WO 2011/ 053365PCT/ US2010/ 022947 PROCESSES FOR MAKI NG ETHANOL FROM ACETI C
ACID PRIORI TY CLAIM[0001] This application clainms the priority of U S
Appl i cat iwo 2blumiseszes12/ 588, 727, filed COctober 26, 2009, enotiusk@d/oibanabl 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 processes for hydrogenating
acetic acid to formethanol and to novel catalysts for use in such
processes, the catalysts haWERﬁC@SSIESSﬁbTBg!A‘IﬂtN‘(@S for ethanol. BACKGROUND
OF THE | NVENTI ON [ 0003] Th for an economically

vi abl e process to convert EXRBANOLGFROMAEETIOACIDI ch nay be used in its
own right or subsequently 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 w de vari et YRGODROTY&TLAINMM cal products. For exanpl e,
et hyl ene can _al so be converted to nunmerous polyner and nononer products.
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al kanoi ¢ aci ds and ot her carbonyl group containing conpounds have been

wi dely studied, and a variety of conbinations of catal ysts, supports and

operating condl tions have beﬂEL’ﬁO@ﬁF@ VaNTieN i terature. The reduction
of various carboxylic acids over omg es |és reviewed by T. Yokoyana et
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( Yokoy@etivities fSedpyadme, T. "Carboxylic acids and derivatives." in: "Fine
chem cal s through heterogeneous catal ysis." 2001, 370-379.) WO
2011/ 053365PCT/ US2010/ 022947 [ 0005] A series of studies by M A Vannice et

al . concern the conver5| iety of heterogeneous
catal ysts (Rachmady W, nn| cgﬁwﬁﬁT%%WQﬁ?@gZ) Vol . 207, pg.
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supported and unsup orted iron was reported in a separate stud (Rachnady,
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f t
for on i linprfbaey Reg N A3Pefieiloivedflo iR kiul BhbPEg Bt & o7
179) . Mapdia wphiesearietyeifiothea chemicyldrodietat For rexmpleséthpﬂieﬁdcefnuﬁdﬁl&r converteda
( 5002) VBT BPO e H oo B oD CIUE N &35 Rieroe ol R T
(2000) coflibutd a?-ﬂu&gauo%% #34bst dr O RhtIYRIIyIHS iRl ATRIRRPh Sk

concerning the selective hydrogenation of "unsaturated al dehydespé;rh%éy be

f ound s$awr¢edjedindengamaking t@n@drfoualtenwxveFomcgmfeethﬂeneﬁquﬂhcgeba@tvdieysnls A
CGeneral .2005, 282, 123-133.; Li berkova K.; Tourounde, R J. M. Catal.
2002, Iiré(t? $5%-230.: Rodri gues, E. L. Bueno J. M C Applied Catalysis A

Cener a[OOﬂ@p4Ca%5ﬁLc pi‘é&s%l Yot reA4diRg alkBmoic h@HDAkEothdr car&'_fhgagl‘éd B coffainthg Cat al .
2004 221, 32-42; Amman, ; MIlone, C.; Touroude, R J tal. 2005, 53

1-9.: CHMRBRAS ha‘mbeeg &Rﬁieéy sdiedpandz yariety ofcombrpations @écatalysts, seapasts andggg,
188, &%6%%% co B@hav% bee Bthlll%d in tﬁ%’i;t%gcﬁlg TT e cﬁ yo%%hs caérgi%g'hc56

9-22.) |es reporting activ over co
pl at i nacidsanetr tneml mmbalsnewgwedbymy%koyaﬁmd dteal. 98 I“Eﬁklchanityuirtb@aglat i on of

crot On}?eltgﬂgggn%%ug gateglgsels u@argchuyrh%ta(ca%s %Lg ggrcl)wllatl%gse f(?h%gger 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.)



in R Touroude et al. (Djerboua, F.; Benachour, D.; Touroude, R Applied
Catal ysis A General 2005, 282, 123-133 as well as Liberkova, K ;

Tour oundewOR011/05336bDL Cat aL 2002, 180, 221- 230) as wel lpcagiskoiolozwar et al .
(Lazar, K; Rhodes, W D.; Borbath, 1|.; Hegedues, M; Margitfalvi, 1. L.
Hyperfine Interactions 2002, 1391140, 87-96.) [0008] M Santiago et al.
(Santiago, M A. N ; Sanchez-Castillo, M A Cortright, R D.; Dunesic, 1.
A. | CatalL 2000, 193, 16-28.) discuss mcrocalorinmetric, infrared
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and Usﬁgéug%ﬁr P 2vah@0 N NBLIARYB00B] VAL 104 BBY 320598, Chim Belg. (1985),

94(2) ‘§cuss reaction catalysis o ic acr’d on | ow val ent
titani (0006gt élamlgeslreiaietl pnublﬁ:a@mrdonmhmgltbd sletiob hpdrogération of Ghdatrated
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pr ohi bi e r elective f for i on f .et hanol
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SUMVARY OF THE A‘Fge EITI ON [0015] The present invention relates to processes
for hy8tRgEeey dPiesbens; §-; Benasionr, & hhowspude; RaAgpliekCatalysisiAciGeaneraln a

first epppdigiens. déﬂ"a%rhb&ﬂoié ki TRELGHEL R 9, o?@a?&l b&2 95?%' ng

et hanol, donprising rogenating acetic acld in't presence o cat al yst
conpri §30))gasawéli1 a‘sK hwztaalet ala(lsazdzn &Kackiodss, §MpDQ|Bo,rbaa}nd d{egledms; Mone support

nodi fi ma group consisting of
G oup f?‘% ?“r gypq ﬁ%e ]’VQ%’CW’@ fd?% gﬁéfb\%yrég]fr ansitional metal, a
| ant hapios] rrMESanu@gb @GL.i(BhsRBENRA. 8 %nBEéZaCasftl'llgnMaW ChrtfgeupD | 1A
| VA, VA, or VIA Mre preferag the first nmetal may be selected ffomthe

group Dumspist 1.y JoCabp9p, 193, dﬁ -289slispuss mivredakdrimetrie.Hiafrangdspedtrosiapin,
Ry N L A e A
from O[0DOPp Eatalwticl4ctibidp B0fol thet deetid ﬁthdlhyéw@g@fahoﬂﬂlaé 160 B&nabysited for
heterogeneous systems with rhenium and ruthenium. (Ryashentseva, M. A.; Minachev, K. M.;
Buiychev, B. M.; Ishchenko, V. M. Bull. Acad Sci. USSR1988, 2436-2439).
[0010] United States Patent No. 5,149,680 to Kitson et al. describes a process for the catalytic
hydrogenation of carboxylic acids and their anhydrides to alcohols and/or esters utilizing

platinum group metal alloy catalysts. United States Patent No. 4,777,303 to Kitson et al.



WO 2011/ 053365PCT/ US2010/ 022947 [0016] In anot her aspect, the catal yst may
conprise a second netal (preferably different fromthe first nmetal), which
may be seWwecbradssieem t he group consisting of copper, nolPgibdsaenio219%n,
chromum iron, cobalt, vanadium tungsten, palladium platinum [|anthanum
cerium manganese, ruthenium rhenium gold, and nickel. In this aspect,
the first metal may be present, for exanple, in an amunt of fromO0.1 to 10

.% and the second netal may be present in an anount of fromO0.1 to 10

. % t t he
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based wspt41984 Poabndveicphygef7dshe catalyst. [0017] Preferably, the first
nmetal is pl atinum and thé second metal is tin having a nolar ratio of
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[0018] (Sl@z)aormt&ile(’ﬁe);) aspect of the process, at |east 10% of the acetic
acid is caonverted during hydro&]gnatl on. Optionally, the catal ysts have a
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pr ef er @) msifficiegt €l D3ife. The support nodifier may be present in an anount
of 0.1 wt.%to 50 wt.% based on the total weight of the catalyst. WO
2011/ 053365PCT/ US2010/ 022947 [0021] I n one enbodi nent, the hydrogenation is
performed in a vapor phaseggiiARSPErEIEHeVENTIO 125C to 350C, a
pressure of 10 KPa to 3000 KPa, and alﬂ-ﬁdrogen to%ncetl c acid nole ratio of
gr eat ef00dfhnThe mreSfrﬂmptiblm rddatos togrroeasisdonierirogenhing atm:anacldmo nekates to a
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to 70 podieingehasiadiny rtsr cafthl Weti¥alid in MR ReRRhed 6 AldMystf rom 25 to
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to 70 SRMPHDRE a fiest ;oaled Hleasequsisuppers angd @t bgstw[ne WPHO@t)thﬁer The fanst anount
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enbodi ment, the invention relates to a process for producing ethanol

conpri sing hydrogenating acetic acid in the presence of a catalyst
conprising: PtvPd, Re. SnyCapSi g0" 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; and p and
g are selected such that p:q is fronlf 20 to 1:200 with r being selected to
sati sfy valence requirenents and v and w being sel ected such that:

(3.25v +1.75w) 0.0050. 05.



[0024] In yet another enbodiment, the invention relates to a process for
produci ng et hanol conprising hydrogenating acetic acid in the presence of a
cat al yst worgprivossieg: Pt vPd, , Re. SnyAl , CapSi gOr, wher ei n: PCrjuseoianckyy7 ar e
between 3:2 and 2:3, and/or (ii) 14, and x are between 1:3 and 1:5; and p
and z and the relative |ocations of alum num and cal cium atons present are
controll ed such that Bronsted acid sites present upon the surface thereof
are bal anced by a support nodifier; andp WD 2011/ 053365PCT/ US2010/ 022947

and q e 1 Okt Sy f 1. : \ ' ected
o sat [1ORgF o APaldRilr S4fchs MR i ol e  ocond ki Ip ¥t lf a1
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invention i.s described in detagil belo ith reference to the.appended
dr awi nEOmRy 20, op el RAHI unggiedy e ladivie lgtingm. lanfhetn, GEBRY Kl G 1A | s

a gr apmafgarkefte reBbfiethl Mehdnt, QoRL BRANRIckE NG Bish¥pechGRE AfsEmdhil Riiyde present,
Si 02-Pt.Shi-mcatal yst; [002 FIG 1B is a graph of the productivity to

et haﬂofczcr@n@nplphiyll angouuat ef fn@rﬁﬂqletmldl‘at-%wgdhef W?d metal anmbsprqspminm is a
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[ 0029] I's™a gra | VI oe 0 Cetate
usi ng eatdllySidndyesuinipkiso aGhird et (proRedly diffefent 2B the firg M@l a0l thidwecond

PrOdUCL oy, Which by oe Seleciad from (e group consisting of pobait palladiim, uthenivin, =
copper, zinc, platinum, tin, and rhenium and/or which may be present in an amount of 0.05 and
4 wt.%, based on the total weight of the catalyst.

[0017] Preferably, the first metal is platinum and the second metal is tin having a molar ratio
of platinum to tin being from 0.4:0.6 to 0.6:0.4. In another preferred combination, the first
metal is palladium and the second metal is rhenium having molar ratio of rhenium to palladium
being from 0.7:0.3 to 0.85:0.15.

[0018] In apreferred aspect of the process, at least 10% of the acetic acid is converted during
hydrogenation. Optionally, the catalysts have a seleétivity to ethanol of at least 80% and/or a
selectivity to methane, ethane, and carbon dioxide of less than 4%. In one embodiment, the
catalyst has a productivity that decreases less than 6% per 100 hours of catalyst usage.

