%h E@é ?ﬁ%hﬁ” et hyl ene oxi dation, oxidative fernentation, and
anaero Fef on. Methanol carbonyl ati on processes suitable for

pr oducgom] ofy ieethe %ec%‘ﬁtlﬁxé@éa@tcﬂ e8P Red hgﬂtoh}sﬁ red2@dr, thB'@&on(Yaraﬁ 1@%5

7,115, 772; 7,005, 541; 6, 657,078; 6,627,770; 6,143,930: 5,599,

5, 144, 0&8tor magmﬁc:@&azyltlﬁomnho%@patdmd ZWl&@za, @@fost ishiseceintthe Ecdncbql osures of
whi ch ar orporated herejn by, ref

et hanoﬁyrﬁfﬁ!ysrgéewﬂfe@rsatf%fafaﬁlwa§ ﬁlrf‘ofrc ts%t%%@d %%s&efi@uc Leon °
[0031] 1AReBR b SHN, AL ORI & ag,,gs?ssnataecsoadf LERLE DEEATIRG, Rt her mor e

or | ess exp ens met h uci'n ace er nedr ates such

as met @@d]ﬁh @ReinCROHRE erﬂ@aﬁrdi%eftil%m&!; tlﬁirgﬂﬁ@sz@t@hl@@ﬁvcﬁﬁt% Gerohane drawn
i ncreasi ng | nterest. In parti cul ar, when petroleumis relatively expensive,

i t may hbiespoly adladtsalgrebersot osllpcrmtr adingoeniosidacind alumimusyphpspdgiesirgyaso
("syngas") that is derived fromnore avail abl e carbon sources. U S. Pat.

No. 6,232,352, the entirety of which is incorporated herein by reference,
for exanple, teaches a nmethod of retrqgfitting a nethanol plant for the
manuf acture of acetic acid. By retrofitting a nethanol plant, the |arge
capital costs associated with CO generation for a new acetic acid plant are
sr gnr fi cantly reduced or Iargel y eI i m nat ed AII or part of the syngas |s

T 1 o o v o - o e




fromthe fernmentati on of bionmass. The fernentation process preferably
utilizes an acetogenic process or a honpacetogenic m croorgani smto fernent
sugars t ovecetZmwesei d producing little, if any, carbon @Ccoaisda1mas33a0

by- product. The carbon efficiency for the fernmentati on process preferably
is greater than 70% greater than 80% or greater than 90% as conpared to
conventi onal yeast‘£rocessk§?€“mhich typically has a carbon efficjency of

about eTozbleqystalysisal Additiangka UpitymAY reludaphubpeechot Hmitpdtor syl sistagidi

process is 0 enus. sel ected. from-the gr consj,sting,of C ostridium
et opdetd 1t PhdaPy B SRR FRLGR SRR Tt R bR Bhaei™ e

Propi oRkSREE fd MAEEFRBEQBRbRAEd dWhen@BinBREAREAOERS), s@iRchated PRRGIGGHE ar
speci eS sélected fromthe group consisting of Clostridiumformcoaceticum
C ost rirgbinsnsubfionated perfmorviacade(d. @, ulfenaredhp@y-pediuoidedyrmanaesubfoasteér ki vui ,
Lact obaci | Lus del brukii, Propionibacterium acidi propionici, Propionispera
ar bor i €ICOl¥her obi ospiri |l um succi ni cproducens, Bacteri odes anyl ophilus and
Bact eri I Qi Optionally in this process, all or a portion of the
unf er pafifics b P%)Utmthe bi onass, e.g., lignans, may be gasified to

f or m hyelinsgenstshiadd dbBye, AR pisgidd efhahd§rdtieds Hagidabham Sheer Sferdlne present

i nvention. Exenplary fernentation processes for formng acetic acid are

di scl oseutentnationSf iRgiritiedosn th HEINEEae sGeBR T 04U etllaOVgo603; The507f1662;
7,351, 559; 7,601,865, 7,682,812: and 7,888,082, the entireties of which are
i ncor p@ﬁ“ﬁ?@d’r emay Bear A SEhan GO 4 e P! SUBEURPD193080 and
2009/ 0 Qe et b ' e ' gef erence.
[0034] TERATA wE SRR RELEEhalia WEVE ol o RECIRPD SR S B EHLF Br i

wast es Tht efdd dhdUioduct Biad9%0De adliel coideerthaael buiabRiag amaidektrial fueltdriber
harvesti ng resi dues, softwood chips, hardwood chips, tree branches, tree

st unps a blasdedBiel, sar. lblendedwdiil gasobné.- Spegrphkpdranplty picaltyoromprises lnsssvaseter |

wheat straw, rice straw, sugarcane bagasse, sW tchgrass, mscanthus, aninal
manur e RSB G Bl STA £7DITeS BRI SOt o & AT BT HAgeor

pum ce, || I > . unds, grass
Dol | ot iesF HEROE T3, For pAEGR oF(HE plden FRERA (RN Sher Son R B AR Tt St
See, eifermediate stiRain.is pNeferabl BB4uRdriok heerediingribd ecoddavhieadior whémsrodyadicat ed
herein by reference. Another biomass source is black |liquor, a thick, dark
| i qui d indyairial ghanoby Exemplety i ified ethrral frrodycoespositional rangas figmaavidgdwood i nt o
pul p, gﬁjch Hs tqen dried to nmake paper. Black liquor is an aqueous

sol ut i SRO¥FMT2Bsiln r esi dues, hemicellul ose, and inorganic chenicals. [0035]

U S . Pat. No.” RE 35,377, also incorporated herein by reference, provides
a nethod for the production of netﬁ%ﬁgLEﬂy conversi on of carbonaceous

materials such as oil, co r ﬂk i s materials. The process
i ncl udes hydrogasificati o?ﬁ%@gh @‘é‘%@f‘%ﬁ (g‘ﬁﬁgq\s/@
2012/ 006499PCT/ USZ{W @331 gl RANGC eotsncBiteh] al sCék. phtd) n a process gas

which is steampyghj Zed Wt 'rggq(gi‘gj'blgl onalgnAtdral gasoi doof m synt hesi s gas.
The syngas is c %erted to netgﬁgd mhicﬁ)ﬂ? , be car%ygél'ted to acetic
aci d. The nethod' I'fkew se produce€s hydroge ich may” sed in connection
with this inventis¥ A8ldnot ed abdvle. U.S. P&OI No. 5,8299421, which

di scl oses a pro&dyd Acetateconver £ilnly wast e bildlrass t hrotdlgasification into
synt hesi s gas, dawdtal. S. Pat. Ne.0.16, 685, 754,0.08hi ch di sc0.68®s a nethod for

t he production @fce@nbydr ogen- compai ni ng gasg @onposi ti-opposuch as a

synt hesis gas i j hydr oge nd carb noxi de, ~ar# 1 ncor porated
herein by ref er%%lg%q]:ig?t hei r egt%i?eti es. Eg(og)gg] The ag%tgc acid fed to the
primary hydrog ' K ic acids and
anhydrides, as well as al dehyde and/or ketones, such as acetal dehyde and
aceton Pr e L v, ' : ' i r ri one or
mor e of*26L° TERER o TS FUl R EHIFLREES B0 AT RRIGRIRL MRS 06, 3

acet i ¢ dafhiy dedtdethe paefi@l deiyigod@dt by the peabmtifvenabf pietordbly esntdinevepfowhese
ot her conpounds nay al so be hydrogenated in the processes of the present

i nvent iagwuntsre.s oless tharbbliwidn tof othehacghobss eurbes ofethaaelbbuyidl cisausicats], such as
propanoi ¢ acid or its anhydride, be beneficial in producin r.opanol .
Wat er ﬁ%z@maf aslaobaiaﬁ%%@- i a@ﬂ@lgﬁﬁmne eRBPANEdb dhe 5 tr?fqm%@?aﬁgkwla Yy,

acetic acid in vapor formmy be taken directly as crude product fromthe
flash vessel of a methanol carbonylation unit of the class described in
US Pat. No. 6,657,078, the entirety of which is incorporated herein by
reference. The crude vapor product, for exanple, may be fed directly to the
pri mary hydrogenation reactor w thout the need for condensing the acetic
acid and |ight ends or renoving water, saving overall processing costs.

[ 0038] The acetic acid may be vaporized at the reaction tenperature,

- r o -




WO 2012/ 006499PCT/ US2011/ 043310 may vary from about 100:1 to 1:100, e.g.,
from50:1 to 1:50, from20:1 to 1:2, or from12:1 to 1:1. Most preferably,
t he nol arwoabi2anoefoohydr ogen to acetic acid is greater tRramuR2di1/0e33g0,
greater than 4:1 or greater than 8:1. Generally, the primary reactor nay
use an excess of hydrogen, while the secondary hydrogenati on reactor nmay
use a sufficient amount of h drogen as necessar to h drogenate t he

i mpur i Preged frthan@hemd@cﬁé%ﬁromé il 00S WPeRL, £ He e repEh fonb O the
i t dto.t t f t
one on?) SRR bkl AL AT A Y s DR AR SRl Elieap‘iﬁ i GaadEPEERE b |

hi gher S@Jsﬁa%ﬁh'l'hefr&m&tﬁl%elﬁfde NEFGNIRERGR AR (KRB B ama@eﬁg&um pressure

gas stream conprising hydrogen may be separated fromthe secondary reactor
li qui dlqmsdraludtwppmarrﬂeadhabhbvppmpr essure reduction vessel, and the gas
stream coul d be directed to the primary hydrogenation reactor system

[ 0044] [¥B{ adfre awlfli@sfit@@ﬁh@ow%H@aﬁpdahystbe 9@?@%@@@ e PEsIeH A Egbon such
vari ab |mea§/ b%%ls@cmﬂléwarln{y %Eéllc%%&%'l Clucg E% f’HeySgdl¥ern?sa§lrle?ﬂlcaltrfge%%El%t ure, and

pressure: yplcal co ran a“second to nore
than seughateutioMrpzodhenclidaat %aﬁﬁ&er&’lﬁ/ﬂﬁ@e@étﬁﬁ&rahi}ﬁ)ﬂ ¢ cbhovamtibedIn felused,
with preferred contact tinmes, at |east for vapor phase reactions, of from
0.1to aﬂ}ﬁl@atstmsotlnd ginisbedyetharfol ocpm@osmcmmlaa(beéré@dndi svitbrgasolmenf@. Motbovedileseconds.
[ 0045] e hy dro naél on of acetic acid to formethanol is Beferabl
onduteeh BAlong it andoymal HSiom eRpaRtaRiicEHT cliteABAgP! may glir ‘i)‘ﬂﬁeﬁﬁﬁ#y

reactor, u?[?jlaf f%gl' eln'ﬂ%ﬁ%e?ﬁ@ﬂfeh@&s%& %Vsﬁécfethﬂl% Hﬁﬁ%)%ﬁfoﬁ %{a%rtbse sdh dzi sing a

first ne optio nmet al or

any nugRbleent@dr taillélit dndrabmerkt @bsarationt, |d@'(‘e?¢elnté @Rinfec@tsabosdihes Ukgoin. The

first and optional second and third nmetals may be sel ected from G oup 1B,

1B, | phBmatamcalys Thyifdjshed etBanocompasitamsiay as bratsad 8 a processing aplivens et al |
ed from [11A,. |VA, & VA and

o A BB e DD BrR s e e e e SPas. S s St Bl MicandiMs £ | one

i ncl ude, %@% ‘% H%tl n, platinun ruthenium platinum rhenium

pal | adiu ut hentrum pal | adi unf’ rheni um cobal t/palladium cobalt/platinum
cobal t [e028p mTueYinshdbdthdnoUtdigrisition negRdotbetused assd dhegiidaptdet @cikummake

copper/ pal | adi um copper/zinc, nickel/palladium gold/palladium

r ut heniothef elrearicaliguch agi vinegancsihyl apivieem ethekesepta el yga@ alyeot ethers ecthiylgminer
describ n U S, No. 7,608,744 a 0 0029995, the
ent' r eETasbareHgniIghges OPiadishn rebderroah. wyeoiahengingg Tthe BRgeren

enbodi 'E?thl%l dcBGC AL FYhE] ERIRY kSH os%ogq{lzgplé fe‘?ttﬁ% ¥idth R LRI Y RRotAESCr i bed
in US No. 2009/ 0069609, the entir i's 1ncorporated herein
by ref apgivagon, ltire ﬁmﬂleérafthad@lrmmlposﬂldﬁemaﬁbaﬂdﬁfti&talubtp&illuee éthylentsseAmyn t he
primary reactor nmay al so be used in the secondary reactor. Alternatively,

the catkapysdelvdrating caplypesay be employed foslehydratercghanok pustaphose described in

