WO 2011/ 056247PCT/ US2010/ 022950 CATALYSTS FOR MAKI NG ETHANOL FROM ACETI C
ACID PRIORI TY CLAIM[0001] This application clainms the priority of U S
Appl i cat iwo 2blumiser4712/ 588, 727, filed Cctober 26, 2009, enotiusk@d/oibamabl e
Cat al yst Gas Phase Hydrogenation of Carboxylic Acids,” the entirety of
which is incorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002]
The present invention relates generally to catalysts for use in processes
for hydrogenating acetic acid to form ethanol, the catal ysts having high
selectivities for ethanol. Qﬁgf BEMEUkHMENT|CN [ 0003] There is a
long felt need for an econo es and catalysts to
convert acetic acid to et ENHANGLEFEROMAOCETICEACID its own right or
subsequent|ly converted to ethylene which is an inportant commodity
feedstock as it can be converted to vinyl acetate and/or ethyl acetate or
any of a wide variety of other qhauragly @ Qfycts. For exanple, ethylene can
al so be converted to nunerous pol yner and nononer products. Fluctuating
nat ur al009d$ diis applidationi dlaimsithsepriartn of UiitApplicatidnidombgri 12/588, 727 filrdcost  of

i onal duced, .pet r ol - S t hyl.ene, gaki
the neitrgs 24, Phf st Dbl G omanehuftentiop pEedonhicRcigs™
pri ces e éniret) 8P Mich@imbipot e PRAERDYREfet ke €duci ng al kanoi ¢ aci ds and

ot her carbonyl group containing conpounds have been wi dely studied, and a
vari ety of conbinations of catalysts, supports and operating conditions

have been nmentioned in the |Lggr . ion of various carboxylic
acids over netal oxides is rggﬁéagﬁmﬁﬁEig%yéﬁgyiﬁa et al. in "Fine

chemi c§0082] hiThe ghesbttipvengion e€lues géaread]lySio TataGatsoxdel ifi pRsdesies fird
derivatives." Chapter 8.3.1, sumarizes sone of the devel opnental efforts
for hyBYYgesnating acetigrasid tederm gihanely the gatabysishaxipginigsclestivitieyfu sihanel. T.
Setoyama, T. "Carboxylic acids and derivatives." in: "Fine chemcals

t hrough het er ogeneous catal ysis." 2001, 370-379.) [0005] A series of
studies by M A Vanni ce BRACKGRQONDeOR THRINVEMNEIGNoNn of acetic acid over
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acetic acid to ethanol which may be used in its own right or subsequently converted to ethylene

which is an important commodity feedstock as it can be converted to vinyl acetate and/or ethyl
acetate or any of a wide variety of other chemical products. For example, ethylene can also be
converted to numerous polymer and monomer products. Fluctuating natural gas 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 H2 over both
supported and unsupported iron was reported in a separate study. (Rachnady,
W ; Vanniwe,20M/056247J. CatalL (2002) Vol. 208, pg. 158-162CY/USeeminz2950
information on catal yst surface species and organic internediates is set
forth in Rachmady, W; Vannice, M A, J CatalL (2002) Vol. 208, pg. 170-
179). Vapor-phase acetic acid hydrogenation was studied further over a
famly of supported Pt-Fe catalysts in Rachnmady, W; Vannice, M A J CatalL
(2002) Vi : a8 C ' ' taL (2000)
Vol - 1BE 175303, 0 yalid i PG R IRl M B Mwlredle s ning e
sel ect unsppyridiganatbs @pondd unsebaratt tetiyal(Redhalely, My Vit M. Cakyler boua,
F.; Benachour., D.; Touroude, R Applied Catalysis A, General 2005, 6 282,
123- 138002) Vb 2R8ng. 178-16% Jiusthariaiormation pp catalysh sirfacogssies apboreanic23(. ;
Rodri g otdeia : -~ WABRd N taal y g ; 5—Z§)n@ a 4170257,
210- 21%@5&%‘%,15 E‘W&&L}gﬁ’o}tg?cgmajig Tour o%%egpﬁ%%%’alfgp . 20%14,&%%%3127-04212;
Amman, 17);, Wipbophkase Gceticlapitt InpblegenRtion) waCsttidied fg0@5 p285, fathil9 .of sipostedini , M ;

Joki c, : rzin, D, Y.: oude, .R. J. t al , -175..; Ntta,
VO Conbke calbtyfi s Rachmidy, WankRHiG o8 A1 Sy 2088 Vo). I pe BODEE L o
repor t RAghrAgdy, W.I Vadriek, 38! £CF ICWd1Y (2006 VEIODGd the, PIB3I4)UM and tin-cont ai ni ng

catal ysts in’the sel ective hydrogenati'on of crotonal déehyde to the
unsat ut0el ¥asiohotelaedkpybdigatbrisirorcering thrusgtective hydrogdatiomofiansatrated

Benachour . Tquroude. . | eq, Cat.al ysi s..A: neral 20 82,,.123-133

e el gty s sy BB, BerbRBY EG ety S r0lug i B Rppiod GuaSin- 53,

as wel Gef&raK20052280, 18-138.; Liledkava, KK ToRRAsas, R YVMB). CaBrioab higol221-29egedues,

M; Margitfalvi, 1. Hyperfine Interactions 2002, 1391140, 87-96.) [0008]
i

L.
M SanRpdgres: Edi-; BpendiMg6; Applicd Cwalysis::ﬁri&hf@zrata@,@‘i, 2 210t21A:5; Cortri ght,
R D IE, Lé’moté’ fI.‘] To&%ru&é l@.quytall.%ém,é?f ?4?; ﬂ%ﬁﬁé&i%.; Mglone C.;
e and ré€acti on ’ki'ne

m crocalorimet¥ic, Inftar spectroscopi C, ICcS
measur @owoude, RFbCarad 2003, 23 uahi WonsdmiriMalJolda) 0y Madrziand. Y[;dddedudEaR Al yti c

ot or obbadeOeh S BFET i1 Nifthons ko: FEEHER LakPRIG ] 2580, So);

M nachgypp7K KhudRd ¥EdeNe aBivitManh SEEBEN VeotiBHlatinuiGad tin%ont 1988,
Sae. DA Mudil ke adtvitfank SORABAS vl col L Hlaliny 38 i RTontabdl D'

descr i basalysts pr eesslsctivrhydnegenatica oftdretohgldehyge tatheomsasfiratealrdbenhyl are fawidds and

their anbydrides to cohol s and/ or _esters utili zi | at.i num gr t al
oy EoRar e i) PhiPa 2 enghai ! Totones, B 3bphedt palyis: Uhelit
descri begs, 28D/ 12BES dsQfell RELiBERONL K. OTGureiinddl ROOMs . Wardihgodny ds@aenat i on of
carboxylic acids. United States Patent No. 4,804,791 to Kitson et al.

descri B&¥ amwelhay Kpkawae skalf dozem & plsdastW oR-; Bagbath, 1.; Hegedues, M.;

2011/ 0 [ US2 . o] t drogenati on of carboxylic
aci ds. E@%éi?fg gol-ﬁsﬁg%r%éﬁ?’@%?%@é@? @dgé@.éﬁ {‘?s% 4,985,572; and USP

4, 82;5, [115168] [ 00.1Skhtiddd étlah\(/Skﬂt%agb, el Af. (\ELSdncheS@aséiﬁbj Mll Aﬁéﬂl@'ltriglﬁ,%ﬂ).; 94(2),
93-5), _di scuss reactiQn cat SIS .aceti¢c acid, on | owvalent titani um
hetero élmeﬁlédfd‘n Jg Qtﬁffgr:{ooﬁaf ilé1?§3§aicﬁ8%ﬁ§w§?qaiqsgn%t§?m§rarsﬁ SPGLIRPRORIC Ti 02) .
[ 0012] ,.Bi i ' i il . § prepared by
reacti %I? %f%tfd gtkrlgﬁtctg ;r/lfk%t&:m Eﬁ\t?mﬁﬂts E"‘?ﬂ”{?ﬁﬁ’?ﬁfﬁlﬁ%‘%ﬁ’? gléé@é%p‘%fc? e[hél B%% silica.
(LoessHIO@9Et CatalyticSictidite ; fon tiSiactte acidbydnogenatinn h@aalsd hedngepdr8d@Ipr Vol une

Dat 1988, 48 (St t. t. S .. 591-600. 0013]. . T tal ytj
oot PaftogfieguShy s vk picoiun 80 Bishe i v bheniovs . A cldbiide athiter mann
et al . BufhAVdBr BBShGnR, V. M BINABYd S8 SUSSIWROP2L%-14980) . (11), 373),

di sclosing catalytic reduction of acetic acid on iron and on _
al kal i [A1Bholiméted States Ratat No. BLA.680tp Bitenrext 9 slesaribeep pracess far thercatalyficof
I Ssuesy | [ hal v abh L Loel udiong: | al S .wi.1 hout
coui oy ABEE FORFES IR apti ARy el DRSO Bpah i b AN By

pr ohi bplativeh prenppacal sllbyasacvts. Uaise Setds Ragerdt Do, 4/76¢7 303 8@Kiron 6fal et hanol

and that pyoduce undesjrable by-products; and/or (iii) ipsufficient
cat al ygffscxlf3?8é profiss forthe Produetiigiof pleohels by dhechy daggmaiiemel sy HE a9igst s t hat

have higfled $lafstPatnt Xo. £80X.66F j;ooﬁmlcﬁz aPaegbEd é(ﬂo&]?er ?}P/%f‘r:cg hapale ﬂi‘@d’dcﬂgn

catalyst lifetinmes that ‘are suitable for commercia ogenati‘on
processes.
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SUMMARY CF THE | NVENTI ON [ 0015] The present invention is directed to

catal ysts and processes for nmaeking catalysts that are suitable for use in
pr ocesseswbaniimsea4ogenat i ng acetic acid to ethanol at hipgh/tsediemrisgeti es.

[ 0016] In one enbodi nent, for exanple, the invention relates to a catal yst
conprising a first netal, a silicaceous support, at |east one netasilicate
support nodifier, and optionally, a second netal. In another enbodi nent,
the catal yst conprises a first nmetal, a second netal, a silicaceous

T I ted
SUBDOT o by L UG AUAROLI ! LR o B U odioL LB, BB 8h et ©
VIt USPA,98 06, an&UzS[P4&t26%95than| de netal, an actinide netal or a net aI
froma ups JI1A VA, or VIA e preferabl the first netal
may be%@ﬁict % ’ lﬂ‘itﬁ% (éV u??cc‘%’éﬂ ﬁe}&’ﬂé]%ﬁsg c()d’g;fﬁe” 5?’r‘3%/f’“5%€5’68tllqn ni ckel ,
rut henichigy sfs%@%éﬁ@acﬂ%d I%W WiRnt ¢ ul'&ﬁ"heieﬁ%egghfigarl] o Eﬁ%do?t'-iﬂ&texgélg g"LWhLHysﬂl?c'anC

chromi um *Theni um nol ybdenum an t ungst second netal being
sel ect €8iCh) ortitaie (Gixlp consi sting of copper, nolybdenum tin, chrom um

oau 1 aa O] PR ~ent R e ot B W GoRR e B AT d BRI The

first matdth Irm%énﬁﬁn BloRRRL pdite@'bn%n;(stscfrﬂQ’%p - Skudiis %d%c%@czpﬁ&%don
t he total %ht of the ca 001 }2 The second net al may be sel ected

from t ReHrsu 9§%§’Péﬂﬁen@aféf198@m5 trugroRedyd efvrf, 5?!-1600¢hr omi um iron,

cobal t a ! | | adi I cerium
mangan sdél%Tr ﬁf;h%g%lﬁa{}flflggéc%u%ﬂbn Bﬁace??(%gﬁ]alﬁgaﬁ?cﬁeqn;tuéllﬁi {Bt?%cle al may be
pres enHmdermanmmull Nt HiaterAniamim &0 all, L Thih. Res., %8 abpkes (B8O Q@I))d3789! disc18%iig b

present | qarr[)unt of fraomO0.1 to 10 wt.% based on the total wei g%t of

t he cafdp Pre ugtipmefl acstieasid opfronaad spypdalingigmelsdiranse a third metal, which
may bey (ﬁﬁhﬁcﬁ%tlfn%?)%cte&%s gﬁf?éfﬁfrogﬁ’ %hﬁétﬁ %glsg’\gesq \%‘ﬁlg c&ﬂr{e LWRbif; t heni um
copper, platinum tin rheni um and/ o e present in an
anount uwﬂucﬁng) 5(1h¢a&1ﬂstmﬁv1t%uthmsitml¢hmty mahamigl(ghtataiystk MMhatrabqsstbly

0018] Pr the first . i | dth t al t
havi nPENITERY PRRPSVEAOPEEPRE PR for earmg o tgmal SRAORrORse0. 4. |
anot hegn@isahige 'b?%r&ﬁmy in’d/bp(@u) ﬁlElﬁ“ﬁEieﬁﬁéatﬂ%t@ilfe |'Phd},a{}ﬂe%@é&'@hﬁQ@ortﬂb%lsecond

metal is rheniumhaving nolar ratio of rheniumto palladi um being from
0.7:0. By@r@gcnaasn oatakysts Abat havehighisevetvityh eonyatsidny snd prodycibitysaiettable for use

as ahdroe cata t_in ertin aci.d to et hanol and yields
an acetic- ctgrr:f\e}térrn 5’%%56 sﬁ’tt% g? T@%m’%lexygmgteﬁ%uo@ﬁrgﬁﬁetss may have a

sel ecti VI ty to et hanol of at | east 80% and/or a selectivity to nethane,
et hane, and carbon di oxide of less than 4% 1n one enbodi nent, the catal yst

has a productl vity that deBHAMARY OFSTHEINVENTION 100 hours of catal yst
uoage. (A3 Sl Bfesple ihAHER UL PHARAL Lol ORLLY (o ASh£ELATsL A | he

gr oup ons stl n I cal al'um’na CI um netasi ¥ ca pyr ogeni c
sili caaremughblpuﬁcrnusy uspﬂocmcs fantydrox¢natiag atdtieraeiaf toeithnobgt hixth Ricseiies. n an
anount % t % based _on the tot al weight of the cataly

The si l‘ﬁéﬁ eé%gﬂf‘s%m Wwaéofa?xglap ate %Yeélaoare ?%m %@tﬂwtgomaﬂa@s arfﬁ?‘g
0020
[ 1 mEhe, a%iﬁ&féééusnéﬂgbcfﬁ @ leaﬁ dde mé?@srﬂ?csa'té§ | ng ofﬁ? ?drqb@'opélﬁé setvad

optional Iy be selected fromthe group con5|
met al mstahs 1 anpghes smbpdinjen | thatatalystcampmisesasiitst netabs, secwnd tet@,aup |1 B net al

ne. ane  BEREER Pk B Ret ot Pedt mEBE Lt Bl Bied Pow e St el ot b€ o o

net al  gRupebadstingNGrbep UB,aUP, KB IVEL VR) VOB, oW, bF VIR ehaAS b mdRgNeSi um
scandi um yttrium and zinc, Freferabl y bein CaSi G3. The support nodifier

may beldsthesidsmstal, amactinidermetaf omn metat fropany=d Groums Iidad¥d, ¥, tohé’IAot al
h 7 S | h
e e Ll ey

wher ei cobaft] mlckéierm}amlmn ahodium, psllddmmﬁﬂmlﬁn&rﬁlﬂdn,%ﬂ&mmd{tﬂﬁmﬁ; Zﬁlct he ratio
of wx s between 1:3 nd and are selected, such that p:q is
from 1°@6WW%M%%‘@%@I%§EP fodnd thessgandmyetyleingeselsctsduron et s
and v giklp WoRkgitiig oTebssdr &foBBethunt) Et‘fn, chromium, iron, cobalt, vanadium, tungsten,