[0019] The silicaceous support may optionally be selected from the group consisting of silica,
silica/alumina, calcium metasilicate, pyrogenic silica, high purity silica, and mixtures thereof
and may be present in an amount of 25 wt.% to 99 wt.%, based on the total weight of the
catalyst. Preferably, the silicaceous support has a surface area of from 50 m%/g to 600 m%/g.
[0020] The support modifier, e.g., metasilicate support modifier, may be selected from the
group consisting of (i) alkaline earth metal oxides, (ii) alkali metal oxides, (iii) alkaline earth
metal metasilicates, (iv) alkali metal metasilicates, (v) Group IIB metal oxides, (vi) Group IIB
metal metasilicates, (vii) Group IIIB metal oxides, (viii) Group IIIB metal metasilicates, and
mixtures thereof. As one option, the support modifier may be selected from the group
consisting of oxides and metasilicates of sodium, potassium, magnesium, calcium, scandium,
yttrium, and zinc, preferably being CaSiOs. The support modifier may be present in an amount

of 0.1 wt.% to 50 wt.%, based on the total weight of the catalyst.



[0031] FIG 2C is a graph of the conversion of the acetic acid of the
catalyst of FIG 2A; [0032] FIG 3A is a graph of the productivity of a
catal yst wo2etihsssss at 15 hours of testing;, [0033] FIG p8B/uUssoia/ograph of
the selectivity of the catalyst of FIG 3A to ethanol; [0034] FIG 4Ais a
graph of the productivity of a catalyst to ethanol over 100 hours of
testing according to another enbodi nent of the invention; [0035] FIG 4B is
a graph of the selectivity of the catalyst of FIG 4A to ethanol; [0036]

FIG 5 : ti Ml & - I
of t eoftUzl] S18EANIBSGREACHE Holhdebadlonds BTGNS n bRl MR a8 BP0
i s a gofflomd25t@ e 3H°Ecd prebduye of 10 KPa a3 GOOVEPa, ahd EhiroGén toacetiharidinold 0038]

FIG 6A s a graph of the conversion of the catalysts of Exanple 18; [0039]
FI G G@tﬁoé’f&r‘gglﬁtﬁﬁgﬁ%%'lt he productivity of the catal ysts of Exanple 18:;

[ 0040] (2% BCahcihéd cHRBIM&GH:, thh fvesliditelatistty a3tuRMand] ploBsctGapifnygy s of
Exanpl e 18, and [0041] FIG 6D is a graph of the selectivity at 275C of the

cat al ysbtginefl fiexming hydbgenatin® of @deticGE BH 65 isAuskgDDOE)) MbichZcoDPTiscd @D
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| east one metal, a silicaceous support, and at |east one support nodifier.

The pr 8é&ner, mareprafesablaifiom féieeewt o (Qneterdnanpaognigen Sta 0widopr ocess
o0, D GRS 195 MBI, 5, 5oL TR 8 SBSRALRD kPN T be
compounds in an amount less than 10 wt.%, wherein all weight percents are based on the total
weight of the crude ethanol product. A preferred crude ethanol product comprises the ethanol
in an amount from 20 to 50 wt.%; the acetic acid in an amount from 28 to 70 wt.%; the water in
an amount from 10 to 30 wt.%; and any other compounds in an amount less than 6 wt.%. An
additional preferred crude ethanol product comprises the ethanol in an amount from 25 to 50
wt.%; the acetic acid in an amount from 44 to 65 wt.%; the water in an amount from 10 to 26
wt.%; and any other compounds in an amount less than 4 wt.%.
[0023] In another embodiment, the invention relates to a process for producing ethanol
comprising hydrogenating acetic acid in the presence of a catalyst comprising:
Pt,PdywRexSn,Ca;SigOy,
wherein: (i) the ratio of v:y is between 3:2 and 2:3, and/or (ii) the ratio of w:x is between 1:3
and 1:5; and p and q are selected such that p:q is from 1:20 to 1:200 with » being selected to
satisfy valence requirements and v and w being selected such that:
(3.25v+1.75w)
q

0.005 < <0.05.

[0024] In yet another embodiment, the invention relates to a process for producing ethanol

comprising hydrogenating acetic acid in the presence of a catalyst comprising:
Pt,PdwRe,SnyAl,CapSigO;,

wherein: (i) v and y are between 3:2 and 2:3, and/or (ii) w and x are between 1:3 and 1:5; and p

and z and the relative locations of aluminum and calcium atoms present are controlled such that

Brensted acid sites present upon the surface thereof are balanced by a support modifier; and p



[0043] It has surprisingly and unexpectedly been discovered that the

catal ysts of the present invention provide high selectivities to

et hoxyl atwe,20ssB36as et hanol and et hyl acetate, and in partiscubmar294D

et hanol, when enpl oyed in the hydrogenation of acetic acid. Enbodi nents of
the present invention beneficially may be used in industrial applications
to produce ethanol on an economcally feasible scale. [0044] The catal yst
of the invention conprises a first metal and optionally one or nore of a
second | l s I this
cont oxi Ty Bl seldcheh TBLFq 18 RpfEERb 101200 W% Rirf\eleRASYRRRN valihe (e o
nmodi f y requerementy, dndet add, w amrselentedsucht that: ndi cat e t hat the respectl ve netal s
are different fromone another. T ight of all supported netals
present in the catalyst pref@ogpkg Eé iigﬁﬁgsbigq 25 wt.% e.g., fromO0.1
to 15 wt.% or fromO0.1 w.%to 10 w.§ For purposes of the present
specification, unless otherw se indicated, weight percent is based on the
total weight the catalyst including nmetal and support. The netal (s) in the
catal yst may be present i Rﬂ?F tal oxides. For

pur poses of determ ning H%UE%%%@@% ngWTﬁrregfal (s) in the catalyst,
t he vve[(yHS] ofl“hamtyvenumgiasrdeschaiedusd&aﬂbdlotzmitﬂnﬁ:fmh@ toithe apgpendeidiralvd@45] The
first %F JIB, 111B, VB, VB, VIB, VIIB, or VIl

transi ™ PEH Wﬁpﬂgﬁ 8WPH H@?%I an actinide netal or a netal from
any of 1§@28yPFI6! 1 Ris 4 Waph ¥hheQeleMivy tbréﬂ?aner ﬁfdee&ﬁyqqc&&?e%@fng%@loz P St
netal is selected the group consisti'ng of copper,” iron ni'c

r ut hencatplyst; hodi um pal | adi um osmium iridium platlnun1 titani um 2|nc

chrom heni,um, . nol de m__and..t.ungst.en rab first al is
sel ect Bgiz? i oﬁ{}h@bsrao%%p Sher e t%ﬁ?y Ieél?qllﬁh?ﬁdeﬁfg ﬁ%t?rﬂfh]&%‘ffé‘?li'sm ckel ,
and ruFt(enjAtm More WD 2011/ 053365PCT/ US2010/ 022947 preferably, the fi rst
metal is selected from pl ati num and pal | adium Wen the first netal

conpr i §¥28h| FGnlfris 4 grapk opthecenyestion phthe mpeficogidhofithe cyalyprdfdde. phat i nu md| n
0 %
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catal ysts, platlnun1to tin nolar ratios on the order of fron10 4:0.6 to
0.6:0.4 (or about 1:1) are particularly preferred in order to form ethanol
fromacetic acid at high selectivity, conversion and productivity, as shown
in FIGS. 1A 1B and 1C. Selectivity taqg. ethanol may be further inproved by

i ncorporating nodified supports as descri bed throughout the present
specification. [0050] Molar ratios other than 1:1 nmay be preferred for

ot her catalysts. Wth rhenium pal | adi um cat al ysts, for exanple, higher

et hanol selectivities may be achieved at WD 2011/ 053365PCT/ US2010/ 022947
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[ 0052] In one enbodi nent, the catalyst conprises a first netal and no
additional netals (no second netal, etc.). In this enbodinent, the first
nmet al pr everahlog3ies present in an anount from 0.1 to 10Pam/us2iolomoanot her
enbodi ment, the catal yst conprises a conbination of two or nore netals on a
support. Specific preferred netal conpositions for various catal ysts of
this enbodi nent of the invention are provided below in Table 1. Were the
catal yst conprises a first netal and a second netal, the first netal
preferably is present in an anount from0.1 to 5 wt.% and the second net al
preferably is present in an anount fromO0.1 to 5 w.% Were the catal yst
conprises a first netRETAH.IH2OHNCRBTHONMATAEINVENTEINI , the first netal

pref er [ resent. in.an amunt from0.1 tq 5 wm.% .th econd. net al
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enbodi nent, the first netal is platinumand 1s present in an anount from

0.1 tolsigneggetplha sidisecsats suppart, dngl ah leasteone supparhmadifient The pesant Invetiay wt . %
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[0043] It has surprisingly and unexpectedly been discovered that the catalysts of the present

CH; OH

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. |

[0044] 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
wt.%, or from 0.1 wt.% to 10 wt.%. For purposes of the present specification, unless otherwise
indicated, weight percent is based on the total weight the catalyst including metal and support.
The metal(s) in the catalyst may be present in the form of one or more metal oxides. For
purposes of determining the weight percent of the metal(s) in the catalyst, the weight of any
oxygen that is bound to the metal is ignored.

[0045] The first metal may be a Group IB, IIB, IIIB, IVB, VB, VIB, VIIB, or VIII
transitional metal, a lanthanide metal, an actinide metal or a metal from any of Groups IIIA,
IVA, VA, or VIA. In a preferred embodiment, the first metal is selected the group consisting
of copper, iron, cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium, platinum,
titanium, zinc, chromium, rhenium, molybdenum, and tungsten. Preferably, the first metal is

selected from the group consisting of platinum, palladium, cobalt, nickel, and ruthenium. More
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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.

[0046] 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.
[0047] 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.

[0048] 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.

[0049] 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 throughout the present specification.
[0050] Molar ratios other than 1:1 may be preferred for other catalysts. With

rhenium/palladium catalysts, for example, higher ethanol selectivities may be achieved at
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higher rhenium loadings than palladium loadings. As shown in FIGS. 2A, 2B and 2C,
preferred rhenium to palladium molar ratios for forming ethanol in terms of selectivity,
conversion and production are on the order of 0.7:0.3 to 0.85:0.15, or about 0.75:0.25 (3:1).
Again, selectivity to ethanol may be further improved by incorporating modified supports as
described throughout the present specification.

[0051] 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.%.

[0052] 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.%.



