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such as, for example, iron, platinum or ruthenium supported on a suitable catalyst

15 support optionally including one or more additional hydrogenating metals to form

acetaldehyde with high selectivity.

—- Background
There is a long felt need for an economically viable process to convert

20  acetic acid to acetaldehyde. Acetaldehyde is an important commodity feedstock
for a variety of industrial products. For instance, acetaldehyde can readily be
hydrogenated to ethanol, which in itself has wide variety of industrial applications
including its wide utility as a gasoline additive. Acetaldehyde can also be
converted to ethyl acetate by the Tischenko reaction or reacted with other

25  compounds to form other products. Currently acetaldehyde is produced by the
oxidation of ethylene, the Wacker oxidation of ethylene. Fluctuating natural gas
and crude oil prices contribute to fluctuations in the cost of conventionally
produced, petroleum or natural gas-sourced acetaldehyde, making the need for
alternative sources of acetaldehyde all the greater when oil prices rise. Thus it is

30  of interest to develop commercially viable routes to selectively hydrogenate acetic

acid to acetaldehyde.



The catal ytic hydrogenati on of aromatic carboxylic acids to produce
aromati c al dehydes has been reported in the literature. For instance,
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using a catalyst conprising zirconiumox de containing as an
essential conponent at |east one el enent selected fromthe group
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acid are provi %an 0.4 weight percent. It is further reported therein that the hydrogenation
reaction is conducted while maintaining the carboxylic acid or its alkyl ester at a
concentration of not more than 10 volume percent. Additionally, the only

20  example reported therein is hydrogenation of stearic acid to stearyl aldehyde.
Most importantly, the selectivity to aldehyde drops significantly even if the total
content of sodium, potassium, magnesium and calcium increases from about 0.3
weight percent to about 0.46 weight percent, thus rendering the process not
suitable for a commercial operation.

25

United States Patent No. 5,476,827 to Ferrero et al. describes a process for

the preparation of aldehydes by catalytic hydrogenation of carboxylic acids, esters
or anhydrides utilizing a bimetallic ruthenium/tin catalyst. The preferred
carboxylic acids are the a-B-unsaturated carboxylic acids with an aromatic back

30  bone or aromatic carboxylic acids. No examples of aliphatic carboxylic acids

including acetic acid are provided.



3 bone or aromatic carboxylic acids. No exanples of aliphatic
carboxylic acids including acetic acid are provided. United States
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25met al sel ecte romthe group tonsisting of iron, copper, gold,
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netal catal y%tﬁ@e%eé @8?@&“?%63?'{ fe° Eﬁ%’ﬁ%‘ consisting of tin, alum num
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From the foregoing it is apparent that existing processes do not have the
15 requisite catalysts to selectively convert acetic acid to acetaldehyde or existing art
employs catalysts, which are either expensive and/or non-selective for the

formation of acetaldehyde and produces undesirable by-products.

Summary of the Invention

20 Surprisingly, it has now been unexpectedly found that acetaldehyde can be
made on an industrial scale directly from acetic acid with very high selectivity and
yield. More particularly, this invention provides a process for the selective
formation of acetaldehyde from acetic acid comprising: hydrogenating acetic acid
in the presence of hydrogen over a hydrogenating catalyst comprising at least one

25  metal selected from the group consisting of iron, copper, goid, platinum,
palladium and ruthenium supported on a suitable catalyst support. Optionally, the
catalyst is further comprised of one or more metal catalysts selected from the
group consisting of tin, aluminum, potassium, cobalt, molybdenum, tungsten and
vanadium. More specifically, the catalyst suitable for the process of this invention

30 istypically comprised of supported ruthenium alone or in combination with tin or

iron; a supported iron alone or in combination with platinum or cobalt; or a



30 is typically conprised of supported rutheniumalone or in
conmbination with tin or iron; a supported iron alone or in
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or pal |l adi um copper (Pd/Cu), which can further conprise potassium

acetate. Also suitable catalysts are a qonbination of palladiunfiron
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limtation, silicag, alumna, calciumb5sili arbon irconi.a
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from gas

i5 Unless more specifically defined below, terminology as used herein is

given its ordinary meaning.

Typically, the catalyst metal loadings are expressed as weight percent of a
catalyst metal based on the total dry weight of the metal and catalyst support.
20  Thus, for example, one (1) weight percent of metal on a support means that one
gram of pure metal is present in 100 grams of supported metal catalyst, i.e., the

combined weight of support (99 grams) and the metal (1 gram).

“Conversion” is expressed as a mole percentage based on acetic acid in the
25  feed. The conversion of acetic acid (AcOH) is calculated from gas

chromatography (GC) data using the following equation:

mmol AcOH in (feed stream) - mmol AcOH out (GC)
AcOH conversion (%) = 100 * ——--
30 mmol AcOH in (feed stream)




chromat ography (GC) data using the follow ng equation: mol AcOH in

(feed stream) - nmmol AcOH out (GC) AcCH conversion (% --- 100 *
30mml  AcQ{oibioliegg stream 5 "Selectivity" is gXPi&sRRYEF 2
nol e percent basegﬁon converted acetic acid. For exanple, ? tﬁ’e

conversion is 50 nole % and 50 nole % of the converted acetic acid is
converted to acetal dehyde (AcH), we refer to the 5acetal dehyde
selectivity as 50% Selectivity is calculated from gas chronmat ography
(GC) data using the follow ng equation: nmol AcH out (GC) Selectivity
to AcH (% = 100 * 10Tota| mmol C out (GC) mml AcCH out (GC) 2
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converted acetic acid is converted to acetaldehyde (AcH), we refer to the
5 acetaldehyde selectivity as 50%. Selectivity is calculated from gas

chromatography (GC) data using the following equation:

' mmol AcH out (GC)
Selectivity to AcH (%) = 100 * ——mmrmmm e e
10 Total mmol C out (GC)
“e- - mmol AcOH out (GC)
2 .

wherein “Total mmol C out (GC)” refers to total mmols of carbon from all of the

15  products analyzed by gas chromatograph.

The reaction proceeds in accordance with the following chemical equation:

o O
- 2 ||
C + H20
CH - -
3 H
HiC OH
20
In accordance with the invention, conversion of acetic acid to acetaldehyde
can be carried out in a variety of configurations, such as for example in a single
reaction zone which may be a layered fixed bed, if so desired. An adiabatic
reactor could be used, or a shell and tube reactor provided with a heat transfer
25 medium could be used. The fixed bed can comprise a mixture of different catalyst
particles or catalyst particles which include multiple catalysts as further described
herein. The fixed bed may also include a layer of particulate material making up a
mixing zone for the reactants. A reaction mixture including acetic acid, hydrogen
and optionally an inert carrier gas is fed to the bed as a stream under pressure to

30 the mixing zone. The stream is subsequently supplied (by way of pressure drop)



20 I n accordance with the invention, conversion of acetic acid
to acetal dehyde can be carried out in a variety of configurations,
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cat al yst \é/nere acetic acid is hydrogenated to produce acetal dehyde.
Any suitable particle size may be used dependi ng upon the type of
react or, throughpdithpeghwarienememl supgosal fiarddenating catalysts kiowhao ghe

various netal  supporte h rogenat.n atal ysts kno one skilled
B e art canTEERaRLRS GRP ARG GHE e Re dsstE hBe BBt or m
acet al dehyde atélaliéigdp [romegﬁoceés dfliti§ irvBi@di it RiprdferrédSthRy 8¢ RYdregenhiiad

t he hydrogenati ng cat al yst enp %ed contains at |east one or nore

metal s sel ect¥alyFiesmn ?bﬁ'é cawams ah lsad ga¢ ot mar estals sefected Bomahe grgup g,
pl ati numlopakm@guugbaﬂ@n B he NN BB R b:ﬁﬁd% &cﬁﬂdtﬁeﬂﬁhﬁs@ﬁ&ﬁ&%ﬁ
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iron al one supPpRe bkide Hitkilicadtiatcdibtatio® BPfuthes @har@StirBbrl rut@ni@i #hd iron
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supported pal | adi um al one or “a conbi nati on of palladi um gol d (PcUAu)
or -pal | adi unrempipationdromand pletineh o¢ agombinatien Ofbmnﬁndwbaibﬂ@%mqsﬂrn

acetate. Al's 8n §gbﬁa%@ c%ta%?stt E\!;)b%&%ué}{ &s sfica° lgti)mﬂﬁ )}, 8&169 catalysts suitable in
20  the process of this invention include supported pailadium alone or a combination
of palladium/gold (Pd/Au) or palladium/copper (Pd/Cu), which can further
comprise potassium acetate. Also suitable catalysts are a combination of
palladium/iron (Pd/Fe), iron/cobalt (Fe/Co), copper/molybdenum (Cuw/Mo) or
copperfaluminum.
25
Typically, when bimetallic catalysts are employed it is preferred that a
suitable weight ratio of a combination of metals on a suitable support can be used
as a hydrogenating catalyst. Thus, for example, a combination of ruthenium and
iron (Ru/Fe), ruthenium and tin (Ru/Sn), palladium/copper (Pd/Cu),
30  palladium/iron (Pd/Fe) in the weight ratio of about 0.1 — 1 are particularly
preferred. More preferably, a weight ratio of RwFe or Ru/Sn or Pd/Cu or Pd/Fe is



pall adiumiron (Pd/Fe), iron/cobalt (Fe/ Co), copper/nolybdenum

(Cu/ Md) or copper/alum num 25 Typically, when binetallic
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J from 1 weight percent to about 20 weight percent, preferably 2 weight percent to
about 10 weight percent and most preferably 3 weight percent to about 8 weight

25  percent. Preferred catalyst support for iron is silica.

When bimetallic catalysts employed are two noble metals such as
palladium and gold then the metal loading of each of the noble metal loading is in
the range of from about 0.5 weight percent to about 20 weight percent, preferably

30 1 weight percent to about 10 weight percent and most preferably 1 weight percent

to about 5 weight percent. However, as already noted above, low loadings of



8 about 0.5 weight percent or 1 weight percent of each of the noble
nmetal s, such as palladiumor gold brings about optinmmcatalytic
effect in ﬁ@%ﬂﬂ(ﬁ?ﬁ?s of this invention. 5SVarious catalyst,SHRResES
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i nvention. Exanples of such supports i nrgl ude without any limtation,
zeolite, such as HZSM5, iron oxide, si"lica, alumna, titania,
zirconi a, magnesi um oxide, calciumsilicate, carbon, graphite and a
m xture thereof Preferred supports are silica and iron oxide. More
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i ncluding high surface area silica (NSA silica) as well as |ow
surface area silica (LSA silica). 15In another aspect of the process

erpl oyed 25 a cat Ao HplENbGRREMETRL BR) B 0S5 Rod e

di amet er of ahtalysssif tbmventidbnG Bxampiss ob sudisephor iadefeabikhoueamyl oyed
anong such zepl.ites arge the c st_supports. selected fromthe group
consi sti ng oﬁ‘%lag’rﬁe?]é@a su %Rﬁag,'ai%\'l‘z%brppf’éld% silif@. alupangy fitegiayziroppia,

The prepar at irfignediuh dk @R R fin MA@ droh, bpRiesald L8kt Herranpl e,
in United States Patent No. 4,018,514 and in Ml . Sieves Pap. Conf.,
1967, 78, Sodrefemehsuppoids are siigaand isgn exidpdNpreprefserbly, siligadsesed as a

25Zeol i teggX i i L: L e Uni . t .
2 882, 244 and S BeRphiiE inh HooB TR PIny bRl 1t 8 Sgt"g?’ﬁad'?goo@ﬂé ‘h’ap,
Vari ous zeol ithelsgkerdhezmuity ofsiligap thertrtterit &las aangpokin Aanious farine ofirt  f or
the catalysis_of chem cal, reactions. For .exanple,. United States ..
patent No, 3 copaelidl] a3lstiapfs dipors oy tsdisein this dmienfion wpfReimgigh
zeol i tes, chaudsdeardaztliitagHSAZHa) hewdlBM low surface area silica (LSA silica).