0.005 <(3.25v +1.75w) 0.05. [0022] As another option, the catalyst may
satisfy the fornmula: PtyPd,, Re"SnyAl , CapSi gO, wherein: (i) v and y
are bet wew0281125623d 2: 3; and/or (ii) w and x are betweeRCI/UB2@0a22056; andp
and z and the relative |ocations of alum numand cal cium atons present are
controll ed such that Bronsted acid sites present upon the surface thereof
are bal anced by a support nodifier; and p and g are selected such that p:q
is from1:20 to 1:200 with r being selected to satisfy val ence

requir C : (3, +1..7

0-05.  [RaDufr A, M Eo b SEhERPUE b anG iR, (hedith ridalint)

pr ocesbeprebar iparepavumt@f f@hal.y 36 35 wh f kel srethe esthiogéightindf thedasdles. to a

process_f epar i a catal yst, the process conprisipng the steps of (a)
cont acltutdl o The pesond el r%ygt&ﬁ%medt B e §YP FROSKINgPt FPPREEAMY dspum,
si |'i caghoForRDHoh, EdbaltOfdRadiin, @B{g@@ﬂ?ﬁa@l@dﬁﬁﬁ?%&m‘!‘ﬁﬁ{ At Qiufpdi 11 ed

silicaceous support conprises a sil1caceous material and at 1east one
met asi maoganese uptbemitmpdeiniung igoldaand fiskelh daeifirst mdtal mapbepresing th auppomt

under cppditions, effective to reduce the first .metal an rmthe catalyst.
pr et er S ¢ Byt Firpddfe tbond bt maY bty R b doepRer ERoBP 18D, | n
part. (pvs,®asdd oh thé RRAIPYOEIRST thPdatdlyt! MRlné Q8HREL, 8R dabyst P ToRpritsa
contacting the at | east one netasilicate support nodifier or a precursor

t her eothixgimpefal, péicdi may be sdessed e thagrovp cousisiing ofrsebalt, palladipmarthepivas ur sor ;

and (d i Ng | fl L [ recur sor, under condi tions ective
ot or bortRn e, s PretiifR A0 o LY ' be IR SN ko ERE TR R ¢ ne
cat al y8twt.% rbasetborathpecthl weight giitbe easlyétur t her conpri ses the steps of
i mpregnat i ng._and reducin% a second netal precursor to a second netal

S

di f f er HIMS} r Bratergilys thedirstastal is phatinpe. and ghivyecord mg} isgr kaving asmplsr ratigr

For's heoFRted in BUER TR 430 (B0, MY BhRARERPIABRRB ok BF. REPOCSS
i mpr egmatal ixpadiadiumeahdahe secand hrictal iswhtaiunpitaving molar tatioaf rhénium mepaladium

differgnt fro fi tagl an he second netal .on t upport either
pef or eboiae P 0.4 i 8P IR Ay rhpedsbSte 16 gy iray by Surabiby SRraiai ¢ i on,
anot hepy@pRamtioR Bﬁtal?_fst ih f&@mbd_i'ﬂﬁ%"&deﬁ@ atidt6 b@and1And yRIACHESR GOHRA botvgsidh e
steps of (a) contacfing a first netal precursor fo a first nmetal wth a

nodi f i efatdedst tXeeddsp, shepjatalystcmap hivg sgletivite s ethanvd of atdpast 80%vraidfor er

wher ei he.first .netal, is selegted.fromithe aro onsi sting of copper,
ron,  Coatviey bR SR R APl B 195 AR iR 85 A

pl at i nearalystiHag Aipudducd ViRg thatfecedises Tess thané%Per WO(DMM@Bﬂéﬁtal?ﬁdlségwgSt en; (b)
contacting a_second netal precursor to a second netal, ditfferent fromthe
first Al The silicaoseusnsmpert aepysantionalbebs selestaddim thagrepr Fonsisiag o& siigal

metal s : . | §t:.nel: @f in,

chr o (e T FEEAE Cal SRS R GRRR! She i p RPRELs, IR IR el
cer i umandmay he pesent rifh em amoyntaf @S itk b 99 an.dlo, (bagedheethe tgalt weghmditlid ed
silicacequs ppqrt under conditions effective _to fedu the first netal
and t h‘éa%gﬁlo?{g‘e ﬁg{cﬁ?eoﬁﬁ auﬁpartﬁaaﬁ ﬁé“frc}%ﬁeeﬂr%?gtqurﬂ 3 r‘i‘ézr/%@p@(g)@gg'he heati ng
occur siepbher . - j ; j I
(optio[rg}glf)]3 Eﬁggﬁﬁﬁhﬁgﬁﬁggh§%§Pﬁ§§%ﬁ5$§%b§§h¥§§@?§inggg?@§w§gﬁaé§ﬁ“§?eps
(a) anffoghe gwupedugistingd (f)iallelingreart maatimefasidicates. dpyalkal) meted (b) to reduce
t he secand...net al ....Cpt i opal | t he .process furg her .conprise the steps of
(0) coRPaepimES i Hpup DBapdylutaaticates T Cndun i meta) By isatesyang

pr ecur sixtuilel EHef, Wistoe lopBois ithd SppER WSodiRdrehdyibe defoctcdr oA mBsdil{dad oS Hpport
precursor: and (d) heating the nodified support precursor under conditions
ef f ect gtal sedeqtest omithe sroup CPRsistng s spdiuma pefagsiure, Tragnesiynt, Keandwmpititisa,

cal ci nj . : al-¢l ni . : (b) or
bt vech ehg origBlting CREOREE SSrotoiRc iy B pibert WERT Bl 0B, 1)
conpr i we% e Oswieghhsbastd bnthicetgtah ivieipt afithe cedlysi.ng a third netal precursor to
athird netal different fromthe first netal and the second netal on the
support either before, after, or concurrently with steps (a) and (b).

[ 0025] Regarding the inventive processes, the catal yst and conponents
thereof, e.g., the first nmetal, the second netal, the third neta
(optional), the (silicaceous) support, and the (netasilicate) support
nodifier, utilized in the inventive prpcesses may be as are descri bed above
inrelation to the inventive catal ysts.




WD 2011/ 056247PCT/ US2010/ 022950 BRI EF DESCRI PTI ON OF DRAW NGS [ 0026] The

I nvention is described in detail belowwth reference to the appended

dr awi ngs,wotrerigism4l7i ke nuneral s desi gnate simlar partsPCrQB2rp/oE9® | A is
a graph of the selectivity to ethanol and ethyl acetate using a

Si 02-PtntSni-mcatal yst; [0028] FIG 1B is a graph of the productivity to
et hanol and ethyl acetate of the catalyst of FIG 1A, [0029] FIG 1Cis a
graph of the conversion of the acetic acid of the catalyst of FIG 1A

[ 0030] | G L] hanol and ethyl acetate
usi ng gﬁi%ﬁjz% é@\@g%-%ﬁ@p%%étﬁj?g?%grgﬁsahlk—t\lféé%%gﬁn@aa graph of the
productivity to ethanol and et [Bt/PdaRetSat@a,8i,0(,he catal yst of FIG 2A;
[0032] FIG 2C s raph of the conversign of the acetic acid of the

catal yst of win AR 1@8\3?? Vi|igsbetygen §=2aan&5a}>ﬁn or {indhpradigsd vy stbptwgena
cat al y§13 443 B5NAAY ardly dre sOUES st thi%Ed Rrorh Y984 17106 widB: béin@ s 10O
the selectivity o atn%eq catsal ystsof F étdl 3Ar(3[0 et hanol ; Vt]10035§in%sa 4A0i s a
gr aph edtisfihwalpnosdeqtifemenys anidl veandat being seleasedesughrtiedt: over 100 hours of
testing according to another enbodi Ofl’} e)\ i nvention; [0036] FIG 4B is
a graph of the selectivity of tohmsc«zM : Rt §054A to et hanol; [0037]
FIG 5A is a graph of productivity of a eatal yst to ethanol over 20 hours
of testj according to anot her enbodi nent. of the invention; [0038] FIG 5B
is a g[@%ﬂ] oA ARethepprizan; thersptabyst iy satigfyfedormelar) G 5A to et hanol ; [0039]

FIG 6A is a graph of the congfgvrpgiwggsngltégsg@ral ysts of Exanple 18; [0040]
FIG 6B is a graph of the produ 1

ctivity of the Catalysts of Exanple 18;
[ 0041] FI G wherdirs (B vgmdptarebetiveen 32| andt2i:3iang/oalii)2b okl ohretteeveatlad st s of

(I:Eg? glplyitsé %18(} 1671 @%%%gcg&x]fggﬂat%e E)Ic::)at%osns Bt glrugﬁgurgfan(ti r(1zaelcisuxerl gtgltnis \I/)Lésgnt%:[re 275C of the
controlled such that Brensted acid sites present upon the surface thereof are balanced by a
support modifier; and p and g are selected such that p:q is from 1:20 to 1:200 with r being
selected to satisfy valence requirements, and v and w are selected such that:

| (3.25v+1.75w)

q

0.005 < <0.05.

[0023] In addition to catalysts, the invention also relates to processes for preparing catalysts.
A preferred embodiment relates to 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; and (b) heating the
impregnated support under conditions effective to reduce the first metal and form the catalyst.
Preferably, the heating occurs under a reducing atmosphere, at least in part. Optionally, the
process may further comprise the steps of (c) contacting the at least one metasilicate support
modifier or a precursor thereof with the silicaceous material to form a modified support
precursor; and (d) heating the modified support precursor under conditions effective to form the
modified support, and also may further comprise calcining the catalyst. In one aspect, the
process further comprises the steps of impregnating and reducing a second metal precursor to a
second metal different from the first metal on the support either before, after, or concurrently

with steps (a) and (b). In yet another aspect, the process further comprises the steps of



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0043] The present invention relates
to catalysts for use in processes for produci ng ethanol by hydrogenating
acetic acwo 20r/asbm7pr esence of a catal yst. The cat al yst PemrlSey10a22960pr i ses
at | east one netal, a silicaceous support, and at |east one support
nodifier, preferably a WD 2011/056247PCT/ US2010/ 022950 netasilicate
support nodifier. The present invention also relates to processes for

maki ng t hese cat al ysts [ 0044] The hydrogenation of acetic acid to form

et hanOI % al?% tg d[hltfé( nfe a? Fe%h.{)sfgmonagthﬁra%étél cﬁff?rgnltzf}(glﬁ qﬂ‘?@ﬁ%eta[ 0045]

It has'$ MSP y an unexpec een di scover s of

the pr skt swame mﬁdtﬂmnnh@w@ertwg& l&ﬁbre cdftev] dricescurtendly nathydtais €8), anm(bh as
et hanol and et h%jh acetate, and.in rtlcul ar to ethanol, when enpl gyed in

the hylfi03d bnén addfitios. anetber anbof@ﬂlaent nieion relates fRa Brosess fomPRsS i n
benef i &tegg‘ &%ﬁn %qgst'rﬂetfllggb?ﬁoﬁr"i’t} é%'nﬁé%ﬁt\hﬁf‘énfoﬁlfféﬁ%ﬁiéﬁ@eoﬁﬁ hanol on

an econo eas bl e sca e catalyst of the invention
conpr i swpoet cbmpslslngtat hastamd soppqrtmadhtfyr (Wieremn thediret oétabis selecedi et the, a

third netal or. additional. net on, t he n cont ext the
ey | b PR apron Qb ol Sk Ty BRER; fhodtfy, pAISEER il (5 ¢ e
word " fRfidh; pladfifin, RMLm! Sink GkGAfus, tdiuh NBol88RRET, iaM@ nilBtRhbRr €

di fferent from one another. The total weight of all supported netals
pr esent:ontatptmg@ seeardl metal preefragrap ppedond masah differany frem the fiyst mety), with them 0. 1
to

& oee f Holifeg Ficaetlk Sunofl, whibteth 8 sblondimidljs BHLREP BSmahe bdEp BORIERE of |

total w&ipehtmdlpedepainatif sthrémitinydiongcoRltaVvanadfing taipeteh, pallagiui® pRitigsh, i N t he
catal yst may be present in the formof one or npre netal oxides. For

pur pos bathsnume e iN. Mangarase. thenigr, apbrickel; ansk(c) heating tha pagified siligeceent al yst ,
the mk%%ﬂ%d@%nﬁﬁ%ﬂ? B RRE b FedBOMR £hr& 1 FRUAL sdcBind B1RAT &K form the

catalyst. In one aspect, the heating occurs after steps (a) and (b). Alternatively, the heating
occurs (optionally under a reducing atmosphere, at least in part) between steps (a) and (b) to
reduce the first metal and after steps (a) and (b) to reduce the second metal. Optionally, the
process may further comprise the steps of (c) contacting the at least one metasilicate support
modifier or a precursor thereof with the silicaceous material to form a modified support
precursor; and (d) heating the modified support precursor under conditions effective to form the
modified support, and also may further comprise calcining the catalyst. The calcining may
occur after steps (a) and (b) or between steps (a) and (b). In yet another aspect, the processes
further comprise the steps of impregnating and reducing a third metal precursor to a third metal
different from the first metal and the second metal on the support either before, after, or
concurrently with steps (a) and (b).

[0025] Regarding the inventive processes, the catalyst and components thereof, e.g., the first
metal, the second metal, the third metal (optional), the (silicaceous) support, and the
(metasilicate) support modifier, utilized in the inventive processes may be as are described

above in relation to the inventive catalysts.



[0047] The first nmetal may be a Goup TB, JIB, Il1IB, IVB, VB, VIB, VIIB, or
VIIl transitional netal, a |lanthanide netal, an actinide netal or a netal
from any wb 2&r10dpst71 11 A, 1VA, VA or VIA |n a preferreaCendsodioneysy the
first netal is selected the group consisting of copper, iron, cobalt,

ni ckel, ruthenium rhodium palladium osmum iridium platinum titanium
zinc, chrom um rhenium nolybdenum and tungsten. Preferably, the first
netal is selected fromthe group consisting of platinum palladium cobalt,

ni ckel, and rutheni um I\/%ﬁ Pflé{ prtal is selected from
pl ati num and pal | adi um eﬁpﬁﬁeﬁ@g(bne& orrprr Ses platinum it is
pr ef er [0826] hdhe ihentiei Bld¢sdribedipdétsit belpwatithntefereiicean tianappohdddakswinggn 5

.% e.g fess than 3 w.%or_less than 1 w.% due to the availability

of pl aerlﬁli?Fﬁ i W%ifﬁé%@&?ﬁi@#a%%w 022950 [0048] As i ndi cat ed above,
t he ca t t [ ally
woul d ¥@%Zfr g‘ri])@ajs&g@c{pér&?rogfﬁlg%%lfe pr stgﬁfﬁ%nt e se orarlga&trrg'ltug ygrsg era In?/ i's
sel ect eatalfystom t he group consi sting of copper, nolybdenum tin, chrom um

o OB R LR B b SRR L

secondpr@tid; i s selected fromthe group consisting of copper, tin, cobalt,
rheni um and nickel. Mre preferably, the second netal is select ed fromtin
and r hé28m Fl@ouvjs amepleOF the comteasign of ﬁhnemmﬂ vidhoeatalysteofdidbal 8; one

met al o r i h

For -1 niSAEcFIGroA it BB BhaRt R R eSS MRk bl S R R 1o
be t hecaraliy; metal and tin may be consi dered the prom)ter netal . For

conveni ence, the present s ecrfrcatron refers to the first nmetal as the

pri mar J0033} aﬂ@tngrﬁoﬁ graeh gbibe prrdustivity fostanehandosthyl agetatel of Yhecataly of
pronot gféS)a. This should not be taken as an indication of the underlying
rrechanl s 1} the catalytic activity. [0050] If the catalyst includes two or
nor e N8Rk, FEGRC isa graplsof thetcahveasion af the acatdt avit aff the tételyst of FAGnRA A

g, s o 16 S5 bl obherosiclity o SMalfgp SrepdI ALl ohaual RRUSE

pr ef er ?W?M] | FIEr B3 RN %ﬂaﬁh éﬂthé‘@%&lwtfyr&%@ca%al?ﬁ%f?%V@A?{9 etBarbl; fromO.1 to
10 wt.% or fromO.1 % For “catal ysts conprising two or nore

met al s[0038k HWo. H% lsrmgleplmef ﬁllesvrmtlbléy of 2 caradpistvip ethanoleovan bdthkourpef testing
conpri se a..no t al ution.or mxture. [0051] The preferred
netal PEC f%ggﬁﬁvlo%% gﬁ*é%ﬁ‘ @Sp‘évﬁarl on the nmetals used in the

cat al yf3036] n F$GMB &re@dpireihe ,sele&temycdfehé @dtél?st(bff FIGetA kg sthanf al to the
second net al referab is from10:1 to 1: 10, from4:1 to 1:4, from

2:1 tol0037] FiGmAis grapbOﬁp@dsctprityqu@rﬁat@w@ ﬁrtbanpl ever 20| houpraf terbing
surpri vered that for platinumtin

cat al yg‘t&%x‘% gdtﬁlglol&%?iégl%t%%ny??ﬁ@n%‘%?lggﬁon the order of fromO0.4:0.6 to
0. 6: 0. 0038} &DOUIB is algraplt ef marsﬂleﬁm@rdfyhemae:ilgstroéﬂmrﬁmtcdethamﬂ), f orm et hanol

froma i id_at h| ectivit ver ctivity, as shown
in Fl G@%%fﬁr %g)l %ﬁ&? 9 g g%@’? tciowecr?g‘f‘ B?g‘@ﬁéﬁ S‘Sﬁ)d?] Pieuféjher [ m);roved by
I ncorp 0%] ng1EOER {d e?&aﬁlﬁ’@%&ﬁﬁocﬁz%ﬂﬁ%s&ﬂ' ﬁl@@&ial@?ﬁs%'fﬁxaﬁlﬁﬁﬁ%l Mol ar ratios

ot her ﬂlan 1:1 may be preferred for catal ysts conprising different netals.
Wth r il LhimFal 6Cam agraplaotihy selsctivityrat 8x@ipokthe hitglyets of Erample Sehrdtti viti es

ahown 19| R4 0L 8 oL BE WPl T R BRSBTS 1 i 0s
for formng ethanol in ternms of selectivity, conversr on and production are

on the order of 0.7:0.3 to 0.85:0.15, or about 0.75:0.25 (3:1). WO
2011/ 056247PCT/ uszmd?@@ﬂe@%%%@@&ﬁ YHBINVENTHNoI may be further

i mprov ] 1 n
erbodi 43t TRERHBRLHhiAloR Rkl REcaPHRROR) ipth HESSL o S gty

be sel hpdregerfatlngra@aw aofd 1hhl® peeseanks of a Sattelgistaﬂbie&alatyscanpméd osmpvisels at he

first %Irqsecond met. SO Iong as thgethlrd met al d'ffﬁg@&t fromthe
first SAYDsQuHR: "r‘r%“&"l@o“% FrpPEsadrad aé‘s‘p’éc‘PEPOYEW@ YA C ais selected
fromthe group consisting of cobalt, palladium ruthenium copper, zinc,
plati num tin, and rhenium More preferably, the third netal is selected
fromcobalt, palladium and ruthenium Wen present, the total weight of
the third netal preferably is from0.075 and 4 wt.% e.g., from0.1to 3
w.% or fromO0.1 to 2 w.% [0054] In one enbodi nent, the catal yst
conprises a first netal and no additional netals (no second netal, etc.).

