WO 2011/ 097246PCT/ US2011/ 023379 PREPARATI ON AND USE OF A CATALYST FOR
PRODUCI NG ETHANOL COWPRI SI NG A CRYSTALLI NE SUPPORT MODI FI ER CROSS- REFERENCE
TO RELATBEROAPRLIIOAE|I ON [ 0001] Thi s application clains prrconistyines3ss

Provi si onal App. No. 61/300,810, filed February 2, 2010, the entirety of
which is incorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002]
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and crude oil prices contribute to fluctuations in the cost of conventionally produced, petroleum

or natural gas-sourced ethylene, making the need for alternative sources of ethylene all the
greater when oil prices rise.

[0004] Catalytic processes for reducing alkanoic acids and other carbonyl group containing
compounds have been widely studied, and a variety of combinations of catalysts, supports and
operating conditions have been mentioned in the literature. The reduction of various carboxylic
acids over metal oxides is reviewed by T. Yokoyama et al. in “Fine chemicals through
heterogeneous catalysis. Carboxylic acids and derivatives.” Chapter 8.3.1, summarizes some of
the developmental efforts for hydrogenation catalysts for various carboxylic acids. (Yokoyama,
T.; Setoyama, T. "Carboxylic acids and derivatives." in: "Fine chemicals through heterogeneous
catalysis." 2001, 370-379.)

[0005] A series of studies by M. A. Vannice et al. concern the conversion of acetic acid over a
variety of heterogeneous catalysts (Rachmady W.; Vannice, M. A.; J. Catal. (2002) Vol. 207, pg.
317-330.) The vapor-phase reduction of acetic acid by H, over both supported and unsupported
iron was reported in a separate study. (Rachmady, W.; Vannice, M. A. J. Catal. (2002) Vol.



208, pg. 158-169.) Further information on catal yst surface species and
organic internediates is set forth in Rachmady, W; Vannice, M A, ./.
Cat aL (2080)20Mal9724808, pg. 170-179). Vapor-phase aceti cPagius2tnmeizgenat i on
was studied further over a famly of supported Pt-Fe catal ysts in Rachnady,
W, Vannice, M A J. Catal. (2002) Vol. 209, pg. 87-98) and Rachmady, W;
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platinum group metal alloy catalysts. United States Patent No. 4,777,303 to Kitson et al.

describes a process for the productions of alcohols by the hydrogenation of carboxylic acids.
United States Patent No. 4,804,791 to Kitson et al. describes another process for the production
of alcohols by the hydrogenation of carboxylic acids. See also USP 5,061,671; USP 4, 990,655;
USP 4,985,572; and USP 4,826,795.



[ 0014] The catalytic reduction of acetic acid has al so been studied in, for
i nstance, Hindermann et al., (H ndermann et al., I Chem Res., Synopses
(1980), (WMO)2011383Ms di scl osing catalytic reduction of aeerius2@aioe33on iron
and on al kali-pronmoted iron. [0015] The need renains, however, for novel
hydr ogenati on catal ysts that have hi gh sel ectivity, conversion, and
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[0018] In preferred embodiments, the at least one metasilicate support modifier is selected

from the group consisting of (i) alkaline earth metal metasilicates, (ii) alkali metal metasilicates,



[ 0021] Optionally, the catalyst further conprises a second netal different
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[0021] Optionally, the catalyst further comprises a second metal different from the first metal,

e.g., a metal selected from the group consisting of copper, molybdenum, tin, chromium, iron,
cobalt, vanadium, tungsten, palladium, platinum, lanthanum, cerium, manganese, ruthenium,
rhenium, gold, and nickel. The second metal may be present in an amount of from 0.1 to 10
wt.%, based on the total weight of the catalyst. In a preferred aspect, the first metal is platinum
and the second metal is tin, optionally at a molar ratio of platinum to tin is from 0.4:0.6 to
0.6:0.4. In another preferred aspect, the first metal is palladium and the second metal is rhenium,
optionally at a molar ratio of rhenium to palladium is from 0.7:0.3 to 0.85:0.15.

[0022] The catalyst optionally further comprises a third metal different from the first metal and

the second metal, e.g., wherein the third metal is selected from the group consisting of cobal,



[0031] FIG 2B is a graph of the productivity to ethanol and ethyl acetate
of the catalyst of FIG 2A; [0032] FIG 2C is a graph of the conversion of
t he acetiwoaeildyafs6t he catal yst of FIG 2A; and [0033] PCGUS201142379r aph of
the productivity of ethanol of the catalysts in Exanples 1-5. DETAILED
DESCRI PTI ON OF THE | NVENTI ON [ 0034] The present invention relates to
catal ysts for ,use in processes. . fo ro ' t . t.l. ng
ccet Pty Yot Etl BoBd-ARE SR, Ry MBS AR il SRS s
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XRD, edrom2 W.9%10 5 % t L he
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a second metal precursor to a second metal with the modified silicaceous support. In another

aspect, the process further comprises the steps of: (c) contacting the at least one metasilicate
support modifier or a precursor thereof with the silicaceous support to form a modified support
precursor; and (d) heating the modified support precursor under conditions effective to form

the modified silicaceous support.

BRIEF DESCRIPTION OF DRAWINGS
[0026] The invention is described in detail below with reference to the appended drawings,
wherein like numerals designate similar parts.
[0027] FIG. 1A is a graph of the selectivity to ethanol and ethyl acetate using a SiO»-Pt,Sni.m
catalyst;
[0028] FIG. 1B is a graph of the productivity to ethanol and ethyl acetate of the catalyst of
FIG. 1A;
[0029] FIG. 1C is a graph of the conversion of the acetic acid of the catalyst of FIG. 1A;
[0030] FIG. 2A is a graph of the selectivity to ethanol and ethyl acetate using a Si0,-Re,Pd).,
catalyst;



[0037] In various enbodi nents of the present invention, the crystalline
character of the catalyst conposition nay be obtained froma substantially
honogeneow® 20ry®rAbl i ne nmetasilicate support WO PCT/US2011/023379
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nodi fier, which adjustsdhe acidity of the support material. For exanple,
the acid sites, e.g. Brdhsted acidHsites, on the support material may be
adj usted by the support di fi er—tofauor sWi ty to et ol during the
hydr ogenati on of aceti (d. The acidity o he “sygport €rial may be
adj usted by reduci nSHt he nuRBer or reducing the availability of Bronsted

26 0d003sT> A ot BRBRE b M Wy Btoieeforct AR aciEtoTib s iRt e Rimp

nat erondlembbin®m® of Me iSwMtieX tompPHicat RastUnNRSRMIS £ sufpder, agl, distiicagdoud surface
or the nunmber of acid sites thereupon may be det erm ned by t he techni que

descsipradt,ipgpd pt legss joag mejasilicgte suppyrhredifiari Madified sppert aedisshsedsn U.S.
Cat alyst | 370- 404;
vor o AP SRR 14, Wil § ARG TRO ey Bbiterlf ! SRS, P P70

her ei[0038] r&frprignge and AASPecitdly, ﬁtltﬁpﬁ@xtzbeateusccateﬁedsthmdathlm lesfigct ed such
that the catal yst system.is suitably active, selective and robust_under the
pr oc SYRPE BB A OMedEied) Fyeast frorart, mé caysieiing phase matasalitste sugppt atﬂdéﬁf‘g&pport

mat er , Egaer{rm&,

cer ar‘# c- %Taseﬁﬂ%gg%%&tggmf referre %lsﬁf)%g%&rng@ﬁea?ﬁbgﬁgh?eﬁlgltﬁg?g @F&Hgﬁ ous
suppeoheersions; Belastivdti¢s m,preddcmaiea fatrathremno]. aAéaromdmg ltd fora¢ inbadimentsaif s
cal ci.um net asi |l i cat,e, ro ur|t Silica and m xtures
t her dBYSPUPRHEF SXAMEAL CANETATA aﬁ&f ’ewﬁséé}t At oW he AR HeTH % %ﬁeﬁ%e
pr eseny danyEihd: 00 wiioD G WAk W 44) QeadtisBivkdki AMeast 1901 9K lafl RastHOUN A2at

titania, zirconia, nagnesium WD 2011/ 097246PCT/ US2011/G23379 oxi de,
car bdcmst 20 wp P omgt ldmsg% wtil§, af éheanetasitjcaip hitportedodifietio iy aaqtstasﬂateqﬂlaetalabons

and nj xture eof 0040] In ad t he ort .nmater

2 O e SR by G ioGoRg ok RS R p s SRS T hEifeart Simpor, ppor ¢

modl fnh&ﬁﬁerngetﬂ@@ﬂaﬁnféqihﬁwm aataﬁhéd /ﬁm Afayl Ehdfréﬁt(ﬁﬂw@%tb@9@{% e%st 0 3
.% at least 1 'w.% at [ east | east .% at | east

at | deosn 0.DoviRo. t%75a’tt %e&éw%mo 9. %ato § waikt lean 2\‘l'tht0%) faom| e wt. ‘V(VE) Wt % at

| east_.§ % % or_.at s 95 wt..% of the e i cate
suppaFLe bR &8 g RS eyl e imBamERs e e e et AER I or
of I @Rgeslind ;btesam@uetenﬁtnea rbystta]bj nBE bOBoas? hit 6ates s4PROPlcfally thedrydtal t he

support nodifier range, for exanple, froml w.%to 75 wt.% e.g., from
20 t Sysemet thy crwtalhfl@,mqt%ﬂw@tew@ ab/teattrpeﬁta@w i we. % or from70 to 95

. % utyl,| shal e

suppd o rhibMaddl 6F 8EA0R Shefiar iR RuIP o o bl
pr od mohnpvi;itmﬁmagﬂbbaibménhd\/ﬁmh a@ubnanmﬂib/dloamgenﬂms srstaplyer hetamidcdte eupprtmay be
achi eved. As one exanple, crystalline support nodifiers may increase
productivity by at |least 5% e.g., at least 10% at |east 15% at | east
20% at least 30% or at |east 50% ower conparabl e anorphous netasilicate
support nodifiers. In terns of overall productivity, ethanol productivity
of at |least 500 grans of ethanol per kil ogram catal yst per hour
("g/kg/hr"), e.g., at least 600 g/kg/hr, at |least 700 g/kg/hr, at |east 750
g/ kg/ hr, at |east 800 g/kg/ hr, at |east 850 g/kg/hr, at |east 900 g/kg/hr,
or at least 1,000 g/kg/hr, nmay be achieved.



[0041] The nodified support may al so conprise inpurities, exanples of which
i ncl ude al um num oxi de, titanium oxide, and iron oxide. Surprisingly and
unexpect asibypirdegbnvent ors have found that significant PCEaSoManeIsrs in

et hanol productivity, selectivity, and/or conversion can be achieved with
rmdi fied supports conprising particularly low levels of acidic i rrpuri ti es.

one sSur | N an un ect S
| U PRERRG, e et Bl P PR R ER el of PR R e
i I oNh@xthd 8amadegreé eﬁagttamm@n I@ﬂ@mgpetteﬂﬁ rﬁél@d’lh&t@ﬁlppbrt Hodefi@ .in chebS t han
0.20 wmt.% | ess than 15 wt.% less than 0.13 wt. | ess than 0.10 w .
or | Eescatadhysh partigles e bas apybatantipdlyruméforgidgareqef glmstaﬂtmtyrré atleasf s W%, @042]

In o t 0 V. dyl ¥

non- SPeE TEeh T 20 ARG B R de )y 3905 o Rl P bt s W% o1,

enougthlesdi Sh wilta] attléust 28 el vt Rbstt80envisupmdedst mehtf% ef at|16asn95 m.%r.erns ed during

the life of the catal yst. Such basic nodifi ers, igagﬁl may be

sel e8tBerasprAttthe S@tlt)apere%ﬁsgrst phepyspllingty ynay hezac mxe \ des, (ii)

al ka t hoal kal i

o a}l‘le;[fagtﬁgcgjlte t egmd%ﬂ r'tlgt‘?é é&?% agﬁe ?@éqxﬁe g&g e’ée a@fé %Ag\%t 5 at l(c;héf 10

2011%%2\4&3@21}\82%1 av 102330 %(%,cmpeait B wmetglat lmstt@@ntm%aatéeast PWinit.yo Gratup
111 B, net xi des viii) G.oup, | net.al netasilicat and m xtures

t her L8t % ép“dﬁtt‘%‘%e %d%%tnaeep b (Rl 11 €500 OUSRI|TY St'fvg} APOTPRRNST i er

| ncl eliitlicdld duBbérE modlfide] FRSat@CRbEk Gy WALy FRY (1RAIFRAA N

enbodi ments of “the present invention. Preferably, the support nodifier is

sel ectyetdtllfrrit}'mftarrxatagl;ysmbptChwsd&nledgprystalbmrt}dbgeland met asi |l i cates of any of