15 In another aspect of the process of this invention, any of known zeolite
catalysts can also be employed as a catalyst support. While any zeolite having a
pore diameter of at least about 0.6 nm can be used, preferably employed among

— such zeolites are the catalyst supports selected from the group consisting of

mordenites, ZSM-5, a zeolite X and a zeolite Y.

20
The preparation of large-pore mordenites is described, for example, in
United States Patent No. 4,018,514 and in Mol. Sieves Pap. Conf., 1967, 78, Soc.
Chem. Ind. London, by D. DOMINE and J. QUOBEX.
25 Zeolite X is described, for example, in United States Patent No. 2,882,244

and zeolite Y in United States Patent No. 3,130,007.

Various zeolites and zeolite-type materials are known in the art for the
catalysis of chemical reactions. For example, United States Patent No. 3,702,886,

30 of Argauer, discloses a class of synthetic zeolites, characterized as "Zeolite ZSM-



9 5", which are effective for the catalysis of various hydrocarbon
conver si on processes. The zeolites suitable for the procedure

of the invgpt be in the basic 5form in the part
i 2%) 1538 B 5}50@/004187
totally acl form or in the partially deal um nate (

Preferably, the zeolite catal yst suppor%hln t he process of the
present invention are in the protic for characterized as
"1-1-ZSM 5" or "H nordenite" 10 zeolites, whi ch are prepared froma
correspondi ng "ZSM 5" zeolite or "nordenite" zeolite by replacing

most, and gerserahicl arteffebaet forthe ehtaBR%0Phatdia h?@rtohﬂﬂﬁn &dnveRpnl atter
zeolite with hydrogen ions using techni ques well-known in the art.

These zeol i t P"e¢&EEF-ysts are essentially crystalline alumnosilicates
or in the neutral form a conmbination of silica and alumna in a well
defined crystalline 15 structure. In a particularly preferred class
of zeolite catal y§1hs zéditespuitpie &y tof probalurqofebeinyentoaeat boim the basic

about 10 Po o™ ihOE KA ALY O ER e Fem: Tl il o

supported onfeini.her silica 20 or iron oxide. A conbl nati on of
rutheniumand tin, iron alone or a conbination of platinumand iron,
iron and cobalt, iron and ruthenium and platinumand tin are

supported on a hi ghfaubly! the: zédme ééampﬁ%ﬁp;ﬁﬁ—ﬁa % ﬂrb@é’és@fth@bﬂ:@erﬁu“ ty,
hi gh surface area silica usingt procedures wel | known'in the art

or the procedHeB8oT E ihide paémfpm@@amﬁeezw aSOEHr&SMJﬁ'é@ -gwprdemital yst
supports |for g? h s are Mani a
and zi rcopn azp&lﬂéé M% éru%ﬁ&ggg@‘ 3?0 é]irgra kg*/Ie a#ez)h%leftr

conbi nati on Gmotdmmi’ezteahtecbatra;ﬂycsngmastea:gbgmemllyyt least eben 86% ofithdr t he
content of maj.h he wei ht rati o of

conbi nat i on. “FEFS Oﬁg'%zﬁte Oﬁﬁ%‘”&ggé g?’h‘top usipe tegfnegpies Péi?pﬁ@f’wﬁt'?gﬁ or

30 Pt/ Fe is hf. Theserzasige cél‘ﬁlyétb@t&esﬁbnhalljacr%staﬂ_xhél§Iunﬂ\ﬂftﬁﬂlcbﬁ§oi"\ﬁ‘ni thét
rati o of Ru/Sn, /Fe or /Fe. is. 0.1, the amount of_ ruthenium or
pl at i num Cannﬁgraé OfMg @ cqm f%‘ﬂ’f of silica and alumina in a well defined crystalline

15 structure. In a particularly preferred class of zeolite catalysts for purposes of the
‘present invention, the molar ratio of SiO; to A1, O3 in these zeolites is within the

ratio of about 10 to 60.

In another aspect of this invention, ruthenium is supported on either silica
20 orironoxide. A combination of ruthenium and tin, iron alone or a combination of
platinum and iron, iron and cobalt, iron and ruthenjum, and platinum and tin are
supported on a high purity, low surface area silica or high purity, high surface area
silica using the procedures well known in the art or the procedures further
described herein. Other preferred catalyst supports for platinum or ruthenium

25  based metal catalysts are titania and zirconia.

As noted above, the loading levels of a combination of two metal catalysts
are generally referenced with the content of main catalyst metal and the weight
ratio of the combination. For instance, the weight ratio of Ru/Sn, Ru/Fe, Pt/Sn or

30  Pt/Feis in the range of about 0.1 to 2. Thus, when the weight ratio of Ruw/Sn,

Ruw/Fe or Pt/Fe is 0.1, the amount of ruthenium or platinum can be 0.1 or 1 weight



10 percent and thus 1 or 10 wei ght percent of tin or iron is present
on the cat al yst support. Preferably, the weight ratio of Ru/Sn,

Ru/ Fe, @629&{0'351/459 is about 0.5, and thus the am“ntpcoffiusrzh'(}s%ﬁ-pwm

or platinumon the catalyst support can be either 0.5 or

percent and that of tin or ironis elth‘r’é{, one or two wei ght percent.
5 More preferably, the weight ratio of /Sn, Ru/Fe, Pt/ Sn or Pt/Fe
is one or 0.2. Thus the anpbunt of rutheni um or pl ati num on a support
is 0.5 one or two weight percent and that of tin or iron is also

0.5, one or tmemhhusmearqwengﬁtq;@r&%mlcﬁhbnnﬁlsﬂegbnt 6n maezatalyst
Simlarly, when a wei ratio of Ru/Sn, Ru/Fe or Pt/Fe is 0.2, the

amount of r utSHERATGRT rﬁ?ihfherwlﬁﬁati%‘éf RufppdiwFe RiSper BVEe isrbed-5,
wei ght 10per %ﬁauhu@we hodnk B Afhe or' pﬁatﬁiu}ab&{ thé ekt Jugg&t W @ Vither
oadi ng 1

per cent . e anount of t rreta ent on a
support is ndtS erel yeight peresat andthatmf;unlomwenus athenoret QI&WOMIghT percertte

Irggg?ngfo abo%rgpief%blghﬁh pergc%gﬁ%no g@%o&ukuépiéﬁ%?m é?ﬁ@%ﬁr dg%\sefjal
on the wei ghtTha$ tHehenothtipgattheniampd pldtidumas d/sup @ftﬁr(rgdmelihmdmé]ght

i npregnation can be carried out using any of the known nethods in the
art. Typi cal [P§reeRangthat phiin anjinen isglso %féogaarpwwaht@eww %&tﬁazoc

and shaped t%@ﬂd&l 1§§n@aﬁihﬂgrlf'\¥}?enqa' Wwhighiedd OMRil/Bn IREFE SNBAFQS
about 0.2 to 0.4 20 mm tion , the Supports nmay be pressed,

crushed and é)r?eﬁwmcbmhomﬁ\en@m @upi@m@mrr B atrtport. camhg 0 forone Weigbtn
met hods 1,9 S?%gsmta%o?m?egk&n RGRLI AL § 1\?@\9&@{&3}&&%3' ze distribution

can be errpl port's havi n w surface area, such
as, for exanple, alpha-alum na, 25t he nmetal solutions are added in

crices YnL1T oISt SRR e Rl S HPAGRORIL B9 °° 10

hydr ogenat i orritied &l thid igveisiet ahdicdnh@rpinahe fmgobf 4Vdus0.1 Repgt berdete
general |y bi taI I | Cbgi}(‘)ntal ni ng pl gtl num iron, rutheniumtin,
30r ut heni unt #PYH 10 BEsEt Aometabioading ofghout hMeight pRTeeRs iR aGowt Endi ng

to be bouygd mélg'hﬁﬁe&&ﬁ%ﬁééd onlthd Weigfl or@NEipbHALs RRGuTRlAreRAES aS a
pronoter netal and anot her
The metal impregnation can be carried out using any of the known
o methods in the art. Typically, before impregnation the supports are dried at 120°C
and shaped to particles having size distribution in the range of about 0.2 to 0.4
20 mm. Optionally, the supports may be pressed, crushed and sieved to a desired
size distribution. Any of the known methods to shape the support materials into

desired size distribution can be employed.

For supports having low surface area, such as, for example, alpha-alumina,
25  the metal solutions are added in excess until complete wetness or excess liquid

impregnation so as to obtain desirable metal loadings.

As noted above, the hydrogenation catalysts used in the process of this
invention are generally bimetallic containing platinum/iron, ruthenium/tin,
30  ruthenium/iron, iron/cobalt and so on. Generally, without intending to be bound

by any theory, it is believed that one metal acts as a promoter metal and another



11 netal is the main netal. For instance, in the instant process of
t he invention, of the above noted conbinations respectively,
platinum @dtRaml and iron are considered as mai n Mgl S b@loos187
prepari ng hydrogenation catalysts of this invention. The other
metals, tin with rutheniumand iron witfy cobalt, platinumor
ruthenium5 are considered to be the pronoter netals dependi ng upon
various reaction paraneters including, but not limted to catal yst
support enpl oyed, reaction tenperature and pressure, etc. The

cat al ysts nmaymétmlas theten=ot hvetal. pFampitarcenmithd imstastyabeeasoft the peemtinn, of
vanadi um nol Mb enun}] ghrogj um or_ zi c.lloTﬁe binmetallic é:at al ysts
are gener al | 75 M5P&GNSE SAPHAYAS ’%SPS%%}’F YERRHOY R MG RR: 87T UPRES) s
foll owed by dopdifgedatngalntdtaator @repadhehRiro@inalidd catdlpdtPdMElsSnvRMoR! SO
be prepared by co-inpregnation. In nost cases, the inpregnation nay
be carried oukthe@tengictats Hp withruthepivapangrijogyeth sabaisvrlztinugyey rgthsnigiher

sol ubl e s3| t%Imngiheaewbmbgamﬁatémaars@kﬁaﬁﬁgr@ggwﬂa&ﬂ%acﬁe& al so be

used. Exanpl es of other 15suitable netal salt I npregnati on

i ncl ude net alpaEtess meludimgabut mptiimitedio, catalitsh supprit émplayed.atactiort at e,
anmoni um et i.de, ni um hept anol yhdat e hexahydr ate,

net al aci ds, %sn&@%étg% ab‘éﬁ?%%‘%?’ce?%é’ cgg]hhs?slon&n‘f mg%ge ? %'gr Wﬁoﬁlg.{yﬁ%ﬁis in
one enbodi mentichods thnysen] vanaditiing molybidemen,i chrgmiian atethca hydr ogenat i on
catal yst wherein the catal yst support is silica or iron oxide with
rut heni um al one as the hydrogenation catalyst. In this aspect of the

i nventi ongt he met ghe bRAFAING cRhlystyhiRRh&HNE AMpreAReR ih FEsRPE Kath
wei ght percent to about twenty $20) wei ght percent, preferably one to

ten wei ght péPpearation§teposfollgied by dplige Hriecalomabion Yhe bimetailic grialrsnt .
| n anot her enbodjdrapR JaH ool iSO ' '

hydr ogenat i o%at al y;ptr ég\%er éft N lﬁeé%g?@' ylétmﬂgsﬁﬁ%gsr’ }[&( eﬁ}sﬂp geieglqlatgoél W h
iron al one adecheictpurwigmdtalontraesabijets, Howeven, sarimp etter eflublhsalts
invention the,metal | oadi Qf,.iron.can ran from 30.0one (1 i_ght
ber cent “to. st Bea PSRBTy St aPhee A i e S RRIG dr
wei ght pescerbitabiedmeabdaltp feefimprihatichlingedd metal @lalats)eicgh hydpekiient of
iron. 12 I n, anot her enbodi nept of thig invention, there is

provi ded a bR gridEmEiaLAsERAlE- BPMONUREMERhOHAR SEShASEMRPRMEA UM and

tin. Inthis hé}ﬁ@tﬁ@ﬁgb&%ﬁe hé@h{d@Nhk@Nacid) Such @8 GbMten®f acididh@tnU B Pihe
plati numis about 0.5 weight percent to about 2 wei ght 5percent and

t he 1-oadi ng bketin is about 2.5 wei ght percent to about 10 wei ght

20 Thus in one embodiment of this invention, there is provided a
hydrogenation catalyst wherein the catalyst support is silica or iron oxide with
ruthenium alone as the hydrogenation catalyst. In this aspect of the invention the
metal loading of ruthenium can range from one (1) weight percent to about twenty
(20) weight percent, preferably one to ten weight percent and most preferably one

25  to five weight percent.

