DI RECT AND SELECTI VE PRODUCTI ON OF ACETALDEHYDE FROM ACETI C ACI D UTI LI ZI NG
A SUPPORTED METAL CATALYST Claimfor Priority This application is based
upon Uni tw0 28toatieste Pat ent Application Serial No. 12/221pt3AIS2d60loedsdul y 31,
2008, of the same title, the priority of which is hereby clainmed and the

di scl osure of which is incorporated hergein by reference. Field of the

I nvention The present invention relates generally to a process for the
production of acetal dehyde from acetic acid. Mre specifically, the present
invention relates to a process including hydrogenating acetic acid
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one or nore addV@@@iEngﬁﬁﬁéﬁHﬂZﬁ?hg“ﬁiﬁikﬁébgﬁ5@9ﬁ$§é§§§ﬁ§§§ide wi th high

selectivity. Background There is a long felt need for an economcally
vi abl e process to convert acetic acid to acetal dehyde. Acetal dehyde is an
i nportant commodity feedstock for a variety of industrial products. For

instancgS aéﬁta%gegﬁde can readily be hydrogenated to ethanol, which in

itself has of industrial applications including its w de

utility as a gasthishpphéiiohiiyBasedapbRUnaby Stateamte 3pplitativaSeeial 8d. t o et hyl
acetate by the Tischenko reaction or reacted with other conpounds to form
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et hyl ene, t&ﬁiﬂ&ﬁéﬁlﬁrql@éiggl?ﬁdr%%f hi&{i@ﬂtm% orat'éh‘ﬁ%{?ﬂ%& f@eﬂéﬁé&ra' gas and
crude oil prices contribute to uctuations 1n the cost of conventionally
produced, petrol eumor natural gas-sourced acetal dehyde, meking the need

for ) .
10  Field of the Invention

The present invention relates generally to a process for the production of
acetaldehyde from acetic acid. More specifically, the present invention relates to

a process including hydrogenating acetic acid utilizing a supported metal catalyst,

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.



alternative sources of acetal dehyde all the greater when oil prices rise.
Thus it is of interest to develop comercially viable routes to selectively
hydr ogenawe 2anatitieaci d t o acet al dehyde. The cat al yti ¢ hpdragerandas7 of
aromatic carboxylic acids to produce aromati c al dehydes has been reported
inthe literature. For instance, United2States Patent No. 4,613,700 to Mki
et al. discloses that aromatic al dehydes can be forned fromaromatic
carboxylic acids using a catalyst conprising zirconium oxi de containing as
an essential conponent at |east one elenent selected fromthe group

consi sting of chrom um nmanganese, iron, cobalt, zinc, bisnmuth, |ead

rheni um and t he el Fheodtdytid hydeapepatiohlof hionadc carbtlexylic aadStoqiroduae peri odi

t abl e. However, no. e e f catalytic drogenati.on of .aliphatic
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pr oduci ng an ehyde, i ¢ch conprises hydrogenating a, carboxylic acid or
its alkyl ést g?mwgtfw"ww@em RFOOYY T ddssing 2 RRIYSE LURsEReSireonidn; al vst

contai ni ng chipRie ¢AAPKING Qs B eIbiHR1 I Pon¥ntRBhRSndeleRBRistlcGeSHbhage area of
at least 10 n2/g and a total content of sodlugL Fota55|unL magnesi um and
alt, wh, lp@g

cal ci um of noBrAYBCENYIHIRA obchromiiny angaess ion, qopalf, Zingism orted therein

that the hydregenat ARithE SRAEMOBF GRup N MVELRAs W 6 Bf MBLA i, t he
carboxylic acid or its alkyl ester at a concentration of not nore than 10

vol ume per centowsderi re ¥aaiples of eatalyimhydresenatisneof plipharie eatbexybie afids i s
hydrOgenaﬁbons&ﬁvﬁkﬁﬁghﬁg%&!ﬂobﬁeéﬁﬁﬂﬁﬁkc@bﬂghyde' Mbst inportantly, the
al dehyde drop y

selectivity to s significant even if the total content of
sodi um potassi um magnesi um and cal ciumincreases from about 0.3 wei ght

percent to about O1diedSLANbARERESBL0s SR FoADRII 2% WREIORLAGRod "

of producing an aldehyde, which comprises hydrogenating a carboxylic acid or its
alkyl ester with molecular hydrogen in the presence of a catalyst containing

15 chromium oxide of high purity having a specific surface area of at least 10 m*/g
and a total content of sodium, potassium, magnesium and calcium of not more
than 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.



United States Patent No. 5,476,827 to Ferrero et al. describes a process
for the preparation of aldehydes by catal ytic hydrogenation of carboxylic
aci ds, eswension4mahydrides utilizing a binmetallic rutheorarsteonoaart al yst .
The preferred carboxylic acids are the a-b-unsaturated carboxylic acids
with an aromatic back bone or aromatic garboxylic acids. No exanples of

al i phatic carboxylic acids including acetic acid are provi ded. bone or
aromatic carboxylic acids. No exanples of aliphatic carboxylic acids
including acetic acid are provided. United States Patent No. 6,121,498 to
Tustin et abondérsrdmstscabomtivadidsoNoexadipiésd atipkdtal cdehoxyéc ficidsn acet i ¢
acid. In this, process, acetic ac'ﬁ i s hydrogenated wi th hydrogen at an

el evat ed t efj5et4REFE1F AC ﬁéeB’POé(é‘i? ce of an iron oxide catal yst containing
between 2.5 and 90 wei ght percent palladium However, the optinmal condition
reported therein is conprised of an iron oxide catal yst containing at |east
about 20 wei ght piteéStatgsallatend Novp, \hi408 tafligine abbstlogs a paatashfor

selectivity ta acetal dehyd i th about ercent conversion of acetic

el d- adt T PIRRE SCePRRR A Redititie BB RS BT R Rl af ng et hane,
et hane, et hj{@Bgena@dhaill hy @b gerf£@inQe abddeemPeraBe ifthePréseficd G dadmyg it is
apparent that existing processes do not have the requisite catalysts to

sel ect i vel yoxigngatiatysheastaiping bietvacs 2ar endafUenighepereenspalieding. dlawaigpl oys
t al ts, i i I i . - j th
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the | nventi osnt&ningrdt $éasgdbyout 20 webtht perceirgallading) phédhedtords shoud 80 hat
acet al dehyde can be nmade on an industrial scale directly fromacetic acid

wi th vely” hPHRCRISFIEYID] yacataylepydq with gbow Yodrerqeatiseversion of acetifvent i on
provides a pggc @\%ﬁitfoﬂﬁll§,@?gr§ﬁéa?1@ bin¥€ints of by-products including methane, ethane,

ethylene, ethanol and acetone are formed.