I one CORBRIRENENC I e gt A gLRBRgRbr KBl b e RERI Pt b E A st che.
group GRSk Lty 1ﬁ&9§’<§iﬁt’ed 'bl{/ BdFerefQPA Leolitd Gllse, f&Uéx*aﬁﬁleuma ylbRodi um
pal |l adium osmum “iridium platinum titanium” zinc rom um rhenium

nol ybdemphyedadthe dalgfsltzemm chabke rPabﬂen;ablw; He zéolrte hasnzepcab diameselo€ettledt f rom t he

group consisting of platjnum pall cob i ckel , and ruthenium
More prRBIW Odpiy. and pecterrgdsaeolites %ilIClUidé dgwdé%toé&atplry(%s?}r:@w ﬁe%t%groam | adi um

| mb | at
[ tn i65 ggengm{%éd%toﬁ&efﬁ?shgg@;? OHSW] a%eg l{epfa??ﬁl&mk 18865 ll)esr??nlto ?e!sgu{nhan
5 vvt. %!kalﬁplg .in U 9% tNm 8320114 %(ﬁ@ieoh@sxs if banpdt. Wo. g/qgoi@w tie ehfitibd @h

comrerci al demand for platinum [0047] As indicated above, in sone
ermbodi menthsyre hhebwmtapy&tedﬂlareumbgrre&nmm ses a second netal, which typically

woul d ' present, the second netal preferably is

sel ect VU9 l @£ opper, mol ybdenum tin, chronium
0 . . .

o, S0 upgggbfcggr%uamhé g&g&&mfl@&l R ST A e O

second prRfuding ieshafi6ll ETheehafefiQIR) éd@éﬁ%ﬂé’ QbR ti6RShEfidIRIalf scpRRFBH Prdcle;ﬂ:es ﬂﬁba| t,
rheni um and nickel. Mre preferabl the second netal is selected fromtin

and r heriywbnus§in4is] hyldnogeeattcai of aeem@dldrmmd®cmlmlrferth¢fé>ebavt. al yst includes two
or nore netals, e.g., a first netal and a second netal, the first nmetal is
present in the catalyst in an anount from0.1 to 10 m.% e.g., fromO0.1 to
5Sw.?o0, or from0.1to 3 wt.% The second netal preferably is present in
an amount fromO0.1 to 20 wt.% e.g., fromO0.1 to 10 wt.?/0, or fromO0.1 to
5 wm.% For catalysts conprising two or nore netals, the two or nore netals
may be aI I oyed W|th one anot her or may corrprl se a non- aI I oyed rret aI

~NN AN . N L



[0053] As will be appreciated by those of ordinary skill in the art,

support materials are selected such that the catal yst systemis suitably

active, swbeotzowesvand robust under the process conditi orsTArspdiapessid or t he

formati on of ethanol. [0054] Suitable support materials may include, for

exanpl e, stable netal oxide-based supports or ceram c-based supports.

Preferred supports include silicaceous supports, such as silica,

si |i cal¥30ki %@e ragy @a@aplsr Jepicsaiq @@U@ s 18 tothe @rlmﬁrm@@caeﬁqsrtéar e,

pyrogenic Silic ca, and m es the orts

A S S S R T e B R A P

Zi rCOn'n@turdlrggsn?étkdl&ﬂn@)@oﬁ’lebmﬁﬁﬁ,@%ﬂ scgﬂ'o?tﬁh'Ats%X.alﬂlblgsh asich@lanAr 188 edredi ti zed

carbon, activated carbons m xtures thereof [0055] As i'ndicated, the

cat al ysta methpmi tarbmwldmnmmmaideh;ddmmdman satipperetoxmdadoi, |oardat1wwfesner&auon

enbodi nments, the support nodifier may be an acidic nDdrfrer t hat i ncreases

the acifq Wewrblqﬁ%n@é%t@rly%{eth@el %aélkﬂ“élaﬁéil aregesepparkle ﬁedr@dt@rlen pleAretife

sel ect 0 IS4 f oxi des
%Sﬁd@& M "q%d% PUP pORRYSE ) A 7 405 ?zgﬁ RS SAWBs IR %"7@? -

of G ou bxr

metal sg 1@3@9@55 §J0 G085 R4/béd: B, ozet%k S5, 0@ 180 A 0%, (ﬂﬁsthe%ﬂﬁrerﬂl%lddﬁr% of her eof
Aci di c support nodifiers include those selected fromthe group consisti ng
of Ti Ovhichrad@inchipR0sed iEa20by roiér20, (B2I083!lyPReProdmdoShi20iBnoPneyf ke red aci di ¢
support rmdrfr ers include th se selected fromthe group consisting of TiQ2,
2102, s ated Yabouch Wea| STROMYHHOED e odi £ or may al so incl ude W3,

TRATP: SRR eu 3RO U 1 RZ0PNcAEh PL 2020 o F38L ket her

errbodr tha I ow WO
2012/ OQMQ)%ETBE/IJ;!&R@&] /a@é%&?aml arﬂllﬁbnhddliaues@rwm@s Methatol had Narbe‘iulﬁbnd&@cﬁd c
nodi fiers, for exanple, gabe selected fromthe grouP consisting of: (i)

al kal i fiomeaterttaesrtain soxicde Ve(dra»\)n iableading mmreslt badewlar (wlinqn)peableamrme earth

nmet al taslrcates gq\g@[& net al rretaa i cat es 8 |1 B netal

oxi des[¢ rtrr%y APELRE [tmn a‘i’lll%fivégﬁag?c&‘étt%gm Q' %C?“Cc%ﬁ%t%mls}/‘é LS oxi des,
VI R S I ition to

(10 11) (SR, Al 5kl G R S K U0 SplRp et ool £

nitritestiregCdtveli@sis iRdthorAed dreis b;msfeﬂeﬁcdr s@dxaifplef tedcabs y methde og uppor t

nodi fier i s selected fromthe group consisting of oxides and netasilicates

of any rgfolisteey aumethpest aket pathermywéasiuinpl egtie iudy By eetrditung a pethpial planand
t f the f f erab

bast o Db comBhT g w@lﬁ‘?ép‘fﬁﬁngr.aﬁmﬁéﬁ TR AR BN T S

cal ci um Bl A l%n‘ogl tefimfifAed. R or pdrt Ik BASAGS ﬁHQREH frofRRl hb@hindt fti Sgses

cal ci um net asi te, 1t 1s pre erred that at least a portion o

cal ci utoapeindsippliedtea sepatatorenyt $¢ sicoven €, ovhioh if tHeb GiedAoprafue aedc aeilli ba
support material is SS61138 Hi gh Surface Area (HSA) Silica Catalyst Carrier
f r om Saiswelacarsaner, Nekezes forrthe hghpaenatybgrihmip PPAWPSSETIBSYRIAS ca exhr bits

t he fol n erti@es: .contali n mat e ce area
ST cold @ P BniPalbadinens S8R0 BREE PRLERERLY srandiugte et ppticshe s 35
nm  averiadgdm Er?atMH PHE@ssQlfl gaééQ}éPlvéd @arﬁ d1 efifire H%ﬁg;aPYFMQHPDé ihgt r usi on
porosi netry and a packing density of about 0.352 (22 1b/ft3). [0058]
A pr ef acatedcslithaycla fated fivam sugpipaot anda:ae]onamonosldtgﬁ@oﬂﬁﬁ)f whith cay $pdemed from
Sud Chem e having a nom nal di aneter of abou a density_ of about
0.562 /orﬁ SYH%S éﬁ@éwpﬁar \maweé@m&scbcrtpatslaSegd@wnzeﬁogn@e@ﬁéﬁe@m r%foewrlga?@é ar ea

of abo eccao on Jon x15d rﬁ%{ Wb tg@r%tgq it ﬁlesgr\éé)asut@ﬁm? pf&f Oe% tg?ﬁl ésre? 1n t[hg(gtSeB] The

cataly IR ent

prefer @Ph}‘r’dr%e@laﬁ@ t'h”@ﬂcettll@ AR (TR BE chud® Et%)rﬂﬁﬁ)f&iﬂct%a}l lﬂﬁseﬁﬁﬁﬂeﬁ 'ﬁ%‘ﬂl support,
al t hough ot her processes such as chemical vapor deposition may al so be
errpl oyeyhgaSuthe sympasegrtat, umyfoerdhnn‘radtfe:sn arreetyeSaridneduices. U118, cafbai .soiNOS .

, 608, 744 and 7, 86 4@ egfd Pub. No. 20F10/ 0%97485 r ef red to above,
{he-enfilrcstmals. BRY bt iaricom H@cﬁrw%&}aﬂ%@ R )ﬁaré’l‘elr’f‘é m, cedl60] | n
partic c f b

'ﬂlo%ass gc& ﬁﬁ%%%@@%eré) g Sg \%?gébfdrgééln% so%emb‘?éﬁ“ed Y 19‘6@ Jle?ltved

conver sion" of ace I'C acl vrty an
Ethanohum&né@&;ﬂkmmﬁbk)&ﬁﬂ@ﬂﬂkﬂmﬁ@g&ﬂﬂéﬁﬂﬁ@ﬁyQ&dﬁMﬁnﬂ@ﬁ&ﬁﬁﬁdhﬂ%@ntlOn the
term "conversion"” refers to the amount of acetic acid in the feed that is
conver {331 o Imarsoirp eonhddiowehie thetaaetre avekased iaibe dydropenabos stepmmiay bexpmedsed as
a nol e percentage based on acetic acid in the feed. The conversi on nay be
at least 10% e.g., at least WD 2012/006499PCT/ US2011/043310 20% at | east
40% at |east 50% at |east 60% at |east 70%or at |east 80% Although
catal ysts that have hi gh conversions are desirable, such as at |east 80% or
at least 90% in sone enbodiments a | ow conversion nmay be acceptabl e at
hrgh selectrvrty for ethanol It is, of course, mell understood that in

o o o v T r - .