In another embodiment of this invention, there is provided a hydrogenation
catalyst wherein the catalyst support is silica with iron alone as the hydrogenation
catalyst. In this aspect of the invention the metal loading of iron can range from

30  one (1) weight percent to about twenty (20) weight percent, preferably two to ten

weight percent and most preferably three to eight weight percent of iron.



percent. Specifically, rutheniunmitin or platinumtin |oading |evels
of 1/1, 1/5, 0.5/5, and 0.5/2.5 weight percent on silica can be used.

| n anot her weydamiipaRt of this invention, there is furthgirRael0Eed7 2
10hydr ogenati on catal yst wherein the catal yst support is high purity,

| ow surface area silica with a bi matallgc | oadi ng of platinum and
iron or rutheniumand iron. In this aspéct of the invention, the

| oadi ng of platinumor rutheniumis about 0.5 weight percent to about
2 wei ght percent and the loading of iron is about 4 weight percent to
about 10 wei ght percent. Speci fically, platinuniron or

rut heniumiron 15Ioad| (1, 1/5, 0.5/5, and, 0.5/2.5

wei ght percent on ﬁf‘%g%ﬁm%f’ ‘mqnb&féﬁﬁ?‘é?(’?@%rﬂéeéeéslﬂr?\? edc‘%a'i’imﬁéa“é&ed
O her pr ef er regisdiRehbSuinhnt finsor pEBAGH 288 tih N HTVRPEd 8Ptk RIS,
H ZSM 5, graphl tized carbon, zirconia, titania, iron oxide,

si | i ca- al uni rige leading af rithemiug pf platinem B@beutdnwhight per¢satiioabatt Hwveight s
i nventions t hefen a?lfiit/}gb[lbgtﬁﬁ%B{)ﬁ-}’is%gu % INELRATRAN! RS R Wéiknher ef n

the binetallic cata I'S I Ton-suppor on si
this aspect okrcehie Sﬁpnmﬁcﬁllyomthmhen/hoadphagnﬂrmﬂnalloa@lingﬂem of §/8, laj),out 12

ht t t f bout 3
(o B vt ght - 1eY-eant 0 G Seia Dhrri ST SR b WP [ ovel of 17.4

wei ght percent and iron Ioadlng 25l evel of 4.8 wei ght percent

supported on silica is conmercially avail able. In general by
the practice of tﬁ‘? @qthﬁgw{bp@ﬁienhgébqs(gn@ep@,(t;lgﬁe sdplesr ipyendedie

convert edot 0 1§8RE&a€l6h Mzﬂﬁyﬁtwﬁé?eﬁb/ tHE' cﬁﬁlﬂs%lﬁpﬁort s §1§ F&é Ry Gl oW shi¥fade?

acet al dehyde in qenera i 5 very high may be a 60 percent.
Under pr ef er g8 st @a&iwlm@ﬂmpadlmgf pl@w@m anddirgngorirsthenjnmend éngnt o

acet al dehyde Iﬁ{hlsaasﬁgét %ﬂhe\ﬁ'n;e)ﬁ 181; tﬁé logcgﬁ% %lQm%La‘ﬁ; oPftHe 1ugl} %rabHB[()e 59 0

preferably at a selfectivity suc as I"eas
percent . weight pﬂi’h@lt dmarbmat 2 M@rghoperamhnd:tmamadlmgsoﬂigmtlheboman aleygitt S
of th|$|nvent|o 0% a n.be . u 0% w,t h,

sel ectivity PEreen é? 3 odli ﬁ@ 3/51 p?rgeé{g.t gm ically, plat nuEn91ron or ruthenium/iron

15 loading levels of 1/1, 1/5, 0.5/5, and 0.5/2.5 weight percent on high purity, low
surface area silica can be used. Other preferred supports in this aspect of the
invention include H-ZSM-5, graphitized carbon, zirconia, titania, iron oxide,

B silica-alumina and calcium silicate.

20 In another embodiment of this invention, there is further provided a
hydrogenation catalyst wherein the bimetallic catalyst is cobalt and iron supported
on silica. In this aspect of the invention, the loading level of cobalt is about 12
weight percent to about 22 weight percent and of iron is from about 3 to 8 weight
percent. Specifically, cobalt loading level of 17.4 weight percent and iron loading

25 level of 4.8 weight percent supported on silica is commercially available.

In general, by the practice of this invention, acetic acid can selectively be
converted to acetaldehyde at very high rates. The selectivity to acetaldehyde in
general js very high and may be at least 60 percent. Under preferred reaction

30  conditions, acetic acid is converted to acetaldehyde at a selectivity of at least 70



preferably 70% and nost preferably 80% General ly, the active
catal ysts of the invention are the single nmetal or the binetallic

cat al ysts ¢ Haafiiidped herein. Mre specifically, a bi ngt@bdbdmoa187
catal yst 10containing rutheniumand tin, rutheniumand iron, p{ ati num
and tin, platinumand iron, and cobalt ]raBnd iron supported on silica
with a rutheniumor platinumloadings off 0.5 to 1 weight percent and
tin and iron | oadings of 5 weight percent and cobalt | oading of about
18 wei ght percent are preferred. In accordance with the practice of
this inventi qRrceBC@imere pedfetablaar HeelEtNIUP b Sekr 86 pB@eithtuéh Aak dayi0 at
15conversi ons of around 40% w th acetal dehyde selectivity of at | east
60% nore prdFEEbly selectivity to acetal dehyde of at |east 80% can
be achi eved. Sim|lar conversions and selectivities are achi eved
using zirconia, graphite or titania as a support and with simlar

| oadi ngs of rut henhgepnysrsern efiagetia 4aid uiingthe 2@akystd of divsinverdiondesicr i bed
above. O her t,al o e . I | MNGE i th
it neni umor 'R Ehd BB Bl GRS AR o Bt AT IR ", |
invention it prefembld70poasi thbst picderably 80%. hi gh | evel s of conversions in
the order of at |east 25% and high selectivity to acetal dehyde of 25
at | east about 80% using rutheniumor iron | oading of one weight

percent to about fde»ﬁ@ram%itgmctmesmets@Bth%iiﬁdeﬁﬂorpﬁreitﬁ@ﬁn@éhféﬁl 88the
catal yst supports. In this aspect of the invention, other preferred

catal yst supponeidllicsatelysi agdessribed hestinc Maspepecificelin jadimotallis sakyst
s\ 11 ca- al Y 48n@fineCAtieh M did o fltfeniurt dnd iron, pldiRuANARES pRGRET hodf
€ nyar og

the process of this invention, f enat’ion 1s carrl out at a
pressure j ustirogydrfd cobalhand imnospppertadent sigcapyitssuthentdmopr @atinnss t he

catal ytic bed. 5Th i.on be car.ried.out i.n the.va or

T 3 st at o erdles SO e Bs o oS8 ] rilo-Peb pEs HERP! pffere
reaction is aadcotedt leading of abbet Napeiphtporeat arRprbdriedn [ eqtpRlantdiigls may
be enpl oyed, for exanple in the ran gt#‘ﬁfg bout 250C fo ﬁlgout 350C,

preferably afftfRrasisser this myentiongacste cRonyFTisd usngdiys catplyst at

uncriticak tQohhgsisBaFhicind 0% WitDaleHRFERE! defocti Mty BRI 6090 more
super at nospheric 10 pressures may be enployed. In nost cases,

5 S y .
however, t he Ppifersblyseleglivityie apatalgehydn ofiptilgash@’% san broaghigygd of about 5
to 30 atnospheres absolute, nost preferably the pressure of reaction
zone is in the range of about 8 to 20 atnospheres absol ute. Although
t he -reacti on cons&medargonysrgonsfant yelectpgatesper achizived ofingeietone, graphite

or titania as a support and with similar loadings of ruthenium, platinum, tin, iron
20  and cobalt as described above. Other promoter metals can also be used in

conjunction with ruthenium or platinum as noted above.

In another aspect of this invention it is also possible to obtain high levels

of conversions in the order of at least 25% and high selectivity to acetaldehyde of

25  at least about 80% using ruthenium or iron loading of one weight percent to about
five weight percent on silica or iron oxide as catalyst supports. In this aspect of

the invention, other preferred catalyst supports include graphitized carbon, titania,

zirconia, silica-alumina and calcium silicate.



15 acid to produce a nole of acetal dehyde, the actual nolar ratio of
acetic acid to hydrogen in the feed stream may be varied between w de

limts, e.goh{@gpout 100:1 to 1:100. It is preferred M%Puuhhat
such ratio be In fhe range of about 1:20 to 1:2. More preferably, the

nolar ratio of acetic acid to hydrogen LF about 1:5. 20 The raw
materials used in connection with the process of this invention may
be derived fromany suitable source including natural gas, petroleum
coal, biomass and so forth. It is well known to produce acetic acid

t hrough net hanol dantahstlagpecoof thapricadsdé hysimvent ot athe bndrogénayibe ive

oxi dation, oxidative fernmentation, 25 and anaerobic ferpentati on and
so forth. As PBIEASUERR BIFIUR ALY SUificlRbIORNGEONE LsRIcsTBE ’%B(fﬁi?%‘it{;% :

met hods for paaHseibeg acetic acid and internedi ates such as met hanol
and carbon nonoxi de from al ternate carbon sources have drawn nore
interest. O particular interest is the production of acetic acid

fromsynthesis ga rJ f I

car bon sogrce. Un??gg%gggf%%§ggégﬁgﬁggﬁﬁg%ékéégvéggﬂi%ﬁ%fgg#%ﬁﬁh%he
di scl osur e ofvanty oficemslitions.o Ppderabledthb eraetion ibygarriell eneindles vdpor plesanpl e,
teaches a nmethod. of retrofitti a nethapol plant for the. 15 o
manuf act ur e 3{2’51%&0&{?1813 RS Wﬁeﬂﬂgxept {g’ﬁ 5"%“31%{%&?1 Gnep phakouf pR0°C

| arge capi t alio siasit S566s prefeadttd abidi DOEEO tg ab@it 310°0N THepréssmeVs @mefallg
acid plant are signifjcantly reduced or largely elimnated. Al or
part of the &PFYHE! lodhgrepeanamdispbrmorrber® HANDherS Tt HEYRENIsBicand
suppl i ed 0 r6RE RhPbe HAplbydP &%&Y@%ses?@p@%r,ﬁﬂé’ﬁfe@ﬁﬁ@ofLﬁ@l’é&?tri]%f e

then used to produce acetic acid. In addition to acetic acid,
process can a¥ilde bethgsangeobabmké th ol awepsphants abkolis, mpstipreferdblythe

connection w LS I 1L.oR.: Unj P 77
St ei nberg etP%%?%Qgfﬁ%a¥ﬁgébg%HSﬁ%Q%%%”ﬁéﬁéﬁﬁ‘B?bggﬁ%ﬁﬁﬁgggméﬁ%gides
a nmethod for the production of methanol by conversion of carbonaceous

e e e sy S
car bonacggus atiattepiodic 4 @oRUfatdialdelBideCRE Sct @A $ndMY el bBacsti€add to
pyrolized w nat ur al %as to formsynthesis gas. The

h_addi ti onal i /
syngas is CoIDBn %éf_é RETN mek Dasiresd betyecpevidalimimya hiliom akout
acetic acid. gfe tén?.IlE_@.dlt!ié KeRin3 BRI CRSt dsnmaﬂfa%%e iHe GhndTR¥ absit us ed

in connection with this invention as noted above.

— 1:20 to 1:2. More preferably, the molar ratio of acetic acid to hydrogen is about

1:5.