In this enbodinment, the first netal preferably is present in an anmount from
0.1 to 10 wt. % In another enbodi nent, the catal yst conprises a

conbr natron of two or nore rretals on a support Specific preferred netal
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TABLE 1 EXEMPLARY METAL COMBI NATI ONS FOR CATALYSTS First Metal Second
Metal Third Metal CuAg CuCr CuV CuW CuZn NiAu NiRe NiV Ni WPdCo
WO 2011/056247 PCT/US2010/022950

metasilicate support modifier. The present invention also relates to processes for making these
catalysts.

[0044] The hydrogenation of acetic acid to form ethanol may be represented by the following

o)
)J\ E
+ H,O
oH /\OH 2

CH;

reaction:

[0045] It has surprisingly and unexpectedly been discovered that the catalysts of the present
invention provide high selectivities to ethoxylates, such as ethanol and ethyl acetate, and in
particular to ethanol, when employed in the hydrogenation of acetic acid. Embodiments of the
present invention beneficially may be used in industrial applications to produce ethanol on an
economically feasible scale.

[0046] The catalyst of the invention 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
wit.%, 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.

[0047] The first metal may be a Group IB, 1IB, 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.



PdCr PdCu PdFe PdLa PdMb PdNi PdRe PdSn PdV PdW Pt Co PtCr Pt Cu

WO 2011/056247 PCT/US2010/022950

[0048] As indicated above, the catalyst optionally further comprises a second metal, which
typically would function as a promoter. If present, the second metal preferably is selected from
the group consisting of copper, molybdenum, tin, chromium, iron, cobalt, vanadium, tungsten,
palladium, platinum, lanthanum, cerium, manganese, ruthenium, rhenium, gold, and nickel.
More preferably, the second metal is selected from the group consisting of copper, tin, cobalt,
rhenium, and nickel. More preferably, the second metal is selected from tin and rhenium.
[0049] 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.

[0050] 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.

[0051] 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.

[0052] 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).



PtFe Pt Mo Pt Sn Pt SnCo Pt SnRe Pt SnRu Pt ShPd RhCu RhNi RuCo RuCr RuCu RuFe

WO 2011/056247 PCT/US2010/022950

Again, selectivity to ethanol may be further improved by incorporating modified supports as
described herein.

[0053] 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 metal is selected from the group consisting of cobalt, palladium, ruthenium, copper, zinc,
platinum, tin, and rhenium. More preferably, the third metal is selected from cobalt, palladium,
and ruthenium. When present, the total weight of the third metal preferably is from 0.05 and 4
wt.%, e.g., from 0.1 to 3 wt.%, or from 0.1 to 2 wt.%.

[0054] In one embodiment, the catalyst comprises a first metal and no additional metals (no
second metal, etc.). In this embodiment, the first metal preferably is present in an amount from
0.1 to 10 wt. %. In another embodiment, the catalyst comprises a combination of two or more
metals on a support. Specific preferred metal compositions for various catalysts of this
embodiment of the invention are provided below in Table 1. Where the catalyst comprises a
first metal and a second metal, the first metal preferably is present in an amount from 0.1 to 5
wt.% and the second metal preferably is present in an amount from 0.1 to 5 wt.%. Where the
catalyst comprises a first metal, a second metal and a third metal, the first metal preferably is
present in an amount from 0.1 to 5 wt.%, the second metal preferably is present in an amount
from 0.1 to 5 wt.%, and the third metal preferably is present in an amount from 0.1 to 2 wt.%.
In one exemplary embodiment, the first metal is platinum and is present in an amount from 0.1
to 5 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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RuLa RuMb RuNi RuSn WO 2011/ 056247PCT/ US2010/ 022950 [ 0055] Dependi ng
primarily on how the catal yst is manufactured, the netals of the catal ysts
of the prweentl/dsmaenti on nmay be di spersed throughout thecsaspawinz2soat ed on
the outer surface of the support (egg shell) or decorated on the surface of
the support. [0056] In addition to one or nore netals, the catalysts of the
present invention further conprise a nodified support, neaning a support
that includes a support material and a support nodifier, which adjusts the
acidity of the Tar ; i i .—e.g. Bronsted
acid sites, on the support naterial TABLFok adjusted by the support nodifier
to favor sel ectipi o) { i cetic acid.
The acidity of t]%%ﬁl![&%&l? tﬁn%ﬁl é&rlggdlﬂr%ﬁgglg%ﬂfugﬁgééy @ég%'glgng t he nunber
or reducing the avaFirsabMdtalt y of BrSzoneidMetati d si t eFhiedMeksd support
material. The support gwmterial may al g be adjusted by having the support
nodi fi er change the pl&, of the supporicymaterial. Unl ess the context
indicates otherw se, te acidity of asgurface or the nunber of acid sites

t her eupon nmay be deterdy ned by the tegpni que described in F. Del annay, Ed.,

"Characterization of er ogeneous Ca%ﬁlysts"; Chapter 111: Measurenent of
Acidity of Surfaces, . 370-404; WMarc Dekker, Inc., NY. 1984, the
entirety of which is ificorporated heré&n by reference. It has now been

di scovered that in addition to the metf’dl precursors and preparation

condi tions enpl oyed, @ﬁtal-support i nt¥ractions may have a strong inpact on
selectivity to ethanolNl | n particul ar, Wthe use of nodified supports that
adj ust the acidity of Rdhe support to feke the support |less acidic or nore
basi c surprisingly an®dunexpectedly h&s now been denpbnstrated to favor
formati on of ethanol @der other hydroganati on products. [0057] As wll be
appreci ated by those gfd ordinary skillgein the art, support materials are
sel ected such that thegatal yst systemyis suitably active, selective and
robust under the procggs conditions egpl oyed for the formation of ethanol.
Sui tabl e support naterggls may includgn for exanple, stable netal
oxi de- based supports ¢, ceram c-based,supports. Preferred supports include
5%1 ilicalalumna, a Goup IlAsilicate
I

silicaceous supports, ch assilica,S
silica, high purity silica and

such as cal ci um netasi | cate, pyrogenP®
m xtures thereof. Qh supports may be used in sone enbodi nents of the
present invention, inéﬁhding without Wnitation, iron oxide, alunina,
titania, zirconia, madgfesi um oxi de, c&obon, graphite, high surface area
graphitized carbon, achti vated carbonsCrand mi xtures thereof. [0058] In
preferred enbodi nent s,Ptt he support cofprises a basic support nodifier
having a | ow vol atilitBt or that is nofevolatile. Low volatility nodifiers
have a rate of loss that is ow WO 201/ 056247PCT/ US2010/ 022950 enough
such that the acidity mf the support ggdifier is not reversed during the
life of the catalyst. guch basic nodifjers, for exanpkg, nay be sel ected
fromthe group consistgng of: (i) alkaline earth oxid g (i1) alkali netal
oxides, (iii) alkalinﬁdearth net al negasilicates, (ivs al kali et al

net asilicates, (v) Gayp JIB metal oxides, (vi) Group.glB neta
metasilicates, (vii) Group I11B netal Bxides, (viii) oup II1B netal
metasilicates, and m res thereof. pﬁ addition to oxides and

net asilicates, other ﬁ?bes of nodifieMd including nitrates, nitrites,
acetates, and | actateRumy be used i nCenbodi nents of the present invention.
Preferably, the suppoRu nodifier is sélrected fromthe group consisting of
oxi des and netasilicafRes of any of sod@uum potassium magnesium cal cium
scandium yttrium an@uwinc, and m xt gees of any of the foregoing.
Preferably, the suppomy nodifier is apgalciumsilicate, nore preferably
calciumnetasilicate @S ). If theygupport nodifier conprises calcium
metasilicate, it is ppgferred that atyjeast a portion of the calcium
netasilicate is in crystalline form Sp
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[ 0059] The total weight of the nodified support, which includes the support
mat eri al and the support nodifier, based on the total weight of the

cat al yst ,wpnefiersedary is from75 w.%to 99.9 w.% e.g. PCTusao1#®22450 % to 97
wt.% or from80 w.%to 95 w.% The support nodifier preferably is
provided in an anount sufficient to adjust the acidity, e.g., by reducing
the nunber or reducing the availability of active Bronsted acid sites, and
nore preferably to ensure that the surface of the support is substantially

f { s, t
mﬁﬁief Loo38L' LRoEBREHEHARN SR 8P cablsPhRERSRIET REERN Fund AupiEPeT
. % tof ﬂE pvéseﬁbmﬁdmﬁh Ondy batdiSpetsed ﬂﬁoughc% thersuppaat)cdated oﬁ/dltea)t&r\smf%e dfased
on t he .t ot al % ﬁf the ca al¥ ferred enbodi nents, the support
rat er.mespepwm@ggﬁ elf}or decornigniap the wrpostlibe symmorios we . % . g., from 30
-0t F)O%Z Win s(&d?ﬁorf foCHHe%'? re Hetdls, AR Aalys U6 Pesérﬂ 11?%’1%@15‘ Regiepent, the

suppor er|a I's a silicaceous Support’ materi sel'ected from the group
consi stomprisefa mpdified supgiolrt, owAsihg msnmoriathar inclpdés aﬁswpbltt oxteriad endha suppod! ci um

e catoaiser et Aoa fleudi et Fipelt mradhal o bl Sl et SRoisbicr ' ci ol

t 0 enspigstdaalid §iRs, AHRHE SupPortahatsiid) iy mdmtddsoy&hé aﬁ@%ﬁ médfianioFany for
silica, is |ow, tg@eferably under 1 w. % e.g., under 5 w.%or under 0.3

W . % brlessiityio ql@lvangwmlmdrowﬁattweofmsmq acedj Thansadity, ofithe suppertr egar d,
rogeni | i rred. a 1 ri
eococalirrBbinS fe 90l SR iyt by o S edesle B ARG, b pflied btd

appl i cgitds@n,the afppost rﬁaexsall Tha suppoydihatbrigighali ascc@aﬁicamtmam lsaxsmgcme ggpirtum num
are present, if at all, at levels of less than 0.3 5& | ess than

0.2 wt Mpgigier change tmlémfwhe%mzwmse{ﬁzdildmi@wt%m@wf ergseyihen
calciu ry to
bo. qui TR BE4 blcke By I iR BFadky SHARRGLuftRId B dctripihdt fihe REAARRE Y
mat er i désceibedimuiyDeddrmay iy F(Ermedchesizaticlesi Hetbiogeraoas ﬁatallysm’jt Chapterd L y be

b | os MReimet gt St Y AEIE NSk Bue 1V, 1884, %E‘n%ycases

wher e bIGhRHRPRCOpe AT hat8if b7 refeRReE t It HRsthéw Bked aisédaeradaeﬂmn Qdditi6 P the W
to 10 wt.% |larger anount of "acidic inmpurities, such as alum num can be

t ol er amethl prechesary aad mm‘t@m@os@mgnemplayw nmdwueporbalnqmms By dave a
appropgiate amunt d| fi.er 061 uy f ace e f . the
sili Ca%té%n ny act on § Pectlv ﬁﬁ) n partlﬂllar [ﬂ?ep?sg%og P ed|11S e(f pg(t)rtﬁa’tglatg d0 sbou t 50
n2/ g, ﬂmegimdlt@!tofkl&aﬁlﬁaparbwmaﬂz@ﬂleriﬁf)}g)rt REs Acidis br ﬁb%basikﬁ@rﬁf?sﬁ@l aid | east

about 200 nQ/&Vor nost preferabl%ﬁ | east about 250 n2/g. In terns of

r anges Ungxpects |y|h@a@e‘6@§e%é®pms{r t@fgvar formagon Og‘i’thﬁlf@éoviﬁ%lﬁf’ér ably has a
surfac 0 to 600 n2/g, e.g., from100 to 500 n2/g or from 100
to 300ﬁ%§?§ama ﬁ%ﬁ% ace area silica, as used throughout the application,
refers [(1067]si IAisozallHﬁ\app@cmtelehﬁ thoee afroedinady shkill inghs drtcdnppért Aaterialy/age For

pur pose se specificatio surface area refers to BET nitrogen
surfacéeslecﬁ%f’asuCﬁé@ﬁe‘ﬁgc bl eSSty S, e s S0 B BESBECEH, the
entir epond@ondtinflloyed fHNHETOMNA0R G BRLAIIN SBHabI8 k&5 RNCGRatelifd 82 idd6de, for

silicaceous support naterial also preferably has an average pore drameter
of froexaBple stable matal exide- ba$qdc$np153rtsa>r36ranm-basedrsuﬁpqrts Pscharredsuppogsn about 5

por e vieDis BieAREH RS is B B iR el hiag OB biifae kR Ffi R 7T

about fheBisilRatk, Pyrosdi@silias h‘i’gﬁ}ﬁfrﬂy Bigida Byd RIRELGIEE Yherdtfl QBhQRuPSUrRShAESd Y -
[ 0063] The m)rphol oaly of the support material, and hence of the resulting

cat al y4teddn spras ermbpdimentsofithg preggng apvgntion, inddpding withpyidiyitadiopoldpmeride, t he
nmor pho r i t .CO on may
e

pent ar carben, attivdtebesbomguad inixtires theraolf't i - | obal shapes or flakes al though

cyl i ndf,i ellets ar referr d. Preferabl the silicac S, suppo

ot e 1 H19SRh, PpieBi Gt e, o ol cOT PSS ke g CHRATE RO ST DAV, 1 o
1.0 ¢ Wvol@tllﬁky or {Ha@ 18 ddnvdIfile: Pod vVorHRiliRy mbiBOhaveaGald-oF 16k BHB is bW, t €r s
of size, the silica support nmaterial preferably has an average particle
size, e.g., neaning the dianeter for spherical particles or equivalent
spheri cal dianeter for non-spherical R rticles, of from0.01 to 1.0 cm
e.g., from0.1to 0.5 cmor fromO0.2 t6 0.4 cm Since the one or nore
netal (s) that are disposed on or within the nodified support are generally
very small in size, they should not substantially inpact the size of the