0 gL D TRIRE Sl AR T A A e, 22
cal CkYMashbdi€idd SuppdB! SeRkifh 8'saphort Gal i‘ﬁblﬂtﬂbé@§®§)bh'rﬁﬁéﬁal @Qﬁ%‘sﬁ%@tort which is

in crystalllne phase, at |least in part. [0043] The total weig of the
nodi moeldi@upb@htadjumthmamm oilctbe supr@rtsruptpualt exahple, the dc1t1r$éeSs gigoor t

m’di% i BRESheS; oL BE s AL hadbs hEsSEbT i oprdth BleRlBR I B 1" 0T 7

W . YgelddiBityup pﬂraholrmrﬂinfglt@er h)mregﬁraabﬂt ¥f acetipaondi de atiditaiof eEuppors tatdrial ent
to adjust the acidity, reduci ng the nunmber or reducing the

avai mayibejadjustsd lacr@d%net’f@ rt%ltréur at:tedu@ng the availepiliyraf Bypetted amd §1t<tso>néh% ure
t hat e I i onst ed
et s HARREE e shiforPHRRDGE ml? aBURE LARNMCR Bohal B S bRl GIREOTR BT
armuphari‘ge alne ﬂ{éoﬂ\ﬂle%;lp}ﬁbrﬁl%at&haf’ﬁ)Uﬁeg the f:dj/lﬁéigtﬁncﬁgaibés %ﬁ@vt?@ tlwlt ac%ltyf (Lf@m ]9 5h

.%t % or framl w.%to W . 9 ased. on the total weight of the
cat aPy; Ce qr\ﬁﬁepwrl&rpéaméﬁg%thﬁ@ﬁpen H@M@egappatn@d Byt teghnigue drsealsshinify an

29 35

ot omelehEAM IR, bt oot bt Htrcneous Cale Yend R bbby of O
sr | | e,%ambmnf Sufapes; p. 370-404; MarselIakker Ific. ANY. 1084 rthe pntdretysifsthictgisof sr l'i ca,
silicalalu a Gro#% IIA silicate such as calciumnetasilicate,

pyrob@ﬁm?r%t?‘?ﬁ%rémti’*}”@ Piffity silica and mixtures thereof. Thus, in one
aspeqdo39f Nahs RPN maRtigkisBbuld DEREISERS s&@H BhUE CRLBS dykea! € suatly active,
anor phous cal cium netasilicate, and the support nodifrer conprises a

met asélédtivatand roinist bndes therprecesb Icomhtloxatemlﬂapetd ﬁontlpafpnnat[omoﬁ@}hahnl t he case

wher i.llica is used . as the sili.caceou u neficial to ensure
that SEIES ihast RESA S Frebdf S R P Ie SR RIRC LS SIS | ca. s
| ow, c&ﬁ@ﬁ@bﬁéh%upm@r PlefétredBupPot- mattkidle ncfide siMcadbRl suipdels, fick aytilits, based
on the total ht of the nodified support. In this regard, rogenic
sili élércafgluprle#,étr OHD KA Blﬂlcaieﬁmimswaiosurammsalmaée, iprirqganicsilise, ]@X%@eﬁi}hg 99.7
mt % |.i efers to
%111'5%1 gtbc\lﬂﬁl%thtte\s t]?é&%(;cfc g)ct}rllc?}‘ss mHﬁ {nape ﬁtéh%%g ‘S%rﬁhlﬁg(?ﬁn% glgrtoo&ét}seg{stofqﬁe
aI | pkentéveinsionfintlagding twigioubliditatiorirod. Xide, hiR@sind, Hiddhi4) zi?rcM\ﬁla %@gnehﬁﬁﬁ t han
0.1 wt.% Wen calciumnetasilicate, e.g., crystalline cal ci um
netasilicate, is used as a support nodifier, it is not necessary to be
quite as strict about the purity WD 2011/097246PCT/US2011/ 023379 of the
silica used as the support material although al um num remai ns undesirable
and will not normally be added intentdonally. The al um num content of such
silica, for exanple, may be less than 10 wt.% e.g., less than 5 wt. % or
|l ess than 3 wt.% In cases where the support conprises a support nodifier
in the range of from2 w.%to 10 w.% |arger amount of acidic inpurities,
such as alum num can be tolerated so long as they are substantially
count er - bal anced by an appropriate anount of a support nodifier. [0046] The
surface area of the support naterlal e.g., srllcaceous support naterlal
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[0047] The support material also preferably has an average pore di aneter of
from5 to 100 nm e.g., from5 to 30 nm fromb5 to 25 nmor fromabout 5 to
10 nm aswoebavesrzsed by nercury intrusion porosinetry, &OW/Ba01A0eI3aye pore

vol une of from0.5 to 2.0 cnB/g, e.g., from0.7 to 1.5 cnB/g or from about

0.8 to 1.3 an/g, as determ ned by nmercury intrusion porosinetry. [0048]

The m)r hol th rt mat eri al. hence of resyl ti ng catal yst
comp&st r‘(‘ﬁ'fgg%ﬁ R;’étfsl“ﬁﬁg‘ér §FC e @mtléfigg‘ﬁgtf"é‘r 9°tbvﬁff(51cﬁaﬂi?ﬁf s"‘nldtni’fé phol ogy
of theersstpport material and/or of the catalyst conposition may be pellets,

extrudates, spheres, spray dried mcrospheres, rings, pentarings, trilobes,
quadif04edn addltlton,ﬂh@balbpogmmgal ip ad‘fanmeu!éy mwdtfgﬂd h)’;ﬂ supdert mdlﬁml ¢.gets are

Char S fasil S penlog e abiten b SaR s BRRBAE 10 A b Gpieatod. FRERTRLATY

to 0.vR.%/ 4n&asor wi et Gabt 1 @t 0, 8t Eéﬁ@ﬁwt YoNat184st vaf%satmst 160e1.94, Iat réastSUDpor t
mat eri al preferably has an aver age parti cle size, ., eani ng

di amePert-fooft legshed Mﬂ ah lpast 1 woppt leapl B0 attdmtat i?ﬁﬁb?q whto ftrl@éllﬁ@’p‘fe% Wb%
or 't PEREGhERBRE hineFuodiiel [Tk @bt dhede. WheRrtiped AR IR 510, o

or Wirirpen, thé@mounmki dflceytteﬂhllﬁmmétas@bﬁe gepRirambyificeinthe BWgort oditiéemay hey
shoul d not substantially inpact the size of the overall cat al(gst particles.

Thus rangselogsygmpisatromc] wt. ‘?s/q Bels Yethet &l rfgpna%%twﬂ wi-Hofiem HotosTlrwt. @t frome

2011985 3 RER BB 775593 307} oBh S PR bAoA B e mellicere |
SS6 1 13thetdugporburotidie, iAteaset HSﬁi)odScti\ntya)f@diaaby(% cGiapareé to produetBaiiest Gobai n

Nor Pr ai nt - Gobai n rPro 886113@5%5' ca_ contai ns approxi mately 95

. %O ﬁtagfr?g SUBPAARIS AFOFRIORS SUPROTH G 212y bF aghisyRd. 2500RPIRGMPIE. nedi an
porec%’s@di’ﬂ@%p%rt%‘ﬁer}&a Theréibe Y(?(ﬁt%ﬂ@ l%&’ét@@sf g aglPé%'s‘tth% t‘f g as
measured by mefcury intrusion por S|netr a pac ensity o out
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yproduct of
acet |at:lea$i|7<§0|gék%hlhyl least 808 &ke/Ixcatdeasi ﬁé;(g) pikefhnent peast @01t g/kphgror iableastt he
suppqroto /grrabl ag{ ud s a support nodifier that is effective to
suppres % ultPol & e@? acetate, rendering the catal yst conposition
hi 9h|[004ﬂq%| ElHel rGdified Qiﬂp@ﬁ%ay b3 Isomprii iGPuAtiysS bx£APROST WhikA iMilgder abl y has
a low selectivity toward conversion of acetic acid to et h{ acetate and
hi ghRiPmiREBIxidey fitangyn smslau@tdslrmdfas&amanély angyaesrectedhy thsfinyénors uppor t
pr ef | ess an 2%
and %ge:)foﬁnh ea? g’%b{tﬁlalel@g@ an al?sgﬁt}telt o oﬁ l%? ECA’ é?elr]egcftg’@?adﬂé/or g eégf) ed to

rret haaebe ect}hama vaﬂdmodiﬁed Buplaasi cdnprikihgaetidul 21y lotvievas btldidic Qﬁfﬁﬂﬂ&és.s upport
glg contg@ﬁbl ed by using a pyrogenic silica or hlwgh purity silica as

d| sc iR SRGCEpRent, GW?Plngﬁngﬁée%@éWﬁé‘HF areaelicygPPPR EMBUPISSr ¢ 2 ctifpri ses a

SUprBﬁlbﬁﬁﬂgﬁ bPéluﬁf%rﬁ%kﬁbuﬁ?aHﬁmlhé GAb (ﬁ’on gﬁ# Qjer}ges%ﬁylﬁtaﬂlakﬂo%ﬁt %?4 cium

metasilicate at l'east in part, as support ier in an anount ective

t o b&haarlc?0 Bt.bystgedesscthah 600 @g. %dsssltham@;lsmr’/o Adesrthdre. 13 moivb, rlesithaed. 10

alumng, in.the siljca. Preferab the .cal cj mrreta5|||cate e.g.,

crystwaf?/f”ﬂ’iéeséz]il&l{‘i(th??‘ét)aé’ia?qdcoé‘(%gt‘?t%l‘ﬁ?‘ggte‘?‘fjtt tAalyStanount from1 wt.%to 10
- %400329- \In Bﬁ@@?nﬂo&?he%t \fﬁe sf?p%)f)ft(i’ﬁﬂdif’ﬁé’i‘thas/oatl@wzzol’éittlhiimqﬁa)a Otbn-Goidhile¥0 based

onthetota wei ght of the catalyst, in order to erisure at the support is
es se MWa\rqlgtﬂﬁE quaﬁlers) hamlra(ce ofosstthatas law enc[l@hssa]:h et theacsliypdithe swpdorti er ,

stal i ne c Si ve .a Iovve sur face
ar eahfqﬁ tlsh%()tsrﬁ‘f)eﬁ%e éﬁreg © Of]éhegcatﬁgf’t”%ﬁ'ﬁfe 5%% mé’ﬂﬂaé%tforneé(ta@rp %M n one
embodt sEBited ROmSUP REIUp JFBEISHADOS: P Hﬂkéhﬁ@éarﬁh SidldsC ADANSH Iﬁétﬁmﬁ&esn?ﬁ)?r i al
that includes at | east about 80 wt.% ., at | east about Yo or at

| eastlkghegieartiomeiel metasiligafes (v aH@hamé@l rgf:tmlbaatm (orGrepp 118 m@@hpénda% {vid hi s
effect of including a support nodifier. W 2011/097246PCT/ US2011/ 023379
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[ 0054] Accordingly, w thout being bound by theory, nodification and
stabilization of oxidic support materials for the catal ysts of the present
i nvent i orwbyoiwmmwodpor ati on of non-vol atil e support nodi PCES2012023309 ei t her
the effect of: counteracting acid sites present upon the support surface or
the effect of thermally stabilizing the surface makes it possible to

achi eve desirabl e i nprove ts in | ect] vi, 0..ef han r ol onged
cat alyStP ﬁﬁf%&aforpetﬁg@ﬁa}teﬁ’ Z‘%ge ré)PB!Iﬁﬁﬂﬁﬁ]oWé%oé’l“ﬂ é@pﬁh?@ﬁe@n oxi des in
t hei nefRgcaf pemdemmr@m@re%tat@midln D% RIck A4 HRBATIICRIES Sk 8PpeaRd thus have

low volatility or are rather non-volatile. Accordingly, it is preferred
t hat madifiers ngyigtates grigites; ecqiates; até thetatesamapube wsed i £mbpdintentsmf the )

counteract. aci.di ¢, Skt esent on t.he .surface.of the support.nmaterial;

(1 PRESRsp A5h BTy ShERTRor o SRR R e R SRR St r es: or
(111 bxidet hnd Metabitidhtebf M1y dTRUARND YolabE@hY mabiBRfm, i AR SIcal @GSy thifurg hape
change refers to inparting resistance, for exanple, to sintering, grain

gr owerd zige.and migteseianyiod the fosrgoing. direferably. dhe swpper meodifier islh shlotn i ons,

i or oLEpEap ORI BRI a AOALchF ORI su R RAEIBR TR, Bt it o

catabysts in the sense that, rather than being inpregnated in a wash coat
onto_a nmonglithic carrier simlar to autonotive catal ysts and di esel soot