RuMo RUNi RuSn WD 2011/ 053365PCT/ US2010/ 022947 [ 0053] Depending primarily
on how the catalyst is manufactured, the netals of the catalysts of the
present iwoenti/Es3esay be di spersed throughout the supporPCI/use@b@ekoan t he
outer surface of the support (egg shell) or decorated on the surface of the
support. [0054] 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 support—materiat—For—exanpte, the acrd sites, e.g. Bronsted
acid sites, on the support material maylARBLEdj usted by the support nodifier
to favor selectivit i " i Cc acid.
The acidity of the %ﬁ%@%ﬁ%é‘r‘?ﬁ“m@?@l a%?%@ﬁggﬁ%%@%fu%ﬁ%gt he nunber
or reduci ng the avail abiki Mgtabf Br onsSembndMetalsi t es oMhikdéMetalppor t

material . The support mateni al may al so bggadjusted by having the support
nodi fi er change the pKa ofythe support meggerial. Unless the context
indicates otherwi se, the @ggidity of a sur{jace or the nunber of acid sites

t her eupon nay be determn by the technigque described in F. Del ai my, Ed.,

"Characterization of Hetefrggeneous Catal ysgts"; Chapter 111: Measurenent of
Acidity of Surfaces, p. 3{0-404; WMarcel ker, Inc., NY. 1984, the
entirety of which is incorporated herein reference. It has now been

di scovered that in additioh to the netal ecursors and preparation

condi tions enpl oyed, netab@support interactions may have a strong inpact on
selectivity to ethanol. IMNiparticular, th® use of nodified supports that

adjust the acidity of thePdupport to nmakeCe he support |ess acidic or nore
basi ¢ surprisingly and unBapectedly has nGw been denonstrated to favor
formati on of ethanol overPaét her hydrogenatwon products. [0055] As wll be
appreci ated by those of opginary skill inggdhe art, support materials are
sel ected such that the capglyst systemispguitably active, selective and
robust under the process pgnditions enplgygd for the formation of ethanol.
Sui t abl e support naterial§dnay i ncl ude, e exanpl e, stable netal

oxi de- based supports or c 5anic-based supports. Preferred supports include
silicaceous supports, sucE as silica, silica/alunina, a Goup IlAsilicate
such as calciumnetasilic 9e, pyrogenic sttica, high purity silica and

m xtures thereof. O her stpports may be used in sonme enbodi nents of the
present invention, incIudPﬁg wi thout 1imWation, iron oxide, alunina,
titania, zirconia, magnesiPtim oxi de, carbds graphite, high surface area
graphitized carbon, activ®ed carbons, andrm xtures thereof. [0056] In
preferred enbodi nents, th®tsupport conpriGes a basic support nodifier
having a low volatility oPtthat is non-voFatile. Low volatility nodifiers
have a rate of loss that ipg | ow WO 2011/\3§3365PCT/ US2010/ 022947 enough
such that the acidity of fphe support nodigier is not reversed during the

life of the catalyst. Such;basic nodifierg, for exanple, y be selected
fromthe group consistingyppf: (i) alKkali eart h oxi des, d i) al kali netal
oxides, (iii) alkaline ea fh net al netasnflcates, (iv) alKkali netal
nmetasilicates, (v) Goup B netal oxidesi®(vi) Goup Jl ta

nmetasilicates, (vii) Gou t111B metal oxidbs, (viii) Go [11B netal
nmetasilicates, and m xtur thereof. In daﬂition to oxides and
netasilicates, other typeBhof nodifiers iNeluding nitrates, nitrites,
acetates, and |actates maube used in entodli nents of the present invention.
Preferably, the support nBdifier is selec€ed fromthe group consisting of
oxi des and netasilicates Rh any of sodi unfupotassi um rmagnesi um cal cium
scandium yttrium and ziRg, and m xturesfpof any of the foregoing.
Preferably, the support npdifier is a calggjumsilicate, nore preferably
calciumnetasilicate (CaSpB). If the suppgrt nodifier conprises calcium
netasilicate, it is pref ed that at le a portion of the cal cium
netasilicate is in cryst ine form [00 ]i The total weight of the
nodi fi ed support, whieh+hetudes—the—Ssupport—raterial—and—the—support

nodi fier, based on the total weight of the catalyst, preferably is from?75
w.%to 99.9 wt.% e.g., from78 w.%to 97 wt.% or from80 w.%to 95
wt.% The support nodifier preferably is provided in an anount sufficient
to adjust the acidity, e.g., by reduciBg t he nunber or reducing the
availability of active Bronsted acid gltes, and nore preferably to ensure
that the surface of the support is substantially free of active Bronsted
acid sites. In preferred enbodi nents, the support nodifier is present in an
anount fromO0.1 wt.%to 50 wt.% e.g., fromO0.2 wt.%to 25 wt.% fromO.5
w.%to 15 wt.% or froml1l w.%to 8 w.% based on the total weight of the
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WO 2011/ 053365PCT/ US2010/ 022947 than 0.1 wt.% When calciumnetasilicate is
used as a support nodifier, it is not necessary to be quite as strict about
t he puritwoabiidsasesi | i ca used as the support material alPCmaisgénombasa’ num
remai ns undesirable and will not nornally be added intentionally. The

al um num content of such silica, for exanple, may be less than 10 w. %
e.g., less than 5 w.%or less than 3 w.% In cases where the support
conprises a support nodifier in the range of from2 w.%to 10 w.% |arger
anmount I n ng as
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conposition highly selective to ethanol. Thus, the catal yst conposition
preferably has a | ow selectivity tomerg conversion of acetic acid to ethyl
acetate and hi ghly undesirable by-prod cts such as al kanes. The acidity of
the support preferably is controlled such that |ess than 4% preferably

| ess than 2% and nost preferably | ess than about 1% of the acetic acid is
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WD 2011/ 053365PCT/ US2010/ 022947 e.g., at |east about 85 wt.% or at | east
about 90 w.% high surface area silica in order to counteract this effect
of includvogor/ssgsport nodifier. [0067] | n another aspeeCl/ush@ooatoat yst
conposition may be represented by the fornula: Pt, Pd, Re"SnyCapSi ci O,
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)

platin | § cted such
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cfal Ci UM AHLAS® Y & nPert@sfil a St 828145 led such that Bronsted acid

sites present upon the surface t eof are bal anced by the support
modi fi @057k. The tatal weighn ofeh@modlfmdtseppqnt, sk hqnaluéessthd: euriped rsatefialtahdithep: q i s
from1:20 t

and v 8ot Ry d0ge biter dn ‘e Bl e 3 bataR st el S 1835 T VP S

wt.%, e.g., from 78 wt.% to 97 wt.%, or from 80 wt.% to 95 wt.%. The support modifier

preferably is provided in an amount sufficient to adjust the acidity, e.g., by reducing the
number or reducing the availability of active Brensted 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.% tc 99 wt.%, e.g., from 30 wt.% to 97 wt.% or from 35 wt.% to 95 wt.%.
[0058] 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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[0070] Preferably, in this aspect, the catalyst has a surface area of at

| east about 100 n2/g, e.g., at |east about 150 nR/g, at |east about 200
n2/ g or meetopressasabl y at | east about 250 n2/g, WO  PCT/US2010/022947

2011/ 053365PCT/ US2010/ 022947 and z and p> z. I n many enbodi nents of the
present invention, p is selected, in view of any mnor inpurities present,
to al so ensure that the surface of the support is substantially free of
active Bronsted acid sites which seemto facilitate conversion of ethanol

i nto effiyly PEEHAl Wheld RERiunRthetsiiidate 1EuRHEY b‘%h‘%)&t’ﬁ@&jiﬁgﬁ M is bR cBRGASS
conditions.and values of v, w, X, y, p, g, and r preferabr'y are chosen such
t hat abe fjaitests stiyabdutithepuir bf theastliod, used g the stppoetanateddodtbought alimasin 90%

that is converted.is converted t thanol, while less than 4% of the acetic
el d | RO AREg R it Omesdl e SEE iniigngl o Ra AR SO BB ha. by

t heor ysudidich] forbk@nplandaypbafekd théaat 0 9A.90fc. £ Xlesl thars S RAYL br B8 Bkh 3hi.%60r the
catal ysts of the present invention by incorporation of non-volatile support
nodi f i Breasefawherg the suppert coraprises esuprsirt medifier vrthe rangg ohfiom Zwt-Estopilesent
upon the, 2 .0F . ef t t. | | idiai sur face
maicos. N7 SREH L bARTE hubdick: s Ryl hré bRl soibhEri 98 o

et hanokre spbinyedovatmbalsiced bl an appropaith amointgdesupport fiddfert nodifiers
based gn _oxides in their nost_ stable valence state wll have | qw vapor

pr essub89hndhe Rydacs aire qf dhe Tisaseoysi sUprst matesial sighetlicao Rrakerpblyii at least

Accor dj 126, r 2 rEi.en I in
anount é&%{tj?? |n%: ?gé lre]?'% (E) Tefa% agbggtotdr??% r/%fcr}lft% l%gnlq% ?E:nt lsi{qags/ Epa(r% é%gﬁ{b%gﬁé%%d@ gf face

of t hemesyypefetabipatdedsabbout R5) mi’fgpdn termsif séngas; ehd slicitapes suhporgmatenider

e LD L e AREECE B A IRAOEY gyt BOM9e ohg G dram AR o
I npar T ’ r ) or
exanpl 00 f&/gS IHIEEbirfide affadibadssQNed threligHoht ih@ldﬁﬁlgdaﬁoﬂj r@{]e?st foQicaHadinglal ON Of

def ects and dislocations, plastic deformation and/or other tenperature
i nducestritsa prreof nhleast aboit250 an (. el or IpOREEs afthepiesens spécifi¢nsiopr wistaeg area

| mor oghonal PRESGREH sBlee BhT i Bhbanls ithd SR P MRk ORI o8, e

cat al ye4,ahaadirén‘fyeﬁ’whiapi@ﬁndomﬂat€@héx@ﬁﬁbyfet&eﬁbat al ysts of the invention
pr ef er abl él are tormed into particles, sonmetinmes also referred to as beads

or pel [8068] iKhepitigacsays swpartyrgtereal plseprefpraplydas an ayeragcrara dipmeterpbfiony ar e

provid e.Le i Gl nuRer, d

cat al yg'?oshlsbn&?h%é? gg%{g% w(%ﬁh@%?? tgnjggg% e#r%%gﬂapes %Onrgf"u%gﬁ %)%P ?%32? es of
ar bi t r meycucy msiisioa pbicaimétak iand)at becriger porefolangef éroal 0.5a0 2dydmingerg.j frorh he
sense I}at ?e gene ators degi nLng t;he syrface (gf the extrudate are

par al | 817 19 {1 pedn7Rer roiiabaptdy® Ihby &M gn S PRRIASERY MEEEUEY KFRS8Rape i ncl udi ng
pel | etﬁgmgﬁeg&dat es, spheres, spray dried mcrospheres, rings, pentarings,
tril obes, quadril obes and nulti-I|obal shapes nay be used, although

cyl i ndii06d) pbe merphodegy ofithe supped matenidl 20 hef &3 EPCENIUBZCARIYBR2947