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 ui{desirable 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, gold, 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  is typically 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



formati on of acetal dehyde from acetic acid conprising: hydrogenating acetic
acid in the presence of hydrogen over a hydrogenating catal yst conprising
at | east woeomdtial46sel ected fromthe group consisting ofPCIrseg0I®OpeEr ,

gold, platinum palladiumand rutheniumsupported on a suitable catalyst
support. Optionally, the catalyst is fudther conprised of one or nore netal
catal ysts selected fromthe group consisting of tin, alum num potassium
cobalt, nolybdenum tungsten and vanadium Mre specifically, the cat al yst
suitable for j i

supported rut ?g‘ﬁﬁdﬂ”ﬁféﬁﬁﬁ‘é&ér’ } J;\JFFS(, llh@%’ﬁ%&t}&pﬁd\?\n&%yh% i%ﬁ chqu:Ft‘rﬂg};Jo@ orted
iron al one or poasswnbéatss.i Ao vnitableglatalyistsiuane conthidmaioh of palladimed/irendi un1 gol d

(Pd/ Au) or paI i\un ¢o r / Cu whi can-further ri se potassium
acetate. Al sol )aﬁ?@ 0@565&&5% C%f%’%mgo'é’g% ZFPMO)&{ c?)%ﬂnglHWtﬁ“ i'ron

(Pd/ Fe), ir on/semdttﬂé tatdl st Sippprts memdeMthnh)ab;dﬁmumc(ncman)aluaﬁna;oqﬂaam/ al um num
Sui t abl e catal St su%orts i.ncl.ude without .a .tation, siljca, alumna,

n
cal ci um si Pi catEeEAMRBrAreopipPRa-sYich: éﬁ?ﬂ“’a t'é“rar lica, yron gjfiand

titani a-silicaeolité &italgd sheh adfdr 2e@hplé B-ZSM 3. \Silica 258 B BSidé Bre exanpl e
HZSM5. Silica and iron oxide are particularly preferred catal yst supports

in the proces®arularly preferied gatakyst suprartsiin B PrRess ot Bis ivesont he 1 nvention The
invention is described in detail below with reference to numerous
enbodi ments for pur poses of exenplification and illustration only.
Mbdi fi cat i ons Detnilgd Pescriptien oftheyByeptiont s wi t hin the spirit and scope of the
present inyention, Tﬁ@ﬁwéﬂoﬁq*?s 4l ﬁtﬁl@ 1@9&57‘?@8\»«%@&%@8\4 folnuRrdusadi I'y
apparent to those of ski e art ess nore specifi cafly defi ned
bel ow, terni n@mbgcymstsa@emmvefrsequxmplgioam arldslll@traiurrmryy ndadifisgfion¥ypi cal | y,
t he catal yst : f at al yst
et al based ot PRLc AR OGS PRESSRE AR & the RECHE Rl afon el S

forth in the appended clarms w1ll be readily apparent to those of skill in the art.

15 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)



Thus, for exanple, one (1) weight percent of netal on a support neans that
one gramof pure netal is present in 100 grans of supported netal catalyst,
i.e., thevoantwmedéwei ght of support (99 grans) and thePo@ttskood/od4187 am) .
"Conversion"” is expressed as a nol e percentage based on acetic acid in the
feed. The conversion of acetic acid (Ac®oH) is calculated from gas

chromat ography (GC) data using the follow ng equation: mvol AcOH in (feed
strean) - mol AcOH out (GC) AcOH conversion (%9 = 100 * mmol AcOH in (feed
streanm "Sel ectivity" is expressed as a nol e percent based on converted
acetic acid. For exarrpl e if the conversion is 50 nole %and 50 nole % of
the converted ace s con | deh refer to

t he acet al dehyde gé CU 1 exPreS E@él} g%’ql %(\%Ilhiﬁgfidsé/c 'Igl_(%ééc& from gas

chr omat ogr apbid. CFGEI):xa’iﬁ]bla Mshengmvaelcfnqb Isomdl@%emo ®6le WltheAcH out (&0
Selectivity to AcH (%9 =.100 * - Total mmpl &) -- - mmol  AcOH out
(GC) 2 wher épnvertedageticas 15(9°BE|‘E“¢@G€)““P@F@‘® QAGH)OW&FefWItbe of carbon from
all of the a action proceeds in
accor dance \%Eét}ﬁmgl?ﬁe% F%%‘\n%ﬁag cq{gmgg% 185?3{3? ?fgﬁgﬂid f-mﬁ (%gradance with the

i nvention, chronetsgraphyofGGE)ditd asiag the fbbowaﬁgteqhai?ahyde can be carried out in
a variety of configurations, such as for exanple in a single reaction zone
whi ch nmay be a | ayered fixed bed, if so desired. An adiabatic

, mmol AcH out (GC)
Selectivity to AcH (%) = 100 * -------- —-
10 Total mmol C out (GC)

- 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 0]
H, |
—_— c o HO
_— N
CH; H
H3C 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)



reactor could be used, or a shell and tube reactor provided with a heat
transfer nmediumcould be used. The fixed bed can conprise a m xture of

di f f er entwoabaloist46parti cl es or catal yst particles whi cirCcrnsbadeosmt ti pl e
catal ysts as further described herein. The fixed bed may al so i nclude a

| ayer of particulate material making upga m xing zone for the reactants. A
reaction mxture including acetic acid, hydrogen and optionally an inert
carrier gas is fed to the bed as a stream under pressure to the m xing
zone. The streamis subsequently supplied (by way of pressure drop)to the
reacti on zonethsrreachiperzondenlayerorReaotien cormonpEseHa caialatlyt:ompcmmnom tion

i ncluding a where aceti c aci

bl h t t
hydr ogenat edf?‘;fkb‘}‘g% Bg% q%ﬁgﬁggﬂ’éﬂaﬂg‘%a&ﬁijlwé‘?fﬁa&?ﬂceac 'rstliyéfoegeg?tﬁ‘it%ay be
used dependIpamuéee&talba]mp@\@fsuh@ae:pﬁﬁlcxet NEOMENBE LsddedbpehEAENpSy BRd SO
forth. Although various ‘netal “suppor hydr ogenati ng catal ysts known to

one ski | | edtype afireacter theeughpat @qplr@yetdsandhyﬂxrtbgenatl ng acetic acid to form
acet al dehyde in the process of this invention it is preferred that the
hydrogenating catal yst enployed contains at |east one or nore netals

sel ected from t hesigoRdP veRns héthNgpPbriéd l@ﬁiro%&ﬁﬁﬁfé cat@i9htd knBwaltd BhdN
pal I adi um and_rut heni um supported on a suitabl e cat ala/st support.

Opti onal |y, skilledépthe asircanihe canpleyed) in bydrogenaiimgaeeticadiq¢ gniorme gr oup

consi sting l. 0 n and
Conaar um Cpetothidly @il M ife BF 81 InMhuGiPRT frorefRU MBI ard IR E

i nventi on i Sa@@ﬂpemﬁlegeméomﬁhhmaaﬂﬂ’bﬁé Oﬂﬁlorﬁmma&rs‘eﬁﬂtedrfrc&n shei gratyp e support
such as iron oxide or silica or onbi nation of rutheniumand tin or

r ut heni Ufh as@n§istEE o disBofenpaT: cgﬁ pingB, Palladiire ppd rutb e B UPPSSH Mar |y, the
preferred hlé%ﬁ&ﬁé‘@éth g tibRally, Qgegn%% tﬁ%@@&? esh Qélse@ec%éa table

support such as sil Inati"éon of 1ron an at 1 num or
conbi nat i on fiwim the(gnownbnsmbag bf Bmp{bmntrmdl @atagsismi ttziialltenmh;tballelym support

such as sil Itl?nagste%awd lvgrrlall um. tP %ragﬁy, %ey aﬁyst lélllntta e For the process of this
invention is comprised of ruthenium alone, supported on a suitable support such
15  asiron oxide or silica or a combination of ruthenium and tin or ruthenium and iron
supported on a suitable catalyst support. Similarly, the preferred hydrogenation
catalyst is iron alone supported on a suitable support such as silica or a
combination of iron and platinum or a combination of iron and cobalt supported
on a suitable catalyst support such as silica. Similarly, other catalysts suitable in
20  the process of this invention include supported palladium 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 (Cu/Mo) or
copper/aluminum.
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 (Ruw/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 Ru/Fe or Ru/Sn or Pd/Cu or Pd/Fe is



the process of this invention include supported palladium al one or a

conbi nation of palladiunigold (Pd/ Au) or pall adi unf copper (Pd/Cu), which
can furt W&o 20mmsidse pot assi um acetate. Al so suitabl e caCalusges/oes187 a

conbi nati on of palladiumiron (Pd/Fe), iron/cobalt (Fe/Co),

copper/ mol ybdenum ( Cu/ M) or copper/al umi num Typically, when binetallic
catalysts are enployed it is preferred that a suitable weight ratio of a
conbi nati on of nmetals on a suitable support can be used as a hydrogenati ng
catal yst. Thus, for exanple, a conbination of rutheniumand iron (Ru/Fe),
rut heni um aratbouti (h2 (Oaﬁlhﬁxh)nosplaiefemhluﬂiecwq:ightrraﬁPdf RujFe gpdtu/SulbuPd/iCuor ( Pd/ Fe)