: | )Nt ]
t r ap [UEV] c dde totpaleweightolythe mogdifiadsuppert evhisibinciides thesipgorhmaterigh ansthe nt o
part | , [ I fer I ayi ny of a
Vari SRR mOATE, bARS A0 ibRL R AR b PR A Gh s L R on
zonewnyo,Elachirorg 78 wiroge O witliey ordfont Be se.% apedit.eat Bhe/sipport ddierr eact or .
Commonl ncount ey ed shapes inc¢l yde extrudates of arhitrary cross-section
t aki mjfffvrﬁ@yfwwﬁegén GRACPHRG SPECIER} 1 Adust tﬁ?la‘i‘ﬁ‘@’@&ﬁ{sl%}’ KeRting R TyeReF at or s
defi pi RAuLiAG 1RVaALS1IRS oﬁa'&ﬁvf’ﬁ% Ratgi @ s,gﬁa%&s :pféféﬂaﬁﬁrto %ﬁsdéé‘ af feed
above, any convenient “particle shape I ncluding pelflets, “extrudates,
spheswice op theysugpore tb substrosplyeireesof actingBrenstedtaaid sigs., Int prefendeés, quadri | obes

d ti.l obal ..sh _be. used, although cylindrical pell
oo BPbhdinaR, AP RineF 1RE S B dnigedm S Ol oiahyo BlaudhGsorfrom
per conuethsabnkivitys! Rof @B A€s toNS WER0br REASEWIW 1 & HEC BhRH Vhitke RegNt S

effecti veI}/. [0056] One advantage of catal ysts of the present invention is
t he wekbi pl thy catalyst t inpirefgrrod embediowents, thetsuppert pratediat isrpgesentiarmolamount

verbhte ¥ by AepBbRetE ChEls Tl TEAmENAR S8 nat 1

appl jovayj oms ohOEmbydmese it upPor@nabsRl ist akéReolddubpsithatdril sdledtdtBfrom
production of ethanol. In particular, it is possible to achieve such a

degr the gspunseonsisting 9f silien stlicatalumina) a/GrouadiA vilicgte\sieh asepleiumancasiicate,

pr od LVA:L ey Y d 1 9 100 _haour s catal yst usage,
e g, bRt e Bubd iRl R 00300 Do S DR i 8P 3 70 o
t hanmhtebi Eanpried chioluns metsicakeadky ambiphonatdciam measilicite vindythéagppbre i s

determ ned once the catal yst has. achi eved steady-state conditions. [0057]

I'n ofSdHIsh sempEses 2 MptavilicHe whiehisysystallipp 6f leastighpaitses high purity silica,
A ol b . A ESell pra
od I Par " B HeRise e W Se4las 80 Brcalolk Sahhort  BRELeril PedBPBle
and thelagountof aluminunhevidelt &lay®mrher corahmagedr pidica,dslibvexrefadibhouridet © over
K, t ks, t.hs,  of iall 1abl ti
R T Feside’ 0F WEBer ind i VE Ry Posd b il e s rerptiies Sosoe ac
space Rl egdrll] Bo&niQtingd ﬁrpgér]fgﬁ'@d 821 Qoffiohly 1 39a8Ib1d }ﬁﬁiﬁii'fel% %}%l%géiﬁg boe

modi fi ed support material, e catalyst of "the 1 nvention onpri ses
a fi wsto. nidighlpusisdsiben. iae nsdd thramgbowtherappdicatiors refesandilive irmwhich athiic d net al

or additional tals on the support. |ln this.cgonte e nerical termns
v r St amx%grgtggﬁqgm,a.s aﬁ?‘ﬁﬂ”&} areé’f%g?t’ bﬁ?éﬁﬂlfééﬂ’elso&ﬂmﬁ%? éEé‘“\%Tedg’ al," are
neanthat 0.2 Wedatiesstthat 0.1 k. % e SPR6&t talduiBhehsilicdte, «b.f E95ane thlenPne
another. The total weight of all supported netals preSent in the catalyst
pr ef Be@piligatesis upeshas suppert amdifieryst isnqj necgspasmt@ bg quite asstiigt. alputdhe purty 0. 1
w.%to 10 wt.% For purposes of the present specification, unless

ot herwi se indicated, weight percent is based on the total weight the

catal yst including netal and support9 The netal (s) in the catal yst nay be
present in the formof one or nore netal oxides. For purposes of

determ ning the wei ght percent of the nmetal (s) in the catalyst, the weight
of any oxygen that is bound to the netal is ignored. [0059] The first netal
may be a Goup IB, 1IB, Il11B, 1VB, VB, VIB, VIIB, or VIIl transitional
netal, a |anthanide netal, an actinide nmetal or a nmetal from any of G oups
I[T1TA TVA VA or VIA In a preferred enbodinent, the first netal is

o o, L B 1. 1 "



WO 2011/ 097246PCT/ US2011/ 023379 More preferably, the second netal is

sel ected fromthe group consisting of copper, tin, cobalt, rhenium and

ni ckel . MWvoeorefmsabl y, the second netal is selected fiPomusze1anzs79 heni um
[ 0061] Where the catalyst includes two or nore netals, one netal may act as
a pronoter nmetal and the other netal is the main nmetal. For instance, with

a plati,nu t|n yst, plati.n ma e consi der.ed t t he { n_netal
Snh BF e § 518 SRpoal Aot Sl ARaRES B BhFaRTR A VEhEr ecent
specinbigalyl mddea SténtioRall eTf]é BlSnifRh dbntst IrRECIPE1ORTYr Skl flaydRdedshe
second netal (and optional netals) as the pronoter(s). This shoul d not be

t akethans] Oait. Yon el e dask Granct wt.Heoresdhan 3 m Yerelorranessihasé thersuppert eoyprisss a
tivjt 1§ th lyst . incl o first
et L ¥l GR8RE s b STRRYT b B G B RO LR By 5

cat akye asialurdihusi)esibe {01180 sd 181 abAhopt ardsuldthtially cOMtE-BaldRe®bWan %  OF
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[0049] A preferred silica support material is SS61138 High Surface Area (HSA) Silica Catalyst
Carrier from Saint Gobain NorPro. The Saint-Gobain NorPro SS61138 silica contains
approximately 95 wt.% high surface area silica; a surface area of about 250 m%/g; a median pore
diameter of about 12 nm; an average pore volume of about 1.0 cm’/g as measured by mercury
intrusion porosimetry and a packing density of about 0.352 g/cm’ (22 Ib/ft’).

[0050] A preferred silica/alumina support material is KA-160 (Sud Chemie) silica spheres
having a nominal diameter of about 5 mm, a density of about 0.562 g/ml, in absorptivity of about
0.583 g H,O/g support, a surface area of about 160 to 175 m*/g, and a pore volume of about 0.68
ml/g.

[0051] One possible byproduct of the hydrogenation of acetic acid is ethyl acetate. According
to the present invention, the support preferably includes a support modifier that is effective to
suppress production of ethyl acetate, rendering the catalyst composition highly selective to
ethanol. Thus, the catalyst composition preferably has a low selectivity toward conversion of
acetic acid to ethyl acetate and highly undesirable by-products such as alkanes. The acidity of
the support preferably is controlled such that less than 4%, preferably less than 2% and most
preferably less than about 1% of the acetic acid is converted to methane, ethane and carbon
dioxide. In addition, the acidity of the support may be controlled by using a pyrogenic silica or
high purity silica as discussed above.

[0052] In one embodiment, the modified support comprises a support material and calcium
metasilicate, including crystalline calcium metasilicate at least in part, as support modifier in an
amount effective to balance Bronsted acid sites resulting, for example, from residual alumina in
the silica. Preferably, the calcium metasilicate, e.g., crystalline calcium metasilicate, is present
in an amount from 1 wt.% to 10 wt.%, e.g., from 4 to 8 wt.%, from 5 wt.% to 7 wt.%, or about 6
wt.%, based on the total weight of the catalyst, in order to ensure that the support is essentially
neutral or basic in character.

[0053] As the support modifier, e.g., crystalline calcium metasilicate, may tend to have a lower
surface area than the support material, e.g., silicaceous support material, in one embodiment the
support material comprises a silicaceous support material that includes at least about 80 wt.%,
e.g., at least about 85 wt.% or at least about 90 wt.%, high surface area silica in order to

counteract this effect of including a support modifier.
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[0054] Accordingly, without being bound by theory, modification and stabilization of oxidic
support materials for the catalysts of the present invention by incorporation of non-volatile
support modifiers having either the effect of: counteracting acid sites present upon the support
surface or the effect of thermally stabilizing the surface makes it possible to achieve desirable
improvements in selectivity to ethanol, prolonged catalyst life, or both. In general, support
modifiers based on oxides in their most stable valence state will have low vapor pressures and
thus have low volatility or are rather non-volatile. Accordingly, it is preferred that the support
modifiers are provided in amounts sufficient to: (i) counteract acidic sites present on the surface
of the support material; (ii) impart resistance to shape change under hydrogenation temperatures;
or (iit) both. Without being bound by theory, imparting resistance to shape change refers to
imparting resistance, for example, to sintering, grain growth, grain boundary migration,
migration of defects and dislocations, plastic deformation and/or other temperature induced
changes in microstructure.

[0055] Catalysts of the present invention are particulate catalysts in the sense that, rather than
being impregnated in a wash coat onto a monolithic carrier similar to automotive catalysts and
diesel soot trap devices, the catalysts of the invention preferably are formed into particles,
sometimes also referred to as beads or pellets, having any of a variety of shapes and the catalytic
metals are provided to the reaction zone by placing a large number of these shaped catalysts in
the reactor. Commonly encountered shapes include extrudates of arbitrary cross-section taking
the form of a generalized cylinder in the sense that the generators defining the surface of the
extrudate are parallel lines. As indicated above, any convenient particle shape including pellets,
extrudates, spheres, spray dried microspheres, rings, pentarings, trilobes, quadrilobes and multi-
lobal shapes may be used, although cylindrical pellets are preferred. Typically, the shapes are
chosen empirically based upon perceived ability to contact the vapor phase with the catalytic
agents effectively.

[0056] One advantage of catalysts of the present invention is the stability or activity of the
catalyst for producing ethanol. Accordingly, it can be appreciated that the catalysts of the
present invention are fully capable of being used in commercial scale industrial applications for
hydrogenation of acetic acid, particularly in the production of ethanol. In particular, it is possible
to achieve such a degree of stability such that catalyst activity will have rate of productivity

decline that is less than 6% per 100 hours of catalyst usage, e.g., less than 3% per 100 hours or
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less than 1.5% per 100 hours. Preferably, the rate of productivity decline is determined once the
catalyst has achieved steady-state conditions.

[0057] In one embodiment, when the catalyst support comprises high purity silica, with
crystalline calcium metasilicate, at least in part, as a support modifier, the catalyst activity may
extend or stabilize, the productivity and selectivity of the catalyst for prolonged periods
extending into over one week, over two weeks, and even months, of commercially viable
operation in the presence of acetic acid vapor at temperatures of 125°C to 350°C at space
velocities of greater than 2500 hr!.

[0058] In addition to the modified support material, the catalyst of the invention further
comprises a first metal and optionally one or more of a second metal, a third metal or additional
metals on the support. In this context, the numerical terms “first,” “second,” “third,” etc., when
used to modify the word “metal,” are meant to indicate that the respective metals are different
from one another. The total weight of all supported metals present in the catalyst preferably is
from 0.1 to 25 wt.%, e.g., from 0.1 to 15 wt.%, or from 0.1 wt.% to 10 wt.%. For purposes of
the present specification, unless otherwise indicated, weight percent is based on the total weight
the catalyst including metal and support. The metal(s) in the catalyst may be present in the form
of one or more metal oxides. For purposes of determining the weight percent of the metal(s) in
the catalyst, the weight of any oxygen that is bound to the metal is ignored.

[0059] The first metal may be a Group IB, IIB, IIIB, IVB, VB, VIB, VIIB, or VIII transitional
metal, a lanthanide metal, an actinide metal or a metal from any of Groups IIIA, IVA, VA, or
VIA. In a preferred embodiment, the first metal is selected the group consisting of copper, iron,
cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium, platinum, titanium, zinc,
chromium, rhenium, molybdenum, and tungsten. Preferably, the first metal is selected from the
group consisting of platinum, palladium, cobalt, nickel, and ruthenium. More preferably, the
first metal is selected from platinum and palladium. When the first metal comprises platinum, it
is preferred that the catalyst comprises platinum in an amount less than 5 wt.%, e.g., less than 3
wt.% or less than 1 wt.%, due to the availability of platinum.

[0060] As indicated above, the catalyst optionally further comprises a second metal, which
typically would function as a promoter. If present, the second metal preferably is selected from
the group consisting of copper, molybdenum, tin, chromium, iron, cobalt, vanadium, tungsten,

palladium, platinum, lanthanum, cerium, manganese, ruthenium, rhenium, gold, and nickel.
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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.

[0061] Where the catalyst includes two or more metals, one metal may act as a promoter metal
and the other metal is the main metal. For instance, with a platinum/tin catalyst, platinum may
be considered to be the main metal and tin may be considered the promoter metal. For
convenience, the present specification refers to the first metal as the primary catalyst and the
second metal (and optional metals) as the promoter(s). This should not be taken as an indication
of the underlying mechanism of the catalytic activity.

[0062] If the catalyst includes two or more metals, e.g., a first metal and a second metal, the
first metal optionally is present in the catalyst in an amount from 0.1 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
and 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.

[0063] The preferred metal ratios may vary somewhat depending on the metals used in the
catalyst. In some embodiments, the mole ratio of the first metal to the second metal preferably is
from 10:1 to 1:10, e.g., from 4:1 to 1:4, from 2:1 to 1:2, from 1.5:1 to 1:1.5 or from 1.1:1 to
1:1.1. It has now surprisingly and unexpectedly been discovered that for platinum/tin catalysts,
platinum to tin molar ratios on the order of from 0.4:0.6 to 0.6:0.4 (or about 1:1) are particularly
preferred in order to form ethanol from acetic acid at high selectivity, conversion and
productivity, as shown in FIGS. 1A, 1B and 1C. Selectivity to ethanol may be further improved
by incorporating modified supports as described herein.