et hanol per hour, e.g., at |east 15 tons of ethanol per hour or at |east 30
tons of ethanol per hour. In terns of ranges, for |large scale industrial
product i onoab12awbanol , the process of the present i nvenPCorSaey/opsseaduce
fromO0.1 to 160 tons of ethanol per hour, e.g., from15 to 160 tons of

et hanol per hour or from30 to 80 tons of ethanol per hour. Ethanol
production fromfernentation, due the econom es of scale, typically does
not pefioi t he fiRsmentagpreot aenasst he fasapRRL Y RIEERSE pisterahattilgey apaceidsiévabl e by
enpl oy enbo resent nvent I on

erbod REES oA oG sPhic o ErDaRRBlo BN B 1R e BroEE ieokiuced by

the pr 'aHWc)(rbbﬁ@ﬁixﬁfe as Q%‘E %f@dt@ﬂﬁ@@%ﬂ%ﬂﬁ@&&@&%ﬁ@fe'f‘ﬁent%dﬁfpr@@es@ur i fication

and separation, typically conprise unreacted acetic acid, ethanol and
wat er . pMeral:slyds greatten than 70%e, greatmthm&(l%oegﬂeatnnﬂharp@@%msbémpafécércs to any
conmposi tion conprising from5 to 7 % et hanaql andfrom5to 40 wt.',/0

vat er . CEREHPPLRY YeasoprpErsping. ortush Wawgléssh¢5@rcafh?@ ciqieney ef Bb P 7% m oduct are

d I l. f
Excarpl SPaliP e oot fisg IR ah HRblcaEoh rofiBicoch (s R i e
TABLE %e@&%ﬁ&%@@f@m CRBKRI Tk, @i@o@mwﬁﬁana&ell%ter(vw % Conc.
(wt.% Conc. % Conc. (wt.% Ethanol 5 to 70 15 to 70 15 to 50 25 to 50

Acetic PAqql@jnbactenum 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.
[0034] Examples of biomass include, but are not limited to, agricultural wastes, forest
products, grasses, and other cellulosic material, timber harvesting residues, softwood chips,
hardwood chips, tree branches, tree stumps, leaves, bark, sawdust, off-spec paper pulp, corn,
corn stover, wheat straw, rice straw, sugarcane bagasse, switchgrass, miscanthus, animal manure,
municipal garbage, municipal sewage, commercial waste, grape pumice, almond shells, pecan
shells, coconut shells, coffee grounds, grass pellets, hay pellets, wood pellets, cardboard, paper,
plastic, and cloth. See, e.g., U.S. Pat. No. 7,884,253, the entirety of which is incorporated herein
by reference. Another biomass source is black liquor, a thick, dark liquid that is a byproduct of
the Kraft process for transforming wood into pulp, which is then dried to make paper. Black
liquor is an aqueous solution of lignin residues, hemicellulose, and inorganic chemicals.

[0035] 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.

[0036] The acetic acid fed to the primary hydrogenation reactor may also comprise other
carboxylic acids and anhydrides, as well as aldehyde and/or ketones, such 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.

[0037] 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 primary hydrogenation reactor without the need for condensing the
acetic acid and light ends or removing water, saving overall processing costs.

[0038] 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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pr esentAliemagmtly,anshell 806 Tibe Fypdioo genaled enthsytehemant e niedohudes bausedi far y
reaction zone 101, separation zone iOZ and a secondary. reactign zﬁne 103.
Hy dr og 8KNR e cadt FeactiaRizqng My be ARused gt Hige Teisel o dspesties QBrgpselaWinfiegl to a
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and | Oi[(_MMlO?/_ fieprefcpretl REbY@RRNisZ@E cA@Fst iT BAploeaPRraiet ®edfeatloe ewapakhd eed
streamin [ine 107 is preferably from 100C to 350C, e.g., from 120C to 310C
or froshapseCappe3n0be, where fleadactdngs tipsaHpin thapapdr feidh, jage passedveed drr om

[ 0 I dj ed t to. | ddi tion,
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hydr ogegaldtothe pfesture deprdb theyrkactand gtirchm hr@ich ladodayalyae béd amdahké cbontdchti@e el
enbodi nent, one or rmre.guard beds (not shown) may be used upstream of the
r eact ofthe rgpstans gampgund pwith dzengagtlyst Bestivlgpor i zer 106, to protect the catal yst
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I qui d 514 R20Base SPicr@RlE BALA; PG cAREEEHEh TeMBYor fHaLdidRler tthrf(ﬁ e,
carbon, silica, alumna, ceramc, or resins. In one aspect, the guard bed

medi a icenditinst Thasdact@ttempegture sia vamee fiohnASPO rad 502€,ck. ¢ 1 oth Ra@(ar ti cul ar
speci es _such as_sul fur or halogens. During the hydrogenation process, a

crude eZhAndPmprZsduta 3WFC akions2 e help @ik, The efcssuabmygy swae fiRlosiRA o f r om

react or, via l.ine .. [Q The cr eth |, praduct stream,in |ine
100 may Bk e deli E a0t bPa PoEaE P BP R BRI RO Fore BOFRATSEG des a
vapor stf@am tidosid s hd)&}l’y' s?ac%t\feﬁ%ﬂ}é {dAs V) Bf s@afer RPSH KENE, % RERAr at or

110 may conprise a flasher "or a knockout pot. The separator i% may operate
at a t eimpdNat br'e gofitef rlam22000ht @ 260Qreaerghan 000 30Ctdrms 2PEGesrthé GHIFVEOC t 0

200C. The pressure of, separator 110 maé be from 50 kPa to 2000, kPa, e.(g.,
fr om 78 pangedrons phi pg 58,000\ . 2. 210 s0olypd A 189G bri 4 Hamslgo hr ™ to 10,000

hr™', or from 1000 hr'! to 6500 hr™'.

[0042] The hydrogenation optionally is carried out at a pressure just sufficient to overcome the
pressure drop across the catalytic bed at the GHSV selected, although there is no bar to the use of
higher pressures, it being understood that considerable pressure drop through the reactor bed may
be experienced at high space velocities, e.g., 5000 hr™ or 6,500 hr.

[0043] Although the reaction consumes two moles of hydrogen per mole of acetic acid to

produce one mole of ethanol, the actual molar ratio of hydrogen to acetic acid in the feed stream
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obt ai nechcfor end § high peastroggs stieempbmphsng hdogonposhd sepmrateddropetan depl et ed of
hydr ogen, oxi de, nethan nd/ or ethape, which are renoved by

Separ abGONdHY FRsE b RIS AR ANab& e EaTe T Ulon ¥ 18 theekestiem 1o as a
ot ovi e Rea B he prRREE R AR RERERE Sy U Qui d stream 112 may
cont ai noeapeICoaRbRaeMeice iRt chi fieehry md@;bld@pe’ﬁdmy@bﬁ s hGki NS &EED
COWPCSI TION (Liquid Stream 112) Conc. % Conc. (w.% Conc. (W.%
Et hanolmguntet wetm@udoce@dyﬂﬂemor's&nm@@mrc aqdmdes&g@ Bypieal ontactttines gange
from a fraction of a second to more than several hours when a catalyst system other than a fixed
bed is used, with preferred contact times, at least for vapor phase reactions, of from 0.1 to 100
seconds, e.g., from 0.3 to 80 seconds or from 0.4 to 30 seconds.
[0045] The hydrogenation of acetic acid to form ethanol is preferably conducted in the
presence of a hydrogenation catalyst in the primary reactor. Suitable hydrogenation catalysts
include catalysts comprising a first metal and optionally one or more of a second metal, a third
metal or any number of additional metals, optionally on a catalyst support. The first and optional
second and third metals may be selected from Group IB, 1IB, IIIB, IVB, VB, VIB, VIIB, VIII
transition metals, a lanthanide metal, an actinide metal or a metal selected from any of Groups
IIIA, IVA, VA, and VIA. Preferred metal combinations for some exemplary catalyst
compositions include platinum/tin, platinum/ruthenium, platinum/rhenium, palladium/ruthenium,
palladium/rhenium, cobalt/palladium, cobalt/platinum, cobalt/chromium, cobalt/ruthenium,
cobalt/tin, silver/palladium, copper/palladium, copper/zinc, nickel/palladium, gold/palladium,
ruthenium/rhenium, and ruthenium/iron. Exemplary catalysts are further described in U.S. Pat.
No. 7,608,744 and U.S. Pub. No. 2010/0029995, the entireties of which are incorporated herein
by reference. In another embodiment, the catalyst comprises a Co/Mo/S catalyst of the type
described in U.S. Pub. No. 2009/0069609, the entirety of which is incorporated herein by

reference. In one embodiment, the catalysts suitable for use in the primary reactor may also be

used in the secondary reactor. Alternatively, the catalyst in the primary reactor is different from
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the catalyst in the secondary reactor.

[0046] In one embodiment, the catalyst comprises a first metal selected from the group
consisting of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium,
platinum, titanium, zinc, chromium, rhenium, molybdenum, and tungsten. Preferably, the first
metal is selected from the group consisting of platinum, palladium, cobalt, nickel, and ruthenium.
More preferably, the first metal is selected from platinum and palladium. In embodiments of the
invention where the first metal comprises platinum, it is preferred that the catalyst comprises
platinum in an amount less than 5 wt.%, e.g, less than 3 wt.% or less than 1 wt.%, due to the
high commercial demand for platinum.

[0047] As indicated above, in some embodiments, the catalyst further comprises a second
metal, which typically would function as a promoter. If present, the second metal preferably is
selected from the group consisting of copper, molybdenum, tin, chromium, iron, cobalt,
vanadium, tungsten, palladium, platinum, lanthanum, cerium, manganese, ruthenium, rhenium,
gold, and nickel. More preferably, the second metal is selected from the group consisting of
copper, tin, cobalt, rhenium, and nickel. More preferably, the second metal is selected from tin
and rhenium.

[0048] In certain embodiments where the catalyst includes two or more metals, e.g., a first
metal and a second metal, the first metal is present in the catalyst in an amount from 0.1 to 10
wt.%, e.g.. from 0.1 to 5 wt.%, or from 0.1 to 3 wt.%. The second metal preferably is present in
an amount from 0.1 to 20 wt.%, e.g., from 0.1 to 10 wt.%, or from 0.1 to 5 wt.%. For catalysts
comprising two or more metals, the two or more metals may be alloyed with one another or may
comprise a non-alloyed metal solution or mixture.

[0049] 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 4:1to 1:4, from 2:1 to 1:2, from 1.5:1to 1:1.5 or from 1.1:1 to 1:1.1.

[0050] 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, zine, 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
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2012/ 006490RG/0062011/ 043310 [0072] The ampunts i ndi cat edTas201@8833MMhan (<)
in the tables throughout present specification are preferably not present

and if present may be present in trace anounts or in anmounts greater than

0. 0001 wt. % [0073 The "other esters" in Table 3 may include, but are not
i ni t ediony0-1é2 Byt "br opi onat e, methyl acetate, isopropyl acetate, n-propyl

acet at but acetate or es therepf,The " er ethers’ ipn Table 3
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may inclu but are not limted to, nethanol, isopropanol, n-propanol,

n- but aseipoot’ reﬁamttmmawpbh&he&mfcludles a)s@permmﬂermamdasdp@ottmqlalntcbrswlmelam 112 may
conpri se propano | sopropanol and/or n-propanol, in an amount from
0. 001 ta@JUétSihev@FIdﬂia/ of H9rfRRUDRAEBa0. 05 Wt . % or from 0,001 to 0.03 wt.% In

oo S 3 R R T RBRST T REARRe n,

furt hegadgsic picReshIP BRI 75 wNYES St b4 @ioC FRd 791N W Beor from 80 to 95 wt.%. In
preferred embodiments that utilize a modified support, the support modifier is present in an
amount from 0.1 to 50 wt.%, e.g., from 0.2 to 25 wt.%, from 0.5 to 15 wt.%, or from 1 to 8 wt.%,
based on the total weight of the catalyst. The metals of the catalysts may be dispersed
throughout the support, layered throughout the support, coated on the outer surface of the support
(1.e., egg shell), or decorated on the surface of the support.
[0053] 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.
[0054] 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.
[0055] 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,
AlyO3, B,0s, P,0s, and Sb,0Os. Preferred acidic support modifiers include those selected from
the group consisting of TiO,, ZrO,, Nb,Os, Ta,0s, and Al,Os. The acidic modifier may also
include WOs, MoQO;, Fe;Os, Cr;05, V205, MnO,, CuO, Co,05, and B1,0s5.