in the vveig ati b are rtlclarl referred. More

pr ef er abl y, 'lséﬁ? Oaf g‘“&iafﬁ(f}% r?)tfoslﬁﬁﬁgﬁ eB‘rp éﬁ”g?a@éf?tFe i sabout 0.2
-0.5 and nn%bni%'ir?afn%ﬁ%?bbétlhﬁﬁ MBIDAPURL .0, #lve FanoCHf R Séte&rralﬁw Cu or
Pd/Fe is about 0.2. Simlar weight rati os can be enpl oyed for a catal yst

conbi nat i on 063-015! andimestpeaderablydh2. PWhea a dombinatignwdicgbalt arak iren &offﬁe)l- % I
f bI t t
Pha. £ r onst o3F EapegRlsndbRii C R RCkeer Risyap CuLRPRRtRT R (G Al )

supported orudatiétital ?ktesuﬁﬁé@ﬁs\’éﬁpléy'&p@iéprbﬁ:n‘éme‘i’gtﬁ(iiatld beCcoreler red wei ght
rati o of Co/ Fe or Mo or is in the range of 1 to 5. For instance, a

conbi nat i on @¥MpRrALWAT itin theeiangnef bfo Zober instangs. acemhmagnn opéfdent of iron
suppor t ed O%eﬁélg p%f’bghtsofc WHF ki 2l l%?gg%é&gn 8%‘6‘2‘1‘ @Pé)%rteéf opdiI&gRPer - al um num

catal yst is SO ert e nahe of en rut heni um
al one or palcbathdicaRy avlable. i Similafdl aneppsr- alaﬁﬁimﬁﬁ chia®ysnigtsald wRleathest on a
sui tabl e support any |oading |evel of ruthenium palladiumor iron can be
enpl oyed®so rageid I; ¥4‘%901?Y @‘I‘fg Ch@niset i ve hydrogenation of acetic acid to
acet al dehyde. Typically, however, the rutheniumor palladium]loading |evel
can :

When ruthenium alone or palladium alone or iron alone is used as the

metal catalyst on a suitable support any loading level of ruthenium, palladium or
iron can be employed so as to affect the selective hydrogenation of acetic acid to
15  acetaldehyde. Typically, however, the ruthenium or palladium loading level can
range from 0.5 weight percent to about 20 weight percent, preferably 1 weight
percent to about 10 weight percent and most preferably 1 weight percent to about
5 weight percent. Generally when a noble metal such as ruthenium or palladium
alone are employed in the process of this invention, 0.5 to 1 weight percent of
20  catalyst metal may be sufficient to obtain the optimum catalytic benefit. Preferred
catalyst supports for ruthenium or palladium are iron oxide or silica. Similarly,
when iron alone is used as the metal catalyst, the loading level of iron can range
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



range fromO0.5 wei ght percent to about 20 wei ght percent, preferably 1

wei ght percent to about 10 wei ght percent and nost preferably 1 weight

per cent twoabwuti4B6wei ght percent. Generally when a noblpeTrast@b/osush as

rut heni um or pall adium al one are enployed in the process of this invention,
0.5 to 1 weight percent of catalyst netgl may be sufficient to obtain the
optimum catal ytic benefit. Preferred catal yst supports for ruthenium or

pal |l adiumare iron oxide or silica. Simlarly, when iron alone is used as
the metal catalyst, the loading | evel of iron can range from1 wei ght
percent to about0.2Gverghtgietcepeor kmteiglprpefeentbf sach ofiehghdblp aratdstsutlo asbout 10
wei ght percen nd nost preferably 3 weight percent to about 8 i ght
percent. Pr é?ai,lf“?‘&@ oL eaidy ngssu%}?b‘}/ tOPF‘H’ru“?FBtﬁR’lt@ qct %.tg‘il\ﬁépr?eﬁ \é:gfl}iﬁl ic
catal ysts enpl&ygd are two noble nmetals such as palladiumand gold then the
metal | oading of each of the noble netal loading is in the range of from
about 0.5 wei ght percent to about 20 wei ght percent, preferably 1 weight

percent to about 10.wei gh ercent .and nmost preferably 1 weight percent to
Bbout 5 viei gt pel TIE cHalyaETipors kR SRS FPade Mt soPBT it ngs
of about 0.5 ki@ ofRBIsGAVNtIBH. Exmgg:%f&whg@pf)o@in@l@a@wﬁloh%ynobl e metals,
such as pal |l adium or gold brings about optinmmcatalytic effect in the

process of tlimigationyeaplits suchasr il M cairah paidessifpo ptuminpditaniazitdesiaar t can
be used to 1t c | S of IS 1Ny Lon, EX es of such
supports ingﬁ{)%ggl\{/l\nmt o%’%étl%}%?lgl?ﬁc tgt‘lgag?ﬁn’%a@ﬁﬂ%%'?gg% uggs)!hﬁfef M5, iron

oxi de, sili Qaefemred Buppdrtstard Glitdandzirsicoxide, MBAg pRErhtly @Hicd s usdlagiaum
silicate, carbon, graphite and a m xture thereof. Preferred sup{)orts are
silica dfd iREEYSORIRPET IVbhePIRress Of HH$ {nvention: dt isalspsimposanpionataihgst support
in the proceg L Sy 4V, t QN hi ol s al j t 0§ t hat the

hi gher the guﬂlfg&elf)tp ¢ E}l#l{l}c(ggh%c%éthﬁge %t!(:alflt ?sta%%séugg&% g&%%%ﬁom%/gﬁi ous forns
of commercially available silica supports can be used in this invention including high

surface area silica (HSA silica) as well as 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-



commercially available silica supports can be used in this invention

i ncludi ng high surface area silica (HSA silica) as well as |ow surface area
silica (D8a2widdiesy. | n anot her aspect of the process ofCrhisgomonuant i on,
any of known zeolite catal ysts can al so be enployed as a catal yst support.
Wiile any zeolite having a pore dianeteg of at |east about 0.6 run can be
used, preferably enployed anong such zeolites are the catal yst supports
selected fromthe group consisting of nordenites, ZSM5, a zeolite X and a
zeolite Y. The preparation of |arge-pore nordenites is described, for
exanpl e, in Unwhiel aii efffexsivOadrahe catalysid of L8ridishydnetarbonMohverSioaves Pap.
Conf., 1967, 78, Soc. Chem Ind. London, by D. DOM NE and J . QUOBEX
Zeolite X | P'HESEFi bed, for exanple, 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 chem cal
reactions. For exidepeelitetniitable for thegsrofatuentf thie invBni0R ¢c8816; inchdbaswier ,

di scl oses a class of s het i zeol e char.acieri ze "Zeolite ZSWVb",
whi ch ar effC UM I?%Y\{Q[%%r e Xlaﬁ‘é’:‘é dts)i?on?}‘a?‘i ‘8&&6 ?}ﬁ?@‘ég‘?aﬂ'ﬁﬁ 2y er si on
processes. TFpgnzeolites suitable for the procedure of the invention can be
in the basic form in the partially or totally acidified form or in the
partially deal um nated form Preferably, the zeolite catal yst support in

t he process of t [ nt i are roti haract erized
as "H ZSM 5" or i d’gnl (o lzee%tzﬁys?ulj l@htplgppocﬁ?s Q;c)fa{f?