WO 2011/ 056247PCT/ US2010/ 022950 overal |l catal yst particles. Thus, the above
partlcle S|zes generally apply to both the si ze of t he rmdlfled supports as

o b . ~NNs A Y




WD 2011/ 056247PCT/ US2010/ 022950 e.g., at |east about 85 wt.% or at | east
about 90 w.% high surface area silica in order to counteract this effect
of includvogoa/seaport nodifier. [0069] I n another aspeeCI/ush@omat9ad yst
conposition may be represented by the formul a: PtvPdwRexSnyCapSi gOr,
wherein: (i) the ratio of v:y is between 3:2 and 2:3; and/or (ii) the ratio
of wx is between 1:3 and 1:5. Thus, in this enbodi nent, the catal yst may
conprise (i) platinumand tin; (ii) palladiumand rhenium or (iii)

| ati [ L LHE ' r cted such
Phat peobuek! hen B3 5L 305 Rb Bodfi Mondl Refel iy uifl pELEC) 02
requi r earlysts SueH basiantbdifides ifoigexaalphs ey teselectel ditom ths.g2&up cohsigbng) of: (i)

g ICRTRER S R T O
aceti ¢ pgd) fnetiltbatesdly) g}i"é‘lﬁf 1IBAXEA ox@des] roaf 1B flB mlesARALE (1B GIokp

converted to a conpound selected fromthe group consisting of ‘et hanol " and
et hyl 2ldBimeatal omirdese(viigdSroup AiiB 1stafmethrlicatest argl muiteres theraohv br additiondo

al kanes_ . .\Nor e, pref.erabl the prece condi tions,_and val ues of v, w, X, VY,

o o BigtT s BE RN it Bs b oETE R Az Wl miiiaReBles dndet &

aci d, eacthtes Aty beasktl iBeMbodinhts oFdlsd prO&¥if invBadiorn. Pref@avs! teGupsorc@bdigiet ed t o
et hanol, while less than 4% of the acetic acid is converted to al kanes. In

many eibsckdftan e grpep pansisEing of erider angrmetpsilieptescgf@py e sodipmypasggsim. any
m nor | Ltie S . 10 re i . f rt is
essent %Fégl%’e%kg@a%tg}ll @3%?@%@#@%%%% aéélpﬁl é%w?%g%fgﬁﬁgg%%gﬁg " aspect,
t he coPpaiabiyptheatipfidiemodif@l isst cabdumrsilikat; m&qﬁd%rélﬂj} (&‘aiylﬁhm ﬁa@?li@ﬁé :
wherein:, (i), v .and are hetween 3:2 and 2:3; and/or (ii) w and x are
ot weekCaSiQhn e 2 Pgjt AT SOAPRCS CRBTEE plasTBR: § R ISTod FpvEHgRH ancl
cal ci umbR{oa8 (R @RGIth ndtASIRaa% n &fyeafiRishe) | ed such that Bronsted acid
sites present upon the surface tlﬁle eof are bal anced by the support

modi i §0059¢. dhe tetal weight ofghasiotificdtseppant, avhichoinaludesstbt supiped matetialtandthep: q i s
from1:20 to 1..200, with r, bei sel ect.ed atisfy valencg_r | r nts
and v PO Mg pip du e B i SE U5 salad Tresftab S it &5 bl F60)
Pref er by, e.d. Nrdhi78 WASREE HT WG, o FHoth 3G Wt Pato B 1Y AR sappsit Mbdder | €ast
about 100 n2/g, e.g., at |east about 150 n2/g, at |east about 200 nR/g or

nost pPefepblyiyprwyided 4 an apownt spEEient igadjust the acidity, e.g., by reducing the
number or reducing the availability of active Bronsted acid sites, and more preferably to ensure
that the surface of the support is substantially free of active Brensted acid sites. In preferred
embodiments, the support modifier is present in an amount from 0.1 wt.% to 50 wt.%, e.g.,
from 0.2 wt.% to 25 wt.%, from 0.5 wt.% to 15 wt.%, or from 1 wt.% to 8 wt.%, based on the
total weight of the catalyst. In preferred embodiments, the support material is present in an
amount from 25 wt.% to 99 wt.%, e.g., from 30 wt.% to 97 wt.% or from 35 wt.% to 95 wt.%.
[0060] In one embodiment, the support material is a silicaceous support material selected
from the group consisting of silica, silica/alumina, a Group IIA silicate such as calcium
metasilicate, pyrogenic silica, high purity silica and mixtures thereof. In the case where silica
is used as the silicaceous support, it is beneficial to ensure that the amount of aluminum, which
is a common contaminant for silica, is low, preferably under 1 wt.%, e.g., under 0.5 wt.% or
under 0.3 wt.%, based on the total weight of the modified support. In this regard, pyrogenic
silica is preferred as it commonly is available in purities exceeding 99.7 wt.%. High purity
silica, as used throughout the application, refers to silica in which acidic contaminants such as

aluminum are present, if at all, at levels of less than 0.3 wt.%, e.g., less than 0.2 wt.% or less
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WO 2011/ 056247PCT/ US2010/ 022950 and z and p> z. In many enbodi nents of the
present invention, pis selected, in view of any mnor inpurities present,
to al so eweuna/tsby t he surface of the support is subst aomitskély/oprvee of
active Bronsted acid sites which seemto facilitate conversion of ethanol
into ethyl acetate. Thus, as with the previous enbodi nent, the process
conditions and values of v, w, X, y, p, g, and r preferably are chosen such
that at |east 70% of the acetic acid, e.g., at least 80% or at |east 90%

that i ted v t: I j 9 acetic
herd 1 e GESE IR SANED kel 0 9 as ol ibodie hiSAMEL 1R Bkt E

t heor y be oitk 4s stidtiaboutethel paitatof hezsli¢aosed bis theisdpmorsmpterial altetgh alaindnihor t he
a1 ] i Rrae el will bt @eraally Y addg e SioRaly RSt e e ane
upon  t BechSHIRRCTdr cMhpRCRaP be IR 1HRAM18GH %8 e £ NREMLA ¥ wiloa L lds¢iHad stixessur face

makes it possible to achieve desirable inprovements in selectivity to
et hanoln cgsepivberg dlt sppailt gemptisdse, supporborodifier in the mangzlof frompPpovtLo teold fi er s

based gn,oxides in their . .mst stable,val ence stat i] 1 have | ow yapor

o oeaue Snge o Ab R ARDuRERY nieisS MRS Shibeolerme i Tang Fthed
Accor daRGulstantially oliitef-BilaRRd byah appRpbRReTdunt®H duppbs nfdefid ovi ded in
amounts sufficient to: (i) counteract acidic sites present on the surface

of t helM@dporlhe surfegeiazga 03¢h¢ silipgpeens supperit sraiaiiab i, siliegppreédiablyés aidenst
hydr og i er es: 1 21) " b, bei 0 2 ory,
i rrpart%(glttr5 gg’? ?thgg%c"eaﬂ%gts%glplg{oc Aéln/ ’eatlr?é;a%garbsowg %ﬂf%p/gf %il%%t %‘oé%:f' g?@%}c}g%&f or
exanpl eost greferatile st logst albrai280 g In, tergisaif RartpesinBasijicadeqiisdupport niitagiabt i on of
def ects anﬁ, dislioc%&ai{ons, plastic gj formati on and/ or other tepperature

i nducef-&cREIGSECICHON BaSTsTHiaee fica 0 ?r_em?iﬂ o6l 1B et SHFOTL0 g S 2 or

| nvent g Ai0oBd0 sl Bidh ARG 84 Slitd) ol D&dIRRBERSR Mo oppEAR, 1188 De! N

i mpregnated in a wash coat onto a nonolithic caFrier St Tar fo autonotive
cat al ysilisa hadngla esrfdce somtoftat kpstoiboitcd®, mb/geFeapuapysss of e prdsenti nvent i on
preferably. are formed int rycl es, so inmes also.referred to as beads
or pel F%e[cgf}ca %isHbfg%eaolfe?gg\%héFig@tr%engﬁ&%@sar%gle{aﬂlggggq HAACE BBt al s are
provi dgétetRintdBy NSABL DF356-DAEhE ¥ni¥leBChNGhich lsﬁﬁ&ﬁ*ﬂ&d@q{er&ﬁ by RgeRn&haped
catalysts in the reactor. Commonly encountered shapes include extrudates of
ar bi t r HI092E r d&e sdisaccosnsuparitmgpatenial afsorpielofably hns na pa¢tage pore didnemerofifrom he
sense n tor s,def i ping t surface of truda are

par al | Tgl%ltl P(?lglgl.’ 9’%‘5 ?{O%Idlg)éoa%éejama 81\1/125, togzﬁsynnclz Shvem ag)r(l)fl% %gor fdl(lgpeass%geﬁrél IIfeﬁlcqyudi ng
pel | et merauy trsaisiod porcsihetg and apadtagh pard volueteasihat 03, to 2I0GE>/g RaNt Réthngs,
trilobes, quadrjlobes and multi-I|obal shapes rrg% be used, althoug

cyl i ndPi’dall-pen/gesirgmabgpried 8 te b4 cm{gpas datempBedhy peruostsion 22950

Typi Cak)!)%sin’iel?rg shapes are chosen enpirically based upon perceived ability
to contact the vapor phase with the catalytic agents effectively. [0075]
One ad{68hgdheinarpliclbdgrsefsthe fuppoet matesanand eneandf tha résaltingeatlybi | ity or
activity of .the catalyst for producing ethanol.. Accordingly, it can be

appr epFéPE%F‘tf%afnatfﬁ’é‘%gfdﬁi%s[f‘s%W e_f‘ﬁ“é‘glﬁfye‘_s@ ‘f‘il{nﬁv_éﬁg? B‘f?rgh‘éogfu‘?flt € capabl e
of bei Bghpefasatbrial GRAELE IR caffRt Corhptiiitinthay) bARMetsC akihRRs! %elfey,%?ﬂgenat I on
of acetic acid, particularly i'n the productiion of ethanol.” I'n particular,

it is poebmidrespheresaiiigsypentaroigs Aritbgs.apadtilobesabiulti-lgbat shapes, oaflakest al yst

activi will haye rate. of productiyi ecgline that is |ess, than 6% per
100 hotitioeh culififtal e BRIGHSE AT Seafite syBpord Bpichg isies s han
1. 5% paiorpHbdyatitsalloRis b pdeking dehsity @t feo 0. ItoadbIsfcin] &Y., H881 0.D® 0.9

determ ned once the catal yst has achi eved steady-state conditions. [0076]

In oneZ&HHGEIRENY-D toRSe/¢he Enieamy st sizq phrovilicapippert swterisl grefpablythos an | i ca,
wth calgl 4L i cat cat.al LYILEY may
oxt endt oy BRI CERL e e BRRRL AR e Bl pales B B En BB
pr ol ondiathepe foronm-sphedend pagiclest af foore 0.0drte 1v0e@k, e. @y fromt0abto 6 ks, ordidn even
nont hs f commrercially viable operation in.the presence of aceti¢ acid
vapor g@q?gr%@'a ’d’rcggl“%"fnefﬁgt?r? BP%%G hat arg 85%%@i‘f"iﬂégﬂ?ﬁm8ﬁ$‘§ﬁger t han
2500 hguppotk-ard Séhérdily Megy GRAIRIYsHe, BRYRASHIH nBPsubSfanfidlf infpaBitht 9P Bf @ker abl y
are fornmed through netal inpregnation of the nodifiéd support, although
ot her processes such as chem cal vapor deposition may al so be enpl oyed.
Before the netals are inpregnated, it hypi cally is desired to formthe
nodi fied support, for exanple, througﬁ a step of inpregnating the support
material with the support nodifier. A precursor to the support nodifier,
such as an acetate or a nitrate, may be used. |In one aspect, the support
nodifier, e.g., CaSi3, is added to the support material, e.g., Si02. For
exanpl e, an aqueous suspension of the support nodifier nmay be forned by

o o .



24 hours, e.g., from3 to 15 hours or from6 to 12 hours. Once forned, the
nodi fi ed supports nay be shaped into particles having the desired size

di st ri butworep1iensge4y to form particl es having an aver agePparuseaimm®see i n
the range of fromO0.2 to 0.4 cm The supports may be extruded, pelletized,
tabl eti zed, pressed, crushed or sieved to the desired size distribution.
Any of the known nethods to shape the support materials into desired size
di stribution can be enployed. Calcining of the shaped nodified support nmay

occur, . I r . t . 300
o 700 gan SR Eits. SUhRTRE bR Nl ety bBp e b TyBsize HEQE 00
from 2niodifidd dnppidrss asfwedhnasdo tilee Bnddoatalysoparddledst 6 hours. [0078] In a
preferred t hod _of preparing the catalyst, the nmetals are inpregnated onto
Phe. modiioha Aersfiared S1a sheradr aierigh s 6L 118 SR surare (e GSATSIA

Pr ecur eafalyopafifth #ohy sdifh G5#n N8B THE ity [IBBLAANADIPIS G198 <ilRH Ebhidits 2

wat er sol LPE)| e conpound or water dispersible conpound/ conpl ex that mcFudes
the fi epproxiadly 85 wti¥h bighsturfaBeqremsiling acnrfatearseofibopt 280mé/gr a erpianyed, t he
use of a splvent uch. .as wat er | aci al, acet.ic i.d o an organi,c sol vent,
Ty bePREGREPHALOT PG LB FHSTIER PATSEPIBRGPL PR 0 S (4B BGRAREAY nto ¢ he
nodi fi agbréiip BtfusiohRRsAnSEF il pRIk&Hg RnSieH6SMout d.8528iP e2h 1At hi rd net al

or third netal precursor may al so be inpregnated into the nodified support.
[ 0079] (90651 e gnprcfasied sdlicaraturpipa sepfiorignaterialiip K&-160 drudChwinte), sikdatspherenr  bot h
the fi . . r dlqr_1h econ tal: Brecur.s and/.or

addi t1 BAePE Buplay R AR o 80l pl § 0B 0T R o B BRI R o e
dry nodbduit €583 g/ supiet, hettfhdd d2en 6f abour B0 75 ey, had hpatedlute of |
optional ly under vacuum in order to renove the solvent. Additional drying
and caP‘é‘i"HiOrﬁf fﬁlé%- then be performed, optionally with ranped heating to form

the fi a . LLlon J l.ic:ati on of
vacuumVUEE* IEABhASRIRIA A aROR CITRL LR AU LRl B AR AL B 00 Thto
t heir edlectivitlyads ifdicatod abe@je, Eantrollingths Bmenstalsaeidityt dfeheomppbr makriabby r enoval
of the.liquid.carrier, e.q., water,. ot . t ake pl,; untjl t cat al yst
is pl awagﬁ%%wgmpamwéﬁ&fﬁ%?e gul&ngg@ﬁﬂﬁbc%edpsﬁ%f PE? t?flt;tﬁ‘f)erat u?/es
encounhedBgeritibh BY B aafd!i9 Bthy Petdid A&ﬁ)f&iﬁ%% ﬂl@tpké%@rhﬁh%tioﬁ,rth@fsuﬂ;%ﬁst

during the initial phase of uSe of the catalyst, “such conpounds are
conver peaderably dngdudsstassupport miodifiea thatt iscetfegtivg wfsuppressprodiiction of et adetaté,cal | y

active_ogxide thereof [0080].] npregnati.on of .th irst, and.second netals
(and oBais MRl rmoaion LR 0 AR tS sipaneh hls s &g Paedie

si mul t preg@ubllythaé 6 tow BRE@DMNG O WM OhvEsiat @Rhéeticlayid th BthSA Redtit@ RRDLiShly

i npregnation, the first and second netal precursors (and optionally

addi t | SRdasiraile By-nsoductsrsyeh 8y alkaresylThe gcidiy et thersupprrt prgrsebly & eontrolesti f i ed
suppor tiher. A P I and
car ci naloRnsihen P SERRIN 10 b Anpiead bR it itk otk

i npr egaatdticanid is tonmeyted & nethiane dtane angptaomdidkiipe Iis additiag ed acidity dfahe ant ,

or solubili zi%gba ent ‘f )(?:; ,._anmmoni um O)ial ate, .to facjilitate the di spersing
or sol SHHPOFANHGPGFo{TRleq bY uping A #YRIgenH F1lHa R RighRYEEF S5p3a3 HSWREILPERE: t he
two pr EONS o ' ' 35 ki r.