[0056] In another embodiment, the support modifier may be a basic modifier that has a low
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under st 00 I st e an esi due al so contdi n other

conponabdis 250af /o instiad posuiitmas: Fabpenemts aidtagdiré esldme bOsbuonveni'gnce,
the distillate and residue of the first colum may also be referred to as
the "fiap grasyreshtyl mereery igfrustan posesimpessy ehded Packing denseyiof Reaue8.362 geesi(Hles of
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Cone. (wting% né“mm.al diameteddf dbogt $ hinatelensitykiflabmno IOI.%Q gfml, ddabsorptivity of
about 0.583 g H,0/g support, a surface area of about 160 to 175 m*/g, and a pore volume of
about 0.68 ml/g.
[0059] The catalyst compositions suitable for use with the present invention preferably are
formed through metal impregnation of the modified support, although other processes such as
chemical vapor deposition may also be employed. Such impregnation techniques are described
in U.S. Pat. Nos. 7,608,744 and 7,863,489 and U.S. Pub. No. 2010/0197485 referred to above,
the entireties of which are incorporated herein by reference.
[0060] In particular, the hydrogenation of acetic acid may achieve favorable conversion of
acetic acid and favorable selectivity and productivity to ethanol in the primary reactor. For
purposes of the present invention, the term “conversion” refers to the amount of acetic acid in the

feed that is converted to a compound other than acetic acid. Conversion is expressed as a mole

percentage based on acetic acid in the feed. The conversion may be at least 10%, e.g., at least
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20%, at least 40%, at least 50%, at least 60%, at least 70% or at least 80%. Although catalysts
that have high conversions are desirable, such as at least 80% or at least 90%, in some
embodiments a low conversion may be acceptable at high selectivity for ethanol. It is, of course,
well understood that in many cases, it is possible to compensate for conversion by appropriate
recycle streams or use of larger reactors, but it is more difficult to compensate for poor
selectivity.

[0061] Selectivity is expressed as a mole percent based on converted acetic acid. It should be
understood that each compound converted from acetic acid has an independent selectivity and
that selectivity is independent from conversion. For example, if 60 mole % of the converted
acetic acid 1s converted to ethanol, we refer to the ethanol selectivity as 60%. Preferably, the
catalyst selectivity to ethoxylates is at least 60%, e.g., at least 70%, or at least 80%. Asused
herein, the term “ethoxylates” refers specifically to the compounds ethanol, acetaldehyde, and
ethyl acetate. Preferably, in the primary reactor, the selectivity to ethanol is at least 80%, e.g., at
least 85% or at least 88%. Preferred embodiments of the hydrogenation process also have low
selectivity to undesirable products, such as methane, ethane, and carbon dioxide. The selectivity
to these undesirable products preferably is less than 4%, e.g., less than 2% or less than 1%.
More preferably, these undesirable products are present in undetectable amounts. Formation of
alkanes may be low, and ideally less than 2%, less than 1%, or less than 0.5% of the acetic acid
passed over the catalyst is converted to alkanes, which have little value other than as fuel.

[0062] The term “productivity,” as used herein, refers to the grams of a specified product, e.g.,
ethanol, formed during the hydrogenation based on the kilograms of catalyst used per hour. A
productivity of at least 100 grams of ethanol per kilogram of catalyst per hour, e.g., at least 400
grams of ethanol per kilogram of catalyst per hour or at least 600 grams of ethanol per kilogram
of catalyst per hour, is preferred. In terms of ranges, the productivity preferably is from 100 to
3,000 grams of ethanol per kilogram of catalyst per hour, e.g., from 400 to 2,500 grams of
ethanol per kilogram of catalyst per hour or from 600 to 2,000 grams of ethanol per kilogram of
catalyst per hour.

[0063] 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
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Acetal <0.1 <0.1 <0.05 Acetone <0.05 0.001 to 0.03 0.01 to 0.025 Resi due
Acetic Acid 60 to 100 70 to 95 85 to 92 Water <30
WO 2012/006499 PCT/US2011/043310

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,

[0064] In various embodiments of the present invention, the crude ethanol product produced by
the primary reactor, 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 2. The “others” identified in Table 2 may include, for example, esters, ethers, aldehydes,

ketones, alkanes, and carbon dioxide.

TABLE 2
CRUDE ETHANOL PRODUCT COMPOSITIONS
Conc. Conc. Conc. Conc.

Component (wt.%) (wt.%) (wt.%) (wt.%)
Ethanol 5t0 70 15t0 70 15to 50 25t0 50
Acetic Acid 0to 90 0 to 50 5t0 70 5to 50
Water 5t0 30 5to 28 10 to 26 10 to 22
Ethyl Acetate 0to 30 0to 20 1to 12 3to 10
Acetaldehyde 0to 10 0to3 0.1to3 0.2t02

Others 0.1to0 10 0.1t06 0.1to4 --

[0065] 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 greater than 75%, e.g., greater than 85% or greater
than 90%.

FEthanol Separation

[0066] Ethanol produced by the primary reactor may be recovered using several different
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1to 20 1to 15 Ethanol <1 <0.9 <0.07 [0078] As shown in Table 4, w thout
bei ng bound by theory, it has surprisingly and unexpectedly been discovered
t hat wherwenyi2znoment of acetal is detected in the feed rhatusesliomdsnoduced
to the acid separation colum 120, the acetal appears to deconpose in the
col um such that |ess or even no detectable anmounts are present in the
distillate and/or residue. [0079] The distillate in line 122 referam
conpri é@émémarﬁweraleﬁwp agceeltigues g Prdpes an integnefliaiE sticast Heshowbirthe | es

whi ch ue to the fornmati ary and

o o BRbborfl Ll S oPF R LSBT kPSP ORI ey, 209
to thec§ﬁ%ﬁﬂﬂﬁldﬁ®fﬂﬁﬁmt}é@a3@B{%/d@&%}%@ﬁ@a_/emjsﬂréﬁﬂ:ﬁ:P(PGQZI?A ol 9 heferred to
as the "light ends columm, preferably in the mddle part of colum 123,
e.g., Nemdtenklatie cmderﬂtldtdblq)rbdiuct dses Ry feeluatnk y [1t FI€r. Qemendldeetmm pi&Bici s an

extractive di stl |l ati on colum, and. an extraction a%ent i s added thereto
via | tessparpted heryogolumiss Withy i it yapansavaes sepaeiihh Indg éheisaastosepar at i ng

I 4 th
or esendl op i EaTPRNEN S T88 S MRe Bl PR aduf bl e ARy LD 1T
boi | | n@hd@@b}&hl}ﬂd?ﬁltsepaﬁatllah@iﬂsﬁc’émé haiet B GRPHURES NS aNG beeRal #itkd i n the
feed. In preferred enbodinents the extraction agent is conprised primrily

of wat enﬁod&alenmdxfﬁmtpeckeathovmtlonhe fi rst distillate in line 122 that is fed

to the se coI um. 123 co rls s eth acetate, ethanol, and water. These
corrpour%‘l,6 i) e ’E%elﬁf’éwmsﬁt%g@ d?%ﬁ‘ ém?/fya(ﬁf’éé‘PP 6%%@5101\/\%%%“%%9“@&51%

separ a raction agent
coﬁprl tsdlédsjggﬁ%q ?%@%@82& n leﬁgenfﬁl? a%%R afd”er agﬁmésh@ﬁgaﬁ? égficl ed tﬁl rd
resi dugeshertiveReard 24 tos Vapékidep 1 6@Cneht €V 4pon febd 3tr@etm &[RRI 107 tkt @hdifecteban t he

first distillate in |line 122. |In one enbodinment, the recycled third residue
in liné a@naﬂygem 1f8ain egentbogingit, dJmed Hit wdl 19fmnay e combngd and pintlydadpl e,

b th db I th f : t d d
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resent int gui d phase on the trays

bel ow. vhporaadishenoeniash Meiirizet Hg a@itnia@cb‘elr@d%ﬁg@nalsca&sdédetﬂer%tooth addinui ce
outside of the process 100 via line 125 to second colum 123. Pref erably
this exithaghilisn l%érshowﬁbbel@@rwmdée theftopejeactpiel Ovpling 1G7anaobedirectsd wat er
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trianm hed medirandinsanaheedge gnpifer ﬁw&ﬂqnaiu%ﬂ AT HORASHRUAM SPecigs Suetkapl sttfaior
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sul Lablpee@sbls a64iROuAYETS ehtih Wevik igsgodlescri bed in US. Patent Nos.

4,379, 028, 4,569, 726 993, 610 and.6.375 807, the entire contents and
di scl o:{ilﬂ@] ofThewiudh etine] Iperdabtysticmoon por laﬂ9e1da5bbe caflersehol fedhea agdiadronal

b nmbi ned h th | ed d d |
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fromthe third residue.
pressure of separator 110 may be from 50 kPa to 2000 kPa, e.g., from 75 kPa to 1500 kPa or
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[ 0082] Second colum 123 may be a tray or packed colum. In one enbodi nent,
second colum 123 is a tray colum having from5 to 70 trays, e.g., from15
to 50 trayeor2zdsom 20 to 45 trays. Al though the tenper aCums2and4iessur e
of second columm 123 may vary, when at atnospheric pressure the tenperature
of the second residue exiting in line 126 preferably is from60C to 90C

g., from70C to 90C or from@80C to 90C. The terrperature of the second
d| stil ir@tlblwma|tﬂdo@%l<ﬁa feptippall 31‘ ﬁf@rﬁﬂ&?c%h‘ff’éoblﬁpdﬁﬁﬁ 1l 199 epas bt Wirqught r om
50C to 80(:1,1 erﬁg b 1 t60€Ct r L OBOC 0, % ab?o um 123 may
oper at &"af" &Y E%%é?‘i‘é %Fé’%‘sauer ‘f&’ﬁ 6{1 Rt T 820 BEhr essur e of
second [g@loy MYhd ¢ iR edn@ [‘Eleeﬁt'ir%”@egar&toK?PO fnQy 5@1@pr’i§@éhyd1%09n and fy@Bchribdha to
475 KPa or from 1 KPa to 375 Exenpl ary conponents for the distillate
and r eandimey beppgsed anddmsefuared se pomdryaedation zaiR3] (droe seroadard eghciion Zabl163.5
bel ow. It should be understood that the distillate and resjdue may al so
cont ai NV snreiureg o Beatyd eacist zpneskld gvapep streagis! l@dﬁrﬁ%ﬂ@ﬂ%“’lﬂﬁﬂ}eﬂ’é{d?%% TABLE

B st 180d st A bRy ™ g8 S PRMG s BERR s ot HERDZ Y O 1

to 8 V\@é%lﬁ&%@se@ beRre2fin @bnﬂlﬁne@hﬂﬁﬂ%ﬂf&&ﬂ 8L 4o ALEStiOL oft B 5r deginal] £50. 001
to 20.01 to 1 Residue ter30 to 9040 to 8550 to 85 Ethanol 10 to 7515 to