cor r espondi rigve'hz&/h& mm@bﬂohe frin, " l’f@zradt%ﬂlzéce ZHH SNIEs "yt “fH%ﬂJo?d‘dnﬂg” nost, and
generally at |east about 80% of the cations of the |latter zeolite with

hydr ogen‘ol orfgolifss: ghighoang prepseed firma qontswprnding HeSM-5" zeolite or
“mordenite” zeolite by replacing most, and generally at least about 80% of the

cations of the latter zeolite with hydrogen ions using techniques well-known in the
art. These zeolite catalysts are essentially crystalline aluminosilicates or in the
neutral form, a combination 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 Al,O5 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 oriron oxide. A combination of ruthenium and tin, iron alone or a combination of
platinum and iron, iron and cobalt, iron and ruthenium, 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 Ru/Sn,

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



art. These zeolite catalysts are essentially crystalline alum nosilicates
or in the neutral form a conbination of silica and alumna in a well

defi ned cwo=zbaldikrae structure. In a particularly preferpret/ush@as®oaR7 zeolite
catal ysts for purposes of the present invention, the nolar ratio of SIQ2 to
Al2GB in these zeolites is within the rgjio of about 10 to 60. In another
aspect of this invention, rutheniumis supported on either silica or iron
oxi de. A conbination of rutheniumand tin, iron alone or a conbination of
platinumand iron, iron and cobalt, iron and ruthenium and platinum and
tin are suppperdeetamithas hiogh0 mﬂg'}ttymrclemt\mfsilrdram iapessesti dni tha catalyhi gh purity,

hi gh f | th d | th
bt ocedur e PUPRSTBr PR HBA THILTHIO O ResneRul Er s SRS DG br 1 s 1 or
pl atinum or a&lattmsrthymnam rﬁﬁkﬁhnﬁéﬂﬁbﬂm oREIR dakdIfiisBptteahl HeGQMbR. AS

not ed above, the loading levels of a conbination of’two netal catalysts are
general |y ré}%oehwmmcmemtmddhmwmn oofiromas eitheaoat pstwarweight perdertthe wei ght

rati o of th conbi ion. For of Ru/Sn, Ru/Fe,
b 5 or Spt MER g RN dne iiebt B0 EGst v pBh Ar P i nd W et gt
ratio of Ru/mls tM@r@bfﬁhhaﬁums)r%lahnuH& @5’(85f>6h i90. 5r uh@@ﬂmma@hpl atinum
can be 0.1 or 1 weightpercent and thus 1 or g% percent of tin or
! petg

iron is predsHenbind that efdinadryisan is alspdk 1, onpoetvee agi éntv\élilétylﬁheratl o of
Ru/ Sn, Ru/ F%elgﬁtjrgno o Pt /Stllzlgll %}elijlta welght r%ﬂ? Pﬁé?u@ Ifk%/l%”(?r% rutheni um

or platinumon®the Catar can bBe ‘el 17 wel gh? per cent

and t hat of (2, nh@mnommrofmhauhimafr phatehudd of e sﬂpp@hbarpl@d’@é@fr ond/Mezht

pref erably, the wei ratio of Ru/Sn, Ru/Fe, Pt/Sn or Pt/Fe is one or O0.2.
Thus theloarrmﬁrﬁenbmgqfttﬁbwmﬂ 'éreltmra%?ﬁuﬁ%we@hsaffﬁ@ﬁt is 0.5 one or two
wei ght percent and that of tin or iron is also 0.5, one or two weight
percent when the weight ratio is one. Simlarly, when a weight ratio of

Ru/ Sn, Ru/ Fe or PiheFamauwnt of third metal loading if present on a support is not very

critical in this invention and can vary in the range of about 0.1 weight percent to
about 10 weight percent. A metal loading of about 1 weight percent to about 6

15 weight percent based on the weight of the support is particularly preferred.

The metal impregnation can be carried out using any of the known
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



0.2, the anount of rutheniumor platinumon the support can be 0.5 or one
wei ght percent and of tin or iron is either 2.5 or five weight percent. The
anount ofwohlnrabimasal | oading if present on a support i CmatS2000/094187 1t i cal
in this invention and can vary in the range of about 0.1 weight percent to
about 10 wei ght percent. A netal |oading of about 1 weight percent to about
6 wei ght percent based on the weight of the support is particularly
preferred. The netal inpregnation can be carried out using any of the known
methods in the art. Typically, before inpregnation the supports are dried
at 1200C andnefhldpét mainpagtali cﬁoggnmmgnge instadi proc¢ss of therinventioneof ange of

b h hed d
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supports having | ow surface area, such or exanple, alpha-alum na, the

netal sol ut i GPtharanciadin Wﬁhéskté@yynxmdurorbw%p@ba@ m)@tlh@@soro'\dthé&@éss l'i qui d
| mpr egnagi O’Lre'sé)ont%Fdle}e% QL ﬂ%tt%rqgétglsr@éé}ldlégoﬁﬂdnr\ga%ouﬁ gLed above, the
e process o

hydr ogenati on ca St's used’ | HVenti on are general ly

bi netal | i ¢ gardngdters ﬁx@mﬂlﬁg |hmunmi lirahed toudakeyst yipgoriemplod et Réddtibh r on,
iron/cobalt and so on. Cenerally, without intending to be bound by any
theory, it ('MPRIpiUEs A Rrﬁ%ﬁpreoﬁac r?éft%atam%max n&hﬁ%ecﬂmré}rorneteam%a

anothernetagya§ﬁhmﬁ ﬁa{nnot %h bdbﬂﬁBQQﬁﬁnuh9o¥£ﬁc'”Sta”t process of the

v
i nvention, ové |nat|ons respectively, platinum
ruthenium and iron are considered as main netals for preparing

hydr ogenati on ca sts qof thls i nventio The oth netal s W th
Ut hent UM and | - deRR e ALY P el P GERER Uh deoricher ed t o be

the pr omot el SR ahorflaBeRALNGWUPBP dKARE BHPCAGRAIGIONTIRASARBAIRS Sadi9gk udi ng,
but not limted to catalyst support ‘enployed, reaction
may also be prepared by co-impregnation. In most cases, the impregnation may
be carried out using metal nitrate solutions. However, various other soluble salts
which upon calcinations release metal ions, can also be used. Examples of other
15 suitable metal salts for impregnation include metal oxalate, metal hydroxide,
metal oxide, metal acetate, ammonium metal oxide, such as ammonium

heptamolybdate hexahydrate, metal acids, such as perrhenic acid solution, and the
like.

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.



tenperature and pressure, etc. The catal ysts may include other pronoter
nmetal s, such as tungsten, vanadium nolybdenum chromum or zinc. The

bi et al | iwocatoaliysiss are generally i npregnated in two sPepaiS2@anh187

i npregnation step is followed by drying and cal cination. The binmetallic
catal ysts may al so be prepared by co-inpregnation. In nost cases, the

i npregnation nmay be carried out using netal nitrate solutions. However,

vari ous other soluble salts which upon calcinations rel ease netal ions, can
al so be used. Exanples of other suitable netal salts for inpregnation

i ncl ude netal oxal ate, netal hydroxide, netal oxide netal acetate,

ammoni um net al oxi de, .. suc um he bdMe hydrate, netal
aci ds, such as p P ARhFTem (? m§'6tl ?ﬁ]}"rjﬁnveé'ﬁ I‘? R@“#ﬁ@g’ %ﬁ a@

embodi nent Qéadixh”% Sf fufheRRfmh &Y tik B%@nh&n%e\ﬂnd ¢ t1ils BypEQSaRHVeRGRtL al yst
wherein the catal yst suEport is silica or iron oxide with rutheni um al one

as t he hydr degleadingef cutheriymtor platinuni & ahewidb? wefght hercemite abowr? weightret al
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preferably gegeh© Spevidicuiy, Qhﬂleﬁﬁhgﬁﬂbr plafin@Aineadiagradiseimy1,afs,t hi s
i nvention, there is {)/r ovi ded a hydrogenation catal yst wherein the catal yst

support is $¥/Pcadi}-¥/R.5iveightnesieat os Silise cay e Bigdnat i on catalyst. In this
aspect of the invention the nmetal |oading of iron can range fromone (1)

wei ght percent to about twenty (20) weight percent, preferably two to ten
wei ght percent arif ansther gmisddimaid of thisigeention.ahetis eihghpropRiedant of iron.In
anot her enbodi nent of thls invention, there is provided a binetallic

| oadi ng '8f MBS LALRLESE WhereuphacRIplYS s¥Rportih highpurity.dowspeaee of the
invention, thg slll%%llﬂga BIimdtalii0 §5UdHB OF pIRtiRinh BHd bR oPRRMENI dn 2nd&iogNt  per cent

to about 2 wei ght
In this aspect of the invention, the loading of platinum or ruthenium is about 0.5

weight percent to about 2 weight percent and the loading of iron is about 4 weight
percent to about 10 weight percent. Specifically, platinum/iron 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,