Typi cal | the shapes are chosen enpirical | ased on _percei v ability
P conrenttostie FHSSRRGREL" IR ERRe REBRBRE e 5 TS HE BRrIR Ryt [oo7a)
One adyippbageaterial @ad/at ¥Sths catblysh@nifoRBRAmAy BeeplleRettfudaRes, sphall, Ishiay Or
activity of the catalyst for producing ethanol. Accordingly, it can be

appr ecfigdaicrogpherehdingss panjasings.gfilabes qypdidlebes, mywltekbiebshapese of flaksy capabl e
of bei i r G i j l.Lcat] . rggenati on
of acerrisiBREyiuQTHCR B pRfdi, AGakE, B MRBLLAR AR Ml bR0T S
it is mosshollgy that atotvk uen mackingaleddityr efefrah Oslttalli0 plew’ saug.hfrbmalt.2 esd.al yst
activity wll have rate of; productiyity decline that is |ess than 6% per
100 ho®/F& 8F heaf%? %@5&%2, f‘b".eﬁ’?? of iz thasificasyppet mf@eslaL%‘ gably hesdts t han
L. 5% PerddGaRRU Size, R RERIMNg the WllindidHBr GheREABHRIIC dr bqBiSRhi\Bhbca)
determ ned once the catal yst has achi eved ‘st eady-state andl tions. [0074

| n onedignigtsd foreron;sphtrécal partickestoflfsont 09 pe b0t cng,@ngsys frem D). hioghS pardrtfionsi | i ca,
with c i netasilj,cate as a su difier,, the cat.al,yst tivity may
oxt ondt 90 JEGF! $be et of role ERRE) bal e cisplen dn & "R e difitd vt Vs o
pr ol ongggonard @msratlytvertinidgl iniz, Giégshaule nvesibstaityLly ipacirBekise offhd even
nont hs, of comrercially viable operation in the presence of acetic acid
vapor at tenperatures of 125C to 350C at space velocities of greater than
2500 hfl [0075] The catal yst corrpositilgns of the invention preferably are
formed through netal inpregnation of the nodified support, although other
processes such as chem cal vapor deposition may al so be enpl oyed. Before
the nmetals are inpregnated, it typically is desired to formthe nodified
support, for exanple, through a step of inpregnating the support nmaterial
with the support nodifier. A precursor to the support nodifier, such as an

.. . o o o o o o



WO 2011/ 053365PCT/ US2010/ 022947 24 hours, e.g., from3 to 15 hours or from
6 to 12 hours. Once forned, the nodified supports may be shaped into

parti cl eswbavimg3iche desired size distribution, e.g., tecrarseopaeiut| es
havi ng an average particle size in the range of from0.2 to 0.4 cm The
supports may be extruded, pelletized, tabletized, pressed, crushed or
sieved to the desired size distribution. Any of the known nethods to shape
the support materials into desired size distribution can be enpl oyed.

Cal ci nhpGa®tathBs piaR&d TG the %@;&%ﬁé siPBYgeREaH apﬁlg o FHRARY Sre HMihé
tenperature of "from 250C to 800C, e.g., frorﬁ 300 to 700C or about 500C,
opt i onalodifiedsupporfsersivesdl asfto thedfinal catalystpantinless, e.g., from2 to 10 hours,

from4 ours or, about 6 hours... I referre d_of

or opar M2 AWsRerl sFR8 hertrlbab e 3 856 Pmafel BHET RS HER Ste e

suppor CatalyspCeeiet H0m SHintlGébaid N6ProBThE Shiht-Gobail®NodProB UL § Silita ferdiag abl y
is used in the netal inpregnation step, such as a water_ soluble conpound or
wat er apEpamately 85 wiip bighardasprressiliem e surfeqa pressofigbeut 350sm ™/ gied mpedigh

intere AER. ' ) k3 sol vent,
such aé&g wat ég‘rg&fjdf%lgg'gﬁqazlt Igg’c?[e%t‘?{agg itpglcetg(ﬁlgl{r}e §f£g%a(1)(ref¥gﬂscg? %E?\St{,ﬁ gaﬁg{? d%%(

pr ef er meeturyTherusiea oebsimétayl aral Spackingfdensibl of dbsut (psegoal ¢ brit’a t he

nodi fi pport frqm.a cond netal precursor. | esired, .a third netal
or thi f‘ﬂ’@& Pfﬁfﬁéréaﬁ%@?’zﬁﬁ@maﬁw%n%twlé@ﬁérb@ gsﬁg(gﬁ‘(‘”’ﬁ’égr?ﬂtﬁaﬁp]éﬁe%upport .
[ 0077] 1,08 I Ln i ; | r.¢or both
the 11 S EBORLE e 0P ol S np SR o AR 500 b BesofAyiE of

addi t i alpmit 0ri8B &l HafY e supmot; 8 surfacefaeeaads] apoitnl e p&H si’ten and a potewtolwmg of o t he
dry nodifi 833 su]%)ort. The resulting m xture may then be heated, e.g.,

opt i on&f9Y’ §dB¥Evacuum in order to renove the solvent. Additional drying
and cafued] Nth aFodikRhts ReheRENTLGLIEALY ARE bBRRMILY o frodeR 8FhiBR 3klb&Bidy0 form
the final catalyst conposition. Upon heating and/or the application of
vacuunfs nficated ahpyes pomstollingthediranstest acidikysefrthe yunporfreatenial \py decosppyating 4 nt o
their (0 i I . h l,et i on. of -renoval
of 1t ne PR Sigeran B GRY boRaL Onf BORIGEB A SR BETR IR AR oL ol y o
i's pl aseticiatidds eihel arthte ahcdofdiflg tethg pressutiihesition, the stigperiirélerdbBriperidedir s
encount ered duri.ng oper a%i on. During the calcipation step, or at |east

dur i ng? E¥RPOTtINeqifEr %a@gs fggtivgde syrpress @reducHey ot cthy peptatcoFrpderingsthsr e

conver i ; | : i f ically
ot ver aY e opsEah Bla Eetite L B B o sl e BB 37
(and ol sehedtivity thward nahvensombBicetioaaid td ethybatiefateeghdshigidyg uindesirgblec c ur

or eoRaPes EH ARArE Ahe RGOt BE YT E LS RGO ER R s
addi t i ﬂﬁﬁh%@?ﬁ%raB{)géwtﬁeﬁf ?{2 aﬁﬂ%d?tz gl‘%?erﬁlﬂg%sg%{anaaﬂgutald/@%fitﬁe%cétlf@adi@gi fied

support together, | 1 owed 011/ 053365PCT/ US2010/ 022947 dryi ng and
cal ci neanveried t» methane, hihang ard casbanedigside.c bnsdslitian, he. acidityrof shewvipper swys

i npreg l esired.to | oy..a _di speg.si an ent, surfactant,
or sol g%{:(}n?%llﬁ% 5%%%%2%g909g§?{0a5%1 rﬂrglégi"&ét‘étqg,ca F%é'?%léﬁd?%%% t he di spersing
or sol [0065] zImeneadmbdtmént] S ndstificbapPert ¥Binplisddraeuyp&omatdrial idtecapdieqt t he

t wo precuri,ors are inconpatible wth the desired solvent, e.g., water.
[ 0079] Mesilisais &p pRpT, RefilighiaEnsmounheffective fo balenge Bypasier acd sites resulting, added

t 0t herdrRdihbidrsiRORtal ERLANBANDXiITLY DREA]. 8 LALAN BBty AR 1 N
material 1s en | npregnat ed Wth the secon al “precursor #5117 Bwe by an
addi t i el angrupit frgmahet.@@tocionvnd, basep oh ohd talmteight bT thelcatabitsgliy sider to
conposition ditional netal precursors, ge. .,.a third netal precursor)
may bee%ﬂiﬁiet_z}a‘tfs‘F ‘fﬁ‘@’rpo\r/ﬁlf F\?SFIPF@HP'F}CEW&H PYF L EEHEF et al precursor or an a
separ afodebi Ad thd RIpBER A ddpkerS4. g.p caltiahl Q¥@61iEMe dhY REd 8 Ehvedl 16vBALURRe O
course, conbinations of sequential and sinultanedus inpregnation may be
enpl oy#ga fifandesssuppert njadgdd)e. Susitiedseeusrappdrt praterial, sopre embodishent ther exanypl e,

el at SEpb e BB Y SRR MR B e LR, ™

pal | adi um precursors include chloroplatinic acid, anmoni um chl oropl ati nate,
am ne sol ubilized platinum hydroxide, platinumnitrate, platinumtetra
anmoniumnitrate, platinumchloride, platinumoxalate, palladiumnitrate,
pal adiumtetra ammoniumnitrate, pal hadium chloride, palladium oxal ate,
sodi um pal | adi um chl ori de, and sodi um pl ati num chloride. Generally, both
fromthe point of view of econom cs and environnental aspects, agueous

sol uti ons 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

. o o S - v



[ 0085] 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 undeo 20h®s83El owi ng conditions. The reacti on tenpecatuse@onespst he
range fromof 125C to 350C, e.g., from 200C to 325C, from 225C to about
300C, or from 250C to about 300C. The pressure may range from 10 WO

2011/ 053365PCT/ US2010/ 022947 KPa to 3000 KPa (about 0.1 to 30 atnospheres),
e.g., from50 KPa to 2300 KPa, or from 100 KPa to 1500 KPa. The reactants
may be_ fe r r N S | oGI &t of

gr eat e?'fgt’ %gfﬁggéggﬁr@%%g? l,egsgt%gg%t?r@ t éhﬁl%glgrf%cg Ia?&gs?lclia%fi g&)ﬁ?ﬁ%@n 2500 hfl
and evesuntgrecttiis effectof aldilihg 4 sugporttmedifierof ranges the GHSV may range from
50 hr-1 to 50,000 hr', e.g., from500 hr4 to_ 30,000 hfl, from 1000 hr-1 to
10, oooh“ﬁh, D G ashast i Gataly 5 CpmpesiApn may foe@%fsepwdéma{%%magpect of the
process of this invention, thephydrRgenatd §Nois carried out at a pressure
just sufficient to overcome the pressure arﬂp’across the catal ytic bed at

t he GHBYeral: €1 thedkatialof hgugbetwher &:2iasd A3 ; load/ot Gi)ttheratis ©f vfx lnibgtveenpgrlessur es,

it bein derstood .t ha onsj der abl e pressure dy. .hrough..t he.reactor bed
iy bl g it CRbefiERL e BBt R 2B bEsg i Pl AR b 6 00 hr 1.
[ 0087] paddien ahd HRBiune 3 (1§ PlaGRAS HIE al @ uilng ShéHiudly $ra88 §prérefabiPire of
acetic acid to produce one nole of ethanol, the actual nolar ratio of

hydr ogédleates sushthat pagis droon 1 2Ado 1 288 vethrrcamgplcolasty sptisdyrvalpasst 100: 1 to

1: 100, I -1 t0.1: f.r 1 to 1:2, or from12:1 to 1:1. Mbst
prefer%%?%?mfﬁagﬁlb?g?&pﬁ fné S%?e’cﬁgc?rggpbé%’to acetic acid is greater than 4:1,
e.g., greater than 5:1 or greater (8h8n+195%) k)0088] Cont act or residence
time can also vary widely, deB&hding upgom suél®-Qariabl es as amount of
acetic acid, catalyst, reactor, tenperature and pressure. Typical contact

times [ooeSp ff @M @sg@ét%% ipBate®y coRdRRAOBRY VAuEEUTS, hal), pey ahdl alOpteferadlen a
catal yst systemother than a fixed bed is used, th preferred contact

]E i mes, chasen suphtthatet leasiptl’o fpﬁﬁlgécﬁ@aﬁﬁid, Gt at iqa@trﬁ(l\% or atdeapbB0%etbohids, e. ga,
0,3 0 . 0 : i i
o OB R Yol foda P TSR s RSS!