[ 0081] ﬁﬂ? g equeﬁ{ ?g?@%p%{gﬂﬁg% f&g#ﬂ tghﬁi)afﬁicrggl?hgn%?aasﬁﬁgér%%agg‘g g?%c#}aﬁl@t added
t o t hemetagilicated:s supneot modidiet mvanchniyunt effeatiye dmbalazdeddnanstgd acid dit¢siresultisgyl t i ng
material is thep inpr. ated with the secand nmetal precursor. fol.l owed by an
addi t i ORGP rﬁ&“‘g{ﬁ%}g‘%ﬂlaLWPw %’Fé’ﬂ“’?o FORAPE e cplkigen H’e?faéﬂ’;?%&e is present
ConMpos irf drddmoi Giokd DRAY, FRT (Bvt. 7, BEIEd DA the {ofal Sveight off fe AtalRt,ah oRIc@ e SOT )

may be added either with the first and/or second netal precursor or an a
separ at@Surhihatthe sppnestiia esssntiabyapputralorn begs dn Bharagtsr ng and cal ci nation. O

course [ ' f epti e i ' be
cpl oy SB[ 43dhe Qlibof SRl THe RSPl b AR Bl TP RERI bR e T
met al zhitldashe suppoa nsabridd) d.¢.7 siticavebad suppolt eatatizg, in oRE anbodibdeat 8 or net al
oxal ates. For eég | e,, suitable compounds fo pLatiH%g%qrec rsor@ and

pal | adPURRCHRAEHA SPOPTiSGS a fHicacrussyppost mategiabibptinclydesilenst oub PO P&t nat e,
am ne sol ubilized platinum hydroxide, platinumnitrate, platinumtetra
ammonium nitrate, platinumchloride, platinumoxalate, palladiumnitrate,
pal |l adiumtetra amoniumnitrate, palladiumchloride, palladium oxal ate,
sodi um pal | adi um chl ori de, and sodi um.pl ati num chl oride. Cenerally, both
fromthe point of view of econom cs a& envi ronnment al aspects, aqueous

sol utions of sol uble conpounds of platinumare preferred. In one

enbodi ment, the first metal precursor is not a netal halide and is
substantially free of nmetal halides. Wthout being bound to theory, such
non- (netal halide) precursors are believed to increase selectivity to

. o, .



WD 2011/ 056247PCT/ US2010/ 022950 KPa to 3000 KPa (about 0.1 to 30

at nospheres), e.g., from50 KPa to 2300 KPa, or from 100 KPa to 1500 KPa.
The reactwotsivay4be fed to the reactor at a gas hourl yPspaseowebmsiti es
(GHSV) of greater than 500 hr-1, e.g., greater than 1000 1d% greater than
2500 hfl and even greater than 5000 hr-1. In ternms of ranges the GHSV may
range from50 hr-1 to 50,000 hr-1, e.g., from500 hr-1 to 30,000 hr-1, from
1000 hi' to 10,000 hr-1, or from 1000 hi' to 6500 hi'. [0088] The

hydr ogenat | o ient to
over cofe”f k%asﬁ%gé%tt?rggmd%é) ra%%?%s?‘s’ ‘?‘r@“&‘a‘?’a‘i"g? %gi' eeatéﬂkj‘% %%/ltcgel ect ed,
al t hougdunttdradtahis sffoq dfaicliding Hsuppder mbdifiegher pressures it being
under st ood. t hat consi derabl e pressure drop throug hg ﬁ\ %ygrrn f)ed may be
experi H968Y A an 1@%asxaf&ééhq/eat%ttcpee<>8160@mayeee@rﬁﬁente pyghesmamyta [0089]
Al t hough the reacti on consunes gydrogen per rml e of acetic
acid to produce one nole of et Ezg\r%gf’ﬁpxtlsﬁ ?pélqug nol ar ratio of hydrogen to
acet i cwaereth: i(i) thdmxatib efdyst betanemB? andQ;B fand/or @D dhe ratio @f WXISb]:th@ﬁl .9

f 50: f. f 12:1.to0.1:1. f bI ,
the ot LiSa TS 08 this A baGerty Decafiet ey gombriss Gub@imin and By Y
gr eat eﬁallalaﬁﬁn énalrnéhlu% %@"(ﬁ') ptahﬁamlﬁn %allﬁ&lﬁ&%d@ﬁé}ﬁ@rﬁt pRhd @qﬁéﬁﬁ'ﬂ%rél nme can

al so vary widely, depending upon such variabl es as ambunt of acet’ic acid,
cat al ysdlectedsushdhat pt(Bnﬁmnaﬂ P do 480 priteshaing selspiddglsatidyvalencet i mes range
froma_ fraction o Ja1a{1 several hours when a catal yst

systen{eéltuﬁg?le?tﬁgﬂ ‘éa?iygb&l%esg%cg‘atfg%lﬁ Wi t h preferred contact tines, at

| east for vapor phase reacti on f(8 5% 91 ¥54v 100 seconds, e.g., fromO 3to
80 seconds or fromO0.4 to 3008 rrds—[;mr? acetic acid may be

vapori zed at the reaction tenperature, fand then t he vapor| zed acetic acid

can bejjead] aliRngs Mpkd, ﬂ%%?&ﬂ?é“cdn&t%ﬁ'hﬁd'{fﬁdes%fﬂ; 8, 8y, ¢ 4{1%39! a¥é Isﬂefeeably
rel atlvely inert carrier gas, such as nitro ar gon, el Ium car bon

di oxi dehcsanl sudhethti at deastE% pbtie tecetinsacidhe.g.rat fhlet S)Q%Qr atdh%ss 80%t thet Isenper at ur e

poi nt  ststen ioncfied Posaspotnt SRR wobn fORvAB e pBaty M o cn

i nvent h@atdhila éts e 428 vPihalkeriCaNy BIcohMitedfto alkahése Brdip@ndatilavhe abl e
sel ectivity and producti vi ty to ethanol. For purposes of the present

i nvent pesessiaeaditiepsmnsbyaleassif srvre pep.of. 28d t BEe RIASTANY dfose grchdhat@f leastn t he
feed thas Aﬁhecgéaflﬁ it 9% 2 tflggg?@gg,segﬁ L doANLAGELd %e&% ﬁ co;;@a%artel on is

expressed as a aceti ¢ acid in
2011/ 05@214(71?@1511&)&2@&@1‘1 Q%ZSﬁ(Be bwﬁ&kldﬁbeomémamm@f Iamahy emhodldae@%kccﬁ]—l) is

cal cul ated from gas chromat ography ( dat a usm thefollovmng ation:
Ac OH eGP IS %@B‘-‘I’%( ¥f’e‘éﬁw§?g€&m‘n%’r@|pu% EHTEERY 10 FRRYTC the (feed

Strea”lur[f&g%ﬂhe':éﬁbp&‘t'fs%%a ﬁfe@ef@aee%ngtéa/@dﬂas% the conversion may be
at least 10% e.g 'east 20% at |east 40% at | east 50% at |east 60%

at IeaﬂiOﬁD%ImantaherI%psit tBOeomposithmuaflihe eatalystsomprisest have hi gh conversi ons
are desirable, such as at |eag} 50# ertﬁtﬁ ?Pgas)t 90% a | ow conversi on nay
be acceptabl e at high selecti \7| n g "'t is, of course, well

under stpefbid: 1Bty dnd Y REYetGRE€S:2 dntl 2:F RO (i) £ ahPx ERIFRENSA! 183 b 1:50B\v@EASI on
by appropri ate rec?(/p;l e streans or use of larger reactors, but it is nore

di f f i caked ths relgipelesatiansiod plusgprmsad ealeium gtpms present preferably are controlled

such that Brensted acid sites present upon the surface thereof are balanced by the support
modifier, e.g., calcium metasilicate; p and g are selected such that p:q is from 1:20 to 1:200
with 7 being selected to satisfy valence requirements and v and w are selected such that:

(3.25v+1.75w)
q
[0072] Preferably, in this aspect, the catalyst has a surface area of at least about 100 m?*/g,

0.005 =< <0.05

e.g., at least about 150 m%/g, at least about 200 m?/g or most preferably at least about 250 m*/g,
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[0095] "Selectivity" is expressed as a nol e percent based on converted
acetic acid. It should be understood that each conpound converted from
aceti c acwo 20a%562371 ndependent sel ectivity and that sel @Crivs2ay/ 02250

i ndependent from conversion. For exanple, if 50 nole % of the converted
acetic acid is converted to ethanol, we refer to the ethanol selectivity as
50% Selectivity to ethanol (EtOH) is calculated from gas chronmat ography
(GC) data using the follow ng equation: nmol EtOH (GC) EtOH Sel . (% =100*
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Typically, the shapes are chosen empirically based upon perceived ability to contact the vapor
phase with the catalytic agents effectively.

[0075] 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 less than 1.5% per 100 hours. Preferably, the rate of productivity decline is
determined once the catalyst has achieved steady-state conditions.

[0076] In one embodiment, when the catalyst support comprises high purity silica, with
calcium metasilicate 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.
[0077] The catalyst compositions of the invention preferably are formed through metal
impregnation of the modified support, although other processes such as chemical vapor
deposition may also be employed. Before the metals are impregnated, it typically is desired to
form the modified support, for example, through a step of impregnating the support material
with the support modifier. A precursor to the support modifier, such as an acetate or a nitrate,
may be used. In one aspect, the support modifier, e.g., CaSiOs, is added to the support
material, e.g., S10;. For example, an aqueous suspension of the support modifier may be
formed by adding the solid support modifier to deionized water, followed by the addition of
colloidal support material thereto. The resulting mixture may be stirred and added to additional
support material using, for example, incipient wetness techniques in which the support modifier
is added to a support material having the same pore volume as the volume of the support
modifier solution. Capillary action then draws the support modifier into the pores in the support
material. The modified support can then be formed by drying and calcining to drive off water
and any volatile components within the support modifier solution and depositing the support
modifier on the support material. Drying may occur, for example, at a temperature of from
50°C to 300°C, e.g., from 100°C to 200°C or about 120°C, optionally for a period of from 1 to
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24 hours, e.g., from 3 to 15 hours or from 6 to 12 hours. Once formed, the modified supports
may be shaped into particles having the desired size distribution, e.g., to form particles having
an average particle size in the range of from 0.2 to 0.4 cm. The supports may be extruded,
pelletized, tabletized, pressed, crushed or sieved to the desired size distribution. Any of the
known methods to shape the support materials into desired size distribution can be employed.
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.

[0078] In a preferred method of preparing the catalyst, the metals are impregnated onto the
modified support. A precursor of the first metal (first metal precursor) preferably is used in the
metal impregnation step, such as a water soluble compound or water dispersible
compound/complex that includes the first metal of interest. Depending on the metal precursor
employed, the use of a solvent, such as water, glacial acetic acid or an organic solvent, may be
preferred. The second metal also preferably is impregnated into the modified support from a
second metal precursor. If desired, a third metal or third metal precursor may also be
impregnated into the modified support.

v[007 9] Impregnation occurs by adding, optionally drop wise, either or both the first metal
precursor and/or the second metal precursor and/or additional metal precursors, preferably in
suspension or solution, to the dry modified support. The resulting mixture may then be heated,
¢.g., optionally under vacuum, in order to remove the solvent. Additional drying and calcining
may then be performed, optionally with ramped heating to form the final catalyst composition.
Upon heating and/or the application of vacuum, the metal(s) of the metal precursor(s)
preferably decompose into their elemental (or oxide) form. In some cases, the completion of
removal of the liquid carrier, e.g., water, may not take place until the catalyst is placed into use
and calcined, e.g., subjected to the high temperatures encountered during operation. During the
calcination step, or at least during the initial phase of use of the catalyst, such compounds are
converted into a catalytically active form of the metal or a catalytically active oxide thereof.
[0080] Impregnation of the first and second metals (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
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Is formed over a platinunitin catalyst on a nodified silica support, e.g.,
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conditions enployed, the crude ethanol product nay have any of the
conpositions indicated below in Table 3. TABLE 3 CRUDE ETHANOL PRODUCT
COVPOSI TI ONS Conponent Conp. A

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.
[0081] 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
either with the first and/or second metal precursor or an a separate third impregnation step,
followed by drying and calcination. Of course, combinations of sequential and simultaneous
impregnation may be employed if desired.

[0082] Suitable metal precursors include, for example, metal halides, amine solubilized metal
hydroxides, metal nitrates or metal oxalates. For example, suitable compounds for platinum
precursors and palladium precursors include chloroplatinic acid, ammonium chloroplatinate,
amine solubilized platinum hydroxide, platinum nitrate, platinum tetra ammonium nitrate,
platinum chloride, platinum oxalate, palladium nitrate, palladium tetra ammonium nitrate,
palladium chloride, palladium oxalate, sodium palladium chloride, and sodium platinum
chloride. Generally, both from the point of view of economics and environmental aspects,
aqueous solutions of soluble compounds of platinum are preferred. In one embodiment, the
first metal precursor is not a metal halide and is substantially free of metal halides. Without
being bound to theory, such non-(metal halide) precursors are believed to increase selectivity to
ethanol. A particularly preferred precursor to platinum is platinum ammonium nitrate,
Pt(NH3)4(NOy),.

[0083] In one aspect, the “promoter” metal or metal precursor is first added to the modified
support, followed by the “main” or “primary” metal or metal precursor. Of course the reverse
order of addition is also possible. Exemplary precursors for promoter metals include metal
halides, amine solubilized metal hydroxides, metal nitrates or metal oxalates. As indicated
above, in the sequential embodiment, each impregnation step preferably is followed by drying
and calcination. In the case of promoted bimetallic catalysts as described above, a sequential

impregnation may be used, starting with the addition of the promoter metal followed by a
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second impregnation step involving co-impregnation of the two principal metals, e.g., Pt and
Sn.

[0084] As an example, PtSn/CaSiO; on SiO; may be prepared by a first impregnation of
CaSi0; onto the SiO,, followed by the co-impregnation with Pt(NH3)4(NOy), and Sn(AcO),.
Again, each impregnation step may be followed by drying and calcination steps. In most cases,
the impregnation may be carried out using metal nitrate solutions. However, various other
soluble salts, which upon calcination release metal ions, can also be used. Examples of other
suitable metal salts for impregnation include, metal acids, such as perrhenic acid solution, metal
oxalates, and the like. In those cases where substantially pure ethanol is to be produced, it is
generally preferable to avoid the use of halogenated precursors for the platinum group metals,
using the nitrogenous amine and/or nitrate based precursors instead.

[0085] The process of hydrogenating acetic acid to form ethanol according to one
embodiment of the invention may be conducted in a variety of configurations using a fixed bed
reactor or a fluidized bed reactor as one of skill in the art will readily appreciate. In many
embodiments of the present invention, an “adiabatic” reactor can be used; that is, there is little
or no need for internal plumbing through the reaction zone to add or remove heat.
Alternatively, a shell and tube reactor provided with a heat transfer medium can be used. In
many cases, the reaction zone may be housed in a single vessel or in a series of vessels with
heat exchangers therebetween. It is considered significant that acetic acid reduction processes
using the catalysts of the present invention may be carried out in adiabatic reactors as this
reactor configuration is typically far less capital intensive than tube and shell configurations.
[0086] Typically, the catalyst is employed in a fixed bed reactor, €.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.

[0087] 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
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hydr ogenati on process may be derived from any suitable source including
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conpar E@att® 1560 KPal Th@feactahts iy Beefed pEtha dvrtdrage gushdudlyppachixetooisst i ¢ aci d
fromsynthesis gas ("syn gas") that is derived from any _avajlabl e carbon

sour celURAVY etigspist Ben AP Bht: . areatorahar 500G 1y grgater than 2AQ0 dsYER e of
L, KRR O IR Pt CHIOE iR ol B 00 o
r et r of fibti 509 I e B8hANG hr | fmnt 1040 [tal §00@ apl, toa froonHI08 had so650tled. wi t h CO
gener awﬂ%g] f cirhe %ycrllr%\éver%%%%l io%tigrgaillc)if ig lcgnrr}ted 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 hrl.
[0089] Although the reaction consumes two moles of hydrogen per mole of acetic acid to
produce one mole of ethanol, the actual molar ratio of hydrogen to acetic acid in the feed
stream may vary from about 100:1 to 1:100, e.g., from 50:1 to 1:50, from 20:1 to 1:2, or from
12:1 to 1:1. Most preferably, the molar ratio of hydrogen to acetic acid is greater than 4:1, e.g.,
greater than 5:1 or greater than 10:1.
[0090] Contact or residence time can also vary widely, depending upon such variables as
amount of acetic acid, catalyst, reactor, temperature and pressure. Typical contact times range
from a fraction of a second to more than several hours when a catalyst system other than a fixed
bed is used, with preferred contact times, at least for vapor phase reactions, from 0.1 to 100
seconds, e.g., from 0.3 to 80 seconds or from 0.4 to 30 seconds.
[0091] The acetic acid may be vaporized at the reaction temperature, and then the vaporized
acetic acid can be fed along with hydrogen in undiluted state or diluted with a relatively inert
carrier gas, such as nitrogen, argon, helium, carbon dioxide and the like. For reactions run in
the vapor phase, the temperature should be controlled in the system such that it does not fall
below the dew point of acetic acid.
[0092] 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.
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i n copending applications U S. Applicat in%l\foﬁ b 21,137 and U. S.