[0064] Molar ratios other than 1:1 may be preferred for catalysts comprising different metals.
With rhenium/palladium catalysts, for example, higher ethanol selectivities may be achieved at
higher rhenium loadings than palladium loadings. As shown in FIGS. 2A, 2B and 2C, preferred
rhenium to palladium molar ratios for forming ethanol in terms of selectivity, conversion and
production are on the order of 0.7:0.3 to 0.85:0.15, or about 0.75:0.25 (3:1). Again, selectivity
to ethanol may be further improved by incorporating modified supports as described herein.
[0065] In embodiments when the catalyst comprises a third metal, the third metal may be
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
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[ 0068] whwoehn/09(i4y the ratio of v:y is between 3:2 andP2TR|S2@n@23379 (i)
the ratio of wx is between 1:3 and 1:5. Thus, in this enbodi nent, the
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wt.%, the second metal is present in an amount from 0.1 to 5 wt.%, and the third metal, if

present, preferably is present in an amount from 0.05 to 2 wt.%.
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0.005 0.05 [0072] Preferably, in this aspect, the catalyst has a surface
area of at |east about 100 n2/g, e.g., at |east about 150 nR/g, at | east
about 200woROg/r24qost preferably at | east about 250 nRpgl/tsedio2znd p > z.
I n many enbodi nents of the present invention, p is selected, in view of any
m nor WO 2011/ 097246PCT/ US2011/ 023379 inpurities present, to also ensure

t hat the surface—of—the—support—+s—substantiattyfree—of—acti ve Bronsted
acid sites which seemto facilitdfaBt#hversion of ethanol into ethyl
acetate. Thus j t Vi ' condi tions and
val ues of v, @?ﬁﬁﬁﬂ}fﬁg?qﬁEﬁgﬁat?“@ﬁﬁﬁgﬁﬂhﬂﬁyﬁpgi§ﬁ9@£ﬁ9§§§h that at | east

70% of the aceti cFiggiMbtale. 9., atSekembMeB)% or at TheaddetfO% that is

converted i s converigd to ethanol, ['e Tess than 4% of the acetic acid is
converted to al kaneg,, [0073] The caigl yst conpositions of the invention
preferably are for t hr ough neta1-¢npregnation of the nodified support,

al t hough ot her processes such as ch cal vapor deposition may al so be

enpl oyed. Before th Yretals are inpsg]nated, it typically is desired to
formthe nodified support, for exanpf'e, through a step of inpregnating the
support material w tH the support modi fier. A precursor to the support

modi fier, such as afNlacetate or a nif€rate, may be used. In one aspect, the
support nodifier, eN., crystalline \aSi03, at least in part, is added to
the support materialNi e.g., Si02. FOW exanple, an aqueous suspension of the
support nodifier maydoe fornmed by addi ng the solid support nodifier to

dei oni zed water, folddjowed by the addirti on of colloidal support materia
thereto. The resultipyg m xture may lpg stirred and added to additi onal
support material usipyg, for exanpl epei ncipient wetness techniques in which
the support nodifierpb4ys added to a ypport mat eri al having the sane pore
vol unme as the volu of the support difier solution. Capillary action
then draws the supp nodi fi er inthDhe pores in the support material. The
nodi fi ed support ca d hen be forned y drying and calcining to drive off
wat er and any vol at iflde conponent s wil€hi n t he support nodifier solution and
depositing the suppdt nodifier on e support material. Drying may occur,
for exanple, at a tdidperature of from 50C to 300C, e.g., from 100C to 200C
or about 120C, optidudally for a periWd of from1l to 24 hours, e.g., from3
to 15 hours or fromm@ to 12 hours. Quce forned, the nodified supports may
be shaped into partiml es having thegesired size distribution, e.g., to
formparticles having an average pagtjcle size in the range of from0.2 to
0.4 cm The supportspmay be extruded, pelletized, tabletized, pressed,
crushed or sieved to,the desired si di stribution. Any of the known

nmet hods to shape thgpsupport materigls into desired size distribution can
be enpl oyed. Calcin%ﬁg of the shapegggPdified support may occur, for
exanple, at a tenperéture of from2 to 800C, e.gCP from 300 to 700C or
about 500C, optionaﬂﬁy for a periodS@f from1 to 12Rours, e.g., from2 to
10 hours, from4 to B hours or aboutSns hours. WO Ru

2011/ 097246PCT/ US201Rt/ 023379 [0074] Sn a preferred ®dt hod of preparing the
catal yst, the netal Rlare i npregnat e€wnto the nodified support. A precursor
of the first nmetal (RHrst netal prelirsor) preferably is used in the netal
i npregnation step, Rch as a water gl ubl e conpound or water dispersible
conmpound/ conpl ex thag, i ncl udes the fdrst metal of interest. Depending on
the metal precursor gppl oyed, the uge of a solvent, such as water, glacial

acetic acid or an o&ggnic sol vent, y be preferred. The second netal also
preferably is inpregnated into the quified support froma second netal

precursor. If desired, a third netaL4or third netal precursor may al so be
i mpregnated into thethodified support® [0075] I|npregnation occurs by

addi ng, optionally é?bp wi se, eitheMNor both the first netal precur sor
and/or the second m#¥l precursor am® or additional metal precursors,
preferably in suspension or solution, to the dry nodified support. The
resulting mxture nmay then be heated, e.g., optionally under vacuum in
order to renove the solvent. Additional drying and calcining nmay then be
performed, optionally with ranped heating to formthe final catalyst
conposi tion. Upon heating and/or thelépplication of vacuum the netal (s) of
the netal precursor(s) preferably deconpose into their elenmental (or oxide)
form In some cases, the conpletion of renoval of the liquid carrier, e.g.
wat er, may not take place until the catalyst is placed into use and
calcined, e.g., subjected to the high tenperatures encountered during
operation. During the calcination step, or at least during the initial
phase of use of the catal yst, such conmpounds are converted into a
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[0077] In sequential inpregnation, the first netal precursor is first added
to the nodified support followed by drying and cal cining, and the resulting
mat eri al We 20hie@97i46pr egnated with the second netal prececsas2éeloesraed by an
additional drying and calcining step to formthe final catalyst

conposition. Additional netal precursors (e.g., a third netal precursor)

may ded 2011/097246PCT/ US2011/ 023379 either with the first and/or
ez oL R aperaibate of SabS AP TR Ver Pl Rph Y 1 SBRub!  For Towed
by drying and cal cination. O coq&g&nggﬁp@@@%tgns of sequential and

si nmul t aneous i npregnati on may bhe enpl oyed if desired. [0078% Sui t abl e net al
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hydr oxi de, pl a inumj¥trate platinumtetra anmpniumnitrate, platinum
chl osflaeied such thafipiq &daemte20 9al 2 (hwithy Reingselected 40 satighivalence redvismSAISUM

nitr i ' pal | adi um oxal ate, sodi um pal | adi um chl ori de,
and ?%%VS%?%P%%?%%%?@%?%?E@??'GEnera||y, both fromthe point of view of
econom cs and environment al as§§§§§(3aﬁu300§w$olub%ons of sol ubl e conpounds
of platinumare preferred. In o enbodlgent, 9% rst et al precursor is
not a metal halide and is substantially Tree of metal halides. Wthout

bei ngodedy ndn tieis hROL, Yhe FUESRs BOMttifioMRtaad vaRlck d£Y, va?Q;ﬂ, $OhSd R4re pagibiaBMed to
e

i ncrease selectivity to ethanol . A.particularlé preferred precursor to
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Exenpl ary precursors for pronoter netals include netal halides, am ne

sol ulbresesseepngiiions and yalss efes v et & 7randrare gregerablychpseaearithatat lpast

i ndi gt L e i ' . j ' step

pr ef QPRI T e o, 4% o RN Bl HOoiE e isRBA|brloTRL ERRHEED © CPt el
bi metetiaholc whilt ddsy shan 446 oflhe acetieatid saoayergedste gliants. aln manyr egmaliments ofily be
used, startiqg/mith t.he addjtion of the pronoter. nmetal foll owed by a second
i mpr SYRIETTH IEERYEPT ﬂ?v‘%F‘?)?%E;‘Ld‘bY}%‘Pfé’@Hé’EﬂiHBIhmﬁ?urfctﬁéP{e\ﬁB’tp‘Pi BEHHAIA NG al s,

€. 0. sulfledithppbRAeakeARIIT RN & BRHSEL GaFM, on S| Q2 may be prepar ed
by a first inpr gnatlon of SS8, e.g., crystalline CaSi 3, onto the

Si O2,[0679] | dnedotbgr dshectcthe icoqmpesjtian pbHihewhtalysPeqriptded:( NO4) 2 and Sn( AcO) 2.

Agai n, each inpregnation step e, fqll d by, drying and cal ci nation
steps. In nost cases, the inprggﬁg@W%ﬁSWﬁgﬂﬁﬁsﬁé%Tied out using neta
ni t r q0671$ Ol Whdr@RS(@) HANEY B behddnBUS afd DT ariPbi Ut & &l dre b¥ieeh 1UPAHA

calcination rel ease netal ions, can also be used. Exanples of other
sui t dbl- @ and atndsthe redativerlofatione ghalumasum aod gdeiummatorils peaseatprefstbly ars

perr heni Cl olytion,, netal oxal ates, .and the.like. I,n.tho ases where
O N T g e L L g o
pr odyggsbrt ibdiifier, @aNedalitn nidt&ieeatdédanprisimy Gystalline chlsRmo nchallRer st
precursors for the platinumgroup netals, using the nitroggnous am ne

Endl o DT a0 58 Seleced el by iSemald2) (DBA] withe heingselsstegiio satisty
hydr99@9&%&@%&%%@&%%@%%%@%%Qwé&ﬁ&%§§ﬂﬁﬂ9ﬂt@ccord'ng to one enbodi ment of

the inventi cted 1n a variety of configurations using a fixed

bed reactor or a fluidized bed react@rsasigse)of skill in the art wl
readily appreciate. In many en%8§§ﬁéﬁf§__f“rﬁé5ﬁ}%%ent i nvention, an

"adi abatic" reactor can be used; that is’  there is little or no need for

i nt eowi2] PIPdereiaBY, il SPedthiecBRBist BAY Zaficé Breddd alkadt ABOME 00 &g, e.g.,
Al'ternatively, a shell and tube reactor provided with a heat transfer

medi @hicedabpe 159ar/e,|ah lasstraporhaQm /g ke mostprefesably aileasraow @ SAoude dnid a

si ngl S i i f e i th he c r her.ebet ween.
BB B ey SRR AL (e SRR Pertlohy o N Rlss Bl BIRF ST AL BURRST g e
catal ysts of the present invention nmay be carried out in adiabatic reactors
as this reactor configuration is typically far less capital intensive than
tube and shell configurations. [0082]l7Typically, the catalyst is enployed
in a fixed bed reactor, e.g., in the shape of an el ongated pi pe or tube
where the reactants, typically in the vapor form are passed over or
through the catalyst. O her reactors, such as fluid or ebullient bed
reactors, can be enployed, if desired. In sone instances, the hydrogenation
catal ysts may be used in conjunction with an inert material to regulate the
pressure drop of the reactant streamthrough the catal yst bed and the

T T Y b1 T T o o,



[ 0083] The hydrogenation reaction may be carried out in either the liquid
phase or vapor phase. Preferably the reaction is carried out in the vapor
phase und®o 20h®9fbl owi ng conditions. The reaction tenpecatuse@1/e3s7e he
range fromof 125C to 350C, e.g., from 200C to 325C, from 225C to about
300C, or from 250C to about 300C. The pressure may range from 10 KPa to

3000.KPa.(about 0.1 to 30 a heres . 9., from50 KPRa to 00 KPa, or
FromiBe e 5 sog RS B PRREER ¢ Fefrperp el iHD PGB " gas
hour IBtosparacid sikadoititie seetf 3T ilithe GirRetsttn dfeaundPRitdEthyl acetag. Thes,@at er than
1000 hr-1, greater than 2500 hr-1 and even greater than 5000 VI. In terns
of r arielhe PryiQssmbedimeniyfhe pracesn woditiony ardbvaleesgdo, Hrx 1Y, Ped.¢nd 7f r om 500
hr - | 0 - o/ - 0 -1, J4,0 51 to
o500 PR RO Gl nuf R 4 A o T hsthene i ot a0l B0 0 o
j ust tisyfif ¢aviventd iseonuetedasethhel, Phis fdss thad4op ofude @s&icided Babavettedao bed at
t he SV sel ected, although there is no bar to the use of higher pressures,
it bé¥°uinderstood that considerable pressure drop through the reactor bed

may pefd | Gk A it - 6, 500 VI.
vo, 2005 s SR B AR 38 BB ERat By Aot tigh el D20
nol esmpfeghatitmgfehe medified|sepdrt, atthdugh @hérdro@smsadeicas dremicabivepaf et hanol ,
e, Bt b LopBol BeAIE S G L SRR SASL Y
or frem &r%:rﬂocﬁﬁed]-é&)po%bﬁ)tr egirgfﬂ@,r @Rlupn A8 M 'Eegnﬁﬁhé’thgfsuﬂyd}f P9eRal \Qifﬁ‘CEt Ic

acid is greater than greater than 5:1 or greater than 10:

[ 008 @je Wppodenodifierr dsprdenrser tbithesuppartahabfierasychvs delagstatdep @mitratg, magobe such
vari abl as anount, of acetic.acid, catalyst, l.eactor, .tenperature and

pr es UG, I RGACRCh i TR PR &g S RRINRCHSi06 A s a0ttt todheror
t han sgpeef @htcRALE S, 9101 PorGekbAip¥es hn ayisdofishBRior 8Be Sufporatodaer gy ueed,

with preferred contact tines, at |east for vapor phase reactions, fromO0.1
t o 16ompeddyradidingdhe solid suppog n®odiergo dsivnired svagar, fotlowed by theoaddffiazedfonds.