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 is 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



percent and the loading of tin is about 2.5 weight percent to about 10

wei ght percent. Specifically, rutheniumtin or platinunitin |oading |evels
of 1/1, IwB,200/@EABEs and 0.5/2.5 wei ght percent on silicactars2ie/oosed. | n
anot her enbodi nent of this invention, there is further provided a
hydrogenati on catal yst wherein the catajyst support is high purity, |ow
surface area silica with a binetallic |oading of platinumand iron or

rut heniumand iron. In this aspect of the invention, the | oading of

pl ati num or rutheniumis about 0.5 wei ght percent to about 2 weight percent
and t he | oadiengnbdr morpreferabbpaltta sklevtivighbf pesr@Onjerdent slvhuis afl Raswed0ght
percent. Specifi cal ly, platinumiron or rutheniumiron | oading | evels of
1/1, 1/5, 0.BI%¥0land 0.5/2.5 weight percent on hi gh purity, low surface
area silica can be used. Other preferred supports in this aspect of the
invention include HZSM 5, graphitized carbon, zirconia, titania, iron

oxi de, silica-al uTﬁermnacrdiooaJIf@bﬁm wid ugng the catalystsoafitbis isvdmtidhneatt of this

i nventi on there s furt dro enat i cat erein the
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of the |nveqﬁe@ﬂmb£hgébgagkgg,kgygh ®Dogobal t is about 12 wei ght percent to
about 22 wei ght percent and o? iron'is fromabout 3 to 8 weight percent.
Speci ficall y, cobalt | oading level of 17.4 weight percent and iron | oadi ng
| evel of 4.8 wei cent_ su Q vai | abl e.
I n general, by tﬁﬂgénp??agfé'f ﬁlceeacg g?ﬁalﬁgt?\?gletllméer{ﬁ%gc%?ﬁl &ﬁe mglgi]er Fecti vel y

be convert edalmetaamedavdlyammsaﬁbedeﬁeyelhl More ap@sficallyea bhasilic ¢htalyst 0
acet al dehyde in general is very gh_and may be at | east 60 percent. Under
pref errdd r €QBtAIHAE RERAIUNGRY tmaeélﬁ%ura@né irfog, Iééwmtmoplafe@mp%hyde at

a sel ecti vi tiy, 0fn At Haﬁaaﬁhl Fl é;?(ﬁ'gb(tsi og{a srlfgéeh:] \t@ltﬂé?&tﬁéﬁﬁhyor%atﬁuﬁr?' ectivity of

over 80 percenf su as at
loadings of 0.5 to 1 weight percent and tin and iron loadings of 5 weight percent

and cobalt loading of about 18 weight percent are preferred. In accordance with
the practice of this invention, acetic acid can be converted using this catalyst at
15  conversions of around 40% with acetaldehyde selectivity of at least 60%, more

preferably selectivity to acetaldehyde of at least 80% can be achieved.

Similar conversions and selectivities are achieved using zirconia, 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.



The conversion of acetic acid using the catalysts of this invention is at

| east 10% and can be up to 40% with selectivity to acetal dehyde at | east
60% prefwoablyw1¥Q% and nost preferably 80% GCenerally, PChaSa@biovas?

catal ysts of the invention are the single nmetal or the binetallic catal ysts
as described herein. Mre specifically,jqa binmetallic catal yst containing
rutheniumand tin, rutheniumand iron, platinumand tin, platinumand iron,
and cobalt and iron supported on silica with a rutheniumor platinum

| oadings of 0.5 to 1 weight percent and tin and iron | oadi ngs of 5 weight
percent and coballn anothdi me@fofabt)HItOCQ$ ofuthig Intvepeor ¢t hyalregematibmisr ed. | n

accordance wth th ract L tjﬁ #e nvention thacetl C gci d can ﬂ?e
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acet al dehydeaa@jtRddvi ty of at least 60% nore preferably selectivity to
acet al dehyde of at |east 80% can be achieved. Simlar conversions and
selectivities are achieved using zirconia, graphite or titania as a support
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it is also possible to obtain hi | evel s of conversions in the order of at
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percent on silica or on oxl as cata orts. I'sTaspect of the

i nvention, omhancqbrtcef}&rremhonahalsylsdtmssmedb,taimlospﬂamde)rgu;&pmﬁdspbdlocar bon,

titania, zirconia, silica- al\I umj a and cal éwum silicate.l n%faﬂot her. aspect of
d
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pressure of reaction zone is in the range of about 8 to 20 atmospheres absolute.

Although the reaction consumes a mole of hydrogen per mole of acetic
15 acid to produce a mole of acetaldehyde, the actual molar ratio of acetic acid to
hydrogen in the feed stream may be varied between wide limits, e.g. from about
100:1 to 1:100. It is preferred however, that such ratio be in the range of about
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 a methanol plant for the



The reaction may be carried out in the vapor or liquid state under a w de
variety of conditions. Preferably, the reaction is carried out in the vapor
phase. Resotzomwisdekperatures nay be enpl oyed, for exanplpeTius2a0b@o41ange of
about 2500C to about 3500C, preferably about 2900C to about 3 1Q0C. The
pressure is generally uncritical to thejgeaction and subat nospheri c,

at nospheri c or superatnospheric pressures may be enpl oyed. In nost cases,
however, the pressure of the reaction will be in the range of about 5 to 30
at nospheres absolute, nost preferably the pressure of reaction zone is in

t he range ofmabdagtuig of ec® agidroBy mtradisting e olethanol panttbetpnge éapitabeasts on
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materials. The process includes hydrogasification of solid and/or liquid
carbonaceous materials to obtain a process gas which is steam pyrolized with
additional natural gas to form synthesis gas. The syngas is converted to methanol
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



reference, for exanple, teaches a nethod of retrofitting a nethanol plant
for themanufacture of acetic acid. By retrofitting a nethanol plant the

| ar ge capwoabiomastss associ ated with CO generation for aprogwsSa@ewdasaci d
plant are significantly reduced or largely elimnated. Al or part of the
syngas is diverted fromthe nethanol syp¢hesis |oop and supplied to a
separator unit to recover CO and hydrogen, which are then used to produce
acetic acid. In addition to acetic acid, the process can also be used to
make hydrogen which is utilized in connection with this invention. United
St at es Pat entondensiig2h8 ae@it7acBt andlight gnéd oralemovalgswatemsavipgoadrald herei n by
ref erence, provides a nethod for the production of nethanol by conversion
of car bonacelJQESEEEPY S s such as oil, coal, natural gas and bi omass
materials. The process includes hydrogasification of solid and/or |iquid
carbonaceous materials to obtain a process gas which is steam pyrolized
with additional n@onfactlorgesidenge fimernas phsbhasy widghs deftnslingwppaissuck convert ed

to nethaqpl whi E may be .carbon Iq%ed Eo acetic, acid. The,nethod |ikew se
oroduces hy dYASGBHS AR FEATHE 2Beliaacid; ctalysh RS SRGAHCARISTERENt i on s
not ed above.Tygeal @bstaet tidéd @BghraieSrRAMoRNYf aNBcond, t8 #dord tHah sev@dyhdrs al -

whi ch di scl oses a process for converting waste bionmass through gasification
i nt o synt hesVheryeatalystgyptemaptheythane figedbedispaed nyitherefesred®sntastd Ki ndi g et

al ., the disg i re_| r t r ek f nce. The
acetic acid‘%%%igéﬁgﬁg%ﬁ%§€§9%%e$559§%§§§#%ﬁggg%%é?%?ﬂfg@j%ﬁgﬁfhen 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. Alternativelypicallyethecatlysyis smriapest infori¥adreyd reectera@rin e depey as
crude produche S 9SHdafa dip@Stubeatele RL rcIRENAPRIaG 8 BRIVALETE oo, Hal t of the

cl ass
passed over or through the catalyst. Other reactors, such as fluid or ebullient bed