20

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,

25 and anaerobic fermentation and so forth. As petroleum and natural gas have
become more expensive, methods for producing acetic acid and intermediates
such as methanol and carbon monoxide from alternate carbon sources have drawn
more interest. Of particular interest is the production of acetic acid from synthesis
gas (syngas) that may be derived from any suitable carbon source. United States

30  Patent No. 6,232,352 to Vidalin, the disclosure of which is incorporated herein by

reference, for example, teaches a method of retrofitting 2 methanol plant for the



See also, United States Patent No. 5,821,111 G ady etal., which
di scl oses a process for converting waste bi omass through gasification

into synt hggl-s1083s48S Well as United States Patent No. g9&3ekhatiis7
Kindig etal., the disclosures of which 20are incorporated herein by

reference. The acetic acid may bejyaporized at the reaction
tenperature, and then it 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. 25

Al t er nat i vel ymarafastire obadetic acid vametrdf‘trtimg mmy:thbmlmlemedargeca;iit)al Qs

de product_ from th f a neth bonyl at t
of e ol ass SEENEA R AR G aPey RTCR BT B aRUOTRor

Scal es etal . reduted 8 BedeBsdlinginged WAITIGR phis of 1he Y@l Rtdekried fRinthy
reference. The crude vapor product may be fed 30directly to the

reaction zonddethnof Wé‘tl}%’éé‘&i’taﬂfirﬁ#@ﬂ@éﬂ a fFRAFSRRUNitHe recens G@pand 16
condensi ng t hgdaGeh ivhi@fid nRRdistd ﬁgﬁom@ Scdtic abRMPY h&tﬂueﬁ@{oearcenéa%vd ng

overal | processing costs. Contact resi dence tinme can al so vary
wi del y, depe ikl prgcaspom dlsche Bied td mbkelydaegeamhieit is ofilislg niconrmciioh
catal yst, ho&s]}l‘germgﬁature and pressure. Typical contact tines
range froma rac i'on"of 'a second to nore than several hours when a
catal yst systemother than a fixed bed is used with preferred

contact tines, at for_va e ons ween about 0.5
and 100 seconds. lljéFN% Yalrs @ate'{)ﬁ‘yé’ @%taiﬁ%@ “r”g Xl ‘gyétf O{RFOPHICEd bed
reactor eng. hefeid Bereihiane, fbviass @h@ﬂﬁatf&dh@pﬂ@auaronto@%ﬂvé{ﬁsr@ the
reactants, typically in the vapor form are lgasse over or through

the catal yst Conyeruen piaghopaccous matrigls spehascpilp poabmatyralegas apbbiomass
reactors, canyRg; el Haéb‘?(ﬂoesé ihcH8s Hyathe aglﬁcfl%%f SO Q140 Si rc||u1dt s

advant ageous to use th ydr ogenat 1"on cat ysts I n conjunction with
an inert mat @Mbanacﬁwsrmgmais@qmn amoemwmmldpsteim(pwolmghwltbal ance

e of the POSoeRRoREA BhS il AR Bt s SRet S roi B o iRehaR 2!
15 which may be carbonylated to acetic acid. The method likewise produces
hydrogen which may be used in connection with this invention as noted above.
See also, United States Patent No. 5,821,111 Grady et al., which discloses a
— process for converting waste biomass through gasification into synthesis gas as
well as United States Patent No. 6,685,754 Kindig et al., the disclosures of which

20  are incorporated herein by reference.

The acetic acid may be vaporized at the reaction temperature, and then it
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.

25

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 of Scates et al., the disclosure of
which is incorporated herein by reference. The crude vapor product may be fed

30 directly to the reaction zones of the present invention without the need for



In one of the preferred enbodinents there is also provided a process
for selective and direct formation of acetal dehyde from acetic acid

conpri si nGwo2RsANRiAgt i Ng a feed stream containing acet ig-@6dHostisis?

hydrogen at an el evated tenperature with a suitable hydrogenating
catal yst containing about 0.5 wei ght pegﬁent to about 1 wei ght
percent of platinumor rutheniumand about 2.5 wei ght percent to
about 5 weight percent of tin or iron on a suitable catal yst support.
Preferred catal yst support in this enbodi ment of the invention is
silica. 25  condensingtthé sceeiraeidian® ght@hdd HierePooRg Waitedf savingdveralient i on,
the preferred hydrogenati on catal yst contains about 0.5 wei ght
percent or ad@ﬂgsﬁﬁéc?ﬁﬁ wei ght percent platinum and about five (5)
wei ght percent iron or tin; or about 0.5 weight percent or about one
(1) weight percent rut heni um and about five (5) weight 30percent tin
or iron. In this epingatt aeresidericettime qanabesenovidely dependispuponsucht i s

preferred 1§7ha\‘$antaF1§ Wﬁ&&?@?ﬁoa@@a&@té aYgfsh%ea%[o? tkrﬁéﬁrﬁﬁﬁe L pf%erhBéed bed

and t he reaction 1s carri e ase usi‘'ng a fe
stream of ac eTymcaacmxnlacanmeh;aige@em a fradtion olﬁalsarond &mgereaﬁarﬁiwu’al Houi‘ﬂ

to 1:5 and at rature in t abau to 310C and at
a pressure of"” E ’LF tiﬁ?ﬁ%"‘?‘ﬁ”{g légfgge‘{ﬁ %ﬂgomt grefgresfpontact

at mospher es afif& &itiast BRGafd?PheRbALbnd, bBEvedh abRROSAAES 00 §ecbﬁdst he
range of 5about 0.5 and 100 seconds. The foll owi ng exanpl es

describe the procedures used for the preparing various catalysts

enpl oyed g the exaplas, MOLANGQLLAYo, dAnEIRIRYES RaELEDRTANARHL 1

wei ght percent rutheniumon Iron wder ed an Iron
oxi de (99 g) dfanghintaedipiparct fubk @vhsreztbe dhiastants pypicaly iofthavapot fodmanem

was dried at n él en_at nospher e aqver ni. gh nd
then cool ed tp]agsreggﬁrtoérrper tll#, é:gtg t’1 QY& SACtoTs, dsaéigas 15 3Y Edtiht tbecijl
reactors, can be employed, if desired. In some instances, it is advantageous to use
the hydrogenation catalysts in conjunction with an inert material to regulate the
15 pressure drop, flow, heat balance or other process parameters in the catalyst bed

including the contact time of the reactant compounds with the catalyst particles.

— In one of the preferred embodiments there is also provided a process for
selective and direct formation of acetaldehyde from acetic acid comprising:

20  confacting a feed stream containing acetic acid and hydrogen at an elevated
temperature with a suitable hydrogenating catalyst containing about 0.5 weight
percent to about 1 weight percent of platinum or ruthenium and about 2.5 weight
percent to about 5 weight percent of tin or iron on a suitable catalyst support.
Preferred catalyst support in this embodiment of the invention is silica.

25

In this embodiment of the process of this invention, the preferred
hydrogenation catalyst contains about 0.5 weight percent or about one (1) weight
percent platinum and about five (5) weight percent iron or tin; or about 0.5 weight
percent or about one (1) weight percent ruthenium and about five (5) weight

30 percent tin or iron. In this embodiment of the process of this invention, it is

preferred that the hydrogenation catalysts are layered in a fixed bed and the



15sol ution of rutheniumnitrosyl nitrate (Heraeus) (3.14 g) in
distilled water (32 ml). The resulting slurry was dried in an oven

gradual |y {eghffiiQe110C (>2 hours, 100G min). The i npreghatSdoonosis?
catal yst m xture was then cal cined at 500C (6 hours, 1Cm n?. 20

Exanpl e B Preparation of 3 weight percgpt rutheniumon Iron Oxide
The procedures of Exanple A were substantially repeated except for
utilizing a solution of rutheniumnitrosyl nitrate (Heraeus) (9.42 Q)
in distilled water (96 nl) and 97 granms of iron oxide. 25 Exanple C
Prepar at i on oradiongd efimiedomt tethe vapasphase usingla fied stiegmlofaceSigracicand Ar ea

Sili Powd d hi ' | ow surface area sil, ca (95
o) of uni for P oiheE i BEBRGA ebe R0 w7 A ARl oo,
120C i n an owdabad 200k NDC agen aghesosp befeactivnetontPiftthardgd bfdbout 8

cooled to roomtenperature. To this was added a sol ution_of iron
nitrate nonaﬁ9abéf 5 ﬁ?f?saﬁ%@% W{@e.c%m@‘)t time of fepctpnts:is [ bE "ANEESF (36
ml) . The rsesuhbitgs sadig0yse¥sdri ed in an oven gradual |y heated

The following examples describe the procedures used for the preparing

various catalysts employed in the examples which follow.

10 Example A

Preparation of 1 weight percent ruthenium on Iron Oxide
Powdered and meshed iron oxide (99 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
15 solution of ruthenium nitrosyl nitrate (Heraeus) (3.14 g) in distilled water (32 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).

20 Example B
Preparation of 3 weight percent ruthenium on Iron Oxide

The procedures of Example A were substantially repeated except for
utilizing a solution of ruthenium nitrosyl nitrate (Heraeus) (9.42 g) in distilled
water (96 ml) and 97 grams of iron oxide.

25

Example C
Preparation of 5 weight percent Iron on High Purity. Low Surface Area Silica

Powdered and meshed high purity, low surface area silica (95 g) of
uniform particle size distribution of about 0.2 mm was dried at 120°C in an oven
30 under nitrogen atmosphere overnight and then cooled to room temperature. To

this was added a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in



to 110C (>2 hours, 10C mn). The inpregnated catal yst m xture was

t hen cal cined at 500C (6 hours, 1C/mn). 5 Exanple D Preparation of
5 wei ght p&iocsittoridise and 0.5 wei ght percent rutheni um ofprritgboolusist vV
Low, Surface Area Silica Powdered and neshed high purity, |ow surface
area silica (94 g) of uniformparticle g ze distribution of about 0.2
mnmwas dried at 120C in an oven 10 under nitrogen atnosphere

overni ght and then cooled to roomtenperature. To this was added a
solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid
(IN 45 nml). Thgtilledsetari3gmil dheyesntimgahirgdwasndrisd iroareovegrgaatinally heated
heated to 110C The i nat ed. catal yst m xture
was then cal ¢ r}gg% &93'85{5’ l’%e%{l}} n}helff}pﬁ?g‘?)a ed?% fﬁtl'glx F@iagﬂﬁnand
cool ed nmat eriqlcingdst 80¥EA6 AodsSOCHAInRN of rutheniumnnitrosyl nitrate
(Heraeus) (1.57 g) in distilled water (16 ml). The resulting slurry
was dried in an oven gradually heated to 110C (>2 hours, 10C m n).
The irrpreg;natgglpgq)légl yst m xture was then calcined at 500C (6 hours,
1C mn). 20 anple E Preparation of 1 wei ght percent rutheni umand 5
wei ght perce Areparationcd S Weight pBreentitin and).S @ ¥ rugncH) ecadRhwder ed
and neshed hi t r e area 5|I|ca (94 g) of uniform
particle sufgﬁ]t ‘!V Q/rl’a%va§ §1 gat 0.2 Mmwas dried at 120C in an
oven under 25 nitrng.elaredtand)ﬁmklmﬂéugwlﬁrmygh\b/smmatemmmllm@teg) é¢fo room
tenperature. To thls soI rut heni u Ltros

i Urat o ( Hor 4BURYM pRSH S i uon of Fet Rt YA 1 T aLReR ng
slurry wag drin@ér diflogen aﬂﬁ@éphg’é@déﬁléh?vaﬂlﬂﬂéﬁébcﬂéli 1 106 teapcRiiesS To
10C/ mn). The inpregnhated catalyst m xture was_ then cal cined at 500C
(6 hours, 1Cithisps a tarﬁoyt@apéf/ﬁeaalaﬁ@hf@éﬁw) (et Drip diluigaitrig@eidd a
solution of I9NugHyp! ¢ frﬁ@se@um REAMOGAL Bribdhlf Hes Braliudifrefielo | flrc

distilled water (36" ml esutlngsurrywa I'n an oven
gradual |y hedP2Hours, ]I}j_@@u(l)>21" Hedmpregnated catalyst mixture was then calcined at