Appl i cation NoErQH/IS2R1%)3800t he H-e—cOR s S6 of whi ch
are hereby WO 2011/ 056247PCT/¢/4

[0096] wherein “Total mmol C (GC)” refers to total mmols of carbon from all of the products
analyzed by gas chromatograph.

[0097] For purposes of the present invention, the selectivity to ethoxylates of the catalyst is at
least 60%, e.g., at least 70%, or at least 80%. As used herein, the term “ethoxylates” refers
specifically to the compounds 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%
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I ncorporated by reference. A zeolite catalyst, for exanple, may be enpl oyed
as the dehydration catalyst. Wile any zeolite having a pore dianeter of at
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[0100] The crude ethanol product produced by hydrogenation processes employing the
catalysts of the present invention, before any subsequent processing, such as purification and
separation, typically will comprise primarily unreacted acetic acid and ethanol. In some
exemplary embodiments, the crude ethanol product comprises ethanol in an amount from 15
wt.% to 70 wt.%, e.g., from 20 wt.% to 50 wt.%, or from 25 wt.% to 50 wt.%, based on the
total weight of the crude ethanol product. Preferably, the crude ethanol product contains at
least 22 wt.% ethanol, at least 28 wt.% ethanol or at least 44 wt.% ethanol. The crude ethanol
product typically will further comprise unreacted acetic acid, depending on conversion, for
example, in an amount from 0 to 80 wt.%, e.g., from 5 to 80 wt.%, from 20 to 70 wt.%, from
28 to 70 wt.% or from 44 to 65 wt.%. Since water is formed in the reaction process, water will
also be present in the crude ethanol product, for example, in amounts ranging from 5 to 30
wt.%, e.g., from 10 to 30 wt.% or from 10 to 26 wt.%. Other components, such as, for
example, esters, ethers, aldehydes, ketones, alkanes, and carbon dioxide, if detectable,
collectively may be present in amounts less than 10 wt.%, e.g., less than 6 or less than 4 wt.%.
In terms of ranges other components may be present in an amount from 0.1 to 10 wt.%, e.g.,
from 0.1 to 6 wt.%, or from 0.1 to 4 wt.%. Thus, exemplary crude ethanol compositional

ranges are provided below in Table 2.
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support, followed by the addition of Pt/Sn. First, an agueous suspension of
CaSi @B 200 nesh) was prepared by adding 0.52 g of the solid to 13 m of

dei oni zedwbl2011/656d470owed by the addition of 1.0 ml of colPCoiusad1082820 (15
wt. % sol ution, NALCO . The suspension was stirred for 2 hours at room
tenperature and then added to 10.0 g of Si02 catal yst support (14/30 nmesh)
WO 2011/ 056247PCT/ US2010/ 022950 usi ng i nci pi ent wet ness techni que. After
standing for 2 hours, the material was evaporated to dryness, followed by
drying at 120C overnight—under—circutating arr—and calrcimattom at 500C f or
6 hours. Al of the Si02-CaSi O3 nat elTABLEs then used for Pt/ Sn netal

i npregnation. [0112] T (s ddi ng Sn(0Ac) 2
(tin acetate, smom&ﬁ%ﬁﬂﬁ@éﬁﬁ?ﬁ@@?@@%‘ I?)]]Vs to a vial
containing 6.75 m of 1:1 dil utGatcgl aci &lonaceti c Gumicd (Fi sbarc). The m xture
was stirred for 1%ompané@it r oonvitegper at pwte) and {(weyh) 0. 6 A% (1. 73 mmol)
of solid Pt(NH)4( a1 (A dri ghzower e agded. Thqongo(ture yasgstirred for

another 15 mn at ALgamtgnper atqg andphhgn addeg flyop Wigsgeio 5.0 g of
Si 02- CaSi O3 support ‘%}Eg 100 su((}@ound b§)§ oned ?I% The
y

al solution
was stirred conti nu of the, Pt/ Sn m ure hadizéeen added to
the Si 02-CaSi tion of
nmetal solution. After conpleting the addition of the netal solution, the
f1ask gﬁmp' NifHgnd Q@ebme%ﬁ&t&ﬂan%ﬁtﬁldﬁéttls el 8hEr aslslamlhmn%atar}@p&n a
tenmperature for two hours. The flask was then attached to a rotor
evapor siodifiefisiich Sulepqne e, maliBa0yith é—‘nﬂl(éw deepandidg ontlhd spdeific ¢atalyist ands| owl y

rotatln t he fchg Lﬂ r@therla ) dr|e furthe? overnl t at 120C,
and th@ O3 ICRRHEAPL TG h 8 B Preo AR P APE g‘rﬁcoﬁg %‘T)C/rarrp
5. 0 depydidated Halvdid Pdble23 0 hours; 160 > 500C/ ranp 2.0 deg/mn; hold for 4
hours. Yield: 11.21 g of dark grey materi al Exanple 2 -

KA160- CaSi G3(8)-Pt(3)-Sn(1.8) [0113fAkg ggterial was prepared by first
adding CaSi 3 to the KAL160 catal yst support (Si02-(0. 05 Al 203, Sud Chemni e,
14/30 nesh), foll O\NedCWJEEGEHJANQI@BR@DWWSﬁOMP SITI Saqueous

suspensi on of CaSi G3 200 mest@ of the solid
to 3.85 m of dei n| zed 142

col | oi dal Si 02 Ao : A : ; i

hour s at roomtenp]c:a ﬁ‘Ecﬂre and t en added to .O g of KA16 catal yst support
(14/ 30 mesh) usi AfctindcH ent wethess techni After stanrfi ng for 2 hours,
the material was eWigetated to dryness, foll ed by dryingdat 120C

over ni ght under_ci r@thémt i ng ai r 2and cal ci nat Bons at 500C flér 6 hours. All
of the KA160-CaSi O3 mat erlal was then used for Pt/Sn netal inpregnation.

0114 cat sts vvere d by first addi n Sn(0Ac).2 i n acetate,
[Sn( OA]C-;E)B%? ednvém eria) Syes ongl hydgeg eﬁ?ﬁmp%es -ﬁhﬁeémffafrﬁmﬁ&f/e 75
of 1: 1s1ﬁiabléts%9rcg|1ﬁ&hcﬁhg Agatdl ‘gaégﬁﬁoléﬁh%&[ )bmrﬁ'&b% aHH>§6 reh. Wi \§é11 kdRsh foor 15

mn at roomtenperature, and 6 mol ) of solid
Pt ( NH3pubn@3)cRti¢ A¢id throhgh meﬂeneidxadmnyrﬁhen,mcmlﬂehydml@ctmm ghyltng anot her 15

Cuppor PR, STBG A Bt s % A BSBOION BT F SURAMBEPBER 11 ask.

After paeRlfRictat BdoemambtithePmof ortlbe dSIBérﬁ;iveS Blethold® Por pr&uctdgarkticauid ahdi ng
the inpregnated catalyst was |eft standi ng at roomterrgerature for two

hour s. Infeyaetliaesisucipas mefbanelend sdrben mengxide figm dieapise sarben payEeds h@é?rper ature

R S S L i e 1L

t he f ohdtorsl payp, iteimdjeebmeadmm@eam to&ﬁedﬁbﬁ&é‘étr«a&q&i frofd syethesis pas (feyrdgdsdy 2. 0
[] glrjlr id{h@’? lgdl:g}:s%ggdgrp%any avaﬂa%?e car;llaon sou?c!ed ijtedéétatesulgatent\ﬁ 6%32,53'5%%0 g of

Vidalin, the disclosure of which is incorporated herein by reference, for example, teaches a

unt|I

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

25



Exanple 3 - Si02-CaSi 3(2.5)-Pt(1.5)-Sn(0.9) [0115]This catal yst was
prepared in the sanme manner as Exanple 1, with the followi ng starting
mat er i al swoQoR@see40f CaSi O3 as a support nodifier; 0.5 mCTafS2aolkmsdal Si 02
(15 wt. % sol ution, NALCO), 0.3355 g (0.86 nmol) of Pt(NH3)4(NG3)2; and
0.2052 g (0.86 mml) of Sn(0Ac)2. Yield: 10.90 g of dark grey material.
Exanple 4 - SIO + MgSIiG3-Pt(1.0)-Sn(1.0) [0116] This catal yst was prepared
in the sane manner as Exanple 1, with the following starting materials:

0. 69 fo: Lfhernn 1. | ).t ' Wt . %
col ut P& SNROEY rBRsRLB AR} RANCh S A orsfribile SR Bl g o ™
(0. 86 mmthanobdynthefi® AmypZand ¥upplikd t8 a3Bpagator tueit i 180 veu Cfoartd hydsogenpwkighat ed
with a so]ution of Ac0). and col | pi.dal Si 02. .The support s, dried and
then carahbtrel oS pistes flinang: 5 sddfightoazeicisid b Bhos Fmties pe uteg1e ] The
Si 02- Cark&R ébg&?@hfch%@ayf&t&ﬂbﬁéd iSRS HonWRS SR Rdnas described in
Exanple 1. The Re/Pd cat'al yst was prepared then by I npregnating the

Si 02- CHHI03B( 5) Uttited1Bates Bafertdio. (REAB 23T/ i Stbinbergaeq ubolsy iwodmotatad heogin by ni ng

0 d_Pd 2. | | Ut | d by fi ddi
NHaReO D 5 11 023 St e ifistion S el e SeGomt shitBtesi eq”
1120. HaeeriEsxdudh s viscost, natued ghoindfiomMmsahatt 045N TRIPRLEs Wicdudesnd 0. 1756 ¢

(0.76 mml) of solid Pd(NG3)2was then added. The m xture was stirred for
anot hehydsgasificagion phenlid anfss diguid @rbopaepoup sptaripdicld oftadmha mrosesstass Thidh iy of

R e

Ing the addition o Ion, contal ni ng
t he i npredgnal which ataglbestarboaglatedftd asdtrndid dliatmethodriikemipe paduces Hydrogemo
hours. ALl ot her ni pul ati ons, (drying, .calcination) were carri out as
descr | BRI RAERGHSR e Gonngrimih g Hﬂgﬁtwrbﬁsm b S ctagpUnited Srate
2011/ Oﬁ%ﬂtﬁegiﬁgﬂji%%ﬁ%ﬁgt X QRIS 10sesa Proceilfor LorRlektiny wiltelBiomass

[ 0118] Powder ed "and neshe Igh'surface area silica NPSG SS61138 8100 g) of
uni f or thrpaght gasificatonr mtalsthesisigas enwell anboited Stakes Ratentdod6,68%7%4 tolRidigi n a

ci rcul a{i ng, ai.r 1Qven t her.e overnight.and t.hen cooled to room
t enper & ndr,gf'xe él%c P W@ﬁ%‘&dﬂcé’f%ﬁﬁ?ﬁs*ﬁ% YIRS t rat e hexahydrate. The
resul t {0X@4F | ur ANerd@svetlf, iaBlicl 43iPin vABSFolth ke tikdiedtcRtly b crhd®prddue: thaH' S,

10C/ mn.) then calcined. To this was added a solution of platinumnitrate
( Chenpthe)flash vessek of 4 methapal sprbapabon whitief b cless desaribsdaindinated Atates Paserdr )
(1.74 J i ectri j I ). T r Lk leur dried
o an She 58 PRARLT TPk LB bt el lslidotborb R el dibace, MR8 O0 (G
cat al ystudaivapaipeodies fohexanpdd, tidyad fad dbEAIG t6 Ghd@hird] sylfthdisteaction zones of

the present invention without the need for condensing the acetic acid and light ends or

removing water, saving overall processing costs.

[0105] Ethanol obtained from hydrogenation processes using the catalysts of the invention
may be used in its own right as a fuel or subsequently converted to ethylene which is an
important commodity feedstock as it can be converted to polyethylene, vinyl acetate and/or
ethyl acetate or any of a wide variety of other chemical products. For example, ethylene can
also be converted to numerous polymer and monomer products. The dehydration of ethanol to

ethylene is shown below.
/\OH - pr—

[0106] Any of known dehydration catalysts can be employed in to dehydrate ethanol, such

as those described in copending applications U.S. Application No. 12/221,137 and U.S.
Application No. 12/221,138, the entire contents and disclosures of which are hereby
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[0119] I n addition, the foll ow ng conparative catal ysts were al so prepared.
Exanpl e 7- Conparative [0120]Ti02-CaSi B(5)-Pt(3)-Sn(1.8). The materi al
was prepawedotosbisrst adding CaSi B to the Ti Q2 cat al ysPCrtAsat1ane229544/ 30
mesh) support, followed by the addition of Pt/Sn as described in Exanple 1.
First, an aqueous suspension of CaSi O3 200 nesh) was prepared by adding
0.52 g of the solid to 7.0 m of deionized H20, followed by the addition of
1.0 M of colloidal Si02 (15 wt.% sol ution, NALCO . The suspensi on was
stirre t ) f Ti2

cat al y e . R e e e Lo Tarter

st andi dehyfdpation datalyss, Whille anpzenlitahawing a pvpbhara¢tedoti ap laistyabess(.6 fnol ¢anked by

drying_at, 12QC averni ght . unde i Lcul ati ir d | ci nation at 500C for
6 hous uStaprergred alled s Ry hlicicay Mot sdiom B S008 ot o

| Mpr eghfrditesl ASM-50a Edolite X dndl-a’RolR0Y.) Z&dItEK(NIBIAHITD Lex@fh1 O i U0? g

(1.73 m"mll\g of SnéOAc 2 followi ng the procedure described in Exanple 1.

Yi el d: Pati N®. 3,882,214 gt zaglitey Y i Ueb.iBat. N&3al301097 gthe entinstiessef which pgir1dbgn( 0. 5)
on Hi Pur i ace Area Silica. Powdered and neshed high purity | ow
surfag§‘°8ﬁ’f§’éét§‘?f’f¥§%£§f?ﬁ 0 g) of uniformparticle size distribut igonpof a)l;out

0.2 mm{01@3] dr i Bdtlaii] nia3 ol e wBd 6y £ fuellnf @harfiacE@RaNprolios Rixhery éatiinight and
then cooled to roomtenperature. To this was added a solution of tin
oxal at 8Y{ragsnstinp frgpgportor pangyymptiengiHthanel may plse baysed gsianouemnaigryal fome

resul t lﬁ{'é?i'ng_lért:ﬁ@fl}éc&@t%, Hadfded %@P@?FQC@{O@ EEBV?,%%H? ol tIﬁa&&igg%,,Eaig(s:gt%HE Z’

10C'm i npr egnat cata m xture hen cal ci ne
hour s, sudlasieth)yl acfdde A01réDHGREAREPIIISROT MAAAROGhariok actptdin®to tBeppaemt | ve

101221Pt (2).-Sn( 2 n. H gh Syrface Area Silica. Powdere nd_nmeshed high
sgrfapawg?‘)é%fl Sy be Bries g ey H0° §Y%ﬁ°§m Pat ¢t m%?%wﬁi_as

di stri BericQRidO WhithGdy Bk RcORIBShE hy®dodiatidn Blockdy. @ circulating air oven

at nrosphere overni ght "and then cooled to roomtenperature. To this was added

a sol uf0188] of Hietingensiohéxdgsyribestio de@ileretaw With Teferanes to minmgowd embodimerts dr i ed

i dual | ted tQ.110C.(>2 hoyrs,..10C/ mn.)..then cal.ci ned. To
thi o W P EE el AN el iR Rntly BI St FERER I ekic M ot e or
and a sgthit theBpigit aid stop¥ af le@rdsthf iavagival Jet Fdrttoinlthd gpphddd daiasi @ill ddhe

resulting slurry was dried_in an oven gradually heated to 110C (>2 hours,
10C/ ni Fﬁaaﬂy%r?q’fﬁ?ﬁ@ﬁea?%ﬂ(ﬂém@Fﬁt ni xture was then cal cined at 500C (6

hours, [(ﬁ%]ﬂ n)TheEﬁSﬁmin% elzgr'npgg '&P&l}f% itﬁ/eeprocedures used for the preparation of various

catalysts employed in the process of this invention.