0087] T ' J be, v rized at the,.reaction,t ratyre. .and
t hen OG0 AERM Pl iR, P REnE Sai i = SR ROAGERTS R POt e
st at guortinhtetialchsimg, forexb@ipRy, incepivntivienidss Chhiq@és @ashicls thelsupporhibdaRen,
argon, helium carbon dioxide and the like. For reactions run in the vapor
phasés addsd te asprnogtmaterialhsying the sapnhpersvobing s the sokinerefthssiprotthat it does
not : I: ! I i i ng
Cat PR iASp iR Col iy R0 nigh BSR4 st b MR e luppdtT;
acet intatatil dTlendodified s@ipoet e ltiest beviotniedbd dphinglal daldihing te dat hafietaterFor

purposes of the present invention, the termconversion refers to the anount
of aé@f ARy %elp eiCﬁm&’ﬁ%enftw&%ﬂ%? SV@O&@H@)@%@ %ﬁ@u%p%%aﬁwlw Resuppth acetic

aci dyddpmmens i s ; r g j idin
e P e e R TRP . PSR ROR PR EPaRly SP RSP

chr onm3@YCaply fHoGC) 0Matta 2081Chg dtoet T2H1°Couptivgally fata niod A€ Gidm 1 to 24

Cony, (9 =100* o, feed stre - mmol. AcOH AcCH (feed

st regﬁ}ﬂ@s{%58§}m?%ww(ﬂ’%§8’ég8m 4W§%’P"é’§%n‘bn‘ierﬁ9gﬂ%@ﬁ modidied § W may be
at | @ashapkdYatoPasticlesHavin@and d2B¥l sBt dﬁs@ﬁlﬂtioﬂ,og‘?s, & (Rt haviie deast 60%

at |least 70% or at |east 80% Although cataly t hat "have hi gh "conver si ons
are desrhgaprirticle sizehn the rangd efdfeam §@4odr4 am. [Thesup@otmay boextodader si on may
be ac t abl t high selectiwvity.for ethanol. Lt i.s,.of course, . well
undef gl?eg%a&’ttﬁgl%u%eﬁ’ EF& ﬁ%?%t%{?&efl OlrtswivgcE booti’g i%BTlEedtsbzecAd%BWé%‘f ekl%_?f %‘8 nversi on
by appswR helidls & shapk eheSduppammadridlSRitOfesirad 60E dise@MiftdhTan B tmbloyed. nore

difficult to con‘gensat e for poor selectivity.
Calcining of the shaped modified support may occur, for example, at a temperature of from

250°C to 800°C, e.g., from 300 to 700°C or about 500°C, optionally for a period of from 1 to 12

hours, e.g., from 2 to 10 hours, from 4 to 8 hours or about 6 hours.
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[0090] "Selectivity" is expressed as a nol e percent based on converted
acetic acid. It should be understood that each conpound converted from
acetic acwo 2haa92236i ndependent selectivity and WO PCT/US2011/023379
2011/ 097246PCT/ US2011/ 023379 that selectivity is independent from
conversion. For exanple, if 50 nole % of the converted acetic acid is

conv t,0 et refer to the eth | sel,ecti.vit 50%
Sl oS00, R oFhIRAG melif  fnebiRg Wil G 1R rREISEE itplobnBRa Bk me oy
dat a nusififig $uppoftolAl recurgorafulad fisometdl (fitsSaktal Pheed967) praftrablyktuéddGh thed091]

wherein "Total mmol C (GC)" refers to total mmls of carbon fromall of the
pr odRatal impEERaEeN Hep.GHeh a1 Water serhlsiwompomber waler dispessibles of the present

f h g . ; ¢ BOY%
e birBund Bfin@Ek Bl inehdds bt GEOAKKI O SRrl PRGN BE it BhecufiBR | 0020,
r ef eempdpedi ﬂ}uemaet) 1|>1ya kcdvéﬂn,esulcb) a@@umd,%laﬁdﬂaﬂﬁiq aclﬁd:_elt al olghyid eolvgﬂétdnﬁy Iy | t
tate. P , the selectivity to et 0 s at.. ] east % e.qg., a
?gg_sgr%"@%%reffh%gmﬁgvete 0 I?r_ﬁfc : béﬁylﬁ"é%?%“a&ﬁq{“ﬁéh%mé i SPRREREPEIE |5 al so
desi akg rﬁ&al'}ﬁc\!&lréd?yvliscfégggﬁ,lla‘ﬁhfrﬁ enfe?al‘b?%lsd hedl ﬁ?eﬁ@&%ggglsé Bﬁh as net hane,

et hane, and carbon di oxi he selectivity to ese un irabl e products

i s | ampreghatad 4% tle. modifieéseppoltan 2% or | ess than 1% Preferably, no

det e e anpbunts of these updesir.abl roducts, are fo d.durin
yor L B b DB o B RoR e Sithinor bobaRE FEhmeRd, ot i on

of alkRNAsr hid/boiWe stisindInhetalRE&irsc? Ynd /Bt had sl &letal YrecaP@rd, PrfBaYIyGRS €S
under 0.5% of the acetic aci'd passed over the catalyst is Converfed to

al kasespensipi ohsdhatian, e theldey wadifiedouhport.t Bhoresalting stixtufoneg fheprbedeateiyi t y

refers to.th rans _of a specifjed product, e o.,..ethanol. farnmed .during
the R BYRRal SRR e 1T Bt loFabramecrient A ditonl damgadisgliinig ' one
enbogidyRhén B périiniRb s idhally Welirh@Ped Reddin® ¥ €drinvtht Yindlf catilydt @8@ibostabh.9r ans

of ethanol per kilogram catalyst per hour, e.g., at |east 600 g/kg/1llr, at

| easUppodegiingansyor the appliggtionrslvagiwgy the mejel(d) @4 she aefol prekuysor(s) peefetablyst 850

o/ kgl P . [ I / oo er
rangggé,ontlﬁ%se pl)lrﬁgfﬁ}lgjeé]?%gﬂmg §t§%<°2 }élrdggfog& ) sI g% ?%151%%%8% g Cé‘%@&“@ Pgrr?txrsmggf %fﬁheénol
per HKiqhdlgraadierc@pahasdr, ey nbiauke placguntil thoatal 08 i pladedbiitd @ ahd ealcif28, t 0
2,000. [0094] Sone catalysts of the present iInvention my achjeve a

conv &rsi SBhiested 4 Eieilisttemperturgs encongteradydyring apsragion; Druine the caleiation of at
st B0k 30 A ANl 0 ) RSRR S PLoAIRE Rl
conv ercatabnically acttei form of theahetal orl saesdly thdd¥y aatisedddé thetdof. t 0 et hanol of at
| eas &0087%% Ir%p?gglng’g(tnil (\)/% t&lg ﬁtrsqt alrJ1 geecsoingi ?rll)e!tgls (and optional additional metals) into the

modified support may occur simultaneously (co-impregnation) or sequentially. In simultaneous

impregnation, the first and second metal precursors (and optionally additional metal precursors)

are mixed together and added to the modified support together, followed by drying and

calcination to form the final catalyst composition. With simultaneous impregnation, it may be

desired to employ a dispersion agent, surfactant, or solubilizing agent, e.g., ammonium oxalate,

to facilitate the dispersing or solubilizing of the first and second metal precursors in the event the

two precursors are incompatible with the desired solvent, e.g., water.

[0077] In sequential impregnation, the first metal precursor is first added to the modified

support followed by drying and calcining, and the resulting material is then impregnated with the

second metal precursor followed by an additional drying and calcining step to form the final

catalyst composition. Additional metal precursors (e.g., a third metal precursor) may be added

19



WO 2011/ 097246PCT/ US2011/ 023379 conpounds of |ess than 4% and a
productivity of at |east 600 g of ethanol per kg of catalyst per hour.

[ 0095] Thworaw/avedderi al s used i n the hydrogenati on proces3/usayiloessderi ved
fromany suitable source including natural gas, petroleum coal, bionmass
and so forth. It is well known to produce acetic acid through nethanol

car bonyl at.i.on, .acet al dehyde oxi.dation, ethylene oxi.dation xi dative

F or neiercrith e S5 Sl SR ni PRicER ohem RaTRGHT B TRRRoRAR HPi " gas

pri cesllowdddyudtmehag ealciatieh.t OEEoursE, RofibilaBshs 6XRENSIMEand il RaTohor
produci ng acetic acid and internediates such as nethanol and carbon
nonoXnPrEShatiom radst leg erapleyedifidesirasour ces have drawn increasing interest. In
parti r, n r i Lat|vel X i.ve conmpared .. atural gas,
e g BEC SR PRGSO Bl bk boinf AR SRR B e - 25

gas" hydroaides, Snélglmivgds bf MBlaboyal@eai Falixemph, hatbiiongRunds Br pRaihemt No.
6, 232,352, the disclosure of which is incorporated herein by reference, for

exanpresurspesod Palladipm meryresrs nstudschlopenigtinic aud rm@prniyrpehlomplatingfe,

manuf, a¢ : i i . AN -fhe | arge
capi %@ﬂe&&@ﬁ%@g&é;n&@@#f%lﬁ&% ;gr{élg[{e{rntg{allegﬁla 8%&%%%@ é@%mé%%d pl ant are
si gnpfatiaamtdhjoridegplagnumoxblateg paliadain nitrad, @dlladuh tera gambniin hivatesyn gas i s

diverted . fromthe t hanol synthesis | ogp and supplied to separator unit
to rBeidym Ogg_e, @aﬁwab%a?%ise fugy el il eiledde 6o SR 8RN ¢ aci d. | n
%?LEHIQH&.OG@E&EH)E b%gi ﬂomttﬂgﬂﬁhf)&fe\ﬁéw%? Ecﬁ#ﬂc@&d‘&%ﬁoﬁﬁex{ﬁ%ﬁ%&?&f@ ogen

may be util1'zed 1n conhection w this 1 nvention. 0 U. S. Patent
No. RF1E8Es Sdlutiomsl af golubboropgromnésof@ataium bre prefesednbeonepmobadieentathedirstod f or

t he production of nethanql .. conver si on,of. car.bongceous terials such as
oi 1, BBl preczpn ol g et g e S thipaangicet SR hafds Wiibhiudee™ "
hydr gg@si ol théry AcR oS @bl Hdlﬂfe?brekhﬂHts%@%lﬁ%@@&?ﬁ%aé’@ée%c’ti@it?th o obtain a
process gas ich is steampyrolized with additional natural gas to form
synt bibengl. gapartiilerly preferaesd precursenie platigumois piatinamoimmphighm mtrgtebe

car bgg%i@goto acetic acid. The nethod |ikew se produces hydrogen which
may "?connection with this invention as noted above. U.S. Patent

No. 00581, 1d dne aSpatethe Hsrotdofer” MRt B mdenl P_ﬁacﬁ&@r 6 FHst Aidsd tome maifiddocess
for converting waste biomass through gasification into synthesis gas , the

di schenpgrte follopvegihydhe amain” ot Spvopat eerttar apqialtyequasasy O ceurse gpgpyerse