500°C (6 hours, 1°C/min). To this calcined and cooled material was added a

15 solution of ruthenium nitrosyl nitrate (Heraeus) (1.57 g) in distilled water (16 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

N hours, 1°C/min),

20 Example E
Preparation of 1 weight percent ruthenium and 5 weight percent iron on High

Purity Low. Surface Area Silica

Powdered and meshed high purity low surface area silica (94 g) of uniform

particle size distribution of about 0.2 mm was dried at 120°C in an oven under
25  nitrogen atmosphere overnight and then cooled to room temperature. To this was
added a solution of ruthenium nitrosyl nitrate (Heraeus) (3.14 g) in distilled water
(32 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). To this calcined and cooled material was added a solution of
30  iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in distilled water (36 ml). The

resulting slurry was dried in an oven gradually heated to 110°C (>2 hours,



19 10C¢ mn). The inpregnated catalyst m xture was then cal ci ned at
500C (6 hours, 1C/ mn). Exanple F 5 Preparation of 5 weight percent
iron and Iw@ehihsner cent platinumon High Purity, Low&uwidapfedsea
Silica Powder ed and neshed high purity, |ow surface area silica
(94 g) of uniformparticle size di strlb}glon of about 0.2 mm was
dried at 120C in an oven under nitrogen ‘at nosphere overni ght and then
cooled to roomtenperature. To 10this was added a solution of iron
nitrate nonahydrate (Al fa Aesar) (36.2 g) in distilled water (36 ml).
The resul tingl8Cminy Tiesmprdgesated catalpstonieturgvadithen talcihebitesd0t@(6110C
(>2 hours, 1&%m 21)/ gﬁe i npregnated catalyst m Xxture was then

cal ci ned at é: 1 mn). To this calcined and cool ed
material was added a sol ution of platinumnitrate (Chenpur) (1.64 Q)
in distilled water (16 nml). 15The resulting slurry was dried in an
oven gradual Igﬁﬁw-éd to 110C (>2 hours, 10C/ min). The i mpr egnat ed

catal yst mi xtpjLe L: 3l t..9 - ! .-nEXanpl e
G 20 >I;repar?r atlgtfénrevM Eﬂcgﬁqmﬂ &) Q% ' s gt hcent

tin on High MLM&Mea S| i ca Povvdered and meshed

high purity, |ow area .Si.li of. uni form ticle size
di stribution of ab%g)ufjgﬁg rrén"\fgéed&lﬂg%e%&'i*' l%égfﬁcﬁ it SBVEK&{JWOOEL

ni trogen at mmiﬂaﬂii gamvlersmeglihmmdnfohﬁiﬁbu@Oerﬁd vtra@ dh@@ﬁ‘ﬂ 120PQ e &t dieg. TO.
25 this was added asolutlo %E.ll numnitr (Chempur) (1.64 9g)

in distill ed rHtQEEs af'H“?sP 8°¥1 bndofenygo 'idrf°69<cé’[1§tn@e(%“ﬁaTAesar)
(8.7 @) i dithivtaas ﬁddeﬂ'a(‘soﬁ{ﬁbﬂ of tbh nlfﬂﬁteﬁmﬂhﬁ(ydraw@qn’faeﬁb&a%) c(jl_?sz%*)mry was

dried in an oven gradua eated to 110C (>2 hours
i mpr egnat ed @a%tlélpﬁg%tenﬁ&rm)e Tharesuliag skuay vasdeiedin ama@l(g@dhdbr I@ated

18 mn). 204 110°C (>2 hours, 10°C/min). The impregnated catalyst mixture was then
calcined at 500°C (6 hours, 1°C/min). To this calcined and cooled material was
added a solution of platinum nitrate (Chempur) (1.64 g) in distilled water (16 ml).
15 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 G
20  Preparation of 1 weight percent platinum and 5 weight percent tin on High Purity,

Low Surface Area Silica

Powdered and meshed high purity, low surface area silica (94 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

25  this was added a solution of platinum nitrate (Chempur) (1.64 g) in distilled water
(16 ml) and a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid (1N,
43.5 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).

30



Exanple H Preparation of 1 weight percent palladium 1 weight
percent gold and 5 weight percent potassium acetate on Hi gh Purity.
Low SurfacgoMfidnslssi €@ The procedures of Exanple D wWerg-rus2o00004187
substantially repeated except for 5utilizing a solution of/ pa (a Ium
nitrate (Heraeus) (2.17 g) in distilled,pyater (22 m), a solution of
gold(l111) hydroxide (Alfa Aesar) (1.26 %Swand pot assi um hydr oxi de
(0.28 g) in distilled water (10 m ), a solution of potassium acetate
(Sigma) (5 g) in distilled water (10 m) and 93 grans of silica. The
catal yst was Bempdditli al |y i npregnated first with palladi um and then
wi th gold ano 10pot assi u Exanpl e Preparation
Of 1 V\Bl ght gL pcIcen Ratle l Spwelg tght

per cent POt At A6Eb el bRk Lobolrfius WEESificea Si i ca
15The procedures o anpl'e D were substantralTy repéated except for
utilizing a sol utildw resceguies atiExamme Drwgre sybstantiallpsiepgapediexcept fom
distilled natep. : i op. Ktrate.tni
(Afa nosary (igngse Blukion 3¢ plladhinguale (BRRED (5" Ty kllc bt 2
pot assi um acenbfesolBiogrmdgoldBI ) hydroxidic §A1fh lAesialr)l\amirg)(aixﬂ) pﬂiazsil?ﬂd 89 ]
ranms of silica. The talyst .was se nt| al N egnat e irst wt
go copper ancf‘y?FPé‘hJ]ev&O?% ggéﬁ/ %&%‘y%rﬂ’ ai‘?‘fgwpﬂ)a?lsg}%ﬂ?ﬁﬂi?g?sé’é@} et at e.
Exanpl e J Pr ggaindd) (9p) afdistileewghr (ehDend 9P ghnadifylcanthScaaly@htas
percent copper on Carbon The procedures_of Exanple D were )
subst ant i al | yefystaleimpsanaisd iy wittopalladinp and thenavidh geld pd figally with

pal | adi umqi tydsGuintiRE@gus) (2.17 g) in distilled water (22 ), a
solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in

distilled water (20 m) and 94 granms of carbon. The catal yst was
sequential ly gnpregnated first with copper and then with palladium

n 1T,

AE

Preparation of 1 weight percent palladium. 5 weight percent copper and 5 weight

percent potassium acetate on High Purity, L.ow Surface Area Silica

15 The procedures of Example D were substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled water
— (20 ml), a solution of potassium acetate (Sigma) (5 g) in distilled water (10 ml)
and 89 grams of silica. The catalyst was sequentially impregnated first with

20  copper and then with palladium and finally with potassium acetate.

Example J
Preparation of 1 weight percent palladium and 5 weight percent copper on Carbon

The procedures of Example D were substantially repeated except for
25  utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled water
(20 ml) and 94 grams of carbon. The catalyst was sequentially impregnated first

with copper and then with palladium.

30



21 Exanple K Preparation of 1 weight percent palladiumand 5 wei ght
percent iron on High Purity, Low Surface Area Silica The procedures
of Exanpl bstantially repeated except for 5ut

solution o pigﬁrgéﬁﬁm nitrate (Heraeus) (2.17 g) in di sltdlq: ezg@\';(\gﬂespr[
(22 M), a solution of iron nitrate nonfpydrate (Al fa Aesar) (36.2 g)
indistilled water (30 m) and 94 granms”of silica. The catalyst was
sequentially inpregnated first with iron and then with palladium 10
Exanple L Preparation of 5 weight percent iron and 5 wei ght percent
cobalt on Hi dfxabiplé Ky, Low Surface Area Silica The procedures
of Exanpl e Dlyvere sub tant| aIIy rep a,ed eé et f utilizi n_
sol ution of i 0a g pRlcantpz gt perggntarg

distilled | spigy. q@“(@fagg)%relﬁgg ut i on of cobal t nitrate hexahydrat e
(24.7 g) indistiTTed water (25 ni) and 90 granms of silica. The

catal yst was sequéibeipzicequrenpf Expmnlel ware substantisily mmat@ﬂrmkccméw with
cobal t. r

we ght " per contiizlie 33qliiEhBE BhisfaPhiaeBlo ARl RES F BT FIRRTbafth 22

The procedur asl)af soE)tmrqmtf éroﬁ)niﬁmacsubﬁiram {(AHh IAy:sar)eqséat ©dn el whter
utilizing a s o) f L... ate trjhydrate fa Aesar)_ (19 g)
in distilled (%F@)r“‘@fg nggs G T shelyet Wi ﬂ‘ﬂ%ﬂé@l%ﬁlﬁ?&ﬂ gte
hexahydr at e (vstfglm)m{d&h&l\zﬁgbauaﬂlmstl |l ed water (65 nl) and 90 gr ans
of silica. The catal yst was sequentially inpregnated first with

copper and then with nol ybdenum
10 Example L
Preparation of 5 weight percent iron and 5 weight percent cobalt on High Purity.

..-"'..l

Low Surface Area Silica
The procedures of Example D were substantially repeated except for
utilizing a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in distilled
15 water (30 ml), a solution of cobalt nitrate hexahydrate (24.7 g) in distilled water
(25 ml) and 90 grams of silica. The catalyst was sequentially impregnated first

with iron and then with cobalt.

Example M
20  Preparation of 5 weight percent copper and 5 weight percent molvbdenum on

High Purity, Low Surface Area Silica
The procedures of Example D were substantially repeated except for

utilizing a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled
water (20 ml), a solution of ammonium heptamolybdate hexahydrate (Sigma) (9.5
25 g)indistilled water (65 ml) and 90 grams of silica. The catalyst was sequentially

impregnated first with copper and then with molybdenum.



22 Exanple N Preparation of 5 weight percent tin and 1 wei ght percent
rut heniumon H gh Purity, Low Surface Area Silica The procedures of
Exanple D antially repeated except for 5Sutili

solution o tzlﬁln(ﬁ}g%{sate (Alfa Aesar) (8.7 g) in dilute li(%’"l??slzgwglgfl 7
(AN, 43.5 m), a solution of rutheni umﬁgtrosyl nitrate (Heraeus)
(3.14 g) indistilled water (32 m) and ™4 grans of silica. The

catal yst was co-inpregnated with tin and ruthenium 10 Exanple O
Preparation of 1 weight percent palladiumon Iron Oxide The
procedures ofEaxaieoNe D were substanti aIIy repeat ed except for
ut|I|Z|ngasqut|Qn paIIadlumnltr 2.17 g).in
distilled watlgepara - ok riZ < FHOH-ES utheriumyon High

Chr onat ogr aphp,&; @Q“ag\ﬁfa)éghgeaoglh ahe Product s The anal ysis of
the products ‘was carrred ou y online GC. A three channel conpact GC
equi pped wi t h one Thepmeedwes ofdtiampleiPtwease subsieptiably rapaited exhept fiex
conducting d n 0
broduct s, SrnarprinfeSolinBtafBRdEEhn A<0bRs/E b e SRAL ANEE £
(20 m + V\axﬁﬂa,pa dofutioh o@nithnmumndromlumem{metqy@wm $in dbdtiedlvdehyde

(,Iilh gnol 25Acegfm?) N%tE?q grarrallsc g 1ca \éhg cataﬁf(s:te\%z?stc% 1E~fp?élgnat%8 w1t%tt1%1 a'?\l%Et e

ruthentum.