Examples

Catalyst Preparations (general)

[0110] The catalyst supports were dried at 120°C overnight under circulating air prior to
use. All commercial supports (i.., SiO», ZrO,) were used as a 14/30 mesh, or in its original
shape (1/16 inch or 1/8 inch pellets) unless mentioned otherwise. Powdered materials (i.e.,
CaSiOs3) were pelletized, crushed and sieved after the metals had been added. The individual
catalyst preparations are described in detail below.

Example 1 — Si0,-CaSiQ;(5)-Pt(3)-Sn(1.8) Catalyst

[0111] The catalyst was prepared by first adding CaSiO; (Aldrich) to the SiO, catalyst

support, followed by the addition of Pt/Sn. First, an aqueous suspension of CaSiOs (<200
mesh) was prepared by adding 0.52 g of the solid to 13 ml of deionized H,O, followed by the
addition of 1.0 ml of colloidal SiO; (15 wt.% solution, NALCO). The suspension was stirred
for 2 hours at room temperature and then added to 10.0 g of SiO, catalyst support (14/30 mesh)
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101231KA160-Pt (3)-Sn(1.8). The material was prepared by incipient wetness

i npregnati on of KAL60 catal yst support (Si02-(0.05) Al 203, Sud Chem e,

14/ 30 meswd 20s61/dexieri bed in Exanpl e 16. The netal sol utipongiSaewm2separ ed
by first adding Sn(0Ac)2 (0.2040 g, 0.86 mmvl) to a vial containing 4.75
nit of 1:1 diluted glacial acetic acid. The m xture was stirred for 15 mn
at roomtenperature, and then, 0.3350 g (0.86 mol) of solid Pt(NH3)4(N®)2
were added. The mixture was stirred for another 15 mn at roomtenperature,

rosh) A8 g Rt BERaRe A0S fndihd i A RABR BRI GIE an

cal ci ndtyness, Yabwedrhyi drginguat 1208 Cdesarighitenddemcifexhipg eir h6d cacmbtion &.508°@ of

t an- col d terial. le 11 - . ti . :
[ 0124] &G0 2R b T Bis R T SRR MRS ACT B SR el S SREoR o b

O S . ol . : . . about
SI 2I %[d\v;ilaa?ﬁdri ed at 15:(L20Ce1ig21préagaéi rc}fjfl?{as?? ng éa:Sr OVOZ%@%%%%%E?@%@EP%HQM and

t hen caéddrich)(®41bogn It Brmperod) taraevial Pontairiing A8 ndaddd diluted gladialmcefic adid

acet at e.(.Sn 2).. The resulti slurr s dried | n ov r ally
neat od Chigi: of by s sBRSAnTS oyt Eord B, 40 i DAL LGTET
sol ut i afinélh oPscidi mmmmg\rwzemﬂ@hﬁmfa added.dThé iitieet walstifreafish Aot Us i on of
tin oxalate (Alfa Aesar) in dilute nitric acid The resulting slurry was

dried PHRghrosieismgesaiitegl and thaneadded deppiiseto 39 gied $iQ;-Cadi@ssipport, iy 00

i npre ta 1, X I , mn).
v 201 1 oeas TR o Sl SubtEEp 8 Bhuct SR alt B St
[ 0125] Biik@reThddHet hd d¥td(t8 theSBi(0h-CHSiO-l fippdit Whikkudiafing theflask afiersavpyoadditivms
D o opHBEH 1Y HAE e arbpaion ol eyt] setehobe BaapbinEasor t
(1716 ihipRofatbd LAAY&SHas! 1 Stat@ify B robRHBAHEANIE TRdwh HORk: T-Bla%agll aakaems |eft
standing for two hours at room%enperatu e, and then evacuated to élryness
20 e S owh Ao o b6 LLAgk - abek o oL o] 8l ghe. Lol b Standl n for
was sl o 0 an e
5 ot W B  Rabhfl wegiRep el b SRoRebdnadEh agt ireR efiinedl, ' ano
t he addiihp ot RilowingeMBeraffOBRigREN:t WO H0CCHANES 0 dbiAnihl AAU oS 6 hbdk; s
dried at %ZOC overni ght under Circulation air, followed by calcination at
500C f d60-6 HWICsamARIO difg/hing h&idG3: AhO@s.m¥iadd: al.2hgofidhdrgresedteiial. Pt/ Sn
net al 'Err re%&at i&pﬁii n 0.£%183 %n&ll 73 mmol ) of%(Nl—B) 4(NG3) 2 and 0.4104
g (1. 7EXARBIoZ 5 alolhhadin)s &R Snl $he procedure described above for
Exanpl 31 Vi ; ; & t 13 -
Compar DL " [hpddv RinBel & fPUiRhe Lottty MR AN SR SR o
suppor {Siag0.8p ppkrdSad Chemie, 14/30 mesh), followed by the addition of Pt/Sn. First, an

aqueous suspension of CaSiOs (< 200 mesh) was prepared by adding 0.42 g of the solid to 3.85
ml of deionized H,0, followed by the addition of 0.8 ml of colloidal SiO, (15 wt.% solution,
NALCO). The suspension was stirred for 2 hours at room temperature and then added to 5.0 g
of KA160 catalyst support (14/30 mesh) using incipient wetness technique. After standing for
2 hours, the material was evaporated to dryness, followed by drying at 120°C overnight under
circulating air and calcinations at 500°C for 6 hours. All of the KA160-CaSiO; material was
then used for Pt/Sn metal impregnation. |
[0114] The catalysts were prepared by first adding Sn(OAc), (tin acetate, Sn(OAc), from
Aldrich) (0.2040 g, 0.86 mmol) to a vial containing 6.75 ml of 1:1 diluted glacial acetic acid
(Fisher). The mixture was stirred for 15 min at room temperature, and then, 0.3350 g (0.86
mmol) of solid Pt(NH3)4(NOs), (Aldrich) were added. The mixture was stirred for another 15
min at room temperature, and then added drop wise to 5.0 g of Si0,-CaSiO; support, in a 100
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follows. A solution of 1.24 g (0.42 mol ) of (NH4)6H2WL2040 n H20, (AM)
in deionized 1120 (14 mM) was added dropwi se to 10.0 g of Si 02NPSGSS
61138cat avp=p1isdpport (SA = 250 n2/g, 1/16 inch extrudaPes)usconoma22080 i
round- bottoned flask. The flask was |left standing for two hours at room
tenperature, and then evacuated to dryness using a rotor evaporator (bath
tenperature 80C). The resulting naterial was dried at 120C overni ght under
circulation air, followed by calcination at 500C for 6 hours. Al of the

| i ght ' »” t
(L) G gy 002 IR HREUL S5 b1 BB ngor omat | on
Sn( 0Ac ):Qntamidgihﬁ: ngprepeatd catalglstivensdefs stending aam)onﬁemperaﬁxafmltWO hour¥i hd: f
12. 10 f /16 h t t | t
Acet 1 o WA en Hishhad YL P ARl s e 0 andFRsRITORUGHES. (o
Anal ys 'vxfhll@fslotvﬂ?r hgtﬂlaﬁﬁ O hethREHE wasthe d5AE RSt oxf%fmgﬁﬁaa'mﬁ@’@ ad 3 were

tested to determne the selectivity and productivity to ethanol as shown in
Tabl e then[calck@liTismgrtbafiliowing eegetature pcbgnaima@é{—}l@O%(EYraJInp\éa.Q deg/aypioy latlé forand

chargedq to th al on h hydrqQgen and heljumas a carrier gas with
an- aver AP 6D o0 B PH AP 4 A b iy O e o 50} 020
vel oci {yidfGSV), tenperature, and pressure as indicated in Table 4. The

feed streamcontained a nmole ratio hydrogen to acetic acid as indicated in
Tabl e ExahfleB9] Sike- 3@ i5%-Pafl . 5H48a(@Pduct s (crude et hanol corrp_05| tion) was

carrie b onI e . A three channel conpa e UI th one
P Tos] VoA b s e R S et a6 BrvergEle n Bt lsPahg ToDs)
was use@rtird AmnshMga. fzehg of 6391“@ QLE 8 sgﬂq)rprh@@i%i; S0.5 meoffcmaaamép 08 wiers

equi pped with an FID and um and was

used t éOqu@mtNAIyCO)\cQﬁ3él5cEaGQy&§emmEl)hér?¢(NHM@hE@nd\fb2W g éﬁc& mme]) ofi ny|
acet at t Acetic_acid: .Efhylene glycol diacetate; Ethylene
gl ycol gh@{% E?eg‘g g‘?g@ét g?gk%%n’ﬁ§ff§f dehyde. The m ddl e channel was
equi ppEdamplelt aSi0CD MagiRIPteheRsn(@ogol umm and was used to quantify: CQ2;

et hyl ene; and et hane. The back channel was equi Eped with a TCD and Ml si eve
5A col (IMA6hnd This catalyst was nienased inythe s3anq mapnerys Esgaple lmmmd@@fvllowmgqane

d Ca f th
T 1 oy e RASHIED 69 QOEMTALS] of LoloBBR Rfer, | 3% SSLARLE (BT e
and  t heol@Bsn, NxECORIA. :mx@tge(@.m thivet) ofiPt{NHy) 4RO s @td @ M649a5 (0086 HADIYLE

conposi.t h, Li utions of known c sitions. This allowed

t he de$8¢cﬁ49ﬂ§[ Y\gi'% ‘of-3p %mﬂsisgéhwpf)a&aéﬁ@lwpa@ﬁm S OGO Mg ARy and

colloidal SiO,. The support was dried and then calcined to 700°C.
Example 5 — Si0,-CaSiOs(5)-Re(4.5)-Pd(1)
[0117] The Si0,-CaSiO3(5) modified catalyst support was prepared as described in

Example 1. The Re/Pd catalyst was prepared then by impregnating the Si0,-CaSiOs(5) (1/16
inch extrudates) with an aqueous solution containing NH;ReO,4 and Pd(NO3),. The metal
solutions were prepared by first adding NH4ReO4 (0.7237 g, 2.70 mmol) to a vial containing
12.0 ml of deionized H,O. The mixture was stirred for 15 min at room temperature, and 0.1756
g (0.76 mmol) of solid PA(NOs), was then added. The mixture was stirred for another 15 min
at room temperature, and then added drop wise to 10.0 g of dry SiO,-(0.05)CaSiO; catalyst
support in a 100 ml round-bottomed flask. After completing the addition of the metal solution,
the flask containing the impregnated catalyst was left standing at room temperature for two
hours. All other manipulations (drying, calcination) were carried out as described in Example

1. Yield: 10.9 g of brown material.
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cq 7t v). oo cn VDCAcnc?1l t- ooV? Ch 00 00 00 00 NCvcr) cn on 7r7r r- onQ
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Example 6 — Si0»-ZnO(5)-Pt(1)-Sn(1)
[0118] Powdered and meshed high surface area silica NPSG SS61138 (100 g) of uniform

particle size distribution of about 0.2 mm was dried at 120°C in a circulating air oven

atmosphere overnight and then cooled to room temperature. To this was added a solution of
zinc nitrate hexahydrate. The resulting slurry was dried in an oven gradually heated to 110°C
(>2 hours, 10°C/min.) then calcined. To this was added a solution of platinum nitrate
(Chempur) in distilled water and a solution of tin oxalate (Alfa Aesar) (1.74 g) in dilute nitric
acid (1IN, 8.5 ml) The resulting slurry was dried in an oven gradually heated to 110°C (>2
hours, 10°C/min.). The impregnated catalyst mixture was then calcined at 500°C (6 hours,
1°C/min).

[0119] In addition, the following comparative catalysts were also prepared.

Example 7 — Comparative

[0120] Ti0,-CaSi03(5)-Pt(3)-Sn(1.8). The material was prepared by first adding CaSiO; to
the TiO, catalyst (Anatase, 14/30 mesh) support, followed by the addition of Pt/Sn as described

in Example 1. First, an aqueous suspension of CaSiO; (<200 mesh) was prepared by adding
0.52 g of the solid to 7.0 ml of deionized H,O, followed by the addition of 1.0 ml of colloidal
. S10; (15 wt.% solution, NALCO). The suspension was stirred for 2 h at room temperature and
.then added to 10.0 g of TiO, catalyst support (14/30 mesh) using incipient wetness technique.
After standing for 2 hours, the material was evaporated to dryness, followed by drying at 120°C
overnight under circulating air and calcination at 500°C for 6 hours. All of the TiO,-CaSiO;
material was then used for Pt/Sn metal impregnation using 0.6711 g (1.73 mmol) of
t(NH3)4(NO3), and 0.4104 g (1.73 mmol) of Sn{OAc), following the procedure described in
Example 1. Yield: 11.5 g of light grey material.

Example 8 — Comparative

[0121] Sn(0.5) on High Purity Low Surface Area Silica. Powdered and meshed high purity
low surface area silica (100 g) of uniform particle size distribution of about 0.2 mm was dried
at 120°C in an oven under nitrogen atmosphere overnight and then cooled to room temperature.
To this was added a solution of tin oxalate (Alfa Aesar) (1.74 g) in dilute nitric acid (IN, 8.5
ml). The resulting slurry was dried in an oven gradually heated to 110°C (>2 hours,

10°C/min.). The impregnated catalyst mixture was then calcined at 500°C (6 hours, 1°C/min).
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Example 9 — Comparative
[0122] Pt(2)-Sn(2) on High Surface Area Silica. Powdered and meshed high surface area
silica NPSG SS61138 (100 g) of uniform particle size distribution of about 0.2 mm was dried at

120°C in a circulating air oven atmosphere overnight and then cooled to room temperature. To
this was added a solution of nitrate hexahydrate (Chempur). The resulting slurry was dried in
an oven gradually heated to 110°C (>2 hours, 10°C/min.) then calcined. To this was added a
solution of platinum nitrate (Chempur) in distilled water and a solution of tin oxalate (Alfa
Aesar) in dilute nitric acid. The resulting slurry was dried in an oven gradually heated to 110°C
(>2 hours, 10°C/min.). The impregnated catalyst mixture was then calcined at 500°C (6 hours,
1°C/min).

Example 10 — Comparative

[0123] KA160-Pt(3)-Sn(1.8). The material was prepared by incipient wetness impregnation
of KA 160 catalyst support (Si0,-(0.05) Al,O3, Sud Chemie, 14/30 mesh) as described in
Example 16. The metal solutions were prepared by first adding Sn(OAc); (0.2040 g, 0.86
mmol) to a vial containing 4.75 m£ of 1:1 diluted glacial acetic acid. The mixture was stirred
for 15 min at room temperature, and then, 0.3350 g (0.86 mmol) of solid Pt(NH3)4(NO3), were
added. The mixture was stirred for another 15 min at room temperature, and then added drop
wise to 5.0 g of dry KA 160 catalyst support (14/30 mesh) in a 100 ml round-bottomed flask.
All other manipulations, drying and calcination was carried out as described in Example 16.
Yield: 5.23 g of tan-colored material.

Example 11 — Comparative

[0124] Si0;-Sn0,(5)-Pt(1)-Zn(1). Powdered and meshed high surface area silica NPSG
SS61138 (100 g) of uniform particle size distribution of about 0.2 mm was dried at 120°C in a

circulating air oven atmosphere overnight and then cooled to room temperature. To this was
added a solution of tin acetate (Sn(OAc),). The resulting slurry was dried in an oven gradually
heated to 110°C (>2 hours, 10°C/min.) then calcined. To this was added a solution of platinum
nitrate (Chempur) in distilled water and a solution of tin oxalate (Alfa Aesar) in dilute nitric
acid The resulting slurry was dried in an oven gradually heated to 110°C (>2 hours, 10°C/min.).
The impregnated catalyst mixture was then calcined at 500°C (6 hours, 1°C/min).
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Example 12 — Comparative

[0125] Si0,-Ti0y(10)-P(3)-Sn(1.8). The TiO,-modified silica support was prepared as
follows. A solution of 4.15 g (14.6 mmol) of Ti{OCH(CH3),}4 in 2-propanol (14 ml) was
added dropwise to 10.0 g of SiO; catalyst support (1/16 inch extrudates) in a 100 ml round-

bottomed flask. The flask was left standing for two hours at room temperature, and then
evacuated to dryness using a rotor evaporator (bath temperature 80°C). Next, 20 ml of
deionized H,0 was slowly added to the flask, and the material was left standing for 15 min.
The resulting water/2-propanol was then removed by filtration, and the addition of H,O was
repeated two more times. The final material was dried at 120°C overnight under circulation air,
followed by calcination at 500°C for 6 hours. All of the SiO,-TiO, material was then used for
Pt/Sn metal impregnation using 0.6711 g (1.73 mmol) of Pt(NH3)4(INO3), and 0.4104 g (1.73
mmol) of Sn(OAc), following the procedure described above for Example 1. Yield: 11.98 g of
dark grey 1/16 inch extrudates.