a enper at ur e € vaporil ze acetic

aci d cadetde whild 1ak ehag 496 bhthwastoRid isrohvidicdud alkasdsat Blogd prdidratigdher t h a
relatively inert carrier gas, such as nitrogen, argon, helium carbon

di oxi dBrospys copditiopgend vades of 30w % WsP:rda And h ateraeipeabby chorersaichihat 2t eagler at ur e
shoul d7h SR it & a¢ t gtg]em&%r%yfeg 9094, thdt 1808 A islcBhlerRBhoW Lhe dew
poi nt of acetic acld. 90 I'n parhcufar, using catalysts and processes
of t heethamsewhilé lesethian dfo ofithe acdicevil it avioreatbd e dkmesr & many émbeditieotsadi d

and fayorable selectivity, an roductivity to ethanol. For purposes. of the
pres enﬁ‘ei MRt ‘inéi?f}tlophé 1% éhﬁegoﬁv@?‘g io% ALY BRRA JPRIRESPIEseRt, FR g’&f"l_ eafB%ttﬂP% acid
i n thegleRd of BRlsupforf R4EtialiP fife 6PARRY Moiditdcid fiaR. acetic acid.
Conversion is expressed as a nole percentage based on acetic acid in the

feed. [0869D0In A0BBS GSRCT/thisooneysERR0f Thd cadlyit cPhprisesnver si on of acetic acid

(AcOH) is calculated from gas r Qg hy. (GC) data using the follow ng
equation: AcOH Cony. (9% =100* me(aﬁa a—‘f{l?(?%’gbbé’trean)-mml AcOH (GC) mol

AcCH ({vberirs{(})eam} y are between 3:2 and 2:3; and/or (ii) w and x are between 1:3 and 1:5. p and
z and the relative locations of aluminum and calcium atoms 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 ¢ 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
[0070] 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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[ 0092] For purposes of the present invention, the conversion nmay be at

| east 10% e.g., at least 20% at |east 40% at |east 50% at |east 60% at
| east 70%vorortosBawast 80% Although catal ysts that havePhirgis2@ony®asi ons
are desirable, such as at |east 80%or at |east 90% a |ow conversion nmay
be acceptable at high selectivity for ethanol. It is, of course, well
understood that in many cases, it is possible to conpensate for conversion
by appropriate recycle streans or use of larger reactors, but it is nore
diffic 5¥61, [ t

expr es%%z%@;?%ﬁgﬁﬁkgg@%d@%% eelglfg%ﬁ\%g%gﬁt[l Z’fiil' (S:d%gﬁl'ag% lg{woﬁou#'d be
under stingt 1tn|pant1%prbsenq N also dnsmmt}m the durffscerof aleeduppord éy siibktastiadly freeddpendent

sel ecti vi t and selectivity is j.ndependent frqm conversion. For
exanpl BCUVef YSBStT-Fi)? SHSTWhIFR S B%Wégﬁlbﬁt% versionaf g%agolclgmﬁéhx 1agetplg. et hanol ,
we ref Thud, Qs W@ 1Rl ﬂ%@f&hs %ﬁb@&iﬁieﬁt ke ﬁ%ce'é@%ncﬁ%rﬁ%ﬁ\(fbfu}és boy ‘%Ji '5&33'1”'9 q( Et OH)

is calculated fromgas chronmatography (GC) data using the fol [ ow ng
equat i end 7 prediratily @1¢ ¢hoS)n fech thaset Leas(t%)% afobe adetio 9did, evge pleast SMcalatmml C

gas. ol Br S Fsdey stob st elendr Whitelosf bebd?s PrBERTE ERTRL" " ™

sel ect covieyted @ Akiesyl ates of the catalyst is at | east 60% e.g., at |east
70% or at |least 80% As used herein, the term "ethoxyl ates"” refers

speci f 100411] y Acgondingly ovighouhbring bernddty, theess: mpdidiegiinn angrsrbilizeiipn af exidice.

Pr ef er ast 85%
or at ?@‘f? {t r@%&lﬁ?b‘%ﬁ%&éﬁ lﬁsetg ? ft%y% ?%l%kt lhfeélgittenﬁ'ltb 9?1?10\%5 Q[Qi‘é(i)oﬁl ?%OQT@?)M% esirabl e
t Od hav agimwdrﬁ@:llﬁéﬂs |hui?ﬁg etthruhd effect ah |oeu1n1ﬁmdﬁﬁ‘g sccxld smmgfs%nn@ohd ahlesup@bhian e,

an car n | OXI e se ect|V|t to these undesirapl e roau S, | ess
t han 46}3r agegr the %ﬁegt ?ﬁi&ﬁi@%ﬁabﬂ&é the shrtacsmakes fteogHpls to 2@1@1& &

anount n on

o avor afmortHERe i RISALAAR SndiofiblbTed! Gl “F%Pﬁ%%t?loﬂn DHEANERB0N 0T | ("
usual | Otdrfdaes baed onbkises imitieir midk stabiel valanceestate wald bsvelnderapOr fHessud®and
2011/0 33 [/ US 0 O/ 022947.0of the eti,c a assed .0 catalyst is
o TS BRI T Y Of Rt g non ToIRMIE pReainghhars preselmt e Sfude

Productyodifiers a&fp%ﬁdéd)mtahﬁmfsasﬁﬁi&ém@o sm%uﬁtbﬁet R0 YfRds préschit on Bk RaFRle,
formed during the hy dro%dnatl on based on the ki ram of catal yst used per

hour . pﬁthérsépmaiemlntl fnp@ﬁéeq@ﬁmm shm@hmwmngq Iptdoetigortian ty of at

| east f.. n Ki | r _hour, at | east
200" gr SOPBH AT YO il St IR AT S D, g e L8 E s Pitonf] o Cer o
of rangemge trdferspo ﬁxdpzmmg rdsistapce ffor aiah)ple 30 Emwfnng Ofrain0zrdwtH) @r@i Bondafy

et hanol per, kil ogram cat al yst per from 400 to 2,500 or from 600

to 2, obvgrafignanieraigpet éﬁf{eawg@ §15lﬁ°a"tl?i@§= B‘@&"edﬁfomﬁ‘&léﬁta}l@fﬁr ﬁtayr SERPRHES o
conver §{#8BePdhaf &th?n Qfreat least 10% a selectivity to ethanol of at
| east g‘IO% 3’% ) uct|V|ty of at |east 200 g of ethanol per kg of
cataly 8107919 r Gatallysis of theipestnt adveatidmbrg pasticnfatd Mal'yxtv anthe eensathyat,aatheethen a
conver si.on. of acet c amq}of at | east .50% a se CtIVI to et hi)%?l f at

| east 8Y9% “BP@EP‘E B¢ 1A Ysh S9atierie gmpogiol ‘&8%‘8{1?% OtE‘F?eFﬁt

pr Od UCHie&’éltsMothapadevlcéﬁstﬁe @e@ﬁyﬂs Qf th8ti@RAbn Bﬁt‘ferﬁlﬂy%e R)?ﬁl@(!l Wb Rﬂﬁleegou r
[0098] In another enbodi nent he invention is td a crude ethanol 'product
for mdswtpn@@ém&r@ﬂ to h@b@de Qemlleitsn heying eny OM@arcﬁm d%sh@msaamdlth@r od uct

pr oduc hydr ogena. Rrocess o ven bef ore any
B bse gyt PREIE RENARRE & e RAGRE Rl by il BE et stafe ) i)
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wt % from20 to 70 wt. % from28 to 70 wt.%or from44 to 65 wm.% Since
water is forned in the reaction process, water will also be present in the
crude et hanol product, for exanple, in anmobunts ranging from5 to 30 w.%
e.g., from10 to 30 wt.% or from 10 tg626 w.% O her conponents, such as,
for exanple, esters, ethers, aldehydes, ketones, al kanes, and carbon
dioxide, if detectable, collectively nay be present in anmpbunts |l ess than 10
Ww.% e.g., less than 6 or less than 4 wt.% In ternms of ranges other
conponents may be present in an amount fromO.1 to 10 wt.% e.qg.,



WO 2011/ 053365PCT/ US2010/ 022947 from 0.1 to 6 wt.% or fromO.1 to 4 w.%
Thus, exenplary crude ethanol conpositional ranges in various enbodi nents
of the i nwernbilg3mwse provided below in Table 2. TABLE 2 PCRURSE)1EDRMMNOL
PRODUCT COWPCSI TI ONS Conponent  Conc. (W.% Conc. (wm.% Conc. (Wm.%
Conc. (wt.9% Ethanol 15-70

Typically, the shapes are chosen empirically based upon perceived ability to contact the vapor
phase with the catalytic agents effectively.

[0073] 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 aétivity 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.

[0074] 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.
[0075] 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., Si0,. 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.

[0076] In apreferred 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 a 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.

[0077] 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.
[0078] 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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<10 <10 <6 <4 [0099] In a preferred enbodi nent, the crude ethanol product
Is formed over a platinunitin catalyst on a nodified silica support, e.g.,
nodi fi ed wDt2h11@ER6E3. Dependi ng on t he specific catal ystcans2@oocmpss
conditions enployed, the crude ethanol product nay have any of the
conpositions indicated below in Table 3. TABLE 3 CRUDE ETHANOL PRODUCT
COWPCOSI TI ONS Conmponent Conp. A Conc. (wm.% Conp. B Conc. (wm.% Conp. C

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.
[0079] 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.

[0080] 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(NOg),.

[0081] Inone 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.

[0082] As an example, PtSn/CaSiO; on SiO; may be prepared by a first impregnation of
CaSiOs3 onto the Si0,, followed by the co-impregnation with Pt(NH3)4(NO,), 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.

[0083] 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.
[0084] Typically, the catalyst is employed in a fixed bed reactor, e.g., in the shape of an
elongated pipe or tube where the reactants, typically in the vapor form, are passed over or
through the catalyst. Other reactors, such as fluid or ebullient bed reactors, can be employed, if
desired. In some instances, the hydrogenation catalysts may be used in conjunction with an
inert material to regulate the pressure drop of the reactant stream through the catalyst bed and
the contact time of the reactant compounds with the catalyst particles.

[0085] 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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2 8 10 [0100] The raw nmaterials used in connection with the process of this
i nvention may be derived fromany suitable source including natural gas,
pet r ol eurwvoconlos3tssonass and so forth. It is well knownPpCo/yseadoem4acetic
acid through nethanol carbonyl ation, acetal dehyde oxi dati on, ethyl ene

oxi dation, oxidative fernentation, and anaerobic fernentation. As petrol eum
and natural gas prices fluctuate becom ng either nore or |ess expensive,

nmet hods for producing acetic acid and intermnedi ates such as net hanol and
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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.