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 contacting 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



described in United States Patent No. 6,657,078 of Scates et al., the

di scl osure of which is incorporated herein by reference. The crude vapor
product maQ 2ow/flededi rectly to the reaction zones of thecpriss@atodiisventi on
wi t hout the need forcondensing the acetic acid and |light ends or renoving
wat er, saving overall processing costs.1Contact or residence tinme can al so
vary w dely, dependi ng upon such variables as anount of acetic acid,

catal yst, reactor, tenperature and pressure. Typical contact tinmes range
froma fraction of a second to nore than several hours when a catal yst
syst em ot herreaqtign incarrigd autiadhe vanes phiasewising aieed strqamjotanstiaeeidiangdes, at

| east for v r j ; 0L 5 e

Typi cal 1y, " Charolna e Rkt LgP or a0 Siithpdius PRllede BP0
shape of an «flabo@®9eer p PE°Crantube prdisure of Facti@RLdrs 115 thetriipdecstl dbpui 1 t he
vapor form are passed over or through the catalyst. OQher reactors, such

as fluid or teBliatmespherss gbsodutes aydsthe gontag)dims of regatents isindbaangg of | n sone

i nst ances, Q%omﬁlnggmé@gﬁgHg&to use the hydrogenation catalysts in
conjunction wth an inert material to regulate the pressure drop, flow,
heat bal ance or other process paraneters in the catal yst bed including the

contact tine of the act ant compound jth the catalyst particles. In one

of the preferred ﬂ??o%ﬁ?%‘rgt?‘a{nrﬁ’ éieﬁgrﬁ%g%%pr@%@r%@eg fﬁ‘r@ﬁé’_é@aflﬂg sel ective

and direct R@HBﬁéhﬁﬂy9§e@@ﬁk@hﬂ?ﬂ%@&aﬁ@ﬁﬂ\@ﬁ@{Rmoaﬁ'd conpri si ng:

contacting a feed stieam containing acetic acid and hydrogen at an el evated

tenperature with a suitable hydrogenating catal yst containing about 0.5

wei ght percent t bout 1 weight percent of platinumor ruthenium and about
e ol Ay

2.5 meid 0 about 5 weight percent of tin or iron on a suitable

catal yst suimepdratidi &ff leweigH: Sttt Yothe SRR ot Oxidel s embodi ment of the
invention is silica. In this enbodi nent of the process of this invention,
the preferred 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



hydr ogenati on catal yst contai ns about 0.5 wei ght percent or about one (1)
wei ght percent platinumand about five (5) weight percent iron or tin; or
about 0. 5veenghti4per cent or about one (1) wei ght percentCraish@giommsand
about five (5) weight percent tin or iron. In this enbodinment of the
process of this invention, it is preferygd that the hydrogenati on catal ysts
are layered in a fixed bed and thereaction is carried out in the vapor
phase using a feed stream of acetic acid and hydrogen in the nolar range of
about 1:20 to 1:5 and at a tenperature in the range of about 2900C to 3100C
and at a preligilled vedten(@aatl).ofhe mseling slurhewasdripe iofanalyon gragualdy héated

at nospheres ahsal .. and contact. tine of reactants is in the range of
about 0.5 arfaqi@(syé?cm.lb%kﬁgllg%lﬂ?ﬁmegé?m@zy%&’éWf%gaiﬁ‘gnprocedures
used for theaRifeH: S0P/ RS 18@ndihySts enpl oyed in the exanples which
foll ow Exanmple A Preparation of 1 weight percent rutheniumon Iron Oxide
Powder ed and neshed iron oxide (99 g) of uniformparticle size distribution
of about 0. 2.ym a5 dried at 1200C in an oven under nitrogen atnosphere
overni ght” a "éﬁ—cool ed to roomtenperature. To this was added a sol ution
of rut heni urprBpdratsiydf NMwkichit Sertdir tincind)0.{ weibht forcért rékhshiuhl &dHYEM er (32
m). The resulting slurry was dried in an oven gradually heated to 1100C
(>2 hours, ed catalyst m xture was then cal ci ned at

S
5000C (6 h , ' | i ' t
Cut hent um on 1t ort e AR TR ERFB e g WEER BRICITT o1 1

repeat ed exaepforrh@article size disgibatisn lolhban 0 mitivheddedatn20t© fydn ovenr at e

Her aeus) (9.42 in distilled
( l) 0 ( under r%%rogen atmosphere overnight and then cooled to room temperature. To

this was added a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid
(1IN 45 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

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

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,



water (96 m) and 97 grans of iron oxide. Exanple C Preparation of 5 weight
percent Iron on Hgh Purity, Low Surface Area Silica Powdered and neshed

hi gh puriwg,20lomauser f ace area silica (95 g) of uniform pamrttisedoe/08i1ze

di stribution of about 0.2 mmwas dried at 1200C in an oven under nitrogen
at nosphere overni ght and then cool ed tojgoomtenperature. To this was added
a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) indistilled
water (36 m). The resulting slurry was dried in an oven gradually heated
to HQC (>2 hours, 10C mn). The inpregnated catal yst m xture was then

cal ci ned at BOOMGn}.6ThoummegiaBiddatdlyst Exianpé evabttienephiretdiad A0OC & wei ght
percent tin and 8@ vmga)nght percent rutheniumon H gh Purity Low, Surface
Area Sili ca d"%hd neshed high purity, |ow surface area silica (94 g)
of uniformparticle size distribution of about 0.2 nmwas dried at 1200C in
an oven under ni trogen at nosphere overnight and then cooled to room
terrperatureMs was added a solution of tin oxalate (Alfa Aesar) (8.7
g) in dllutePnltrLc ‘ .rledln an
oven gr adual ¥ e Vi CHH F -

cat al yst m xgutte mshﬁm &@h@llﬁ@d at 5000C (6 hours I C/ m n) To this
cal cined and cool ed material was added a solution of rutheniumnitrosyl
nitrate (Her aeus) Powdergizang) meshed high purisy, Iaetserfagel gearsijica @fegrafsul ti ng
slurry was I t t Qurs 10C/mn)
The i)r/rpregna % gggfc %{%@5‘15 ﬂ’?ggﬁé’gx %EQ% c\gﬁse%r@qcatggé(ggm(aél%ours

| &/ mn). Examdhﬁmﬁogen atmosphere overnight and then cooled to room temperature. To

10 this was added a solution of 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, 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 (IN,
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