6020 t masQlsetbieytd thcet@iley36a000d zoe 120, 80howo 10FKy. AdetiadinAdil i<Dh&0. 001 to
0.30.001.to 0.2 2012/ 006499PCT/ US2011/ 043310 Q083] In. preferre
enbodi g\ﬁﬁiﬁogen fuRali ‘%93891& JeRedary rerdiop gpRgyl QaéE%detﬁ%%tt Bfomé asawse 8t i on of

et hy' %ﬁ%%%%ﬁd@rcf?%eﬁq% éa%f\k/{?l‘x‘ﬁle‘?ﬁl{a‘ie?es%?ﬁl% eﬁﬁédﬁ@stﬁ%ﬁl IEB{ pxanple, the

ratio o secon resi secon dlstlllate

pr Ef er @hﬂbMdlhﬁﬂisel%&lrégéﬁ@u@léd 1o the seonddre séactifieron@.123 hma9be lobtnet Mg Hralv 1. 1 n
enbodi nents that use an extractive distillation columm with water as an

ext r acmiatgiiahspaince, as:htaheylfgetond colum 123, the weight r at io of ethyl
Zggﬁ g;i‘p{gﬁ] Er? Efé‘sﬁqg rcﬁ%' qtm% s?rteQn 113‘ (f\’%gna sFe%arla‘[rg)rtlli](? 18 w1t %pa%'ndgtnsdt H1ate
pumped to the side of first column 120, also referred to as an “acid separation column.” In one
embodiment, the contents of liquid stream 112 are substantially similar to the crude ethanol
product obtained from the reactor, except that the composition has been depleted of hydrogen,
carbon dioxide, methane and/or ethane, which are removed by separator 110. Accordingly,
liquid stream 112 may also be referred to as a crude ethanol product. Exemplary components of

liquid stream 112 are provided in Table 3. It should be understood that liquid stream 112 may

contain other components, not listed in Table 3.

TABLE 3
COLUMN FEED COMPOSITION
(Liquid Stream 112)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Ethanol 510 70 10 to 60 15to 50
Acetic Acid <90 5to 80 5t0 70
Water 5t0 30 5to0 28 10to 26
Ethyl Acetate <30 0.001 t0 20 Ito12
Acetaldehyde <10 0.001 to 3 0.1to3
Acetal <5 0.001to 2 0.005t01
Acetone <5 0.0005to0 0.05 0.001 t0 0.03
Other Esters <5 <0.005 <0.001
Other Ethers <5 < 0.005 <0.001
Other Alcohols <5 <0.005 <0.001
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[ 0084] The weight ratio of ethanol in the second residue to second
distillate preferably is at least 3:1, e.g., at least 6:1, at least 8:1, at
| east 10:woanizedseast 15:1. Al or a portion of the thipca/usesil@uss1o s
recycled to the second columm. In one enbodinent, all of the third residue
may be recycled until process 100 reaches a steady state and then a portion
of the third residue is recycled wth the remai ni ng portion being purged
from t tﬁW@l/stTéwmemltS rndeca@ér@ﬁw thap )gn ﬂteﬁéb g@él&% P SreeRd Squlﬁica lgharet o
have Wﬁ @ Q o etF tthab ﬁ §es L due i t 1§Iﬁc ed
As the PERYFYY 8 l?f(ﬁif‘& g ch?%’i &gy FH&GS%%% 5% %"‘8’6‘“ OF e

provi dedopbpwiapl e 5, conprises |ess than 30 wt. % of ethanol, e.g. | ess
than 20 wt.% or less than 15 w.% The majority of the second resi due

pr ef er §6073] c Ahprotheseswad’ en TalNe 6 widyhstladed bmtcare hotdinafetlectethyl peopeoakiteact | ve
distlllatlin step advantageously al so reduces the ampunt of eth%‘ acetate
that i Seduhacaaeispreny pg aé"olﬂcﬁfﬁl?yl\?&ﬁt%tﬁ r} bty agpiaie Bamspresitharestn Thet i mat el y

form ng ) pr resi due
from se%@ﬁlh tﬁg}% 1n%§§ ﬁléﬂﬂg‘:ﬁldcggp I's s g‘%asgﬁb@gthifc]&%t %1%1}11% &EQ%Q‘%W aline
126 t 0idoBirtyHetBel cehen ol Aetur@l fRrdoef Bhd ‘@fhdr QlcaBols M@ TaBleOdu & inelakié Mt areMbf €
preferably, the second residue in line 126 is introduced in the | ower part
of t hi hdhitedtemetiia28s], 1sepg>pandlamptrophmj fo-lartaiad wemixtinies therebhi Incdbneol unm 128
recovers e Jhanol pr ef rabl i s substantiall h respect to
or gani EMPRHACHE .thisshqawﬁst@ﬁlﬁelr t“Pf"ar?OP’IRQSE‘aI%YQBQUrO&ﬁi% \%é{f&?aﬂelcﬂﬁlf’ Ehf-PraIXinphe
Ot b Earhlek b AR LRy S SRR, 8D It of BT Gha8 (Rrali al v | s

refl uxed as s reflux rati

from 1sAdhId be ﬂ{Qieﬂsxocﬁl tBat thesé OtRed¢otnfoBeds da® Ibe Eérﬁ@@i ﬂhr@ugihQn dinlof thBdistildte d
residue in Iine 124, which conprises primari a:é water, preferably is
]

r et ur nedrasidue Mecagsciopaibedherain angd 3vikgote fastheralesdridad hgelm udessdsBeatéched
above. | n one enbodinment, a first portion of the third residue in line 124
i s recYtdEBYSt o t he second col um and a second portion is purged and renoved

fromt Tﬁ)ﬁ{s%ﬁhﬂdlgeédﬂ@e&eﬁ% llo’au&riﬁ‘ hﬁé"?@éx“fﬁ ngd%{}g tli‘me{rJgE fifhef RACHES

steady ‘sta cond ort of wat er I's substantially

sim | ako aroestémicaﬁmmactmhﬁrrog@bry@@ réadtdrhe cbmdm@g@maltete@ﬁ A ea@tfidatio@ci d | n
one enbodi nent, a portion of WD 2012/ 006499PCT/ US2011/ 043310 the third

r esi duéeagipy nigs bg yeed tp@onﬁymedr:w@ ageyic oeid gresertie i crulgsthage! psa@uCchio nor e

t t h t at 008 th 1.GS. 1A and 1B sh

Chi rd TuERADEh R it A AL dp bbb R eb I 38 i 1 d ool due
g?yt ﬁla%{t%dpdggﬁcﬁw:! nedol G@d&@%&d@én eﬂ@! a&XRER tBe cl¥e Sthd Bsbdactlﬁtﬁ gﬁ’d]. or all

residue 1n a tank shown) or treating the t residue to
f urt hefjooyspalathe embsbdlmelnmhomnmﬁlﬁé&tls\ eamlclfB ase al dshydeiicedingheloweppacul ar
wei ght al cohals, or esters in one or nore addi ti onal col umms (not _shown).

[ 0087] offiist eolpwn UAH ergopver hnlfeqrdowen thirg Inrfayt @Bwarrrirﬁ()agnr@@@c# jsbg2ebive and

oper at es_ at ri ssure or o res _abaove .or bel ow
o roephar il o PESRRR e B FER P abap &b ey RGOSR Bed S0 °F
line 1:1-’19111&'@' P*l%n@%é’wltl@drﬁ\fnﬁ)@r@%b&%oﬁt%ﬁ@usl? & resﬂtfeorg'ozﬁgrfaﬂ’ O@Q@geﬁduef rom 75C
to 95C. The tenperature of the third residue in line 124 preferably is from
70C t o nhiDHE reterngd and/omm*ﬁme@ taok @@ ton zbnohd 186L]iho 1 2110 Recy et aretic
conponents of the distillate and residue conpositigons for third colum 128
are prévidebng k2 htashevagorear dip may redwseith apwupifdeatieohateed taieePuagest i |1 at e

compondsis e d 5 REAR Rt REPREDERR nusB e e MRS shne.
(WM. 9 theit6cest WhilPedAREbyr¥luct) Distillate Et hanol
[0076] First column 120 also forms an overhead distillate, which is withdrawn in line 122, 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.
[0077] When column 120 is operated under standard atmospheric pressure, the temperature of

the residue exiting in line 121 preferably is from 95°C to 120°C, e.g., from 110°C to 117°C or
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75 to 96 80 to 96 85 to 96 Water < 12 1 to 9 3 to 8 Acetic Acid < 12 0.0001
to 0.1 0.005 to 0.05 Ethyl Acetate < 12 0.0001 to 0.05 0.005 to 0.025
Acet al dehyodeor/aa499. 0001 to 0.1 PCT/US2011/043310

from 111°C to 115°C. The temperature of the distillate exiting in line 122 preferably is from
70°C to 110°C, e.g., from 75°C to 95°C or from 80°C to 90°C. Column 120 preferably operates
at ambient pressure. In other embodiments, the pressure of first column 120 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 compositions for first column 120 are provided in Table
4 below. It should also 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.

TABLE 4
ACID COLUMN 120 (FIGS. 1A and 1B)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Ethanol 20to 75 30to0 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 5.0 to 40 10to 30
Acetaldehyde <10 0.001to 5 0.01to 4
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 851092
Water <30 1 to 20 Ito 15
Ethanol <1 <0.9 <0.07

[0078] As shown in Table 4, 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 the acid separation column 120, the acetal appears to decompose in the column
such that less or even no detectable amounts are present in the distillate and/or residue.

[0079] The distillate in line 122 preferably comprises ethanol, ethyl acetate, and water, along
with other impurities, which may be difficult to separate due to the formation of binary and

tertiary azeotropes. To further separate distillate, line 122 is introduced to the second column
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0.005 to 0.05 Diethyl Acetal < 12 0.0001 to 0.05 0.005 to 0.025 Resi due
Water 75 to 100 80 to 100 90 to 100 Ethanol <0.8 0.001 to 0.5 0.005 to 0.05
Et hyl Aceweat2e12/006499 PCT/US2011/043310

123, also referred to as the “light ends column,” preferably in the middle part of column 123,
e.g., middle half or middle third. Preferably the second column 123 is an extractive distillation
column, and an extraction agent is added thereto via lines 124 and/or 125. Extractive distillation
1s a method of separating close boiling components, such as azeotropes, by distilling the feed in
the presence of an extraction agent. The extraction agent preferably has a boiling point that is
higher than the compounds being separated in the feed. In preferred embodiments, the extraction
agent 15 comprised primarily of water. As indicated above, the first distillate in line 122 that is
fed to the second column 123 comprises ethyl acetate, ethanol, and water. These compounds
tend to form binary and ternary azeotropes, which decrease separation efficiency. As shown, in
one embodiment the extraction agent comprises the third residue in line 124. Preferably, the
recycled third residue in line 124 is fed to second column 123 at a point higher than the first
distillate in line 122. In one embodiment, the recycled third residue in line 124 is fed near the
top of second column 123 or fed, for example, above the feed in line 122 and below the reflux
line from the condensed overheads. In a tray column, the third residue in line 124 is
continuously added near the top of the second column 123 so that an appreciable amount of the
third residue is present in the liquid phase on all of the trays below. In another embodiment, the
extraction agent is fed from a source outside of the process 100 via line 125 to second column
123. Preferably this extraction agent comprises water.

[0080] The molar ratio of the water in the extraction agent to the ethanol in the feed to the
second column is preferably at least 0.5:1, e.g., at least 1:1 or at least 3:1. In terms of ranges,
preferred molar ratios may range from 0.5:1to 8:1, e.g., from 1:1 to 7:1 or from 2:1 to 6.5:1.
Higher molar ratios may be used but with diminishing returns in terms of the additional ethyl
acetate in the second distillate and decreased ethanol concentrations in the second column
distillate.