[0090] In particular, using catalysts and processes 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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[ 0103] Et hanol , obtai ned from hydrogenati on processes of the present

i nvention, may be used inits own right as a fuel or subsequently converted
to et hyl ewe 20hivisBess an i nmportant commodity feedstock a®Cirtusec@n/obm47
converted to polyethylene, vinyl acetate and/or ethyl acetate or any of a
wi de variety of other chem cal products. For exanple, ethylene can also be
converted to nunerous polyner and nononer products. The dehydrati on of

et hanol to ethylene is shown bel ow. WO 2011/ 053365PCT/ US2010/ 022947
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enbodi archthet splacHvity 1snedgq§nd¢m ﬁ@ndcwel;s@nofFour eamplesié A molw kmfithh, set forth
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art. I exanp procedures t he
pr epalr Sélbéll\fl@ffto\é&fahél{@t(om & gaﬁdu&tmbmxgasl chﬂ@ntahgrmgqe‘@ dafa usthigghé nvent i on.
Exanpl es
P following equation:
EtOH Sel. (%) =100* mmol EtOH (GC)
Total mmol C (GC)
—mmol AcOH (feed stream)

2
[0094] wherein “Total mmol C (GC)” refers to total mmols of carbon from all of the products
analyzed by gas chromatograph.
[0095] 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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Cat al yst Preparations (general) [0108] The catal yst supports were dried at
120C overnight under circulating air prior to use. Al commercial supports
(i.e., Siwd20rB2¥6swere used as a 14/ 30 nesh, or in itsporiusemnaloz®hape
(1/16 inch or 1/8 inch pellets) unless nentioned otherw se. Powdered
materials (i.e., CaSi3) were pelletized, crushed and sieved after the
netal s had been added. The individual catal yst preparations are descri bed
in detail below Exanple 1 - Si09-CaSi B(5)-Pt(3)-Sn(1.8) Catalyst
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suspengianas 6fel CaSi 08 200 WO 2011/ 053365PCT/ US2010/ 022947 mesh) was
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first adding Sn(0OAc)2 (tin aCetate, Sn(0Ac)Z from Al drich) (0.4104 g, 1.73
mol ) per heugied., kom0 me AG06 or Goml 69fto 2;000di | ut ed gl aci al acetic acid

(Fi she The m xture stirred for 15 m n.at roomtenperatur t hen,
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drop wise to 5.0 g of Si02-CaSi 3 support, in a 100 m round-bottoned
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st andi Bg at roomtenperature for two hours. The flask was then attached to
a rot of®%¥vaporator (bath tenperature 80C), and evacuated until dried while
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Sn(0Ac %0276 wE9a 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.,
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Al drich) (0.2040 g, 0.86 mml) to a vial containing 6.75 m of 1:1 diluted
glacial acetic acid WO 2011/ 053365PCT/ US2010/ 022947 (Fi sher). The m xture
was stirrwo 2borosissm n at room tenperature, and then, 0P83AG2@0(002986 rmol )
of solid Pt(NH3)4(NO33)2 (Aldrich) were added. The m xture was stirred for
another 15 mn at roomtenperature, and then added drop wise to 5.0 g of

Si 02- CaSi @3 support, in a 100 m round-bottoned flask. After conpleting the
addi tion of the netal soI ution, the flask containing the inpregnated

cataly f t ( f e.flask was
t hen a?{ ‘2@?&0 V&to;sro%t or- % ‘gttq%]rtl?‘ ﬁ%ﬁ%%’errg T t‘ﬁ%gg%?m%m%&@\l/acuat ed
]lcmti Ih dirigeslinhirioas sﬂqb@fdlmemtoﬂhdigvérh@nfak@@bwdmeelﬁaztlﬁmaale 2vas then dried
urt her overnig

t enperature program 25-3160C/ ranp 5ghgEeghm n; hold for 2.0 hours;
160-->500C/ramp 2.0 d(%émn hold for 4 hours. Yield: 5.19 g of tan-colored
material . Exanple 3 - CRUDEGGEHANOLIRGPUCECOMPOSITIONS113] Thi s cat al yst

was prepared in the sane manner Exa 1, wt e fol
material s: 0.26 g 9 ,_ as &h% ppomlfleréo%é;S m
(15 wt. % sol uti A . —S e PN :
020529(086mm| . o Yi
Exanple 4 - Si09 SHEE: Pt (1. -Sn(l ‘{0114] 7% cat af¥8 was pr epar ed
in the same manner &%¥%xanpl e 15 Qith th 3pollovab3%tart|h terials:
0.69 g of My(AcQ) adthersupport mbdifier: <103 g of €l | oi dal <4i 02 (15 wt. %

sol ution, NALCO, 0.2680 g (0.86 mml) of Pt(NH3)4(NO3)2; and 0.1640 ¢

0. 86 f Sn OA 2.. Yj.el S|025 t was .i rpr egnat ed
(0,56 b, hacheons ity i, Wit sledenel p o iRt e brer St BT R ang
then cgliglysesh 4 RodHREsilfes atpioRt, 8. n@&ﬁe@@f&@aé@3 @%én&h g BAtHY speti®d 15] The
Si 02- CaSi &(5) nodi fi ed catal yst spgport was prepared as descri bed in

Exanpl eatalystiind pregesicandititing smpleysd phe pende ¢thahelrproduct may dgraeiynef thtie

Si 02- ( h gxtl tes) with an aqueous solution containing
N114Re%§h§§%§@§(%@3qﬁégé?ﬂwm fagl?%Sol utions were prepared by first adding
NH4Re04( 0. 7237 g, 2.70 mmol) to a vi f‘JArlﬁlgl*D aining 12.0 m of delonized H20.

The m xture was stirred for 15 mn a tenperature, and 0.1756 g (0.76

mol ) of solid Pd( NCSCREDEEHANOE PRODECT €OMPOSITIONS! red for anot her
15 min at roomtenperature, and then added drop wise to 10.0 g of dry

Si 02- (0. 05) CaSi @3 _cat al yst SLfEfHBPtAl n a 10ePmHp- Bound bofoBwed 1 ask. After
conpl eting the adeg b Oeac.fit &) 4 04) gRnce Gt %4) ni ng t he

i npregnat ed cat al yEthaMS | ef t stZandl ng at roZﬁﬂterrper aturd5for two

mng starting
o600l | oi dal Si 02

mat eri al .

Acetic Acid 74 53 20
Water 7 13 25
Other 2 8 10

[0100] The raw materials used in connection with the process of this invention may be
derived from any suitable source including natural gas, petroleum, coal, biomass and so forth.

It is well known to produce acetic acid through methanol carbonylation, acetaldehyde
oxidation, ethylene oxidation, oxidative fermentation, and anaerobic fermentation. As
petroleum and natural gas prices fluctuate becoming either more or less expensive, methods for
producing acetic acid and intermediates such as methanol and carbon monoxide from alternate
carbon sources have drawn increasing interest. In particular, when petroleum is relatively
expensive compared to natural gas, it may become advantageous to produce acetic acid from
synthesis gas (“syn gas™) that is derived from any available carbon source. United States Patent

No. 6,232,352 to Vidalin, the disclosure of which is incorporated herein by reference, for
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WO 2011/ 053365PCT/ US2010/ 022947 hours. All other manipul ati ons (drying,
calcination) were carried out as described in Exanple 1. Yield: 10.9 g of
brown matwoizalosBeanple 6 - Si 02-Zn0(5)-Pt(1)-Sn(1l) [ O0PtéjuSeswdeem™d7 and
meshed hi gh surface area silica NPSG SS61138 (100 g) of uniformparticle
size distribution of about 0.2 mMmwas dried at 120C in a circulating air
oven at nosphere overnight and then cooled to roomtenperature. To this was
added a solution of zinc nitrate hexahydrate. The resulting slurry was

dried i dyal,! d 0G (>2:h ] . hen
cal o netimitle e SR L T Btk A Pembi MFL P ot PR Chakelofdy
di sti | Bedetvéfiteng anktlansDplbit] 8 1ake tagitabesstPdssodiAbd ditACIREgnetdtiondo0d név

dilute nitric acid (1IN, 8.5 m) The resulting slurry was dried in an oven
gr aduafqejic eidtnient eee sigroicqnily red@iged or lpsgelyeliminatedy AL} ophagif dhestyngas & yst

m xt ur g LG | i.fion, the
foll ovm&ﬁ,éﬁ%doﬁp&gﬁg%?lsghggl% gﬁ@hgggpo\%gﬁagdgﬁggﬁg rtéglzﬁ?ge .toﬁé‘gén%rré&&? nglrf%gr ative
[ 0118] Ayd¥3gdtia Sihidh(dvg thieh @SYd Brprddik} accifveacidat laradditionas aqetie peidethe lpyodess St

addi ng CaSi to.the Ti (2 catalys Anat ase, . 14/ 30 nesh)...s ort,. followed
by thgcabeiﬁq%g%weefo pekefsenetich Héaar'ﬁeﬁ*&m @n&?ﬁ@w@f}z thignieitienys _
SUspeng19m of 155 RardOParBRINY. R{Eﬁ%,?fﬁﬁ%‘t&ﬂb&& A0 NG ig?:o'}%o%te%fhe%e{cﬁ?bysm id

to 7.0 nl of deionized 1120, followed by the addition o )
col | oi tdi¢reBie) proyidss wim&habion theguoduitibCof mettiagolhysqameision ofasrbendceoesd f or 2

h at roomt rature and then added to 10.0. Ti 2 cat al yst support
(1) 207k R Aol ref Pkt e pedtom isimeprds- "o Ptef BeES 1 or 5 hour s,
t he mah@drbgdsifidtioR YARMNdANE br liguidr daftdREceot® agstiRtd bl 4 Pﬂ)cé@s gh2 @ich is
over ni ght under circul atlgg air and cal cination at 500C for 6 hours. Al of

t he Ti ggacasiadBednitbradditiongnatuergas setprngynibesisgasekhel syn gps Bgaavyartsd tosi ng
0.6711 73, . f \ L4104 : 0AC) 2
foll ovmm%&h(agl%leé%lrgggle% lP r%ec aﬁtebélé\{lrafégle%é '&%}céggﬁﬁg]l‘ h% r%étﬂ%i %%%S%%OEH%I S})?' 81Ifoigg 'E g(r:)ey

mat er i ahichExanpd wse8in Carmpedaai witke thi§ BildSjdardsGoted abovei $e dPrr, Unyted Statesur f ace

Area Silica. Powdered and neshed hig urity low surface area silica (100
g) of BaFRigNPpbalelldite Gpdeeiq sW’ilq?LfB? O5e  DasSER 0B ConVeFHEASF DIgRaS - 120C

torper oy BRTeatld AR Ra AL EI B ERL S AP R0 SO0 T BRI 1. 74

g) in eidlytle disdosucesadivchi¢tiate igofporyi@ Rereiy HHBEBSRET/ US2010/ 022947
[0102] Alternatively, acetic acid in vapor form may be taken directly as crude product from
the flash vessel of a methanol carbonylation unit of the class described in United States Patent
No. 6,657,078 to Scates et al., the entirety of which is incorporated herein by reference. The
crude vapor product, for example, may be fed directly to the ethanol synthesis reaction zones of
the present invention without the need for condensing the acetic acid and light ends or
removing water, saving overall processing costs.
[0103] Ethanol, obtained from hydrogenation processes of the present 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 —_— —_—
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ml). The resulting slurry was dried in an oven gradually heated to 110C (>2
hours, 10C/ mn.). The inpregnated catal yst m xture was then cal ci ned at
500C (6 hwornei1/&36ai n). Exanpl e 9- Conparative [0120] PrCZ)usam@@r29%n Hi gh
Surface Area Silica. Powdered and neshed high surface area silica NPSG
SS61138 (100 g) of uniformparticle size distribution of about 0.2 mm was
dried at 120Cin a circulating air oven atnosphere overni ght and then
cooled to roomtenperature. To this was added a solution of nitrate

hexah T ' I ' i ual |
neat edtVe ;o AFER iy h Lo ol b pBRAGY ) ofy Bl RUBRGHANZ 1Y
sol uti afltlmfse ?és?ﬁbéﬁjmmbéﬁcﬁigeaﬁpﬂibﬁmeﬂj.sjAﬂpp?licatcilbﬂ Nﬁdlzmelmmﬂ Ia|Sso| ution of
tin oxagl at.e (Al.fa Aesar) i ilute nitric acjd. T esulting slurry was
dried ?WPEFPWGI{IP-dﬁz?f%gﬁ‘ﬁytﬂﬁ@a@rs&omsmf f@@d_(s sisepCvhisherhercty, The _
il S o el A B e RO B P By SO AT e
pr epar dehylyatiomgiagilyesht Whele ey gedlitpha&gngt ipore Bametad &nt bestedbpst 0.6 mppamtbe

Si 02-(0.05) Al 203, ..Sud ] 14/ 30 h) .a crjbed in Ex | e 16. The
ot ol SohPREAEARp RS e At Tl e RSSO0 SR o6 56

ol ) hRrdentted| ZINL @Z8011¢ Xand% 2¥blilY.1 74016k KUk Aes@ibed 1ot exdGflld, ¢n &8.d. The
mxture was stirred for 15 nmat roomtenperature, and then, 0.3350 g (0.86

mol ) Bt 3ot PE3BR AR 200NGBY In Wet . dahd¥e d. 1307 nibg cotirstionef which prschefabry

anot he 1 tenperature, and then added drop wise to 5.0 g of
dry m&%é%gg%tg?gifgfgrgg%%rt (14/30 nesh) in a 100 m round-bottoned fl ask.