Al ter i . a i C 1d i f i I crude
o oanhet pl B S A HeRThE LRl RS pre Rt AFmORS Fkl el ndn BLE) oo
deschiliRd, dminkls8ubifiate fetdNbyddxafed, B8] nitrhRs 8ninetat byalaks WAk ¢dlidated

i ncorporated herein by reference,  The crude vapor product, for exanple, my
be fakPV& PdBe ssaventialganbodimens) cagh impregnationesign preterahiv sssfolewed, By graRgnt

invepfy ?eﬁci%tti&f)ufn %Qleéﬁsgex& pé%gr{eg%ﬂ%égﬁgcja{é ALY {23 fAd agg%j, als iitfe(ﬁﬂgldenSi ng

the acefic acid an S or renoving water, saving overall processing
cost fmpre@8B Ahianaded pditrding edihf the aaddiyidn ofj thie promootep metad S bavaddiyrgsecbuad

catalysts of the .invention may be us inits o right as a el or
subs RR4tPn SR BY Rl e o -BtrganaHan ﬁﬁ&’@ WP §“§ﬁlp\£ﬂ‘68 Safi®- %6 ﬁi‘\‘Lg’i’-t y

f eed ot : V4 ; nd/ or
Ly TUBDE, 25 laSan 8 SOLS0L8 0, B XERIMRRS S inagelits o1 Lo

exanphBiOsgkelyy.ceystalimnCali€n, drdo therBiOp, tfeowed by thercovisnppegnatien vathd nmononer

oy BB G RN Sa <o Reatty SR8 Tty R s o ReMei B¥inect il hanol
suchcaginhfies feple I6mhdredased thé PaprEsihtiohosay RAESQPARUC hgandaididi 0030002,

the entire contents and disclosurées of which are hereby incorporated by
r ef ep@dpidens. Alowsier.tvariont ethgstolutil palisxehishaipomgsicivatiemysilepge thetad iqnsecan

dehydr ation I . i zeol i avin r.e .dianeter of at,|east
o o0 v AR Al or -3 RER UG P IR Rl oot B Yot s
sel egd parienttracidsol@idi) pretd) RXhBtds hdahe TRE. de Mdse Sascd SMefe subsas@dliytgirX and a
zeolite Y. Zeolite X is described, for exanple, in US. Pat. No. 2,882,244

and zeolite Yin US. Pat. No. 3,130,007, the entireties of which are
her eby i ncorporated by reference.
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[ 0100] Et hanol may al so be used as a fuel, in pharmaceutical products,
cl eansers, sanitizers, hydrogenation transport or consunption. Ethanol may
al so be wweadommvz4source nmaterial for making ethyl acet &Ce/usadidebssdes, and
hi gher al cohols, especially butanol. In addition, any ester, such as ethyl
acetate, forned during the process of making ethanol according to the

t i ' further reacted with,an acid,catalyst to farm
o Eonal 50 he RaATEY. fs petickalfinsb RRBIER Vol ing et MuiRh Bl Bleshipl tof,
hydr elgeeflatingn gfyuparasls, fshdhk hittodeAv@iniab ahdofifitrate Haeel pracetedraiidstdad! ow
with reference to numerous enbodi nents for purposes of exenplification and
i 11 ud008ddi ohegresess abladrpgenetingacetie apidrte ifer ethanalBersirding te ong embedimgat

ol af 190 WA R T aBLES L vAU B e nt by’ oReL BE RRBBEGES 11
f ol | diidigedeednpacsr ddeme lof bieilitih ehaurowttieheidy ageecibtor It Manp empadiaicharofof

various catal ysts errpl‘géed in the process of this invention. WO
2011 Mesoprosesbitivenizo £1 [adiabatis” poasiopicasbe gagathat jssthere is litleprngnesd fon yst s

vt ST PR LG0T L 3 DI 85 DO,
hydr egenatdtarprofided efithe leeat tansferixadiphean be bsedarld netniyaasds, the oehwddn voey was
O eI S B BT Sl DR o e Tl L0 AL,
T B RO B ST BUSC251e Bdp a0cf
hy dr dgentiom thalydkicemriedouaircatiabatic repaors ahdhivreseibt amifigetatian dd typiceldy i vi ti es
are ?eg(s)\égpi{al? inﬁéncs;iveathan tube and shell configurations.

[0082] Typically, the catalyst is employed in a fixed bed reactor, e.g., in the shape of an

elongated pipe or tube where the reactants, typically in the vapor form, are passed over or

through the catalyst. Other reactors, such as fluid or ebullient bed reactors, can be employed, if

desired. In some instances, the hydrogenation catalysts may be used in conjunction with an inert

material to regulate the pressure drop of the reactant stream through the catalyst bed and the

contact time of the reactant compounds with the catalyst particles.

[0083] The hydrogenation reaction may be carried out in either the liquid phase or vapor phase.

Preferably the reaction is carried out in the vapor phase under the following conditions. The

reaction temperature may the range from of 125°C to 350°C, e.g., from 200°C to 325°C, from

225°C to about 300°C, or from 250°C to about 300°C. The pressure may range from 10 KPa to

3000 KPa (about 0.1 to 30 atmospheres), e.g., from 50 KPa to 2300 KPa, or from 100 KPa to

1500 KPa. The reactants may be fed to the reactor at a gas hourly space velocities (GHSV) of

greater than 500 hr'', e. g., greater than 1000 hr'', greater than 2500 hr”' and even greater than

5000 hr''. In terms of ranges the GHSV may range from 50 hr”! to 50,000 hr™, e.g., from 500 hr

t0 30,000 hr”', from 1000 hr™' to 10,000 hr™', or from 1000 hr™" to 6500 hr”".

[0084] 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’.
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[0104] As shown, Exanple 1, which utilized a CaSi G3 conprising crystalline
CaSi B surprisingly and unexpectedly denonstrated superior ethanol

product i Woyonfo9850 g/ kg/ hr. I n conparison, Exanples 2-BCTAalSR010/023879 ch
utilized conventional anorphous CaSi O3 denonstrated at nost 780 g/kg/ hr

et hanol productivity. This is an ethanol productivity increase of about 10%

over comvent | gnal dified supported talysts. 10 I le,the

i nver{{)‘?sgsll h’gl\s(h%lgie]%edr&%ﬁnbcéﬁs‘frﬁescf odreies ﬂﬁ@‘fcﬁ?%eé‘tﬁ%ﬂioq?/\ff#}éﬁc ?ﬂg t%_pi rit and
scoper@fuct bge ovesit didholithd adigal MeseH daMo BPRPIrEEén foQckios®d Bf thé dddlstresint he
art. In view of the foregoi n& di scussi on, rel evant know edge in the art and

r ef emaycesy doscabosb H0Qbés & 100, epnfiemti0ohton :6, frave 284ddrdrbonfroantR:bDéa ai | ed
gite . _ . i fod. :
o or oo prhRELSY, ¢ ABIE BRieR0E OB Bece aold 1S HBRE BB L el

I nvenhdnoh 1 angdrepref tHadn®:lof vari ous enbodi nents and various features recited
bel o nd/ Oé I n the appended clai ns may be conbi ned or interchanged either
in mﬁ%&él orCoach gF fesidercs tae £t dlge vy YWdelyr depending upen surd wpsiehlesias

embodj{reat iti ackfiOR d,ec%gﬂ%t,{}ﬁggtér Y%ﬂ(;e?%%%}caﬁ;é ﬁ%&sﬁgp\x@ﬂca SRRk TRAL rz{@é B; one

appropriately conbine ot her S as e apprecia

of sHKionh a ifmactidreofer tecomkditot therertharesevefabbeurs fwhen dicamtyst sjsidnh other thhe adixedwi | |
appreciate that the foregoing descriptjon is py way of example only, and is
ot TR Bricheth WE PrERTTE A tach TRt b IraLt f0Ey o1 PP Teaepess 1S b 19 P83 70 Ve

cl ai @conds, fy. CRERIYPlo SPEREAR BGrdn big8l30NeeRks. @ Silicaceous support, and
at |l east one netasilicate support nodifier, wherein at least 0.5 wt. % of

t he 180873 |Theaceticanipporay bevdpdrized at thei raactioontgmperhiure) ang Hesehe eapodetdr m ned
by XRD.,. 2. st a Ln from.O . % of the

. 2. .The c I claiml er e .5 W.%to. 5 w

et aghitecisi LG e el it o i wiE G et sl iRl Yo al yst o
cl ai Rhrkier WAL KRN bsHitrbRAS ﬁrﬁén,vﬁeli%rf?ﬁal%tiﬁ ARARSIN thafiRe. FOPRALfoRdh A e 1S 1N
a crystal l'ine phase. 4. The catalyst of claim1l, wherein at least 5 wt. % of
t he rapargihiase thedempprabrre slydd bé eonticdled in theatystemasuth that ldasenot fall below

the dew point of acetic acid.

[0088] In particular, using catalysts of the present invention may achieve favorable conversion

of acetic acid and favorable selectivity and productivity to ethanol. For purposes of the present

invention, the term conversion refers to the amount of acetic acid in the feed that is convert to a

compound other than acetic acid. Conversion is expressed as a mole percentage based on acetic

acid in the feed. The conversion of acetic acid (AcOH) is calculated from gas chromatography

(GC) data using the following equation:

mmol AcOH (feed stream)— mmol AcOH (GC)
mmol AcOH (feed stream)

AcOH Conv. (%) =100*

[0089] For purposes of the present invention, the conversion may be at least 10%, e.g., at least
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%, 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.

[0090] “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
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5. The catalyst of claim1, wherein at least 10 wt.% of the netasilicate
support nodifier is in a crystalline phase. 6. The catalyst of claim1,
wherei n awol2ea#v726 wt . % of the metasilicate support no@CiuS0119233M a
crystalline phase. 7. The catalyst of claim1, wherein at |east 50 wt. % of
the metasilicate support nodifier is in a crystalline phase. 8. The

cata . | rein at least 75 w .%o he tasilicat upport
oo s Pl Mo Al ShuerdBRoronalbuld 3f A PBIA oG LGl

1- 8, avhirrRidistcbeveatedlte aginsiN®e refeaki the edmhfolSulRpUVity A80811%.1 S¢lettbrisabect ed
fromthe group consisting of (i) alkaline earth netal netasilicates, (ii)
al karethapgk @toﬁétwiquil%é ggr,n ges chomategiaphy) @ (neteta using the folievdng squation) G oup
I11B netal metasilicates, and

2011/ 097246 PAIOISIEIL PhoP2 ains 1-8,

wherein the at |east one neta L PROL oM RBOE Efecdl rreghpct ed from
netasilicates of a netal selected 2romthe group conSisting of sodium

t ' ' j , tri d,zinc., 1 Th talyst _as in
bne. U RS S T aPif D atletiadPhaL Rk erbarzers M b ot 11 er
CONMPhhA9LedB S4B hrokdatodiigh.cat al yst as in one of clains 1-8, wherein the at
| east one netasilicate support nodifier is present in an anmount of 0.1 w.%

t o 500082] opFop pumasesrofitheepresana invgaiierh thedelachisity & ethextlated of thFatalyatialayst as

in ope of..claing, 1- er ei,n cat al has ,a .producti vity, for ethanol
in the S‘ﬁé/odl% ’oeg%'h%lttl?ac?%%%@%rc tl?aé% g@l/"d%fusg‘? h?rgg% fheéglﬁn g‘%{g%y\{%%%( rﬁ?elr%gr am of
cat akpyeslifidlf theercompounds ethanol, acetaldehyde, and ethyl acetate. Preferably, the

selectivity to ethanol is at least 80%, e.g., at least 85% or at least 88%. In embodiments of the
present invention is also desirable to have low selectivity to undesirable products, such as
methane, ethane, and carbon dioxide. The selectivity to these undesirable products is less than
4%, e.g., less than 2% or less than 1%. Preferably, no detectable amounts of these undesirable
products are formed during hydrogenation. In several embodiments of the present invention,
formation of alkanes is low, usually under 2%, often under 1%, and in many cases under 0.5% of
the acetic acid passed over the catalyst is converted to alkanes, which have little value other than
as fuel.

[0093] Productivity refers to the grams of a specified product, e.g., ethanol, formed during the
hydrogenation based on the kilogram of catalyst used per hour. In one embodiment of the
present invention, a productivity of at least 500 grams of ethanol per kilogram catalyst per hour,
e.g., at least 600 g/kg/hr, at least 700 g/kg/hr, at least 750 g/kg/hr, at least 800 g/kg/hr, at least
850 g/kg/hr, at least 900 g/kg/hr, or at least 1,000 g/kg/hr. In terms of ranges, the productivity
preferably is from 500 to 3,000 grams of ethanol per kilogram catalyst per hour, e.g., from 700 to
2,500 or from 750 to 2,000.

[0094] Some catalysts of the present invention may achieve a conversion of acetic acid of at
least 10%, a selectivity to ethanol of at least 80%, and a productivity of at least 200 g of ethanol
per kg of catalyst per hour. A subset of catalysts of the invention may achieve a conversion of

acetic acid of at least 50%, a selectivity to ethanol of at least 80%, a selectivity to undesirable
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14. The catalyst as in one of clains 1-8, wherein the catalyst has a
selectivity to ethanol of at |east 80% 15. The catal yst as in one of
clainms 1-8020h19ed4n the first metal is selected fromtheCgruseq1o23339 st i ng

of Goup TB, JIB, 111B, 1VB, VB, VIB, VIIB, or VIII transitional netal, a

| ant hani de nmetal, an actinide netal or a netal fromany of Goups IIIA

| VA, V bhe tal . ' cleqal - 8, ' e

fi v e mpp s At s in D07 E ApNBAS o % BRT b e e iRot pice WPERERS AT ¢

ni ckébyr.r ut heni um rhodium palladium osmum iridium platinum titanium
zinc, chromum rheniu | ybdenum and tungsten. 17. The catalyst _as in

one 4909l ai hae ravgmaigrialsaisgd iy eﬁwﬁ'@ge%@amﬂ?@sm‘ééﬁfierwpdafrpraﬁﬁwlt € from

0.1 : t i I
201173554 ABRGT pBD LG UE gl e oBh b RFuE 3R & WAl koo proqueg.