Preparation of 1 weight percent rutheniumand 5 weight percent iron on Hi gh
Purity Low, Surface Area Silica Powlered and neshed high purity |ow surface
area siliwa2081gMeof uniform particle size distributi oRrCofUSaWOMO04187 2 mMm
was dried at 1200C in an oven under nitrogen atnosphere overnight and then
cooled to roomtenperature. To this waspmdded a sol uti on of ruthenium
nitrosyl nitrate (Heraeus) (3.14 g) in distilled water (32 m ). The
resulting slurry was dried in an oven gradually heated to 11C0C (>2 hours,
10C/ mn). The inpregnated catal yst m xture was then cal cined at 5000C (6
hours, |C mb_)a_mELQHt his cal cined and cooled nmaterial was added a sol ution
of iron nitrg ter (36

m ). The resurtd ettt : : o 1100C
(>2 hours, 10&Irésnnbota3mnlawa@gmq dm@isalnbs&smfaeeux&awmt hen cal ci ned at
5000C (6 hours | C/'mn) rtr:p Preparation of 5 weight percent iron and
1 wei ght percent 'Bleaml'pmﬂW@rp Hxgmpie,Piwsre subsiantally sensatsd acitiforca Powder ed
and meshed mtﬁ n%%#otl%tbo(glu%ﬁgé1B%Cﬁtr§{egﬁe§éghgc(§ gé‘;a%s? led'NafeP(4B particle

size distribu mm was dri e I'n an oven Yunder

ni trogen at rapphssletievef gul¢() Rydtokide QA dlesst) (D26 gpand gotegh@hure. To this
was added a solution of iron nitrate nonahydrate (Al fa Aesar) (36.2 g) in

distilled watdroxids(G-48 2) imestilled waﬁqrrﬁé,o gy rarSQhW% Ocﬁ PPiagsipm a&ﬁtats:ven

gradually h gd2,é: al yst

m xture wase(tgaggﬂa)cal il negth %88@ B hour s%)r?‘?fér Slggg) Q’f’atél ned and
cool ed mat erseqlientialy ad;imgnamﬁksnmarpabﬁadmhaancmham mlmr@ﬂcbax(cmmmmh( 1.64 g)
in distilled water The resulting slurry was dried in an oven

gradual I} he%qt@al%g%iaé%c (>2 hours,

Example |

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

percent potassium acetate on High Purity, Low 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



10C/ mn). The inpregnated catal yst m xture was then cal cined at 5000C (6
hours, 1C/mn). Exanple G Preparation of 1 weight percent platinumand 5
wei ght pewoento/tisrdson Hi gh Purity, Low Surface Area Sil ipca/uBosd@oadr and
meshed high purity, |low surface area silica (94 g) of uniformparticle size
di stribution of about 0.2 mmwas dried ¢f 1200C in an oven under nitrogen
at nosphere overnight and then cooled to roomtenperature. To this was added
a solution of platinumnitrate (Chenpur) ( 1.64 g) in distilled water (16
m) and a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric
acid (IN, Amfx@ggg The resulting slurry was dried in an oven gradually
heated to 1 OOC : [ aped catal yst. m xture was
t hen cal ci neg=a== ' o AR aRPT f 1 weight
percent pal Ipcﬁl'tyrnovisﬁ\gé&mreggm%nt gol d and 5 wei ght per cent pot assi um
acetate on Hgh Purity, Low Surface Area Silica The procedures of Exanple D
wer e subst ant i al | Thermppessueas of exemipld Drwere substintiglly repshted ieweepd forpal I adl um

Gol (1 11y hyaparedteptiordpalaflp iyl GRS (37 04 aistuSliale 02 Co. 26 o

in distillednyad &luticiofiton mﬁral%QJoﬁblh)Qﬁat@f(Aﬂﬁt&é%&*) 8. 26piadisl(ca wae) (5 9)

in distilled water (10 m) and 93 grans of silica. The catal yst was
sequent i al | y(3P mp} anghtt erantsiof silicai {The salelvativassegnentiallyimpragnaigdifustand

finally wt mlﬁﬂrgﬁ?ﬁ&’meﬁ%{h%a?ladﬁﬁ?”pl e | Preparation of 1 weight percent

pal | adi um percent ‘copper ‘and 5 wei ght

10 Example L

Preparation of 5 weight percent iron and 5 weight percent cobalt on High Purity,

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 molybdenum 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.



percent potassium acetate on High Purity, Low Surface Area Silica The
procedures of Exanple D were substantially repeated except for utilizing a
sol uti on wO 2paldiadsum nitrate (Heraeus) (2.17 g) in distciriusdoosmvas7 (22

m), a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in
distilled water (20 m), a solution of potassiumacetate (Sigma) (5 g) in
distilled water (10 mM) and 89 grans of silica. The catal yst was
sequentially inpregnated first with copper and then with palladi um and
finally with potassium acetate. Exanple J Preparation of 1 weight percent
pal | adi um arkkampleNght percent copper on Carbon The procedures of Exanple D

wer e substar‘i;lalla/ refp ated except. for, .uti.ljzin ? spl ution of palladium
nitrate (mé&%@#&ﬁﬁﬂ%ﬂ%ﬂ@@ﬁﬁé&#&%@@%@&bon of copper
nitrate tri pgratieow SiffdceAeeasiiidal® 9) in distilled water (20 m) and 94
grans of carbon. Thé catalyst was sequentially inpregnated first with

copper and t hen \herprpeddusagiof iixEmgipDevace Pubstratially oapeated exouptt it per cent

pal | adi um ang.,5. wei ght.. percent |ro n Hi riiy,,.Low Surf. ea Silica
The orocodurtuzint AR el S ThaF ARl VBl b i fv s
utilizing a mp|adédiembrodf mlechigh Koy Itdihe (Hhﬁeaggs)m(g? intdis@lled Watdt st i | | ed
water (22 ml), a solution of iron nitrate nonahydrate (Al fa Aesar) (36.2 g)
in distilled3aatlpand Zbgigms of sdica4 The satelyst was ¢q-tapregmsed with(tingandwas
sequentiallxu'ggﬁggnated first wwth iron and then with palladium Exanmple L
Preparation o Wei ght percent iron and 5 wei ght percent cobalt on High
Purity, Low Surface Area Silica :

10 Example O

Preparation of 1 weight percent palladium on Iron 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) analvsis of the Products

The analysis of the products was carried out by online GC. A three
channel compact GC equipped with one flame ionization detector (FID) and 2
thermal conducting detectors (TCDs) was used to analyze the reactants and
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



The procedures of Exanple D were substantially repeated except for
utilizing a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in
distill edvoabewo1r§@ m ), a solution of cobalt nitrate hexahjsdeoanes1824.7 g)
in distilled water (25 m) and 90 granms of silica. The catal yst was
sequentially inpregnated first with iropgand then with cobalt. Exanple M
Preparation of 5 weight percent copper and 5 wei ght percent nolybdenum on
High Purity, Low Surface Area Silica The procedures of Exanple D were
substantially repeated except for utilizing a solution of copper nitrate
trihydrate (Al fa Pdyhdonedi®etpre in distilled water (20 m), a solution of
anmoni um hept am)l%bdlgte(%exahydrate (Sigma) (9.5 g) indistilled water (65
m ) and 90 grans a FIFX a. The catal yst was sequentially inpregnated first
wi th copper and then with nol ybdenum Exanple N Preparation of 5 weight
percent tin and 1 weight percent rutheniumon H gh Purity, Low Surface Area
Silica The procedlbemidsie ehaang waspamnped sihsa BeD and Rorakgpd 42 eeluswcept f or
utilizing a lution.of tin.oxalate (Alfa Aesar) (8.7 g) indilute nitric
acid (I N?j 4?.%@ Vyﬁs)u%e%%s lfaﬁlﬁlfy(jn of rutheniumnitrosyl nitrate (Heraeus)
(3.14 g) in distilled water (32 ml) and 94 grans of silica. The catal yst
was co-inpregnated with tin and ruthenium Exanple O Preparation of 1
wei ght percent paq:padi umon lIron Oxide The procedures of Exanple D were
substantially re ﬁ,ﬁegeexcept for utilizing a solution of palladiumnitrate
(Heraeus) (2.17 g) tn distilled water (22

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



m ) and 99 grans of iron oxide. Gas Chromatographic (GC) analysis of the
Products The anal ysis of the products was carried out by online GC. A three
channel owopamwo1@3éequi pped with one flame ionization deceatsees(©s41B) and 2
t hermal conducting detectors (TCDs) was used to anal yze the reactants and
products. The front channel was equippegywith an FID and a CP-Sil 5 (20 m
+ WaxFFap (5 n) colum and was used to quantify: Acetal dehyde Ethanol

Acet one Met hyl acetate Vinyl acetate Ethyl acetate Acetic acid Ethyl ene

gl ycol diacetate Ethylene glycol Ethylidene di acetate Paral dehyde The m ddl e
channel was ¥ywi ppkweight pergemcothanianPampaboedioiron oyide. did lengsh abidd t o

%gfigf Ll‘/g: 5%&%%'&2%@&%%@?? 6{?}%&%’1{;}%? g'gg(l)ut%smx%q LﬁrPoFr) (t:’(():I th\(c\ﬁ.rgetlcti%nTCD and
the catalyst was reduced in situ by heating at a rate of 2°C/min to a final
temperature of 400°C. Then, 5 mol% hydrogen in nitrogen was introduced to the
5  catalyst chamber at a gas hourly space velocity (GHSV) of 7500 h''. After
reduction, the catalyst was cooled to reaction temperature of 350°C by continuing

the gas flow of 5 mol% hydrogen in nitrogen. Once the reaction temperature was

stabilized at 350°C, the hydrogenation of acetic acid was begun as follows.