Al |l ot [ex05iani Phhddl intiyalsotbieyiised aa diet, dh phatataconicabsrogadts, icRAnud, s@fitizers,
described in Exanple 16. Yield: 5.23 g of tan-colored material. Exanple 11
- Conpardeesnation transpos qy soxsymtion. Bitlappl may also bpygrdeasaponrsg matetiddomi gh
surfac i . j rtyl S

i st 11 BBy bl Tahyae i Highot HofholC b lalip B, 1hBlBuSh By s,

at nosphaheseiel ncgdte, fanded hamgctbe pededsmfmoding ethgrel according Totht presentas added

oven qrianith e s FEleT trasa it sty s oetom el ol B5ul o50 i e
was adg@gﬁc%cﬁgwgd'hqga}%e %ﬁl&d‘%%@h?dri@%&l&ﬁ%?fﬂé%s) in distilled water and a

solution of tin oxalate a Aesar) ute nitric acid The resulting
sl ur ry[Q3886] dr i Bag inverdion ds/descabesinaleiajl tebawy withtreferehoCto numérous embatid@ents n. ) .

The i nat at al yst_m xt yr. t hen | gi.ned _at 500C (6 hours

100 m o E g et Bhe e B30 050 o hbat o gkt dinients

[ 0123] &iitBar the QRi¢il Bid &JopS bf i (ptesBt inVdition] L2 fordinfthesppehdddCdaisisPRAl be WAS
prepared as follows. A solution of 4.15 g (14.6 muol) of Ti{OCH(CH3)2}4 in
2- pr opksddily rparetfo these akrkaldiingthegtli se to 10.0 g of Si02 catal yst support
(1/16 j ext i : - . . | ef t
St andi 1307y TR ne faBpktBeThick M RAM QTR foh Blredific A34088 oo
usi ng eatalgsts emplypd imtherprddess of thisripemsibnr e 80C). Next, 20 nml of dei oni zed
H20 was slowy added to the flask, and the material was |eft standing for
15 mm The resul ting water/ 2- pr oparfX3MREs t hen renoved by filtration, and
t he addhfaiRPPRbaliiOndBendrgpeated two nore tinmes. The final material was
dried at I20C overnight under circulation air, followed by cal cination at
500C f BHO08] houkhs.camlyst sdppotie warOdxier B2 20%E evérnightaslet hisenlatinechir griorfd / Sn

metal | npregnation.uysin .671d. 3 _mol ), of NH3) 4( NO3) 2and 0. 4104 ¢
(1. 75 HRBr A SRt Sp B S Pl £ BB et e A T B a B g0 2TRUE, xampl o
1. i esithpe {1V18Ech o2fl/liack pellery) vhlek® nieRfbneDdthdtd@ee Powdered materials (i.c.,

CaSi0s) were pelletized, crushed and sieved after the metals had been added. The individual

catalyst preparations are described in detail below.
Example 1 — Si0,-CaSiO3(5)-Pt(3)-Sn(1.8) Catalyst
[0109] The catalyst was prepared by first adding CaSiOs (Aldrich) to the SiO, catalyst

support, followed by the addition of Pt/Sn. First, an aqueous suspension of CaSiO; (< 200
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Exanpl e 13 - Conparative [0124]Si 02-W3(10)-Pt(3)-Sn(1.8). The

W3- nodi fied silica support was prepared as follows. A solution of 1.24 g
(0.42 mMmoWD 201f1/0588d4) 6H2WL2040 n H20, (AMI) in dei oni ze#CHAG2(12422%4) was
added dropwi se to 10.0 g of Si 02NPSGSS 61138cat al yst support (SA = 250
n2/ g, 1/16 inch extrudates) in a 100 m round-bottoned flask. The flask was
| eft standing for two hours at roomtenperature, and then evacuated to
dryness using a rotor evaporator (bath tenperature 80C). The resulting

i al d d b
e e R 7 T S BB bbb gy
mat er i ledlt&@ﬁ;oi hemluwsedlldias 04 Q’B We?/oadolutirmr HQIEQIO)O TheSusp@nélo® wad stiyrddl. 73

nmol ) of Pt (NH3)4(NOG3)2 and 0.4104 of Sn(0OAc) 2 fall ow t he
pr oced{r@ hpdseatirpern tempsraturemdith 10 19«0@1% 1@2%\1@3@ SHPPIRYIR/ 3@rf@§ﬁh§/

{1 om £y anpreurign AR Grbdug, RKCERARAT (P2 Bl Mot s Y B0 ©

Et hanoﬂryﬁessd fodlowed by SlrGag at Y21°Cafveinightphnds circilating pie ahé saleiniaﬂicm @aS0eren ne

t he sel ect.ivi ty v t Q .et hapol in Table 0126] The
reacti o @ng‘pcﬁo 8 2%{5@: %@tﬁaakm t %%aﬁ?f%e %‘Hﬂﬁ%‘a{ 8‘[‘ the
reacto ng Hemage
conb nQ%q‘g’Es h%e??ﬂ%%‘?ﬁ‘%v%ﬁ%ﬂ B R P Ty
t enper addriah) (QafhbD‘lpg dsﬁmmow0|amlmn©mlmm6 Tablef4;1 dided gadalaceieapaid

cont ai 0 h 0 Q ac tic c d as in 4.
[0127) W dhalbrarbRyr S Sore R do Sniel st BRSNS B8 BN el Car i e
out by n@mdl) BEsoBd: Pt@\IHDI(BFDaW(AMQJh?] GergAided. G@n@ﬂﬁb&tﬁl&&ﬁbsvmhhd @cblerB{h%fTES

i oni zation detector (FID) and 2 ermal conduct i ng detectors (TCDs

used t mlanbnoywemmeraﬂ&camérﬁh@ asided gropavise t. 5-F o Si@nEali sHpportaia thu pped

\(lqmuggt ?B‘y: %gg@bg‘ glee%%(f?;('l E??‘Ig%%ll ;gal thﬂ:t d((% maceir@mgﬂ g(]fg %)é}(?z?gt te;O

Et hyl adeustled beehddedaoitls sletzk(gasmﬁs@wn whﬂdlrakaﬂhgthe flakk hﬁd:merygddyittﬁin'
Et hyl i dene cet at and Paral e. The md Ie chanpe S ed with
a TCD 8§ Hlerag Jpeen /%ﬁeroqomﬁ%etg}g& H%ap the Mgl ip fufign, t@béas\f@ioﬁw ﬂg% Cand

et hane; Jﬂagﬂe&&apgwllf%&% afl%g%nt\éhlhgraﬁlrg & t38%holR! %@\fﬁs@&ag%ﬁm and

was use quant i fy: i um I trogen; Met hane; and Car bon
nmonoxi deachfd k8idPe1 evaporator €ath tenmeratttee80PE), end eeasuatedrpstilgiriedivehilgisidvdy ent

compongs gt?ng re%agg t ”Flgen?ngt%gal was then dried further overnight at 120°C, and then calcined

using the following temperature program: 25— 160°C/ramp 5.0 deg/min; hold for 2.0 hours;

160—> 500°C/ramp 2.0 deg/min; hold for 4 hours. Yield: 11.21 g of dark grey material.
Example 2 — KA160-CaSiO;(8)-Pt(3)-Sn(1.8)

[0111] The material was prepared by first adding CaSiO; to the KA160 catalyst support
(Si02-(0.05) Al,O3, Sud Chemie, 14/30 mesh), followed by the addition of Pt/Sn. First, an
aqueous suspension of CaSiO; (< 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 KA 160 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.

[0112] 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

27



by spi king with individual conpounds and the GCs were calibrated either
with a calibration gas of known conposition or with liquid solutions of
known cormpowti/ess This all owed the determ nation of tireTrise@ong®4f act ors
for the various components. N<> 00 en V:>Ncf-ONOO t-- 00 00 00 OO NNct
cn 00 C t--00d-Ncnt--071-cnen qg:) kr) kr) .1. kr) N ONCI 000d-
t----+cncnt-- NNNNcr) cr) cn NV:> CD CD CD N kr) kr) k() kr) kr)
kr)kr) kr) kr) kr) kr) kr) kr) kr) kr) kr) N N NocoV::> ?0 VD V.") Noco

(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
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. The
flask was then attached to a rotor evaporator (bath temperature 80°C), and evacuated until dried
while slowly rotating the flask. The material was then dried further overnight at 120°C, and
then calcined using the following temperature program: 25—>160°C/ramp 5.0 deg/min; hold for
2.0 hours; 160—500°C/ramp 2.0 deg/min; hold for 4 hours. Yield: 5.19 g of tan-colored
material.

Example 3 - Si0,-CaSi03(2.5)-Pt(1.5)-Sn(0.9)

[0113] This catalyst was prepared in the same manner as Example 1, with the following
starting materials: 0.26 g of CaSiOs3 as a support modifier; 0.5 ml of colloidal SiO, (15 wt.%
solution, NALCO), 0.3355 g (0.86 mmol) of Pt(NH3)4(NOs3),; and 0.2052 g (0.86 mmol) of
Sn(OAc),. Yield: 10.90 g of dark grey material.

Example 4 - SiO, + MgSi0;-Pt(1.0)-Sn(1.0)

[0114] This catalyst was prepared in the same manner as Example 1, with the following

starting materials: 0.69 g of Mg(AcO) as a support modifier; 1.3 g of colloidal SiO, (15 wt.%
solution, NALCO), 0.2680 g (0.86 mmol) of Pt(NH3)4(NOs),; and 0.1640 g (0.86 mmol) of
Sn(OAc),. Yield: 8.35 g. The SiO, support was impregnated with a solution of Mg(AcO) and
colloidal SiO,. The support was dried and then calcined to 700°C.

Example 5 — Si0,-CaSiO3(5)-Re(4.5)-Pd(1)

[0115] The Si0,-CaSiOs3(5) modified catalyst support was prepared as described in

Example 1. The Re/Pd catalyst was prepared then by impregnating the Si0,-CaSiO5(5) (1/16
inch extrudates) with an aqueous solution containing NH;ReO4 and PA(NO;),. The metal
solutions were prepared by first adding NH4sReO4 (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(NO3), 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 Si0,-(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
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hours. All other manipulations (drying, calcination) were carried out as described in Example
1. Yield: 10.9 g of brown material.