10 Example O
Preparation of 1 weight percent palladium on [ron Oxide

The procedures of Example D were substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml) and 99 grams of iron oxide.
15
Gas Chromatographic (GC) analysis of the Products

The analysis of the products was carried out by online GC. A three
e channel compact GC equipped with one flame ionization detector {(FID) and 2
thermal conducting detectors (TCDs) was used to analyze the reactants and
20 products. The front channel was equipped with an FID and a CP-Sil 5 (20 m) +

WaxFFap (5 m) column and was used to quantify:

Acetaldehyde
Ethanol
25 Acetone
Methyl acetate
Vinyl acetate
Ethyl acetate
Acetic acid
30 Ethylene glycol diacetate
Ethylene glycol



30Et hyl ene gl ycol diacetate Ethylene glycol 23 Ethylidene diacetate
Par al dehyde The m ddl e channel was equi pped with a TCD and

Por abond Qygohimisaesand was used to quantify: CO2 Et hylgheyshddangsiO
The back channel was equi pped with a TCD and Mol si eve 5A col unm and

was used to quantify: Helium 15 Hydr ogeﬁl% Ni t rogen Met hane Carbon
nonoxi de 20Prior to reactions, the retention tinme of the different
conponents was determ ned by spiking with individual conpounds and
the GCs were calibrated either with a calibration gas of known
conposition or w tEhylidgne diasebtat i ons of known conpositions. This
al l onwed the deter 'neiéi og of the response factors for the various
conponents. 25 Exarfpiachyde

The middle channel was equipped with a TCD and Porabond Q column

5 and was used to quantify:

CO,
Ethylene
Ethane
10
The back channel was equipped with a TCD and Molsieve SA column and

was used to quantify:

Helium

15 Hydrogen
Nitrogen
Methane

Carbon monoxide

20 Prior to reactions, the retention time of the different components was
determined by spiking with individual compounds and the GCs were calibrated
either with a calibration gas of known composition or with liquid solutions of
known compositions. This allowed the determination of the response factors for
the various components.

25
Example 1

The catalyst utilized was 1 weight percent ruthenium on iron oxide

prepared in accordance with the procedure of Example A.

30 In a tubular reactor made of stainless steel, having an internal diameter of

30 mm and capable of being raised to a controlled temperature, there are arranged



The catal yst utilized was 1 wei ght percent rutheniumon iron oxide
prepared in accordance with the procedure of Exanmple A 24 50 m of

1 wei ght pgigcRifoitds heni um supported on iron oxi de. Thepd@nghddmaiish he
catal yst bed after chargi ng was approxi mately about 70 mm Prior to

the reaction the catal yst was reduced ig situ by heating at a rate of
2C/mn to a final tenperature of 400C. ‘hen, 5 nmol % hydrogen in
nitrogen was introduced to the 5 catalyst chanber at a gas hourly
space velocity (GHSV) of 750011-1. After reduction, the catal yst was
cool ed to rea®mbef I weight mreentrutfen B0 Sippyrtedor iroruoxide.t Fiee lgagh of tw of

Ctani |1 zed arcuebt HeRirog RS b b b /e cud GafRecten

follows. 10A theedallystGuisdedied SR by hostingss anite af 2YC/ain @eHlat aci d.
The reaction feed |iqujd was_evaporated and charged to the_ reactor

al ong wi t h hy@megairadid 09er-i Uifnas melédpiogen uritrgeanvaginiadirad o the
conbi ned gas Ja&qa{)sk mla%nﬁi:@tavgxls%ﬁﬂysﬂamcigﬁ@wo@@@@h*.ugﬁelat a
d C. e

t enper at ure of out 350 he resulting f str'eam cont al ned a nol e
percent of aceductionchelcdialyshvead covlediotPadtionstoparata’ 3 abyt ¢tnatitdingol e
percent of hy, 4% 1 Q. t ~(1%, A jon of th
vapor effl uentﬂ ¢ g%g%p‘)%égg]é%%?{g%réﬁf"ﬁa&glgggg%ﬁ'r cc))rlrlé %lﬁrr%a%ﬁgé %r%lpggagfr%/& & of
t he cont ent s stdbilizee ae3 S0 Oaht Bydrigematiel efcicktid dcyd tvas bepah ab dbyde was
60% at a conversion of acetic acid of 50% 20 Exanple 2 The
catalyst utilized was 5 weight percent iron on silica prepared in

accordancg W t h t hefid ngeidw=s comphcdrmiatifly JhRetld R THereation Fted
forth in Exanple 1 was substantially repeated with an 25 average

conbi ned gas lyis Vi egnerated andehargediteticyyacier Aomgopidt hdsegenaad heltyeam
of the vapori i j | Giraed

rati o of 5) aat§%gal?%ﬁ%éeﬁ%%lga%%%%p&%g%#ﬁélkggﬁsﬁggggggﬁsg% fuent
i s passed t hrabog2580 hesataHempatg efiphobtGS0%Mh al kesiesnltig fehd stemant ent s of

the effluents, ty] i 510N S 9% an ta) dehyde
selectivity \iclaoggg%%g%%%g T‘:rg%rtrgf %C%ggg&a fidrh %ﬁ)éu %g °atpfg?lﬁﬁlﬁ i%a}? %%%\?vas
0.5 wei ghts pendle pércentioliapdrogendiivgn aboueil g¥it to pBHWQ TN, tA Pordion SF thieG@por
prepared in %? 1%rn \%Qsc gas\s/\édttnroglghe a ggsoc%?grlrjxgtgglgfph %%nngllysels Ic:))f the contents of
the effluents. The selectivity to acetaldehyde was 60% at a conversion of acetic

,,,,,, acid of 50%.

20 Example 2

The catalyst utilized was 5 weight percent iron on silica prepared in

accordance with the procedure of Example C.

The procedure as set forth in Example 1 was substantially repeated with an
25  average combined gas hourly space velocity (GHSV) of 2,500 hr'' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C. A portion of the vapor efﬂilent is passed through a
gas chromatograph for analysis of the contents of the effluents. The acetic acid
conversion was 75% and acetaldehyde selectivity was 70%.

30



5The procedure as set forth in Exanple 1 is substantially repeated
wi th an average conbi ned gas hourly space velocity (GHSV) of 10, 000
hfl of thewhesflifgam of the vaporized acetic acid anGdysa8%0116512
to acetic acid nole ratio of 5) at a tenperature of 250C and at a
pressure of 1 bar. A portion of the va(i&%r effluent is passed through
a gas chromatograph for analysis of thecontents of the 10 effluents.
The acetic acid conversion was 4% and acet al dehyde sel ectivity was
91% The other products forned were ethane (1% and et hanol (8% .
Exanpl e 4 Example3 The catalyst utilized was 1 weight percent

rut heniumand 5 wei ght percent /15irgon on silica %r epar ea in.
accordance with tH&€spBEReedasd s wsght percent ruthentym 35d go¥igite as

t forth i MBSy ANk '
set forth in jexapilforlsiMBopreptRad ﬂ%%@% Wl Bidctutlo ety BOC

conbi ned gas hourly space velocity 0 hrl1 of the feed
stream of the vaporized acetic acid and hydrogen (H2 to acetic acid

nol e ratiQ of 205 e - 4 QN . or
ef fl uent i(gs passeé-h? hf%ﬁg’%gggggeggé%lwp %{r}r{ﬁ ggerqalﬁﬁblgsgirntt]gﬁ)éfe%?tés&%*t“?ﬁe
contents of taheragd dmisnddsgas Tberlageté celadiyd GHEW)afI0M00 hs' 35 &rd

acet al dehyde sel ectjvity is about 70% L Exanple 5 25The cat al yst

0t 1 zed was SECHIBPLIE PR Ao apifanPatians: (et ART5ar CamLe FBiPton
High Purity, SEXQW{ fetipbRtfe 6f 20°Clahd 6@ RERRRIET Hal AGRaidhasTeR: Wipbh t he
procedure of a The procedure as_set forth in Exanple

le F.
1 was subst asffugn SS%?@%&F@&M 878 chrematp gARB farRnabisifst erogtestsipd the y
space velgcCi %Yfgfeﬁ;gﬂe Qheti® aefdofberQbn BJa&%gﬁﬁ a étﬁl@@@d@fselg&gglgac%gr I zed

acetic acid an rogen (H2 to acetic acid nole ratio o at a
t enper at ur e Gl ¥B350:€ otlred peadugts forasd iyese etharle (b)) and\ethanal i(8).of t he
vapor effluent is passed through a gas chromatograph for anal ysis of
the contents of the effluents. The acetic acid conversion was 65% and
acet al dehyde'Bsxehektd vity is 60% The other products formed were
car bon di oxi de (G%q1 and et hi){.l d’;lcetf;lt e . .

e catalyst utflized was 1 weight percent ruthenium and 5 weight percent

15  iron on silica prepared in accordance with the procedure of Example E.

The procedure as set forth in Example 1 was substantially repeated with an
average combined gas hourly space velocity (GHSV) of 2,500 hr™* of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of

20  5) at a temperature of 300°C. A portion of the vapor effluent is passed through a
gas chromatograph for analysis of the contents of the effluents. The acetic acid

conversion is 35% and acetaldehyde selectivity is about 70%.

Example 5
25 The catalyst utilized was 1 weight percent platinum and 5 weight percent

iron on High Purity, Low Surface Area Silica prepared in accordance with the

procedure of Example F.

The procedure as set forth in Example 1 was substantially repeated with an
30 average combined gas hourly space velocity (GHSV) of 2,500 hr™' of the feed

stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of



5(9% . Exanple 6 The catal yst utilized was 0.5 wei ght percent
pl ati numand 5 wei ght percent tin on silica prepared in accordance

with the pgecH ¢49f Exanple G 10 The procedure as sefcdiabiddoblis
Exanpl e | was gﬁgsf‘anti ally repeated with an average corrcblﬂgl)sred gas

hourly space velocity (GHSV) of 2,500 hpsl of the feed stream of the
vapori zed acetic acid and hydrogen (H2 to acetic acid nole ratio of
5) at a tenperature of 350C and at a pressure of 1 bar. A portion of

t he vapor 15 fluyent is ed through a chromat o h for

anal ysi s of thgB 3‘%?‘8?1%”8&?%@3#]’?ag%fi“.re ‘%ﬁi\”aéce?? 'o'égtirtgg‘éa(?ﬂ(/er si on
was 85% and aceffhkstddydedsiebehtal pas thromasgrigidfor abhlysiobhube copandiod tis
formed were nethane (.49 nd ethyl acetate, (99 . | e 7.20The
catalyst uti |1 sEnetssr edaRiePier g o R Fi BY

cont ai ni ng 17. 40%eiTghdthgraratant fambévtreamtonldiBxide{6gé)tanpahylandtate r on on
silica. The prg&,;)dure as set forth in Exanple 1 is substantially
repeated w th n‘aver age conbi ned gas hourly space vel ocity (GHSV) of
2,500 lucl of the feed 25stream of the vaporized acetic acid and
hydrogen at a emper at ure of 350C. A portion of the vapor effluent is

passed thr ough-a—g%s—chr omat ograph for analysis of the contents of
the effluents. The Heehialysagilidedowas\Dek seight persend platibund &% Sawmelght percent

acetal dehyde s %L 5% El'llyaf ];rgpa.\'e%l inz a%%rd%lg)ce V%t?l the procedure of Exampie G.
10
The procedure as set forth in Example 1 was substantially repeated with an

airerage combined gas hourly space velocity (GHSV) of 2,500 hr' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor

15  effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 85% and acetaldehyde selectivity was

65%. The other products formed were methane (4%) and ethyl acetate (9%).

Example 7
20 The catalyst utilized was a commercially available Co/Fe catalyst

containing 17.4 weight percent cobalt and 4.8 weight percent iron on silica.