wher ecetic dved thrdughanetharso] sanbpoylatiors apetellelntdei oxidatioanahylenobxidstiont . % t o 99
wt. % based.on the total weight. of the catalyst. 19. The catalyst as in one
of coAIEY4 [Emel o 410 FREETOR S FaBisdens (s bltb ICHEG netiFRLids PEFEa of 1rom
50 Mgl KLBmIFR GtherBrorel Me%x?ﬁf{s%e, Rethdds Q&eprgfiucﬁﬁ?éd&c beid.anpherein the

silicaceous support is selected fromthe group consisting of silica,
si | i aeitmhediitpssuchab oiethmnpbanakdarharanenoxige omraltermaid ¢ackon dougdes pave drgwsi | i ca

o0 TR b, R Sl TR BB AR g

the G@ahay ¥edome?adlvadiiedustapibdticicetit abifdin syMIRR dhs (M8 Talh) 4Rt ePdFIveEPPOT t
contains less than 0.30 w. % of the conbi nati on of al uni num oxi de, titani um

oxi ddrognany piabigicadontsauise. BirS-tHatent dload,2dR8 §htthe fliselasure af ahichtis
incorporated herein by reference, for example, teaches a method of retrofitting a methanol plant
for the manufacture of acetic acid. By retrofitting a methanol plant, the large capital costs
associated with CO generation for a new acetic acid plant are significantly reduced or largely
eliminated. All or part of the syn gas is diverted from the methanol synthesis loop and supplied
to a separator unit to recover CO and hydrogen, which are then used to produce acetic acid. In
addition to acetic acid, the process can also be used to make hydrogen which may be utilized in
connection with this invention.
[0096] U.S. Patent No. RE 35,377, also incorporated herein by reference, provides a method
for the production of methanol by conversion of carbonaceous materials such as oil, coal, natural
gas and biomass materials. The process includes hydrogasification of solid and/or liquid
carbonaceous materials to obtain a process gas which is steam pyrolized with additional natural
gas to form synthesis gas. The syn gas 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. Patent No. 5,821,111, as well as U.S. Patent No. 6,685,754,
discloses a process for converting waste biomass through gasification into synthesis gas , the
disclosures of which are incorporated herein by reference.
[0097] 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. Patent No. 6,657,078,
the entirety of which is incorporated herein by reference. The crude vapor product, for example,

may be fed directly to the ethanol synthesis reaction zones of the present invention without the
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23. The catal yst of claim 15, further conprising a second netal different
fromthe first nmetal. 24. The catalyst of claim 23, wherein the second

met al i s weletme4br om t he group consi sting of copper, mroryuisdenoni37ein,
chromum iron, cobalt, vanadium tungsten, palladium platinum [|anthanum
cerium nmanganese, rutheniun1 rhenium gold, and nickel. 25. The catalyst
of cl ali esent 1N an. ano fr.omoO.1
Lo 10050 T oplESiEdfe pheRS P IR frasst PREREEIal AN BT e BT o
cl ai reogts, wherein the first netal is platinumand the second netal is tin.
27. The catal yst of claim26, wherein the nolar ratio of platinumto tin is
f r om[809810. Ethpepl @binpd4rom wr@gmﬂmgmmp&sgmqqa@mszgp the lnvrnﬁowtaw yst

of C'b%'n‘{%%ﬁ"_ 1t3‘?¢}§ﬁ ggﬁtaafs*&efuél' I'Ssgl‘f)ggah%y GnRakdadie 191{%%131@{?1 X axiiiles Hi’ﬁt al is

rheniu yst al'm Wherei n the ol ar rhenl um

fAﬁ palbhmabdity fbsdsfd’o(kmsﬁ)tcﬁh%eiﬁoh@er&daé pOlydthyledo, v1ﬂ'j7‘l€ac€lat66dnylﬁir etyl aéaatmoQS,
erein the catalyst f ) ses athir different fromthe
{11 5 et Aida Haiome O S eBET therpiga Prodyets fﬁée’éaé‘ﬂgF .‘/aisae @50 bEEonygiEddPn t he

thir qluﬂ?e:tr&ls ogyrﬁgrl a%gtrﬁ&lofrﬁe?ﬁ‘(gdﬁ%tsg ﬁ%@%eﬁgdggﬁ&téf%hﬂol P8Ry 1bne BBhHWAIT UM

rut heni um per, zinc lnum tin eni um
below.

/\OH —_— —
[0099] Any of known dehydration catalysts can be employed in to dehydrate ethanol, such as
those described in U.S. Pub. Nos. 2010/0030001 and 2010/0030002, the entire contents and
disclosures of which are hereby incorporated by reference. A zeolite catalyst, for example, may
be employed as the dehydration catalyst. While any zeolite having a pore diameter of at least
about 0.6 nm can be used, preferred zeolites include dehydration catalysts selected from the
group consisting of mordenites, ZSM-5, a zeolite X and a zeolite Y. Zeolite X is described, for
example, in U.S. Pat. No. 2,882,244 and zeolite Y in U.S. Pat. No. 3,130,007, the entireties of
which are hereby incorporated by reference.
[0100] Ethanol may also be used as a fuel, in pharmaceutical products, cleansers, sanitizers,
hydrogenation transport or consumption. Ethanol may also be used as a source material for
making ethyl acetate, aldehydes, and higher alcohols, especially butanol. In addition, any ester,
such as ethyl acetate, formed during the process of making ethanol according to the present
invention may be further reacted with an acid catalyst to form additional ethanol as well as acetic
acid, which may be recycled to the hydrogenation process.
[0101] The invention is described in detail below with reference to numerous embodiments
for purposes of exemplification and illustration only. Modifications to particular embodiments
within the spirit and scope of the present invention, set forth in the appended claims, will be
readily apparent to those of skill in the art.
[0102] The following examples describe the procedures used for the preparation of various

catalysts employed in the process of this invention.
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32. The catalyst of claim30, wherein the third netal is present in an
anmount of 0.05 and 4 w.% based on the total weight of the catalyst. 33.
The cat alwyetonmrréone of clains 1-8, wherein the catal pe/usgo130233apl e for
use as a hydrogenation catalyst in converting acetic acid to ethanol and
yiel ds an acetic acid conversion of at |east 10% 34. The catalyst as in
one of clains 1-8, wherein the c IX}tﬁg s a productivity that decreases
| ess than 6% per 100 hours of catdlyst uUsage. 35. A support for a

hydr qoE03dt i oRiretafiad P¥Sn cdthigsts sRpoformed gath Baviflg the sainkiPe/Sadeatinguppor t
material; and.a netasilijcate support nodifier, wherein at least 0.5 wt. % of
the Aeiosan ¢aiPemodiisdrSiOrmpnperter The resplting catalyistsi wara ghepHesied indBe det er ni ned

o XA TS UL SIS B3 G AT . the o 1
2011/007 24ppBIE IsedSROARS B ks 3nodifie] withperistalincCasid; boundstei n at | east 1
W %c?)]:statllri]r%tyr)r,‘e\gvﬁi?ei: %ﬂe%ﬁéﬁor%uo%pﬁégmpqgsdi-g ivs(/aerre }n%diﬁed with amorphous CaSiO3;. The

reaction feed liquid of acetic acid was evaporated and charged to the reactor along with hydrogen

and helium as a carrier gas. The resultant ethanol productivities are shown in FIG. 3.

[0104] As shown, Example 1, which utilized a CaSiO; comprising crystalline CaSiOs

surprisingly and unexpectedly demonstrated superior ethanol productivity of 850 g/kg/hr. In

comparison, Examples 2-5, all of which utilized conventional amorphous CaSiO; demonstrated

at most 780 g/kg/hr ethanol productivity. This is an ethanol productivity increase of about 10%

over the conventional modified supported catalysts.

[0105] While the invention has been described in detail, modifications within the spirit and

scope of the invention will be readily apparent to those of skill in the art. In view of the

foregoing discussion, relevant knowledge in the art and references discussed above in connection

with the Background and Detailed Description, the disclosures of which are all incorporated

herein by reference. In addition, it should be understood that aspects of the invention and

portions of various embodiments and various features recited below and/or in the appended

claims may be combined or interchanged either in whole or in part. In the foregoing descriptions

of the various embodiments, those embodiments which refer to another embodiment may be

appropriately combined with other embodiments as will be appreciated by one of skill in the art.

Furthermore, those of ordinary skill in the art will appreciate that the foregoing description is by

way of example only, and is not intended to limit the invention.
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in a crystalline phase. 38. The support of claim35, wherein at least 5 wt.%
of the nmetasilicate support nodifier is in a crystalline phase. 39. The
support ovVOochaiayrl6, wherein at | east 10 wt. % of the netragiuse@abesgupport
nodifier is in a crystalline phase. 40. The support of claim 35, wherein at

| east 25 wt.% of the netasilicate support nodifier is in a crystalline
phase.,,41 The support of claim35, wherein at |east 50 wt.% of the

met asm%support nodifier is in a crystalline phase. 42. The support of

cl ai m35, wlhleerta'ygt oﬁinﬂri@ﬁxgta 11t MktaPaGilidabéousBliRsor, bedbhe st BROMetaRDdhiki er is
in a crystalline ase.
Y support mgdiﬁer, wherein at least 0.5 wt.% of the metasilicate support modifier is in a

crystalline phase, as determined by XRD.

2. The catalyst of claim 1, wherein from 0.5 wt.% to 5 wt.% of the metasilicate support

modifier is in a crystalline phase.

3. The catalyst of claim 1, wherein at least 1 wt.% of the metasilicate support modifier is

in a crystalline phase.

4, The catalyst of claim 1, wherein at least 5 wt.% of the metasilicate support modifier is

in a crystalline phase.

5. The catalyst of claim 1, wherein at least 10 wt.% of the metasilicate support modifier is

in a crystalline phase.

6. The catalyst of claim 1, wherein at least 25 wt.% of the metasilicate support modifier is

in a crystalline phase.

7. The catalyst of claim 1, wherein at least 50 wt.% of the metasilicate support modifier is

in a crystalline phase.

8. The catalyst of claim 1, wherein at least 75 wt.% of the metasilicate support modifier is

in a crystalline phase.

9. The catalyst as in one of claims 1-8, wherein the at least one metasilicate support
modifier is selected from the group consisting of (i) alkaline earth metal metasilicates,
(11) alkali metal metasilicates, (iii) Group IIB metal metasilicates, (iv) Group IIIB metal

metasilicates, and mixtures thereof.
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43. A process for preparing a catalyst, the process conprising the steps of:
(a) contacting a first netal precursor to a first netal with a nodified
silicaceowe 20uppa4b to form an inpregnated support, wherPeirStha/oeasdd fi ed
silicaceous support conprises a silicaceous material and at | east one
nmetasilicate support nodifier, the at |east one netasilicate support

nmodi fi,er c risi at least. 0.5 Yocrystalline netasil.icate, as
det er fohed D SR afte oo chims 118 ey s eniterd RlpnliefS e
condi ti ons médiget is ¥eletted FroaH@BtabilliCatbs 654 meRl Mleaadifrbariae W%lkb@/p eBh@dtBlof
44. The process of claim43, wherein fromO0.5 wt.%to 5 . % of the

net asi | i catsedBigp potessippempEresiyme, scendiunyy yiEiwn) dandegigshase. WO
2011/ 097246PCT/ US2011/ 023379 45. The process of claim 43, wherein at least 1
w.% of the netasilicate support nodifier is in a crystalline phase. 46. The

procedy. of THeaatalykBas ih@lkeaifit]adhs | R stherdn We.a¥dcdbt dRendtRdiRGitd suppbR Support

nodifier is in.a crystalline phase.
modifier comprises CaSiOs.

12. The catalyst as in one of claims 1-8, wherein the at least one metasilicate support
modifier is present in an amount of 0.1 wt.% to 50 wt.%, based on the total weight of

the catalyst.

13. The catalyst as in one of claims 1-8, wherein the catalyst has a productivity for ethanol

in the hydrogenation of acetic acid of at least 800 grams per kilogram of catalyst per

hour.

14.  The catalyst as in one of claims 1-8, wherein the catalyst has a selectivity to ethanol of
at least 80%.

15. The catalyst as in one of claims 1-8, wherein the first metal is selected from the group

consisting of Group IB, IIB, IIIB, IVB, VB, VIB, VIIB, or VIII transitional metal, a
lanthanide metal, an actinide metal or a metal from any of Groups IIIA, IVA, VA, or
VIA.

16.  The catalyst as in one of claims 1-8, wherein the first metal is selected from the group
consisting of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium,

iridium, platinum, titanium, zinc, chromium, rhenium, molybdenum, and tungsten.

17. The catalyst as in one of claims 1-8, wherein the first metal is present in an amount of

from 0.1 to 25 wt.%, based on the total weight of the catalyst.
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47. The process of claim43, wherein at least 75 wt.%of the netasilicate
support nodifier is in a crystalline phase. 48. The process as in one of

cl ai s 43woRo1fogradher conpri sing contacting a second neral/yse@Ecoe3soy to a
second nmetal with the nodified silicaceous support 49. The process as in one
of clainms 43-47, further conprising the steps of: (c) contacting the at

| east e tasilicate su rt. | fi.er .or. a.precursor thereof wth the
i1 cabbous RO % B FHRIHREdr S et oy B eet R heat | ng
the nodi fi efnGupBODS WRPEELISRE. Y BERE 0nahelididl ansgiRfdf @l davydto form the

nodi fied silicaceous support. 50.A process for produci ng ethanol,

conpri sing hydrogenating acetic acid in the presence of a catalyst
conpri& ng ' ;] i.Ga . . at ast_ope
ot s 17 o Ehefbin ¥ by T P 36 S Poff YRRl A0 Syt B BREe aree
net asi | i catef fesmPom’/gmediolimt/gi s in a crystalline phase, as deternined by
XRD.
20.  The catalyst as in one of claims 1-8, wherein the silicaceous support is selected from the
group consisting of silica, silica/alumina, calcium metasilicate, pyrogenic silica, high

purity silica and mixtures thereof.

21.  The catalyst of claim 20, wherein the silicaceous support contains less than 1 wt.% of

aluminum, based on the total weight of the catalyst.