[0081] In one embodiment, an additional extraction agent, such as water from an external
source, dimethylsulfoxide, glycerine, diethylene glycol, 1-naphthol, hydroquinone, N,N’-
dimethylformamide, 1,4-butanediol; ethylene glycol-1,5-pentanediol; propylene glycol-
tetraethylene glycol-polyethylene glycol; glycerine-propylene glycol-tetraethylene glycol-1,4-
butanediol, ethyl ether, methyl formate, cyclohexane, N,N'-dimethyl-1,3-propanediamine, N,N'-
dimethylethylenediamine, diethylene triamine, hexamethylene diamine and 1,3-diaminopentane,

an alkylated thiopene, dodecane, tridecane, tetradecane and chlorinated paraffins, may be added



<1 0.001 to 0.5 0.005to 0.2 Acetic Acid <2 0.001 to 0.5 0.005 to 0.2
[0088] In one enbodinent, the third residue in line 124 is withdrawn from
third colwonobaBeed a tenperature higher than the operatrcmgst@npessat ure of
the second colum 123. Preferably, the WD 2012/ 006499PCT/ US2011/043310
third residue in line 124 is integrated to heat one or nore other streans
or is reboiled prior to be returned to the second colum 123. [0089] Any of
t he cofpeuprscaliar 12} eSarg wiltable exirastigh agaies iarlydg thosa deserilsd ot E'ss Priesim t he

feed or,cr act| r.Qqduct ~gener, remai.n in the third distillate in
amount D57 Bu AR b Q26 AL G AT TRl e o st B bl P e
CONMPOSiakd [RFeby§n@rporht8d By FdlaBn Q. Ohe Wil :RHl eki®RBoM hetit RaPBe ¥mBined WitRPAR

enbodi ment, oOne or nore side streans nmay renove inpurities fromany of the

col umsedyoled Herdsysdenm 1106 .1 2Puef @bty thatsedomd sbluomel 281 dée sddieaml i s used to
remove inpurities fromthe third colum 128. The inpurities may be purged
and/ or extéetoapﬁé&mvwmahotbﬁéd(ieyssﬁmtilcm@ thegoauy cphay oy dn gnestspedtaie in 1ine
129 may_he .fur I £ 0 anhydr ou: I t _st.ream
SRR (T E A R e TR R DD SIS R S
Syst emgine $UChhdatone bPthe@XANRIOE agdhit St dekivad from tROIhaMSsidiedSor ption units,

menbr anes, or nol ecul ar sieves. Suitable adsorption units include pressure
swi ng §e$et pSeamduniunm RddnayHeratedy awiadgdadiiomptlh one embedimp@0@tdnd-or
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[0093] In FIG 1B second reaction zone 103 further conprises a
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returned to the second column 123 as an extraction agent as described above. In one

embodiment, a first portion of the third residue in line 124 is recycled to the second column and
a second portion is purged and removed from the system via line 130. In one embodiment, once
the process reaches steady state, the second portion of water to be purged is substantially similar

to the amount water formed in the hydrogenation of acetic acid. In one embodiment, a portion of
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Acet al dehyde 2 to 80 2 to 50 5 to 40 Ethyl Acetate <90 30 to 80 40 to 75
Et hanol <30 0.001 to 25 0.01 to 20 Water <25 0.001 to 20
WO 2012/006499 PCT/US2011/043310

the third residue may be used to hydrolyze any other stream, such as one or more streams
comprising ethyl acetate.

[0086] Although FIGS. 1A and 1B show third residue being directly recycled to second
column 123, third residue may also be returned indirectly, for example, by storing a 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).

[0087] Third column 128 is preferably a tray column as described above and operates at
atmospheric pressure or optionally at pressures above or below atmospheric pressure. The
temperature of the third distillate exiting in line 129 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 in line 124 preferably
1s 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 128 are provided in Table
6 below. It should be understood that the distillate and residue may also contain other

components, not listed, such as components in the feed.

TABLE 6
THIRD COLUMN 128 (FIGS. 1A & 1B)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)

Distillate

Ethanol 75 to 96 80 to 96 85 to 96
Water <12 1to9 3to8
Acetic Acid <12 0.0001 t0 0.1 0.005 10 0.05
Ethyl Acetate <12 (0.0001 to 0.05 0.005t0 0.025
Acetaldehyde <12 0.0001 t0 0.1 0.005t0 0.05
Diethyl Acetal <12 0.0001 to 0.05 0.005 to 0.025
Residue

Water 75 to 100 80 to 100 90 to 100
Ethanol <0.8 0.001t0 0.5 0.005t0 0.05
Ethyl Acetate <1 0.001t00.5 0.005t00.2
Acetic Acid <2 0.001t0 0.5 0.005t0 0.2

[0088] In one embodiment, the third residue in line 124 is withdrawn from third column 128 at

a temperature higher than the operating temperature of the second column 123. Preferably, the
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0.01 to 15 Residue Et hyl Acetate 40 to 100 50 to 100 60 to 100 Et hanol
<40 0.001 to 30 0.01 to 15 Water <25 0.001 to 20 2 to 15 Acetal dehyde
WO 2012/006499 PCT/US2011/043310

third residue in line 124 is integrated to heat one or more other streams or is reboiled prior to be
returned to the second column 123.

[0089] 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 in the system 100. Preferably at least one side stream is used to remove impurities from
the third column 128. The impurities may be purged and/or retained within the system 100.
[0090] The third distillate in line 129 may be further purified to form an anhydrous ethanol
product stream, 1.e., “finished anhydrous ethanol,” using one or more additional separation
systems, such as, for example, distillation columns, adsorption units, membranes, or molecular
sieves. Suitable adsorption units include pressure swing adsorption units and thermal swing
adsorption unit.

[0091] For purposes of the present invention, the third distillate in line 129 in FIGS. 1A and 1B
1s an intermediate stream that contains one or more impurities selected from the group consisting
of ethyl acetate, acetic acid, acetaldehyde, and diethyl acetal. Interms of ranges the total
concentration of impurities may be from 0.01 wt.% to 12 wt.%, e.g., from 0.05 wt.% to 8 wt.%
or from 0.05 to 5 wt.%. In FIG. 1A the secondary reaction zone 103 comprises a hydrogenation
finishing reactor 140. The third distillate in line 129 is condensed and fed to reactor 140 in a
liquid phase. Hydrogen may be supplied to reactor 140 on demand from line 113 to react with
the impurities in intermediate stream. Also, hydrogen can be supplied from alternate sources,
e.g., syngas or purified syngas generated from numerous carbon containing feedstocks. Reactor
140 contains a catalyst as described above to hydrogenate at least 25% of the impurities, e.g., at
least 50% or at least 75%. Preferably, the hydrogenation of the impurities yields an alcohol and
more preferably ethanol. The reactor mixture exits reactor 140 as purified ethanol product 141.
Purified ethanol product 141 preferably does not require further liquid-liquid separation to
remove impurities and thus is not returned to separation zone 102. The concentration of the one
or more impurities in purified ethanol product 141 is less than the concentration of the one or
more impurities in third distillate in line 129, 1.e., the intermediate stream.

[0092] InFIG. 1B, secondary reaction zone 103 comprises a hydrolysis finishing reactor 142.

The condensed third distillate in line 129 is fed to the hydrolysis finishing reactor 142 to
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< 1 0.001 to 0.5 Not detectable Acetal <3 0.001 to 2 0.01 to 1 [0098] In
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reduces the al dehyde conponents in the second residue and concentrates
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[0105] In a preferred enbodi ment, water separator 156 is a pressure sw ng
adsorption (PSA) WO 2012/ 006499PCT/ US2011/043310 unit. The PSA unit is
opti onal Iwoapermtsed at a tenperature from 30C to 160C, eCcy/us20inom3zOC to
140C, and a pressure of fromO0.01 kPa to 550 kPa, e.g., from1l kPa to 150
Ga. The PSA unit may conprise two to five beds. Water separator 156 may
renove at |east 95% of the water fromthe portion of first distillate in
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Additionally or al ternatpl vel or a portion of water stream 157 may be
pur ged 106.aWiihoet b5 bolihé by émaryn smga mraidebyﬂeaﬁa3f be Istdratiendted toafoen ethand, t he
wat er separa or 156 as ethanol m xture stream 160. Ethanol mxture stream
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stream and Tirs ue ' In

shoul d naly %R cBBecBH kR, Witdlor WESR Bkt PUET FARYN Ab HRuke QB fo@icher
conponents, not |isted, such as conponents derived fromthe feed. TABLE 8

FI RST Gobiding LB @oMIrTitERSA- l(LI%zltﬁl 1B-but@mdel, nlfor Yhot@akiehy c(evand Ypri@omwes. (wt. %

= hanm[(}(%lsi(t %g fosutrtrhergsrl?lue of ou e%nc(z)llurgna lgt 10111%5 bg gurEggd \?lg llﬁg 133. 19he fourth
residue primarily comprises ethyl acetate and ethanol, which may be suitable for use as a solvent
mixture or in the production of esters. In one preferred embodiment, the acetaldehyde is
removed from the second distillate in fourth column 131 such that no detectable amount of
acetaldehyde is present in the residue of column 131.
[0096] Fourth column 131 is preferably a tray column as described above and preferably
operates above atmospheric pressure. In one embodiment, the pressure is from 120 KPa to 5,000
KPa, e.g., from 200 KPa to 4,500 KPa, or from 400 KPa to 3,000 KPa. In a preferred
embodiment the fourth column 131 may operate at a pressure that is higher than the pressure of
the other columns.
[0097] The temperature of the fourth distillate exiting in line 132 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 in line
133 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 131 are

provided in Table 7 below. 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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Water <10 0.01 to 6 0.1 to 2 Acetic Acid < ? 0.001 to 0.5 0.01 to 0.2 Ethyl
Acetate <60 1 to 55 5 to 55 Acetal dehyde <10 0.001 to 5 0.01 to 4 Acetal
<0.1 WO 2012/006499 PCT/US2011/043310

TABLE 7
FOURTH COLUMN 131 (FIGS. 1A & 1B)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Distillate
Acetaldehyde 2t0 80 2to0 50 5to 40
Ethyl Acetate <90 30to 80 40to 75
Ethanol <30 0.001 to 25 0.01t0 20
Water <25 0.001 to 20 001to 15
Residue
Ethyl Acetate 40 to 100 50 to 100 60 to 100
Ethanol <40 0.001 to 30 0.0l1to 15
Water <25 0.001 to 20 2to 15
Acetaldehyde <1 0.001t0 0.5 Not detectable
Acetal <3 0.001 to 2 001tol

[0098] In one embodiment, a portion of the third residue in line 124 is recycled to second
column 123. In one embodiment, recycling the third residue further reduces the aldehyde
components in the second residue and concentrates these aldehyde components in second
distillate in line 127 and thereby sent to the fourth column 131, wherein the aldehydes may be
more easily separated. The third distillate, e.g. intermediate stream, in line 129 may have lower
concentrations of aldehydes and esters due to the recycling of third residue in line 124.