The procedure as set forth in Example [ is substantially repeated with an
average combined gas hourly space velocity (GHSV) of 2,500 hr'! of the feed
25  stream of the vaporized acetic acid and hydrogen at a temperature of 350°C. A
portion of the vapor effluent is passed through a gas chromatograph for analysis of
the contents of the effluents. The acetic acid conversion is about 65% and

acetaldehyde selectivity is 75%.
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Exanpl e 8 The catal yst utilized was 1 wei ght percent
pal |l adium 1 wei ght percent gold and 5 wei ght percent potassium

acetate on“@johﬁﬁ_‘ﬂgepar ed in accordance with the procepé‘f/ﬁsz%ymousv
Exanpl e H. The procedure as set forth in Exanple

substanti aIIy repeated with an average .Pnbl ned gas hourly space
velocity (GHSV) of 10,000 hfl of the feed stream of the vaporized
acetic acid and hydrogen (H2 to acetic acid nole ratio of 5) at a
tenperature of 250C and at a pressure of 1 bar. A portion of the
vapor 10 effl|Ewaniplé & passed through a gas chromatograph for analysis
of the contents of_the ffI ezﬁé The cetlc acj d_conversion was 5%
and acet al dehyde Fhecaalsst vyizgadions. tm@erapﬁ'é%dwo’dwag LReSTRed

were ethane (gl)?@ arf v elgRERQtent Betés@um Eé&?é@!)r?srﬁca preged mdtoddrSice with
utilized was wei ght percent Ea adium 5 wei ght percent copper and

5 wei ght per dbﬁpmp@tua%@f ate on silica prepared in accordance
with the procedure of Exanple |I. The procedure as set forth in

Exanpl e 1 was substantially repeated with an 20 average conbi ned gas
hourly space vel oclitepr¢o@iiBv)as et fdh BidEkahiple bfva:*. hﬂssthﬂtﬁllysrtp@&u@@fh zirhe

5 ar o tempdvERes BN SLEE Y s pPubLERE Yro B FAS LR R o

the vapor ef fstre@nbf il vapased atdiiceuBiung @a@gah&grtawarc&afa héle rafadfysi s
of the contents of the effluents. The acetic acid conversion was 2%

and acet al deh) @2 €Bperayrg pf PG end gt apressyge of bt Adiortiprefilbs vaner med
was et hang (2#p%ht is %Emm%}%é&%&@é@%f aﬂawstém Yhgents HRhONt

percent palladiumand 5 wei ercent co on carb prepared in
accor dance wieffuentse The @e@mﬁcpﬂ @mv@marrpvae 53’0 alﬁ'ﬂh@a\dﬁhwbdglﬁetl\a@ veast

forth in Exal’gg!:s%. Tw&h&%galﬁ&tfoﬂ’héywér%%&%gﬂ )ﬁ'a%a eftfnol (0.5%).

Example 9
15 The catalyst utilized was 1 weight percent palladium, 5 weight percent

copper and 5 weight percent potassium acetate on silica prepared in accordance

with the procedure of Example 1.

The procedure as set forth in Example 1 was substantially repeated with an
20  average combined gas hourly space velocity (GHSV) of 10,000 hr™' of the feed
strearn of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 250°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 2% and acetaldehyde selectivity was

25  97.5%. The other product formed was ethane (2.5%).
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aver age conbi ned gas hourly space velocity (GHSV) of 10,000 VI of the
feed stream of t he vaporized acetic acid and hydrogen (H2 to acetic
acid nole (?I“ ) at a tenperature of 250C and at ap@fESeii8sRF 1
bar. A por e vapor effluent is passed through a gas

chr omat ograph for anal ysis of the contengs of the 10 effluents. The
acetic acid conversion was 1% and acet al'Uehyde sel ectivity was 97%
The ot her product fornmed was ethane (3% . Exanple 11 The
catalyst utilized was 1 weight percent palladiumand 5 wei ght percent
15iron on si |Eeapd gpared in accordance with the procedure of Exanple
K. The procedure as set forth in Exanple | was substantlall

repeated with an é'(}’ércaljgsh‘éiﬂtﬂeﬂé‘@sééﬁ%‘"%ﬁ?ﬁcwté’ﬁ%@éﬂmé{‘ .weg/gh(tmsw of
10, 000 hi® ofcohhe ofn%%oﬁ?;%amdqﬁ aéaaﬁaaxa@@&rthae r@&eﬁfefof@&m R

hydrogen (H2 t0 acetic a nole ratio of at aterrperature of
250C and at a pressure of 1 bar. A portion of t he vapor effI uent |s

passed through . ois fAIRLEH AN LOFAR Y 3hesRlabheh SOLE 5l

the effluénts. (e aC| conversi o
selectivity \m&ag@%mﬂ'hm gﬁshﬁnrlps]mdaeélmﬂtgo(rmwvyﬁn@ (E)Uhmhefﬁh@f&% and
et hanol (3.6%. ata{ st utjlized was

wei ght peree re?%Bﬁ“E’grYgE '?ﬁé@@ﬁ'{caﬁ@r@gg’é’d@gﬁ‘b tBﬁceéiclqc@é”?J'Fé?}&’r%fd in

accordance W Btﬁfé&p@fa@ﬁ@@ﬂﬂﬁ)"@fangé eSsuke of 1 bar. A poktih GIItREPer € as
set forth in nF e 1 was substantially repeated vvlth an 30 average
¥y

conbi ned gas Shbisnt i pagred élvowbwwh{meram fon gnabiiy ofithegontants gfdbey
stream of h%fﬁ@og%f 'ﬁ%qc&&%ioc oﬂ%rgloﬂ% %d%'%%%&aﬂikﬁycfe%el%&:ﬂl ng?sc' d

nol e ratlo of enper at ureo at” a pressure of 1
bar. A porti &?VofThdmhar@pmﬂuceffOﬁhc:ewasttbarpa(é%ed t hrough a gas

chromat ograph for analysis of the contents of the effluents. The
acetic acid conversion was 11% and acet al dehyde sel ectivity was 95%
The ot her pr adaeipk flormed were et hane (1% and ethanol (4% . 5

USSR e
procedur gsof uléhmllﬁsalprepﬁ&-ﬁhﬁ aloRGAELNAR AR 6dedhRIdFExbRApl@m™l e | was
substantially repeated with a
The procedure as set forth in Example 1 was substantially repeated with an
average combined gas hourly space velocity (GHSV) of 10,000 hr'! of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
20 5)at a temperature of 250°C and at a pressure of 1 bar, A portion of the vapor

effluent is passed through a gas chromatograph for analysis of the contents of the

effluents. The acetic acid conversion was 9% and acetaldehyde selectivity was

96%. The other products formed were ethane (0.6%) and ethanol (3.6%).

25  Example 12
The catalyst utilized was 5 weight percent iron and 5 weight percent cobalt

on silica prepared in accordance with the procedure of Example L.

The procedure as set forth in Example 1 was substantially repeated with an
30  average combined gas hourly space velocity (GHSV) of 10,000 hr™' of the feed

strearn of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of



aver age conbi ned gas hourly space velocity (GHSV) of 2,500 hrl of the
feed stream of the vaporized acetic acid and hydrogen (H2 to acetic
acid mol e gtdhQyRige) at a tenperature of 350C and at apdyESHMR1@RF 1
bar. A portion of the vapor effluent is passed through a gas

chromat ograph for analysis of the contepts of the 15effluents. The
acetic acid conversion was 75% and acetal dehyde selectivity was 70%
The ot her products formed were nethane (4% and carbon di oxide (3% .
Exanpl e 14 The catal yst utilized was 5 wei ght percent
copper and 5 &)atgmng@menfzﬂﬂCrmebdpmm@of IShdri @opopticpefithélvapor
accordance wt es\érogedur of Exa le M, The f{?rocedure as seft
forth in Exarfiuent fzssed diey £ B35 QTP pRARL 9T o the
conbi ned gas dMenky ﬁﬁ%@&lcva%i@@dnwrs{o%\sf)lwa‘ana,aﬁas’ld defaéle&tm fvegd
stream of the vaporized acetic acid and dro%en (1- to acefic acid

mol e ratio of?3%2% Bhe qtherprodugisdpmmad wers ethgno(d? r?édathaaoliﬁf’r%ésure of 1
bar. A porgion of the vapor effluent is passed through a gas

chr omat ograph for analysis of the contents of the effluents. The
acetic acid dexauplsilon was 10% and acet al dehyde sel ectl vity was 90%

h h d h d
Beampl o 15 Tk geBe B Bor S iy et B8 oGS VB bRpenteobalt”

r ut heni um andcnSilwaipgdpargdan e@ntdantdwith tisd ﬂrb@auw@maﬁglelm accordance
with the procedure of Exanple N. 5The procedure as set forth in

Exanple 1 was substantially repeated with an average conbi ned gas

hourly space vel oqink rdcEipths &t ferttPREMnpRS 1 %Q@sufbﬁﬁlﬂla(fl&rr@;ﬁemeﬁfwﬁ%

vapori zed acetic acid and hydrogen (H2 to acetic acid lI'e rati o of
5) at a tenpdverBes eondingBehawdy snace velpeits(GHS \BFof 2, Sl@arhr Af\borftqdon of

the vapor ef fdygntels BASBEA aldcOlaA 19ASENRTRLOB AR LOE AnalyST S

of the conten uent acl converS|on
60% and acet &) dehigohpesairect 350°C yndvaisa pi8&ureTdfd har.hArpoﬂfdncbfclﬁesVa‘paf ned
0
were met hane g‘t? Q&t 1sr1]Jgssg a(?l?glh a( g]é.% c/?voml%ft((Sfj:qj,r;g)plhefor1 gnalysis of the contents of the
15 effluents. The acetic acid conversion was 75% and acetaldehyde selectivity was

70%. The other products formed were methane (4%) and carbon dioxide (3%).

Example 14
The catalyst utilized was 5 weight percent copper and 5 weight percent

20  molybdenum on silica prepared in accordance with the procedure of Example M.

The procedure as set forth in Example 1 was substantially repeated with an
average combined gas hourly space velocity (GHSV) of 2,500 hr”' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of

25 5)at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 10% and acetaldehyde selectivity was

90%. The other products formed were ethane (1.5%) and acetone (6.6%).
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The catal yst utilized was 1 wei ght percent palladiumon iron oxide 15
prepared in accordance with the procedure of Exanple O. The
procedure g% /abnfiREth in Exanple 1 was substantially rgpegde600tih
an average conbi ned gas hourly space velocity (GHSV) of 10,000 hi' of
the feed stream of the vaporized aceticy,acid and hydrogen (H2 to
acetic acid nole ratio of 20 5) at a tenperature of 350C and at a
pressure of 15 bar. A portion of the vapor effluent is passed through
a gas chromat ograph for analysis of the contents of the effluents.
The acetic adixhnpdai®er si on was 66% and acet al dehyde sel ectivity was
59% The other prqgucts, forned, were carbon di oxide (4%, _and et hanol
(18% . 25 Exanpl Gty Gty Ciefzga WpLhT ReTeFTt e ae%ﬁw@e@taﬁpw
avai | abl e coppfér ﬁliéﬁ;ﬂréﬂé%dqﬁfa@do)‘%é%tﬂ thsi8edufoMBERpRINT- 4489 from
Sud Chemi e. he procedure as set forth in Exanple 1 was
substantially repeated with an 30 average conbi ned gas hourly space

vel ocity (GHSV) ofn2, L' f I

acetic acisd and h%%gg%%d'%}hfsg%ﬁgg@ i}%(%g1 %fﬁoﬁﬁgg{i@y\g?&g{ﬁ%ﬁ%%ﬁ a
t enper at ur e civer3g©@mlndecbgasdoprlesmoe eelofityl(GHSV) of 2p@0thirdnf the fedde
vapor effluent is ssed t hrough a ,gas.chronma raph. for, anal ysi s. of
Lhe cont ent o rorh REBENAPariAt 8 adiaRd py droRet tdn Abieafis oA L B, ang
acet al dehyde 53at £ekipétatyte vOS5080 Yad dheprodsiey of ArieugtmriicardTegt vilpbe

carbon di oxide (5% and, ethanol (16% . Conparative, Exanples | A - 4A
These exanpl éfgﬂwqﬂlt {5 Prrssd reysd 4 g5 chiogtptesrapiciat aualygls o thefontepis o desn

over a vafpl eteYﬂt%ts@%@'a?{&fcsacWE%B%rﬁoﬁWa@@%%%d@@&ﬁlﬁél@@@ﬁggﬁtml%g V\cfaer med

and/ or very |low selectivity. to acetal dehyde was observe

conver si ons df%acEre athegpraflucts formed werg inethehe ((Ysmdethantldle¥). t he
procedure as set forth in Exanple | was substantially followed with
the exception of using different catalysts as listed in Table 1. The
reaction tembxanplerl® and sel ectivity to acetal dehyde and ot her

duct I bul ated..in, Table 1. 15 Table 1. Acetic Acid
Gonver si on and SeREropt BLeFpach fpkheevont Balbpine® npie

Cat al yst 15  prepared in accordance with the procedure of Example O.