22.  The catalyst of claim 20, wherein the silicaceous support contains less than 0.30 wt.%

of the combination of aluminum oxide, titanium oxide and iron oxide, based on the total

weight of the catalyst.

23.  The catalyst of claim 15, further comprising a second metal different from the first
metal.

24.  The catalyst of claim 23, wherein the second metal 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.

25.  The catalyst of claim 23, wherein the second metal is present in an amount of from 0.1

to 10 wt.%, based on the total weight of the catalyst.

26. The catalyst of claim 23, wherein the first metal is platinum and the second metal is tin.
217. The catalyst of claim 26, wherein the molar ratio of platinum to tin is from 0.4:0.6 to
0.6:0.4.

29



51. The process of claimb50, wherein from0.5 w%to 5 w.%of the
netasilicate support nodifier is in a crystalline phase. 52. The process of
cl ai m 50, woterigiom4she process has a productivity for etramalS2gneai3es t han
800 g/ kg/ hr. 53. The process of claimb50, wherein at least 1 wt.% of the
metasilicate support nodifier is in a crystalline phase. WO

2011/ 097246PCT/ US2011/ 023379 54. The process of claimb50, wherein at |east
25 wt. % of the nmetasilicate support nodifier is in a crystalline phase. 55.

The png@cessTHefcatlyat 5T S8im M eyiRiréindhe fiSomiktal & Sp’éﬂla&ﬁlﬁf arldBe 5RLAS hick 43 e
support nodifier is in a crystalllne phase. 56. The process as in one of

cl ai ms 50- 3BeniWRerein the first netal is selected fromthe group consi sting
of Goup IB, JIB, Il1B, 1VB, VB, VIB, VIIB, or VIIl transitional netal, a

| ant hani de netal, an actinide netal or a netal fromany of Goups IIIA

| VA, Y8, ofTh¥lcitalyst of claim 28, wherein the molar ratio of thenium to palladium is from

0.7:0.3 to 0.85:0.15.

30.  The catalyst of claim 23, wherein the catalyst further comprises a third metal different

from the first metal and the second metal.

31.  The catalyst of claim 30, wherein the third metal is selected from the group consisting

of cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium.

32.  The catalyst of claim 30, wherein the third metal is present in an amount of 0.05 and 4

wt.%, based on the total weight of the catalyst.

33.  The catalyst as in one of claims 1-8, wherein the catalyst is suitable for use as a
hydrogenation catalyst in converting acetic acid to ethanol and yields an acetic acid

conversion of at least 10%.

34.  The catalyst as in one of claims 1-8, wherein the catalyst has a productivity that

decreases less than 6% per 100 hours of catalyst usage.

35. A support for a hydrogenation catalyst, the support comprising,
a silicaceous support material; and
a metasilicate support modifier, wherein at least 0.5 wt.% of the metasilicate support

modifier is in a crystalline phase, as determined by XRD.

36. The support of claim 35, wherein from 0.5 wt.% to 5 wt.% of the metasilicate support

modifier is in a crystalline phase.
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57. The process as in one of clains 50-55, wherein the first netal is

sel ected fromthe group consisting of copper, iron, cobalt, nickel,

r ut heni urworzhodiomsy pal | adi um osmium iridium plati nuRrCTUSR@NI0LIB9 zi NC,
chrom um rhenium nolybdenum and tungsten. 58. The process as in one of
claims 50-55, wherein the first netal is present in an anount of fromO.1
to 25 . % 0 tal Lgh f to t . e _precess as
in ondTor e ERegatlf Ml ek e SRR R bRl B

modi fier i$nsetysalleed phaswn t he group consisting of (i) alkaline earth netal
nmetasilicates, (ii) alkali netal netasilicates, (iii) Goup JIB netal
netasilicates, (iv) Goup IIIB netal netasilicates, and m xtures thereof.
60. T@?.. pr%@§§p %tdﬁlaqglessﬁ,)fwh%%e%% %‘PS?@W Wease E'taéih@até‘g%d RATho ARG is
nmetasilicate support noditrer 1s defected fromthe group nS|s?|ng of

met asi | i catires cxystalodiphage. pot assi um magnesi um cal cium scandium yttrium
and zinc. 61. The process as in one of clains 50-55, wherein the at |east
one netasilicate support nodifier is present in an anount of 0.1 w.%to 50
Wt . % 3haseqnErubdde: $iah £ WHteiR ks A8 16843b ¥Bihe mfilicate support modifier

2011/ 097246PCT/US2011/ 023379 62. The process as in one of CPI al ms 50-55,
wher ei n t hes ipid drgsiglboeiphasapport is present in an anount of 25 w.%to 99
wt.% based on the total weight of the catalyst. 63. The process as in one
of clainms 50-55, wherein the silicaceous support has a surface area of from
50 nR4g, t o THEQupPditof Bdim B YHREDS BiSISas 5 W20 BE IR m&hAlicHe RmdigEei n the
silicaceous support is selected fromthe group consisting of silica,

si | i cal al utd ina crgsiglbneiphaset asi | i cate, pyrogenic silica, high purity silica
and m xtures thereof. 65. The process as in one of clains 50-55, wherein
the silicaceous support contains less than 1 wt.% of alum num based on the

t ot al 4yei ghthe @fipgoofiidial 355 twherein at least 50 wt.% of the metasilicate support modifier

is in a crystalline phase.

42.  The support of claim 35, wherein at least 75 wt.% of the metasilicate support modifier

is in a crystalline phase.

43, A process for preparing a catalyst, the process comprising the steps of:
(a) contacting a first metal precursor to a first metal with a modified silicaceous
support to form an impregnated support, wherein the modified silicaceous support
comprises a silicaceous material and at least one metasilicate support modifier, the at
least one metasilicate support modifier comprising at least 0.5 wt.% crystalline
metasilicate, as determined by XRD; and
(b) heating the impregnated support under conditions effective to reduce the first

metal and form the catalyst.

44, The process of claim 43, wherein from 0.5 wt.% to 5 wt.% of the metasilicate support

modifier is in a crystalline phase.
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66. The process of claim56, wherein the catal yst further conprises a
second netal different fromthe first netal. 67. The process of clai m 66,
wher ei n twe 2hiver24aet al is plati num and the second net alPCraseén/0288? The
process of claim67, wherein the nolar ratio of platinumto tin is from
0.4:0.6 to 0.6:0.4. 69. The process of claim66, wherein the first netal is

pal I agum gnd the s nd netal is rhenium, 7Q.. The pr.ocess of clai.m.69,
Pher ofi t ha Phpraess St bieri St F5 s a4 i themeeRFigF 5oy o 8
0.85: 0. 15. ind crythfimerppeass of claim 66, wherein the second netal is

selected fromthe group consisting of copper, nolybdenum tin, chrom um
iron, cobalt, vanadium tungsten, palladium platinum |anthanum cerium

2013 867244 LR BT830, Yo hden 25 o S5 e et suppar sposifi,
second net & iniacrpstelia@phdss. an anount of fromO0.1 to 10 wt.% based on the

total weight of the catalyst. 73. The process of claim®66, wherein the
catal yst further conprises a third nmetal different fromthe first and
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48. The process as in one of claims 43-47, further comprising contacting a second metal

precursor to a second metal with the modified silicaceous support

49. The process as in one of claims 43-47, further comprising the steps of:
() contacting the at least one metasilicate support modifier or a precursor thereof
with the silicaceous support to form a modified support precursor; and
(d)  heating the modified support precursor under conditions effective to form the

modified silicaceous support.

50. A process for producing ethanol, comprising hydrogenating acetic acid in the presence
of a catalyst comprising a first metal, a silicaceous support, and at least one metasilicate
support modifier, wherein at least 0.5 wt.% of the metasilicate support modifier is in a

crystalline phase, as determined by XRD.

51.  The process of claim 50, wherein from 0.5 wt.% to 5 wt.% of the metasilicate support

modifier is in a crystalline phase.

52.  The process of claim 50, wherein the process has a productivity for ethanol greater than
800 g/kg/hr.

53. The process of claim 50, wherein at least 1 wt.% of the metasilicate support modifier is

in a crystalline phase.
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75. The process of claim73, wherein the third nmetal is present in an
anmount of 0.05 and 4 w.% based on the total weight of the catalyst. 76.
The procewe 2asl/i9m46ne of cl ai ms 50-55, wherein at | east PCOAGSed110b337ACEL | C
acid is converted during hydrogenation. 77. The process as in one of clains
50-55, wherein the hydrogenation has a selectivity to ethanol of at |east
80% 78. The process of claim 77, wherein the hydrogenation has a
selectivity to nethane, ethane, and carbon di oxi de and m xtures thereof of
| ess tSdan 4%e pf&cessbiRclMADSE Sehedein anleasi @ 504t.% lodkieom&sihifate whppoaimodifier

catal yst has, a productivity that decreases |ess than 6% per 100 hours of
catal yst udtjed crggfallipg@hgseocess as in one of clains 50-55, wherein the
acetic acid is obtained froma coal source, natural gas source or bionass
source. 81. The process as in one of clains 50-55, wherein conprising
dehydrsat i ndHepeoseshaiiadbinoi, avheedn duleast g Stwieds lof dreagetsiticae sippoptrmetlifier

et hylene. WD 2011/ 097246PCT/ US2011/ 023379 82. The process as in one of

clai ms 50- 8% 4 F¥3aHRe PASehy dr ogenation is performed in a vapor phase at a
tenperature of from 125C to 350C, a pressure of 10 KPa to 3000 KPa, and a

hydrogen to acetic acid nole ratio of greater than 4: 1.
56.  The process as in one of claims 50-55, wherein the first metal is selected from the group

consisting of Group IB, IIB, IIIB, IVB, VB, VIB, VIIB, or VIII transitional metal, a
lanthanide metal, an actinide metal or a metal from any of Groups IIIA, IVA, VA, or

VIA.

- 57.  The process as in one of claims 50-55, wherein the first metal is selected from the group
consisting of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium,

iridium, platinum, titanium, zinc, chromium, rhenium, molybdenum, and tungsten.

58.  The process as in one of claims 50-55, wherein the first metal is present in an amount of

from 0.1 to 25 wt.%, based on the total weight of the catalyst.

59.  The process as in one of claims 50-55, wherein the at least one metasilicate support
modifier is selected from the group consisting of (i) alkaline earth metal metasilicates,
(ii) alkali metal metasilicates, (iii) Group IIB metal metasilicates, (iv) Group [IIB metal

metasilicates, and mixtures thereof.

60.  The process as in one of claims 50-55, wherein the at least one metasilicate support
modifier is selected from the group consisting of metasilicates of sodium, potassium,

magnesium, calcium, scandium, yttrium, and zinc.

61. The process as in one of claims 50-55, wherein the at least one metasilicate support
modifier is present in an amount of 0.1 wt.% to 50 wt.%, based on the total weight of

the catalyst.
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69.

70.
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The process as in one of claims 50-55, wherein the silicaceous support is present in an

amount of 25 wt.% to 99 wt.%, based on the total weight of the catalyst.

The process as in one of claims 50-55, wherein the silicaceous support has a surface

area of from 50 m*/g to 600 m?*/g.
The process as in one of claims 50-55, wherein the silicaceous support is selected from
the group consisting of silica, silica/alumina, calcium metasilicate, pyrogenic silica,

high purity silica and mixtures thereof.

The process as in one of claims 50-55, wherein the silicaceous support contains less

than 1 wt.% of aluminum, based on the total weight of the catalyst.

The process of claim 56, wherein the catalyst further comprises a second metal different

from the first metal.
The process of claim 66, wherein the first metal is platinum and the second metal is tin.

The process of claim 67, wherein the molar ratio of platinum to tin is from 0.4:0.6 to
0.6:0.4.

The process of claim 66, wherein the first metal is palladium and the second metal is

rhenium.

The process of claim 69, wherein the molar ratio of rhenium to palladium is from

0.7:0.3 t0 0.85:0.15.
The process of claim 66, wherein the second metal 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.
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80.
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The process of claim 66, wherein the second metal is present in an amount of from 0.1

to 10 wt.%, based on the total weight of the catalyst.

The process of claim 66, wherein the catalyst further comprises a third metal different

from the first and second metals.

The process of claim 73, wherein the third metal is selected from the group consisting

of cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium.

The process of claim 73, wherein the third metal is present in an amount of 0.05 and 4

wt.%, based on the total weight of the catalyst.

The process as in one of claims 50-55, wherein at least 10% of the acetic acid is

converted during hydrogenation.

The process as in one of claims 50-55, wherein the hydrogenation has a selectivity to

ethanol of at least 80%.

The process of claim 77, wherein the hydrogenation has a selectivity to methane,

ethane, and carbon dioxide and mixtures thereof of less than 4%.

The process as in one of claims 50-55, wherein the catalyst has a productivity that

decreases less than 6% per 100 hours of catalyst usage.

The process as in one of claims 50-55, wherein the acetic acid is obtained from a coal

source, natural gas source or biomass source.

The process as in one of claims 50-55, wherein comprising dehydrating the ethanol

obtained during the hydrogenation to produce ethylene.
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82. The process as in one of claims 50-55, wherein the hydrogenation is performed in a
vapor phase at a temperature of from 125°C to 350°C, a pressure of 10 KPa to 3000

KPa, and a hydrogen to acetic acid mole ratio of greater than 4:1.
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