Example 13 — Comparative

[0126] S10,-WO3(10)-Pt(3)-Sn(1.8). The WO;-modified silica support was prepared as
follows. A solution of 1.24 g (0.42 mmol) of (NH4)¢HaW 12040 - n H,O, (AMT) in deionized
H,0 (14 ml) was added dropwise to 10.0 g of SiO; NPSGSS 61138catalyst support (SA = 250

m?/g, 1/16 inch extrudates) in a 100 ml round-bottomed flask. The flask was left standing for
two hours at room temperature, and then evacuated to dryness using a rotor evaporator (bath
temperature 80°C). The resulting material was dried at 120°C overnight under circulation air,
followed by calcination at 500°C for 6 hours. All of the (light yellow) SiO,-WQj3; material was
then used for Pt/Sn metal impregnation using 0.6711 g (1.73 mmol) of Pt(NH3)4(NO3); and
0.4104 g (1.73 mmol) of Sn(OAc), following the procedure described above for Example 1.
Yield: 12.10 g of dark grey 1/16 inch extrudates.

Example 14 — Hydrogenation of Acetic Acid over Catalysts from Examples 1-13 and Gas
Chromatographic (GC) Analysis of the Crude Ethanol Product

[0127] Catalyst of Examples 1-13 were tested to determine the selectivity and productivity
to ethanol as shown in Table 4.
[0128] The reaction feed liquid of acetic acid was evaporated and charged to the reactor

along with hydrogen and helium as a carrier gas with an average combined gas hourly space
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velocity (GHSV),_temperature, and pressure as indicated in Table 4. The feed stream contained

a mole ratio hydrogen to acetic acid as indicated in Table 4.

[0129] The analysis of the products (crude ethanol composition) was carried out by online
GC. A three channel compact GC equipped with one flame ionization detector (FID) and 2
thermal conducting detectors (TCDs) was used to analyze the reactants and products. The front
channel was equipped with an FID and a CP-Sil 5 (20 m) + WaxFFap (5 m) column and was
used to quantify: Acetaldehyde; Ethanol; Acetone; Methyl acetate; Vinyl acetate; Ethyl acetate;
Acetic acid; Ethylene glycol diacetate; Ethylene glycol; Ethylidene diacetate; and Paraldehyde.
The middle channel was equipped with a TCD and Porabond Q column and was used to
quantify: CO,; ethylene; and ethane. The back channel was equipped with a TCD and
Molsieve 5A column and was used to quantify: Helium; Hydrogen; Nitrogen; Methane; and
Carbon monoxide.

[0130] Prior to reactions, the retention times of the different components were determined
by spiking with individual compounds and the GCs were calibrated either with a calibration gas
of known composition or with liquid solutions of known compositions. This allowed the

determination of the response factors for the various components.
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Catal yst Stability (15 hours) [0131]Vaporized acetic acid and hydrogen
wer e passwo 20uars6m7hydr ogenati on catal yst of the presenPCirisesiniogr?so
conprising 3 w.%Pt, 1.5 wt.% Sn and 5 wt.% CaSi @3, as a pronoter on high
purity, high surface area silica having a surface area of approximately 250
m2/g at a molar ratio of hydrogen to acetic acid of about 5:1 (feed rate of
0.09 g/mn HOAc; 160 sccmimin H2; 60 sccmimin N2) at a tenperature of about
225 C, pressure of 200 psig (about 1400 KPag), and GHSV = 657011-1. Si02
stabilized with 5% CaSi O3 i n hydrogenation of acetic acid was studied in a
run of 15 hours duration at 225C using a fixed bed continuous reactor
systemto produce mainly ethanol, acetal dehyde, and ethyl acetate through
hydr ogenation and esterification reactions in a typical range of operating

conditions enploying 2.5 nm solid catalyst (14/30 nesh, diluted 1:1 (v/v,
with quartz o_uu.,bmH 14/ 30 mesh). FIG 3Aillustrates the selectivity, and
FIG 3B i|lustijat €y tBeIpBEIURLLVI Y ofR thi gatayGFtR| as a function of tine
on-stream duripg Bhe initial portion of the catalysts|life. Fromthe
results of this§ exanple as reported in FIG 3A and FIG 3B, it can be
appreci atpd t Byt id| is possi U._/mlﬁo%:wh: a selectivity of over 90% and
producti vjty @& o@ar g Bf=afhafdl fefs i@ FogrdnhdR| cat al yst per hour.
Exanmple 16 - mmmﬁm_.émﬁ Stability (over 100 hours) [01""" ~"talyst Stability:
Si 02- CaSi (B(5)-Pt(3)-Sn(1.8). The catal ytic performan dinitial
stability| of & 82-CaSi GB(5)-Pt(3)-Sn(1.8) was eval uat const ant
tenperature (26Q0R|ovEr LI Nof X & Fpig O gl Ok Il changes in
catal yst perfgyfange and sel ectivity were observed over the 100 hrs of
total reaction time. Acetal dehyde appeared to be the pnly side product, and
its concentratijgn (-3 wt.9% renuined |argely unchangefd over the course of
t he exper :m:ﬁ.Manc_@m yoob catal ysig edacti @i byocand selectivity is
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[ 0133] The procedure of Exanple 16 was repeated at a tenperature of about
250 C. FIGS. 5A and 5B illustrate the productivity and selectivity of the
cat al yst swaoa/6Se2act i on of time on-stream during the i niPCraiS2@oneissn of the
catalysts life. Fromthe results of this exanple, as reported in FIGS. 5A
and 5B, it can be appreciated, that it is still possible to attain a
selectivity activity of over 90% but with productivity of over 800 g of

et hanol per kil ogram of catal yst per hour at this tenperature. WO

2011/ 056247PCT/ US2010/ 022950 Exanple 18 [0134] The catal yst of Exanple 3
was prepared with different |oadings of support nodifier, CaSi O3, and
produc ggar| Sthourshi ) St 02-Pt(1.5)-Sn(0.9); (i)

Si 02- CaSi O 25 1.5)- ; (iii) Si02-CaSi B(5.0)-Pt(1.5)-Sn(0.9);
(iv) si®31t, S| aqeti¢ }_ic@)angrlwgrogyn warﬁcpa(sse)d over a hydrogenation catalyst of

aceti o Thdrach; msthteh sl Dl oS Shaha SR AT SO0 S BB (200

psi g) hipth parity) highhyoefaog ea ‘Smcahﬁlhg:a@ﬁﬂf&em@éaaff appRAlinh@tly @50 nPBBateGholar N of
H2 to O. 183 g/, mn ACO—%} conversion is shown in FIG 6A productivity

in FI cratiggt hgfélrogev iq/aqe ca%‘ld@ﬁe@qté IHfesd rgie ﬁ&&%@mﬂ%@@m%ﬂwﬂn FI G
6D. 0
S75c o0 stehibmil iffa aflednbéanRébr e S5\ (E b Blle OF 286 ik it Pttt o

i ni ti alGHFGp 65[0 hd nSi€h, siabilizekwithisteGa8iOg in Bydrogehatiombs Aeia5iidBvasstiditd
suggest t hat ers on. wou e to decrease as nore CaSi(3 is
added. "rhi (ffclgﬁjd’ tzga‘&g‘r‘q%ﬁpﬁé eé’s‘ié’rn%‘éouésrear?&réy%tﬁlﬁﬁﬁpfo%ﬂl fier
i s addgfinl} BHERASAREIGMPUE 281 @fhyRh&até ﬁﬁwéﬁgd%geﬂﬁﬁ&m%sﬁhﬁ%ﬁd vity, as
shown in G 6B. The sélectivifies in C show a sl ght

i ncr eakvackensting tmmalmnggfofsmgpbng cmuucfnsemplmng&éesl solid t38]yeh{ kB0t he

i nvent e escrlbed | C thin the spirit and
scope g‘%gftl’@ﬁlteﬁsleﬂ X G fpfar%e Pe?a gh’e?%allﬂﬁt it&‘dﬁ‘tl%&gé tht selgetifityiahdt e
art. |ﬁ1®|m1mfstrmbethtecpmn@nmy 6if the UsalyeRn as b PR vidn bf KRWne@emi dirfhBehear t and
references di scussed above in_connection w th the Background and Detail ed

Descr i Bt portignenfdheeatalysis life. Fromhearsulis@f #iis examenle poreapder! indil6). AAmpd
ref er epge. 3 gt&ﬂd;etagg&ma;éd B g)opﬁge g&s&eﬁ{l%&w@ JHRRE gadt he

i nvention ‘and porti variou s an ri ous res recited
bel ow amdhctuvﬁymﬂdver ﬂm@uﬂﬁﬂarﬁil pemnialogeam becatglpdtipeetowt i nt er changed ei t her

i n who descriptions of the various

O

enbodi e < R 0 & ef er to anot her errbodl ment may be
appr op[giabe! y R étrsc%éio t ki @%S qﬂ'ag%}k- $.2RSTHU datal ?ﬁ by one
of ski [I |]r31 t he £aﬁr?t Fdlrmty erlrr%re I?iﬁset or d?nary aak e@etaa(r?l%1 wil |
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observed over the 100 hrs of total reaction time. Acetaldehyde appeared to be the only side
product, and its concentration (~3 wt.%) remained largely unchanged over the course of the
experiment. A summary of catalyst productivity and selectivity is provided in FIGS. 4A and
4B.

Example 17 — Catalyst Stability

[0133] The procedure of Example 16 was repeated at a temperature of about 250° C. FIGS.
5A and 5B illustrate the productivity and selectivity of the catalysts as a function of time on-
stream during the initial portion of the catalysts life. From the results of this example, as
reported in FIGS. 5A and 5B, it can be appreciated, that it is still possible to attain a selectivity
activity of over 90% but with productivity of over 800 g of ethanol per kilogram of catalyst per

hour at this temperature.
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W claim 1. A catalyst conprising a first netal, a silicaceous support,
and at | east one netasilicate support nodifier. 2. The catalyst of claiml1,
wher ei n twe 2at1/dsem3t one netasilicate support nodifier PETASk@oN29Sérom t he
group consisting of (i) alkaline earth nmetal netasilicates, (ii) alkali
metal netasilicates, (iii) Goup IIB netal nmetasilicates, (iv) Goup IIIB
netal netasilicates, and m xtures thereof. 3. The catal yst of claiml1,

wher ei n the first netal is selected fromthe group consisting of copper,

i ron, ?ﬁﬂEElS”' ckel, ruthenium rhodium palladium osmum iridium
platin nium zinc, chromum rhenium nolybdenum and tungsten. 4.

The cafdBypt dfheclatmiyst af Epmmple B rwasipeefaradswithrdifferent doadivgs of Suppnrtam@ﬁnu nt of

cat al yGBSiEh. eptinuced Jislpimesiasty 2 SOGALl 2Ebalt!hi GETOLTHTPR A0 11 er

is selpgi @5135(039)1 (1B} 9),l C£2053.09Pt@ . IyRd. 9% %iv?slc?dcasmw L 4)eptalr, S)LH;héO 9);

consi sting of sodl um otassli um nmgnesi um scan ttrium and zinc. 6.
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to 50 ¥éetiUacidansldr ©26d ki, (E3Babcmhia vl Hyfto D183 gahial ASOH). 8Tha' b@l\%&ﬁ@i st Of
claim1l1, wherein the si || caceous su pport is present_in a unt of 25 wt. %

to 99 §hoves mﬁ?ﬁeéAonfO@H@“‘tﬂdtl’aIFIM%WPIC%VI% 289t in/ElG. 6§ anﬂr’féleeww st of
claim I he silicaceous support has a surface area of from50 nR/g
to 600%?32&?1;?%6%011/ 056247PCT/ US2010/ 022950 10. The catal yst of claiml1,
wher ei [0OIBBE siAsd swoadn FIGuaRaht comvessibreof @atié acidnat 260°Grand (276U surptisingly of

:: : : gglrg?f‘:glsqﬁc a/(%ﬁé(én pﬁ@pggérggtgmhgne %S\Izvé%c %’ini%}:{{ c?r%lg Trll gonsvle}s%o%aexhﬂ)lt%g purity
from 0 to 2.5 wt.% CaSiO3 would suggest that conversion would be expected to decrease as
more CaSiOs is added. This trend, however, surprisingly reserves as more support modifier is
added. Increasing conversion also results in increased productivity, as shown in FIG. 6B. The
selectivities in FIG. 6C and 6C show a slight increase as the amount of support modifier
increases.

[0136] 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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Weclam:

1. A catalyst for hydrogenating acetic acid to ethanol, the catalyst comprising afirst metal, a
second metal, a silicaceous support, and from 0.2 wt. % to 25 wt. % at |east one support modifier
selected from the group consisting of oxides of any of calcium and zinc, and metasilicates of any
of sodium, potassium, magnesium, calcium, scandium, yttrium, and zinc, and mixtures thereof,
wherein the total content of the first and second metalsisin an amount from 0.1 to 25 wt. %,
based on the total weight of the catalyst and the first metal being sel ected from the group
consisting of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium,
platinum, titanium, zinc, chromium, rhenium, molybdenum, and tungsten, and the second metal
being selected from the group consisting of copper, molybdenum, tin, chromium, iron, cobalt,
vanadium, tungsten, palladium, platinum, lanthanum, cerium, manganese, rhenium, and nickel,
wherein the second metal is different than the first metal; and wherein the silicaceous support is
selected from the group consisting of silica, silica/alumina, pyrogenic silica, high purity silica
and mixtures thereof.

2. The catalyst of claim 1, wherein the at |east one support modifier is selected from
metasilicates of ametal selected from the group consisting of sodium, potassium, magnesium,
scandium, yttrium, and zinc.

3. The catalyst of claim 1, wherein the at least one support modifier comprises CaSiO.sub.3.

4. The catalyst of claim 1, wherein the at |east one support modifier is present in an amount of
0.5 wt. % to 15 wt. %, based on the total weight of the catalyst.

5. The catalyst of claim 1, wherein the silicaceous support is present in an amount of 25 wt. % to
99 wt. %, based on the total weight of the catalyst.

6. The catalyst of claim 1, wherein the silicaceous support has a surface area of from 50
m.sup.2/g to 600 m.sup.2/g.

7. The catalyst of claim 1, wherein the silicaceous support contains less than 1 wt. % of
aluminum, based on the total weight of the catalyst.

8. The catalyst of claim 1, wherein the first metal is platinum and the second metal istin.
9. The catalyst of claim 8, wherein the molar ratio of platinum to tin isfrom 0.4:0.6 to 0.6:0.4.

10. The catalyst of claim 1, wherein the first metal is palladium and the second metal is rhenium.
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11. The catalyst of claim 10, wherein the molar ratio of rhenium to palladium isfrom 0.7:0.3 to
0.85:0.15.

12. The catalyst of claim 1, wherein the second metal is present in an amount of from 0.1 to 10
wt. %, based on the total weight of the catalyst.

13. The catalyst of claim 1, wherein the catalyst further comprises athird metal different from
the first metal and the second metal.

14. The catalyst of claim 13, wherein the third metal is selected from the group consisting of
cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium.

15. The catalyst of claim 13, wherein the third metal is present in an amount of 0.05 and 4 wt. %,
based on the total weight of the catalyst.

16. The catalyst of claim 1, 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%.

17. The catalyst of claim 16, wherein the cata yst has a selectivity to ethanol of at |east 80%.

18. The catalyst of claim 17, wherein the cata yst has a selectivity to methane, ethane, and carbon
dioxide of |ess than 4%.

19. The catalyst of claim 17, wherein the cata yst has a productivity that decreases less than 6%
per 100 hours of catalyst usage.
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