The procedure as set forth in Example 1 was substantially repeated with an
R average combined gas hourly space velocity (GHSV) of 10,000 hr”’ of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
20 5) at a temperature of 350°C and at a pressure of 15 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 66% and acetaldehyde selectivity was

59%. The other products formed were carbon dioxide (4%) and ethanol (18%).

25 Example 17
The catalyst utilized was commercially available copper-aluminum

catalyst sold under the name of T-4489 from Sud Chemie.

The procedure as set forth in Example 1 was substantially repeated with an
30  average combined gas hourly space velocity (GHSV) of 2,500 hr”' of the feed

stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of



Acet al dehyde sel ectivity (% Acetic acid conversion (%9 O her
products 1A 5 wt% Cu/ Fe203 31 100 et hyl ene-16% et hane-15% et hyl
acet at e- 4%y QbR YA 5 W % Co/ H ZSM 5 PCT/US2009/004187

3]

5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor

effluent is passed through a gas chromatograph for analysis of the contents of the

effluents. The acetic acid conversion was 88% and acetaldehyde selectivity was

51%. The other products formed were carbon dioxide (5%) and ethanol (16%).

5
Comparative Examples 1A — 4A
These examples illustrate the reaction of acetic acid and hydrogen over a
variety of catalysts wherein either no acetaldehyde was formed and/or very low
selectivity to acetaldehyde was observed at low conversions of acetic acid.
10
In all of these examples, the procedure as set forth in Example 1 was
substantially followed with the exception of using different catalysts as listed in
Table 1. The reaction temperature and selectivity to acetaldehyde and other
products are also tabulated in Table 1.
15
Table 1. Acetic Acid Conversion and Selectivities for Comparative Examples
Example Acetaldehyde | Acetic acid Other products
Catalyst .. .
selectivity conversion
(%) (%)
1A 5 wt% Cu/ 31 100 ethylene-16%,
Fe; 04 ethane-15%,
ethyl acetate-4%,
COr-5%
2A 5 wt % Co/ H- 44 3 ethylene-28%,
ZSM-5 ethane-28%
3A S5wit% Co 5 78 4 ethylene-14%,
Wi% Ruw/Si0O; ethane-8%
4A 5 wt % Cof 0 2 Ethylene — 12%
Carbon acetone-8%,
methane-47%,
ethane-5%
While the invention has been illustrated in connection with particular
20  examples, modifications to these examples within the spirit and scope of the




44 3 ethyl ene-28% ethane-28%3A 5 w% Co 5 W% Ru/Si02 78 4
et hyl ene-14% ethane-8% 4A 5 w % Co/ Carbon 0 2 Ethylene - 12%

acet one- 8%y oBidAaMas47% et hane-5% Wi | e the ipveRdhenohas
been illustrated in connection with particular 20 exanpl es,

nodi fications to these exanples within gfe 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, further description is

5 deemed unnecessary.



32 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 | ed Description, the disclosures of which are all incorporated
herein by reference, further descripti3dn is 5 deened unnecessary. 33
VWHAT |S CLAIMED IS: 1. A process for selective and direct formation

of acetal dehyde from acetic acid conprising: contacting a feed stream
contaiﬁﬂﬁéﬂééﬁgkéﬂ¥éﬂbﬂﬁnd hydrogen at an el evated tenperature with a
hydr ogenati ng catal yst carried on a support, said hydrogenating

catal yst conprising cobalt and a second netal selected fromthe group
consi stli Agradess foosglectivt yixtidirachformbtion efiacptalinydedrom actic ocid comprigng:.

2. The process according to.claimil,..wherein the s ri{. is_sel ected
rom ¢ e Es GEr g By L Rte deie Al deeh A R B AR
cal ci unydokérath@catdliyit@Bird ShlaisG@porg b4i€ Qpdrag&iatih € eatalnd ce@phiinALIHANSING a
t hereof 3. The qroce s according to claim1, wherein_the

hydr og&¢fans gtat slentsashon dha SPwR cssBRAS PHE: BIRLdderEhAmigHE: #don, and
wher ei ot beatiRRMdshe evel of cobalt is about 8 weight percent to
about 20 wei ght percent and the |oading level of iron is about 3

wei ght percent to 10 wei ght percent. 4. The process according to
claimil, wherein the.hydrogenation.to acetal.de is carried out.in
Che vagorieliags” sl PIRIE MR O SHPRE SRR o AR Gesitbydor
350C. sibica, Hihif) heess zacaid, dalofnt slicdtditifania-silhe kietomi 4-§iBcsaldeoinbitiatiyns
to acet.al dehyde based on acetic acid consuned is at | east 60 percent.
6. TheﬂEF@'ess according to claim1l1, wherein the pressure of the
reaction zone is about 1 atnosphere absolute. 7. A process for
selective and direct formation of acetal dehyde from acetic acid

conpr i 8i Hag preems essording ta clavad, vhewinthe bydrageeneg eat@dyit conrfeing a garibination
hydroggp. @b 3y ﬁ-{;f‘éﬁ& %e}e‘ﬁﬂﬁggp%ﬂ{g%%fl of éo%ﬁ?t 06 ltﬁﬁwgliﬁtgcpe%e%lptoaabout 20
hydr ogenat1 ng catadlyst carried on-a support, sald ydrogenat't ng

cat al ysiighopgrtdns hmDthp l@idinguevehnflirdn i3.ab8ut IWheglppenestso d0 eatght peretm.
claim?7, wherein the support is selected fromthe group consisting of
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4. The process according to claim 1, wherein the hydrogenation to acetaldehyde is carried out in

the vapor phase and at a temperature in the range of about 250°C to 350°C.

5. The process according to claim 1, wherein the selectivity to acetaldehyde based on acetic acid

consumed is at least 60 percent.

6. The process according to claim 1, wherein the pressure of the reaction zone is about 1

atmosphere absolute.

7. A process for selective and direct formation of acetaldehyde from acetic acid comprising:
contacting a feed stream containing acetic acid and hydrogen at an elevated temperature of from
290°C to 350°C with a hydrogenating catalyst carried on a support, said hydrogenating catalyst

comprising platinum and tin.

8. The process according to claim 7, wherein the support is selected from the group consisting of



silica, titania, alumna, zirconia, calciumsilicate, titania-silica,
zirconia-silica and conbi nations thereof 9. The process according to
claim?7, wherein the |oading |level of platinumis about 0.5 wei ght
percent to about 20 weight percent. 10. The process according to
claim7, wherein the selectivity to adétal dehyde based on acetic acid
consuned is at |least 60 percent. 11. The process according to claim
7, wherein the pressure of the reaction zone is about 1 atnobsphere
absol utsdica, titgnia, glypigpiisonipcaleding silipafe thgde-silien @ircqnit-pitied ol @mbinations
acet al gehyge fromacetic acid conprising: contacting a feed stream
containing acetic acid and hydrogen at an el evated tenperature with a
hydr ogenating catal yst consisting of 0.5 to 1.0 wt % of ruthenium

can €00 o BRSSPI, Byl e

sel ect ip¥ickyt 16 @bk 20 dlcfibyslecrased on acetic acid consuned is at |east
60 percent. 14. A process for selective and direct fornation of

acet al dehyde from acetic acid conprising: contacting a feed stream
cont al eyl CaRGidthABLIAK Y GBER A @éiecﬁk,ﬁy?&a%gtaifqu&r@gw& hib 2
hydr ogenati1 ng catal yst conprising iron carried on a support, an
opt i onatidgomsusmd anat lenst &) psednect ed from t he group consisting of tin,
al um num potassium nol ybdenum tungsten, platinum ruthenium and
vanadium 15. The process according to claim 14, wherein the support
is sel @CtHE proces’ 4d36rdPgO R1aGA TS vhbieMOhO presdubd Sfahe feattdh Adne &) BBuIA,
zirconia, calciumsilicate, titania-silica, zirconia-silica and
combi natmasakere plselgs  16. The process according to claim 14, wherein
the loading level of iron is about 0.5 weight 35 percent to about 20
wei ght percent. 17. The process according to claim 14, wherein the
hydr ogéhad poressdonsstectyoaidydiwci lormation ddcaaltieliyde fibm acaporcid harsierisim
at a tenperature in the range of .about 250C to 350C, . The process
2ccor drm R d G Rehm S EPER i E R niptinekf o Sl irang SR SEER
on acehidrogdiating cslreondisinglof D 6a6 1.060t P e@hdnium toried B a phEReStlected
according to claim 14, mggrein the_Pressure of the reaction zone is
about OByt EtoHa Fensipiag rfifran oxidpor silieh ocess for sel ective and direct
formati on of acetal dehyde from acetic acid conprising: contacting a
feed stream containing acetic acid and hydrogen at an el evated )
t enper & Urhe prpacks aecoidingdg elaam il Agwhareialtysseleconipr osiceigldplide ddsadranaagetic
potassggg1g&ﬁh%%%3§?&£g SN, support, and optionally a third netal
sel ect 8d"fromthe group consirsting of iron, copper, gold, platinum
and ruthenium 21. The process according to claim 20, wherein the
support is selected fromth roup consistin f.silica, titania,
al umi ni\‘}- A5 PR3, SCIe5HKS A5h LieF (ObaIon o ackildehyfly figm aco peihPmRINg: o
and cophiahb @Tsed desif @bntaining acetic acid and hydrogen at an elevated temperature with a
hydrogenating catalyst comprising iron carried on a support, and optionally a second metal
selected from the group consisting of tin, aluminum, potassium, molybdenum, tungsten,

platinum, ruthenium and vanadium.
15. The process according to claim 14, wherein the support is selected from the group consisting
of silica, titania, alumina, zirconia, calcium silicate, titania-silica, zirconia-silica and

combinations thereof.

16. The process according to claim 14, wherein the loading level of iron is about 0.5 weight



22. The process according to claim20, wherein the |oading |evel of
pal |l adiumis about 0.5 weight percent to about 20 wei ght percent.
23. The process according to claim 20, wherein the hydrogenation to
acet al dehyde is carried out in the vapor phase and at a tenperature
in the range of about 250C to 350C. 28. The process according to
claim 20, wherein the selectivity to acetal dehyde based on acetic
acid consuned is at |east 60 percent. 36 25. The process according
to cl aiPgicow,to gbrart ) iweighéPPE@dsure of the reaction zone is about 1
at nospher e absol ute.

17. The process according to claim 14, wherein the hydrogenation to acetaldehyde is carried out

in the vapor phase and at a temperature in the range of about 250°C to 350°C.

I8. The process according to claim 14, wherein the selectivity to acetaldehyde based on acetic

acid consumed is at least 60 percent.

19. The process according to claim 14, wherein the pressure of the reaction zone is about 1

atmosphere absolute.

20. A process for selective and direct formation of acetaldehyde from acetic acid comprising:
contacting a feed stream containing acetic acid and hydrogen at an elevated temperature with a
hydrogenating catalyst comprising palladium and potassium acetate carried on a support, and
optionally a third metal selected from the group consisting of iron, copper, gold, platinum, and

ruthenium.

21. The process according to claim 20, wherein the support is selected from the group consisting
of silica, titania, alumina, zirconia, calcium silicate, titania-silica, zirconia-silica and

combinations thereof.

22. The process according to claim 20, wherein the loading level of palladium is about 0.5

weight percent to about 20 weight percent.

23. The process according to claim 20, wherein the hydrogenation to acetaldehyde is carried out

in the vapor phase and at a temperature in the range of about 250°C to 350°C.

24. The process according to claim 20, wherein the selectivity to acetaldehyde based on acetic

acid consumed is at least 60 percent.
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25. The process according to claim 20, wherein the pressure of the reaction zone is about 1

atmosphere absolute.