[0099] FIG. 2 illustrates another exemplary separation system to produce an intermediate
stream that is purified in a secondary reactor. In FIG. 2, the secondary reactor is a hydrogenation
finishing reactor as shown in FIG. 1A. In another embodiment, separation zone 102 of FIG. 2
may be combined with the hydrolysis finishing reactor of FIG. 1B. As indicated above, the
extent of ethyl acetate and diethyl acetal hydrolysis that can occur in secondary reactor 142 may
be a function of the respective equilibrium constants and the water concentration in line 129.
[0100] The primary reaction zone 101 of FIG. 2 is similar to FIGS. 1A and 1B and produces a
liquid stream 112, e.g., crude ethanol product, for further separation. In one preferred
embodiment, the primary reaction zone 101 of FIG. 2 operates at above 80% acetic acid
conversion, e.g., above 90% conversion or above 99% conversion. Thus, the acetic acid
concentration in the liquid stream 112 may be low.

[0101] Liquid stream 112 is introduced in the middle or lower portion of a first column 150,

also referred to as acid-water column. For purposes of convenience, the columns in each
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exemplary separation process, may be referred as the first, second, third, etc., columns, but it is
understood that first column 150 in FIG. 2 operates difterently than the first column 120 of FIG.
1A. In one embodiment, no entrainers are added to first column 150. In FIG. 2, first column
150, water and unreacted acetic acid, along with any other heavy components, if present, are
removed from liquid stream 112 and are withdrawn, preferably continuously, as a first residue in
line 151, Preferably, a substantial portion of the water in the crude ethanol product that is fed to
first column 150 may be removed in the first residue, for example, up to about 75% or to about
90% of the water from the crude ethanol product. First column 150 also forms a first distillate,
which i1s withdrawn in line 152.

[0102] When column 150 is operated under about 170 kPa, the temperature of the residue
exiting in line 151 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 152 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 150 may range from 0.1 kPa to 510 kPa, e.g., from 1 kPa to 475 kPa or from 1 kPa to
375 kPa.

[0103] The first distillate in line 152 comprises water, in addition to ethanol and other
organics. Interms of ranges, the concentration of water in the first distillate in line 152
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 153 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 retlux 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 150. The condensed portion of the first distillate may also
be fed to a second column 154.

[0104] The remaining portion of the first distillate in 155 1s fed to a water separation unit 156.
Water separation unit 156 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.

[0105] In a preferred embodiment, water separator 156 is a pressure swing adsorption (PSA)
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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. 2, the condensed portion in line 153 and ethanol
mixture stream 160 are co-fed to second column 154. In other embodiments, the condensed
portion in line 153 and ethanol mixture stream 160 may be separately fed to second column 154.
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.%.

[0107] The second column 154 in FIG. 2, also referred to as the “light ends column,” removes
ethyl acetate and acetaldehyde from the first distillate in line 153 and/or ethanol mixture stream
160. Ethyl acetate and acetaldehyde are removed as a second distillate in line 161 and ethanol is
removed as the second residue in line 162. Second column 108 may be a tray column or packed
column. In one embodiment, second column 154 is a tray column having from 5 to 70 trays,
e.g., from 15 to 50 trays or from 20 to 45 trays.

[0108] Second column 154 operates at a pressure ranging from 0.1 kPa to 510 kPa, e.g., from
10 kPa to 450 kPa or from 50 kPa to 350 kPa. Although the temperature of second column 154
may vary, when at about 20 kPa to 70 kPa, the temperature of the second residue exiting in line
162 preferably is from 30°C to 75°C, e.g., from 35°C to 70°C or from 40°C to 65°C. The
temperature of the second distillate exiting in line 161 preferably is from 20°C to 55°C, e.g.,
from 25°C to 50°C or from 30°C to 45°C.

[0109] The total concentration of water fed to second column 154 preferably is less than 10
wt.%, as discussed above. When first distillate in line 153 and/or ethanol mixture stream
comprises minor amounts of water, e.g, less than 1 wt.% or less than 0.5 wt.%, additional water
may be fed to the second column 154 as an extractive agent in the upper portion of the column.
A sufficient amount of water 1s preferably added via the extractive agent such that the total
concentration of water fed to second column 154 is from 1 to 10 wt.% water, e.g., from 2 to 6
wt.%, based on the total weight of all components fed to second column 154. If the extractive
agent comprises water, the water may be obtained from an external source or from an internal
return/recycle line from one or more of the other columns or water separators.

[0110] Suitable extractive agents may also include, for example, dimethylsulfoxide, glycerine,

diethylene glycol, 1-naphthol, hydroquinone, N,N’-dimethylformamide, 1,4-butanediol; ethylene
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glycol-1,5-pentanediol; propylene glycol-tetraethylene glycol-polyethylene glycol; glycerine-
propylene glycol-tetraethylene glycol-1,4-butanediol, ethyl ether, methyl formate, cyclohexane,
N,N'-dimethyl-1,3-propanediamine, N,N'-dimethylethylenediamine, diethylene triamine,
hexamethylene diamine and 1,3-diaminopentane, an alkylated thiopene, dodecane, tridecane,
tetradecane, chlorinated paraffins, or a combination thereof. When extractive agents are used, a
suitable recovery system, such as a further distillation column, may be used to recycle the
extractive agent.

[0111] Exemplary components for the second distillate and second residue compositions for
the second column 154 are provided in Table 9, below. It should be understood that the distillate

and residue may also contain other components, not listed in Table 9.

TABLE 9

SECOND COLUMN 154 (FIG. 2)

Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Second Distillate
Ethyl Acetate 5to 90 10 to 80 15t0 75
Acetaldehyde <60 1 to 40 1to 35
Ethanol <45 0.001 to 40 0.01 to 35
Water <20 0.01to 10 0.1to5
Second Residue
Ethanol 80 to0 99.5 8510 97 60 to 95
Water <20 0.001 to 15 0.01to 10
Ethyl Acetate <1 0.001to 2 0.001t0 0.5
Acetic Acid <0.5 <0.01 0.001t0 0.01

[0112] The second residue in FIG. 2 is the intermediate stream that comprises one or more
impurities selected from the group consisting of ethyl acetate, acetic acid, acetaldehyde, and
diethyl acetal. The second residue may comprise at least 100 wppm of these impurities, e.g., at
least 250 wppm or at least S00 wppm. In some embodiments, the second residue may contain
substantially no ethyl acetate or acetaldehyde. Second residue in line 162 is fed to hydrogenation
finishing reactor 140, along with hydrogen 113 from primary reaction zone 101. Preferably, the
second residue is fed in the liquid phase. Hydrogenation finishing reactor 140 produces a
purified ethanol product having a lower concentration of impurities than the second residue in

line 162. In other embodiments, a hydrolysis finishing reactor (not shown) may be used to
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[0116] The primary reaction zone 101 of FIG. 3 is similar to FIGS. 1A and 1B and produces a
liquid stream 112, e.g., crude ethanol product, for further separation. In one preferred
embodiment, the primary reaction zone 101 of FIG. 3 operates at above 80% acetic acid
conversion, e.g., above 90% conversion or above 99% conversion. Thus, the acetic acid
concentration in the liquid stream 112 may be low

[0117] In the exemplary embodiment shown in FIG. 3, liquid stream 112 is introduced in the
upper part of first column 170, e.g., upper half or upper third. In one embodiment, no entrainers
are added to first column 170. In first column 170, a weight majority of the ethanol, water,
acetic acid, and other heavy components, if present, are removed from liquid stream 112 and are
withdrawn, preferably continuously, as residue in line 171. First column 170 also forms an
overhead distillate, which is withdrawn in line 172, 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 1:5 to 5:1. The
overhead distillate in stream 172 preferably comprises a weight majority of the ethyl acetate

from liquid stream 112,
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Acetone <0.05 0.001t0 0.03 0.01t0 0.025
Ethanol 3to 55 4to 50 5to 45
Water 0.1t020 1to 15 2to 10
Acetic Acid <2 <0.1 <0.05
Residue

Acetic Acid 0.01 to 35 0.1to 30 0.2to025
Water 25t0 70 30to 65 35t0 60
Ethanol 10to 75 151t0 70 20 to 65

[0119] Inan embodiment of the present invention, column 170 may be operated at a
temperature where most of the water, ethanol, and acetic acid are removed from the residue
stream and only a small amount of ethanol and water is collected in the distillate stream due to
the formation of binary and tertiary azeotropes. The weight ratio of water in the residue in line
171 to water in the distillate in line 172 may be greater than 1:1, e.g., greater than 2:1. The
weight ratio of ethanol in the residue to ethanol in the distillate may be greater than 1:1, e.g.,

greater than 2:1
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20 to 45 trays. the tenperature and pressure of second col um 173
may varcympmhienactic atidaspivercr, angaeswud eistilee trelimeer7atoonpr 1@1hg ethend e Soguhd
residue exiting in line 174 preferably is from95C to 130C, e.g., from 100C
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Exenpl ary conponents for the distillate and resi due conpositions for second
col um pieE8irathe tanparatdecbfitine s?Eadnideeéhduetmdltmnghhe $ b pleterdbdy isrfchen 8560 t hat t he
distillate and residue magD so. contain other conponents, not listed in

Tabl e 130°C. 9@ 513} 6064967 CpeTaiesbl €/10438 0 TheARRESTauIe of the second
distillate exiting in line 175 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 173 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 173 are provided in Table 11 below. It should be
understood that the distillate and residue may also contain other components, not listed in Table

11.



SECOND COLUWN 173 (FIG 3) Conc. (w.%Conc. (Wm.% Conc. (Wm.% Second
Distillate Et hanol 70 to 99.9 75 to 98 80 to 95 Ethyl Acetate <10 0.001

to 5 0. 0lwobaoR/bemval dehyde <5 0.001 to 1 PCT/US2011/043310
TABLE 11
SECOND COLUMN 173 (FIG. 3)
Conc. (wt.%) Conc. (wt.%) Conc. (wt.%)
Second Distillate
Ethanol 70t099.9 75 to 98 80 to 95
Ethyl Acetate <10 0.001to5 001to3
Acetaldehyde <5 0.001to 1 0.00510 0.5
Water 0.1to 30 1 to 25 S5to 20

Second Residue

Acetic Acid 0.1to45 0.2to 40 0.5to 35
Water 45 to 100 5510 99.8 6510 99.5
Ethyl Acetate <2 <1 <0.5
Ethanol <5 0.001to5 <2

[0124] The weight ratio of ethanol in the second distillate in line 175 to ethanol in the second
residue in line 174 preferably is at least 35:1. In one embodiment, the weight ratio of water in
the second residue 174 to water in the second distillate 175 is greater than 2:1, e.g., greater than
4:1 or greater than 6:1. In addition, the weight ratio of acetic acid in the second residue 174 to
acetic acid in the second distillate 175 preferably is greater than 10:1, e.g., greater than 15:1 or
greater than 20:1. Preferably, the second distillate in line 175 is substantially free of acetic acid
and may only contain, if any, trace amounts of acetic acid. Preferably, the second distillate in
line 175 contains substantially no ethyl acetate.

[0125] The remaining water from the second distillate in line 175 may be removed in further
embodiments of the present invention. Depending on the water concentration, the ethanol
product may be derived from the second distillate in line 175. Some applications, such as
industrial ethanol applications, may tolerate water in the ethanol product, while other
applications, such as fuel applications, may require an anhydrous ethanol. The amount of water
in the distillate of line 175 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 175 using several different separation techniques as
described herein. Particularly preferred techniques include the use of distillation column,
membranes, adsorption units, and combinations thereof.

[0126] The second distillate in FIG. 3 is the intermediate stream that comprises one or more

impurities selected from the group consisting of ethyl acetate, acetic acid, acetaldehyde, and



0.005 to 0.5 Water 0.1 to 30 1 to 25 5 to 20 Second Resi due Acetic Acid
0.1to 45 0.2 to 40 0.5 to 35 Water 45 to 100 55 to 99.8 65 to 99.5 Ethyl
Acet ate WO 2012/006499 PCT/US2011/043310

diethyl acetal. The second distillate may comprise at least 100 wppm of these impurities, e.g., at
least 250 wppm or at least 500 wppm. In some embodiments, second distillate may contain
substantially no ethyl acetate or acetaldehyde.