Example 6 — SiO,-ZnO(5)-Pt(1)-Sn(1)

[0116] 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 (1N, 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).

[0117] In addition, the following comparative catalysts were also prepared.

Example 7 — Comparative

[0118] Ti0,-CaSi03(5)-P(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
Si0; (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,-CaSiO3
material was then used for Pt/Sn metal impregnation using 0.6711 g (1.73 mmol) of
Pt(NH3)4(NOs), 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

[0119] 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 (1N, 8.5
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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).
Example 9 — Comparative

[0120] 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

[0121] KA160-Pt(3)-Sn(1.8). The material was prepared by incipient wetness impregnation
of KA160 catalyst support (Si0O,-(0.05) Al,03, 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 ml 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(NOs), were
added. The mixture was stirred for another 15 min at room temperature, and then added drop
wise to 5.0 g of dry KA160 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

[0122] Si02-SnO2(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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[ 0129] Vapori zed acetic acid and hydrogen were passed over a hydrogenation
catal yst of the present invention conprising 3 wt.%Pt, 1.5 w.% Sn and 5
wt. % CaSi O3, as a pronoter on high purity, high surface area silica having
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The catal ytic performance, and
t/Sh 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: 11.98 g of

dark grey 1/16 inch extrudates.

Example 13 — Comparative

[0124] Si0,-WO3(10)-Pt(3)-Sn(1.8). The WOs-modified silica support was prepared as

follows. A solution of 1.24 g (0.42 mmol) of (NH4)sH,W1204 - n HO, (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,-WO; material was
then used for Pt/Sn metal impregnation using 0.6711 g (1.73 mmol) of Pt(NH3)4(NOs); 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

[0125] Catalyst of Examples 1-13 were tested to determine the selectivity and productivity
to ethanol as shown in Table 4.
[0126] 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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initial stability of Si02-CaSi G3(5)-Pt(3)-Sn(1.8) was eval uated at constant
tenperature (260C) over 100 hrs of reaction tinme. Only small changes in

cat al yst wenbharessssse and sel ectivity were observed over PCmas2@0/0ba9g7 of
total reaction tine. Acetal dehyde appeared to be the only side product, and
its concentration (-3 w.% renained | argely unchanged over the course of
the experinent. A sunmary of catalyst productivity and selectivity is
provided in FIGS. 4A and 4B. Exanple 17 - Catalyst Stability [0131] The
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FIG 6A, productivity in FIG 6B, selectivity at 0OCin FILG 6C and
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of acep i 250C and 275C surprisingly increased at CaSi 3 | oadi ngs
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and scope of the invention will be readily apparent to those of skill in
the art. In view of the foregoing discussion, relevant know edge in the art
and references discussed above in connection with the Background and

Det ai |l ed Description, the disclosures of which are all incorporated herein
by reference. In addition, it should be understood that aspects of the

i nvention and portions of various enbodi nents and various features recited
bel ow and/or in the appended clains may be conbi ned or interchanged either
in whole or in part. In the foregoing descriptions of the various

enbodi nents, those enbodi nents which refer to anot her enbodi nent may be
appropriately conbined with other enbodi ments as will be appreciated by one
of skill in the art. Furthernore, those of ordinary skill in the art wll
appreciate that the foregoing description is by way of exanple only, and is
not intended to limt the invention.
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11. The process of claim 10, wherein the support contains less than 1 wt.%
of alum num based on the total weight of the catalyst. 12. The process of
clai m 2, wbenainsdiche catal yst further conprises a secona#Cwaisadi0aeffier ent
fromthe first netal. 13. The process of claim 12, wherein the first netal
is platinumand the second netal is tin. 14. The process of claim 13,
wherein the nolar ratio of platinumto tinis from0.4:0.6 to 0.6:0.4. 15.
The process of claim 12, wherein the first netal is palladiumand the
second nmetal is rhenium 16. The process of claim 15, wherein the nolar
ratio of rheniumto palladiumis fromO0.7:0.3 to 0.85:0.15. 17. The process
of clapm 14, 19hesgli0 8. 8¢, al is selected fromthe group consisting
of copper, m iron, cobalt, vanadium tungsten,

pal | adjoan9] p! atdpotized dcatit Addand hpdrogemwermaged eser, a ydrogenition catalgstiofim

gold, and nickel. 18. The process of claim12, erein.the second netal is
or eseriiCPEESaH IBYRSAR COMPRFBHSOUYoEY koW 97 SR vb il eih BIOTRET Gt of
the C%i@i{l?gﬁg’é%n% seiid Qo3RG AL 0328 5F aﬂ&oxiﬁ%l? oG &8A Ah ngdla m 13,

wher ei n yst further conprises a third nmetal ditferent” fromthe
first mtidof bpdnademetagktic add of atwat pridfeed satefof 6108i gimiroIOvive d €0 seciimint He;r d

netal s select fromthe qgr C Lsting of | t al | adi

it herb GHRTLEESR A 3RStk B 2RRn T e Praf Tk o e, ER0KRagy ang,

cl ai m &svhes?i i 1410, kthbilidedWitabYd CaR0S Hemidrégenationdsidetic &fid Gadbaiked 4
wt.% based on the total weight of the catalyst. 22. The process of claim

1, whelnet mnaf 16 dagrs duggiopfat EEE Casing fieed hedicanideiops Feastpr gYstem o produce
hydr Ogﬁgf’ﬁw &Hanol, acetaldehyde, and ethyl acetate through hydrogenation and esterification

reactions in a typical range of operating conditions employing 2.5 ml solid catalyst (14/30
mesh, diluted 1:1 (v/v, with quartz chips, 14/30 mesh). FIG. 3A illustrates the selectivity, and
FIG. 3B illustrates the productivity 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 FIG. 3A and
FIG. 3B, it can be appreciated that it is possible to attain a selectivity of over 90% and
productivity of over 500 g of ethanol per kilogram of catalyst per hour.

Example 16 — Catalyst Stability (over 100 hours)

[0130] Catalyst Stability: SiO,-CaSiO3(5)-Pt(3)-Sn(1.8). The catalytic performance and
initial stability of SiO,-CaSiO3;(5)-Pt(3)-Sn(1.8) was evaluated at constant temperature (260°C)

over 100 hrs of reaction time. Only small changes in catalyst performance and selectivity were
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

[0131] 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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23. The process of claim1l, wherein the hydrogenation has a selectivity to
et hanol of at |east 80% 24. The process of claim 23, wherein the

hydr ogenawoOan11m&336a sel ectivity to net hane, ethane, andpcanisemnodezii de and
m xtures thereof of |less than 4% 25. The process of claiml, wherein the
catal yst has a productivity that decreases |ess than 6% per 100 hours of
catal yst usage. 26. The process of claim1l1l, wherein the acetic acid is
obtained froma coal source, natural gas source or biomass source. 27. The
propesgng]ph im31, further conprising dehydrating the ethanol obtained
during-t %Rﬁygrogenation to produce ethylene. 28. The process of claim1,

wher ei (0182 hylheegrhat 6ORxdnsplP 8 Wias prepdrddnvich Widfeesnt fiadigs af suppbe npalificrur e of
O S 000, SRS S0 8416, 7089 Ko 2 SO
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et hanohnd (v) 8102@8S8iOE(10)-B0l 553-Sn¢0.70 Hech Yatalyls) wacesed in hydrdgdnatisgacetioaeid f r om

ok e b e R L SO0 8 e a8V Bl

a 10:1 hydrogen to acetic acid molar feed ratio, (683 sccm/min of H; to 0.183 g/min AcOH).

The conversion is shown in FIG. 6A, productivity in FIG. 6B, selectivity at 250°C in FIG. 6C
and selectivity at 275°C in FIG. 6D.

[0133] As shown in FIG. 6A, the conversion of acetic acid at 250°C and 275°C surprisingly
increased at CaSiO; loadings greater than 2.5 wt.%. The initial drop in conversion exhibited
from 0 to 2.5 wt.% CaSiOs; 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.

[0134] 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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We Claim:

1. A process for producing ethanol, comprising hydrogenating acetic acid in the presence of a
catalyst comprising a first metal, a second metal, a silicaceous support, and at least one support
modifier; wherein the first metal is selected from the group consisting of copper, iron, cobalt,
nickel, ruthenium, rhodium, palladium, osmium, iridium, platinum, titanium, zinc, chromiuim,
rhenium, molybdenum, and tungsten and wherein the second metal is selected from the group
consisting of copper, molybdenum, tin, chromium, iron, cobalt, vanadium, tungsten, palladium,
platinum, lanthanum, cerium, manganese, ruthenium, rhenium, gold, and nickel, provided that
the second metal is different than the first metal.

2. The process of claim 1, wherein the first metal is present in an amount of from 0.1 to 25 wt.
%, based on the total weight of the catalyst.

3. The process 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.

4. The process of claim 1, wherein the at least one support modifier is selected from the group
consisting of (i) alkaline earth metal oxides, (ii) alkali metal oxides, (iii} alkaline earth metal
metasilicates, (iv) alkali metal metasilicates, (v} Group IIB metal oxides, (vi) Group IIB metal
metasilicates, (vii) Group IIIB metal oxides, (viii) Group IIIB metal metasilicates, and mixtures
thereof.

5. The process of claim 1, wherein the at least one support modifier is selected from the group
consisting of oxides and metasilicates of sodium, potassium, magnesium, calcium, scandium,
yttrium, and zinc.

6. The process of claim 1, wherein the at least one support modifier is present in an amount of
0.1 wt. % to 50 wt. %, based on the total weight of the catalyst.

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

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

9. The process of claim 1, wherein the support is selected from the group consisting of silica,
silica/alumina, calcium metasilicate, pyrogenic silica, high purity silica and mixtures thereof.

10. The process of claim 9, wherein the support contains less than 1 wt. % of aluminum, based
on the total weight of the catalyst.
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11. The process of claim 1, wherein the first metal 1s platinum and the second metal is tin and
wherein the molar ratio of platinum to tin is from 0.4:0.6 to 0.6:0.4.

12. The process of claim 1, wherein the first metal is palladium and the second metal is rhenium
and wherein the molar ratio of rhenium to palladium is from 0.7:0.3 to 0.85:0.15.

13. The process of claim 1, wherein the catalyst further comprises a third metal different from
the first and second metals and wherein the third metal is selected from the group consisting of
cobalt, palladium, ruthenium, copper, zinc, platinum, tin, and rhenium and wherein the third
metal is present in an amount of 0.05 and 4 wt. %, based on the total weight of the catalyst.

14. The process of claim 1, wherein at least 10% of the acetic acid is converted during
hydrogenation.

15. The process of claim 1, wherein the hydrogenation has a selectivity to ethanol of at least
80%.

16. The process of claim 15, wherein the hydrogenation has a selectivity to methane, ethane, and
carbon dioxide and mixtures thereof of less than 4%.

17. The process of claim 1, wherein the catalyst has a productivity that decreases less than 6%
per 100 hours of catalyst usage.

18. The process of claim 1, wherein the acetic acid is obtained from a coal source, natural gas
source or biomass source.

19. The process of claim 1, further comprising dehydrating the ethanol obtained during the
hydrogenation to produce ethylene.

20. The process of claim 1, wherein the hydrogenation is performed in a vapor phase at a

temperature of from 125.degree. C. to 350.degree. C., a pressure of 10 KPa to 3000 KPa, and a
hydrogen to acetic acid mole ratio of greater than 4:1.
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