[0127] Second distillate in line 175 is condensed and fed to hydrogenation finishing reactor
140, along with hydrogen 113 from primary reaction zone 101. Hydrogenation finishing reactor
140 produces a purified ethanol product having a lower concentration of impurities than the
second distillate in line 175. In other embodiments, a hydrolysis finishing reactor (not shown)
may be used to remove impurities. Preferably, the purified ethanol product 141 does not require
further liquid-liquid separation to remove impurities and thus is not returned to separation zone
102.

[0128] Some of the residues withdrawn from the separation zone 102 comprise acetic acid and
water. Depending on the amount of water and acetic acid contained in the residue of first
column, e.g., 120 in FIGS. 1A or 1B, 150 in FIG. 2, or residue of second column 173 in FIG. 3,
the residue may be treated in one or more of the following processes. The following are
exemplary processes for further treating the residue and it should be understood that any of the
following may be used regardless of acetic acid concentration. When the residue comprises a
majority of acetic acid, e.g., greater than 70 wt.%, the residue may be recycled to the reactor
without any separation of the water. In one embodiment, the residue may be separated into an
acetic acid stream and a water stream when the residue comprises a majority of acetic acid, e.g.,
greater than 50 wt.%. Acetic acid may also be recovered in some embodiments from the residue
having a lower acetic acid concentration. The residue may be separated into the acetic acid and
water streams by a distillation column or one or more membranes. If a membrane or an array of
membranes is employed to separate the acetic acid from the water, the membrane or array of
membranes may be selected from any suitable acid resistant membrane that is capable of
removing a permeate water stream. The resulting acetic acid stream optionally 1s returned to the
primary reactor 108. The resulting water stream may be used as an extractive agent or to
hydrolyze an ester-containing stream in a hydrolysis unit.

[0129] In other embodiments, for example, where the residue comprises less than 50 wt.%
acetic acid, possible options include one or more of’ (1) returning a portion of the residue to
reactor 103, (i) neutralizing the acetic acid, (ii1) reacting the acetic acid with an alcohol, or (1v)

disposing of the residue in a waste water treatment facility. It also may be possible to separate a
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art. In view of the foregoing discussion, relevant know edge in the art and
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Description, the disclosures of which are all incorporated herein by

Y o o, N o b Y "



3. The nmethod of claim1, wherein the internediate streamis fed to the
secondary reactor in a liquid phase. 4. The nethod of claim1, further
conpri si NyO 2012/00649p1 ashi ng at | east a portion of the crede/ustéanaddiproduct
to generate a vapor stream conprising hydrogen; and introducing a portion
of the hydrogen fromthe vapor streaminto the secondary reactor. 5. The
met hod _of claim1, wherein the secondary reactor is operated at a

t enper AYeflaimy om 50C to 300C. 6. The nethod of claim 1, wherein the

secondary reactor S _opgrated at ressure from 100 Ca to 5000 CGa. 7. The
mot hod Tt cranfidd (¥ apvR BelreEr RS SpBProieg 2 portion of the

i ntermedi at ﬁycﬁbgéﬁ%%eﬁ%&w% Xgﬂﬁ’l%r R&dosihtRapretdnad of $fifseehthlOstithorm a ,
secondary reactor. 2012/ 006499PCT/ US2011/ 043310 8. The nethod of claim

1, wherkerida ethasolpoodpent rati on of the one or nore inpurities in the purified

et hanol product is |less than the concentration of the one or npre
i npurities PIPAFAHAS AF sa¥ agisdrice! the grudggthapglimednchio weldiam mtermgdadte sticahe

i nter iate st i . f n r..or

mpur r g g SRR, SREBIG 8 Bt i FRles iR P’ S BrRulupbf s

pr oducic&fepickiaRehydeSsctin@id HABAicRpRre@d]; 4f@e one or nore inpurities. 11
The nmethod of claim1l, wherein the secondary reactor hydrogenates at |east

25% of the omwaading rthe entérmpdmie steemm 1112 sechhéarpatdvoa 10fthe padsenct , ofwheacend t he
first catalyst cqonpri sei a conbi naéli:qgn {)f rrgtal s selected fromthe group
consi sCMAYSGIdIVEEesn st selegva SORGIHPRUIR HTTORSIAH NG SY1A GRF PhBIRFMDUriTies

pal | ad}%’f?gﬁﬂf‘&ﬁ@ea‘ haﬁp@ﬂﬁ@hym rheni um cobalt/palladium cobalt/platinum

cobal t om'um coba enium silver/palladium copper/palladium

ni ckel / pal I adi um gol d/ pal | adi um rut heni um rheni um and rutheniumiron.

13. The nethod of claim11, wherein the second catal yst conprises one or

mor e nmet al s Thahanetlardeofs dhig tl e svhereonthenmirgied ugshanoh gicgiitnig ot selypged fo amon,
cobal t .. ni cEeI., tin, ‘;))I ati num rhenium ruthenium palladium silver, and
conbi né‘fffr]}?ﬁ q‘i%‘éﬂ@@f“ HAOMThe method of claim 1, wherein the first catalyst
is different fromthe second catalyst. 15. The nmethod of claim1, wherein
the internedi ate streamconprises fromO0.1 w.%to 80 w.%water. 16. The
met hod 30f clTaé Methodwhielagh N, Wheciaakd inceraediateisgedmisfed td the Rrovaldraneictoaind

car bon nonoxi de, wherein at |east one of the nethanol, the carbon nonoxide,
and hy@digg@rpipgsr t he hydrogenating step is derived from syngas, and wherein
the syngas is derived froma carbon

4. The method of claim 1, further comprising:
tflashing at least a portion of the crude ethanol product to generate a vapor stream
comprising hydrogen; and

introducing a portion of the hydrogen from the vapor stream into the secondary reactor.

5. The method of claim 1, wherein the secondary reactor is operated at a temperature from

50°C to 300°C.

0. The method of claim 1, wherein the secondary reactor is operated at a pressure from 100

kPa to 5000 kPa.

7. The method of claim 1, further comprising vaporizing a portion of the intermediate

stream to form a vapor feed stream that is fed to the secondary reactor.
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WO 2012/ 006499PCT/ US2011/ 043310 source selected fromthe group consisting
of natural gas, oil, petroleum coal, biomss, and conbi nations thereof
17. The mwohorr/wb49el ai m 1, wherein the purified ethanol pprasact/okzs1@n

i ndustrial grade ethanol conprising |less than 12 w.% water. 18. The

met hod of claim11, wherein the purified ethanol product is an industrial
grade et hanol conprising less than 12 w. % water. 19. A nethod for
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aci d, ?ﬂqjugﬂ et hyl acetal; hydrogenating the one or nore inpurities in
a reactor in the presence of a catalyst under selective conditions for

hydr ogenating said inpurities to produce a purified ethanol product,
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et hanoﬁﬁecoglﬁﬁ?lllo?emgprupﬂgs hydr ogenating acetic acid in a primary reactor in

the presence of a first catalyst to forma crude ethanol product;
separating at |east a portion of the crude ethanol product colums to yield
an i nt d0nediTa¢ enesltodedmlamnprlsirag tht parfold @hhobpedoct wompeisésnpes thai ¢800
selected fromthe group.consjsting of ethyl acetate and diethyl acetal; and
react i MPPIHY (BHRCH MRIE ENPYHSISHi ties in the internediate streamin a
secondary reactor under selective conditions for hydrolyzing said
inmpurities. 21. The nmethod of claim 20, wherein the hydrolysis reaction is

in a lilqui dThdagkehod dF2laithhie wiRtdio theGkcdildadymedlor MWesRhated f€leUD 5%l Fdhe
et hanol product is not subjected to any further liquid-liquid separation.

WO 2012h©06m9SPOPIUS2011/ 043310 23. The nethod of claim 20, wherein the
concentration of the one or nore inpurities in the purified ethanol product
is less than the concentration of the one or nore inpurities in the crude

et hanol, pr Oqﬁgtmetho%“%g /,TIQ@ n TELEPineCh E‘Atglg%tuér’@ﬁrigés“atc%bﬁﬁﬁ&?@?ﬁ%teﬂ?‘?‘d or

hydr ol yzes at | east he one or nore
selected from the group consisting of platinum/tin, platinum/ruthenium, platinum/rhenium,

palladium/ruthenium, palladium/rhenium, cobalt/palladium, cobalt/platinum, cobalt/chromium,
cobalt/ruthenium, silver/palladium, copper/palladium, nickel/palladium, gold/palladium,

ruthenium/rhenium, and ruthentum/iron.

13.  The method of claim 1, wherein the second catalyst comprises one or more metals that
are selected from the group consisting of copper, iron, cobalt, nickel, tin, platinum, rhenium,

ruthenium, palladium, silver, and combinations thereof.
14, The method of claim 1, wherein the first catalyst is different from the second catalyst.

15.  The method of claim 1, wherein the intermediate stream comprises from 0.1 wt.% to 8.0

wt.% water.

16.  The method of claim 1, wherein the acetic acid is formed from methanol and carbon
monoxide, wherein at least one of the methanol, the carbon monoxide, and hydrogen for the

hydrogenating step is derived from syngas, and wherein the syngas is derived from a carbon



25. The nethod of claim 20, contacting the hydrolyzed reactor product in a
hydr ogenation reactor in the presence of a second catal yst and hydrogen
under selwotnizoeondi ti ons for hydrogenati ng said one oPCEmISotlOPIBIOti es to
forma purified ethanol product.

source selected from the group consisting of natural gas, oil, petroleum, coal, biomass, and

combinations thereof

17.  The method of claim 1, wherein the purified ethanol product is an industrial grade

ethanol comprising less than 12 wt.% water.

18.  The method of claim 1, wherein the purified ethanol product is an industrial grade

ethanol comprising less than 12 wt.% water.

19. A method for purifying a crude ethanol product, the method comprising;
providing a crude ethanol product comprising ethanol and one or more impurities
selected from the group consisting of ethyl acetate, acetaldehyde, acetic acid, and diethyl acetal;
hydrogenating the one or more impurities in a reactor in the presence of a catalyst under
selective conditions for hydrogenating said impurities to produce a purified ethanol product,
wherein the concentration of the one or more impurities in the purified ethanol product is less

than the concentration of the one or more impurities in the crude ethanol product.

20. A method for producing ethanol comprising:

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

separating at least a portion of the crude ethanol product columns to yield an intermediate
stream comprising ethanol and one or more impurities selected from the group consisting of
ethyl acetate and diethyl acetal; and

reacting the one or more impurities in the intermediate stream in a secondary reactor

under selective conditions for hydrolyzing said impurities.

21.  The method of claim 20, wherein the hydrolysis reaction is in a liquid phase.

22, The method of claim 20, wherein the purified ethanol product is not subjected to any

further liquid-liquid separation.
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23, The method of claim 20, wherein the concentration of the one or more impurities in the
purified ethanol product is less than the concentration of the one or more impurities in the crude

ethanol product.

24, The method of claim 20, wherein the secondary reactor hydrolyzes at least 5% of the one

or more impurities,
25.  The method of claim 20, contacting the hydrolyzed reactor product in a hydrogenation

reactor in the presence of a second catalyst and hydrogen under selective conditions for

hydrogenating said one or more impurities to form a purified ethanol product.
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