10 A feed liquid was comprised essentially of acetic acid. The reaction feed
liquid was evaporated and charged to the reactor along with hydrogen and helium
as a carrier gas with an average combined gas hourly space velocity (GHSV) of
about 2500 hr”' at a temperature of about 350°C. The resulting feed stream
contained a mole percent of acetic acid from about 4.4% to about 13.8% and the

15 mole percent of hydrogen from about 14% to about 77%. A portion of the vapor
effluent was passed through a gas chromatograph for analysis of 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 efﬂlllent 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



Hel i um Hydr ogen Ni trogen Met hane Carbon nonoxide Prior to reactions, the
retention tine of the different conponents was determ ned by spiking with

i ndi vi duavocompourids and the GCs were cal i brated either pairtus2@9medi8br at i on
gas of known conposition or with liquid solutions of known conpositions.
This allowed the determ nation of the rgsponse factors for the various
conponents. Exanple 1 The catalyst utilized was 1 wei ght percent ruthenium
on iron oxide prepared in accordance with the procedure of Exanple A 1In a
tubul ar reactor made of stainless steel, having an internal dianeter of 30
nm and capatixampie bei ng raised to a controlled tenperature, there are

arranged50 m of vvei ht rcent the i um suppqrted on,Lron oxide. The
| ength of the cat HPE‘F‘ide‘P’asc g pﬁﬁ@“&gﬁ}e&ﬂq’rﬁ’i‘%pweﬁﬁut 70 mm

Prior to th%ef&-ﬁf?ﬁﬁ 81‘? sﬂ1|3§ Fe%%ﬁ:'dxﬁtacé’éﬁéar{c%%f}ﬁﬂe 'pfbc'éaﬁﬂé o%Ele%@ié pg at a rate
of 20 mn to a final terrpgrature of 4000C. Then, 5 nol % hydrogen in

nitrogen was introduced to the catalyst chanmber at a gas hourly space

vel ocity (GHSV) 7500 h uct e ca st s.cooled to
reacti on’t enper a?ﬁl'eé’rfﬁ‘fedf?éeoﬁée%”ﬁ'o‘ﬂﬁd bfgp %@Qaggnq&lfo%})%véﬁ Prﬁlaa/o hydr ogen
in nitrogen.ay g@célhsme@gﬁi h&mﬁwoabwﬁ@mv%ﬁm boa R sttheRREC, the

hydrogenation of acetic acid was begun as foll A feed liquid was
conpri sed esteamioithevappriaedadetic aeiddnd hiydrogem tili wracceedcifimple mtigens

evapor at ed &g, ¢ RALARHul 36 SAPLAY pal ORI B TGRSR AR 8L um

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

10 effluents. The acetic acid conversion was 4% and acetaldehyde selectivity was

91%. The other products formed were ethane (1%) and ethanol (8%).

Example 4

The catalyst utilized 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



as a carrier gas with an average conbi ned gas hourly space velocity (GHSY)
of about 2500 hr 1 at a tenperature of about 3500C. The resulting feed

st ream combDanrmad4a6nol e percent of acetic acid from aboRCTAISAéMG418DOUL
13.8% and the nol e percent of hydrogen from about 14%to about 77% A
portion of the vapor effluent was passe2through a gas chromatograph for
anal ysis of the contents of the effluents. The selectivity to acetal dehyde
was 60% at a conversion of acetic acid of 50% Exanple 2 The catal yst

uti 112ed vas 5 yel g tgthpﬁl%l:eccﬁ%_'? i 80 08 BIEG PEEPA! dp%qhdnrbfmc\ahg,ance wi th

t he procedure procedure as set in Exahple 1 was
subst anti al | y effjsetis passed through a geschagreatograi foeanajysss diherdoptesisat thevel ocity

f 2,5 1 d and
(CHSV) of 2. SQhulus 118l odeiEadi B RGBIGAMSAS g YARRLIBEChiASSH] § actd and

portion of theé0¥adhe odief produndts fosmpdiweredartbhn dmgide:ﬁ&g)amdcdﬂr}mamngr aph for
anal ysi s of tre&, contents of the effluents. The acetic acid conversion was
75% and acét al d/é%yde sel ectivity was 70% Exanple 3 The catal yst utilized
was 0.5 weight percent rutheniumand 5 weight percent tin on silica
prepared in accordance with the procedure of Exanple D. The procedure as
set forth in Eé%lﬁ%ﬁg 1 is substantially repeated with an average conbi ned

gas hourly space Vﬂrh@@dtalystﬁfaﬁv)wa@fo 51061 PeRenthlAhuinhad Serdgri beram of the
vapori zed acetjic acid and hydrogen (H2 to acetic acid nple ratio of 5) at a

tenperature ofin»5edie arsgaat ‘"aacﬁ?rééfscﬁl”\éthdl“e Arogrgure A Bypiedh of the vapor
effluent ig passed through a gas chromatograph for analysis of the contents

of the effluents. The acetic acid conversion was 4% and acet al dehyde
sel ectivity was 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
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 1 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%.

30



91% The other products forned were ethane (1% and ethanol (8% . Exanple 4
The catalyst utilized was 1 wei ght percent rutheniumand 5 wei ght percent
iron on swbiem/qpuepared in accordance with the procedur ecofuskroanpiie’ E. The
procedure as set forth in Exanple 1 was substantially repeated with an
average conbi ned gas hourly space velocjiy (GISV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and hydrogen (Hto acetic acid nole
ratio of 5) at a tenperature of 3000C. A portion of the vapor effluent is
passed t hrough a gas chromatograph for analysis of the contents of the
effluents. Twamgpde8i c acid conversion is 35% and acet al dehyde sel ectivity

is about 70% Ex | e The.catal yst utilized S.1 i ght, percent platinum
and 5 wei ght0 per c cafaimughzﬁﬁ#éﬁfﬂg&&,pe@%p\éﬁﬂna@ﬁﬁe tﬁef‘ieﬁg pr epar ed
i n accor dangRphdds WagshP et fotasSiunfac i 6n Silicd PRpAea G ditiofdate %t forth

in Exanple 1 was substantially repeated with an average conbi ned gas hourly
space vel ocithgprocedwy obExampledihr 1 of the feed stream of the vaporized
acetic agid and hydrogen (H2 to acetic acid nole ratio of5) at a
tenperature of 3500C and at a pressure of 1 bar. A portion of the vapor

effluent is passerheprocidar & @oforehn@RbH BRas babistamially sdpeaell witearcont ent s
of the effluents. The acetic acid conversion was 65% and acet al dehyde

sel ecti vi t y gveragpepmined ganbourhr pace velogisy WSV@@%I%QQ%mh' ofitbxfegd (6% and
ethyl acet a&ﬁg&gt@fﬂh@% Bﬂkgd %oeﬁ@%oﬁ%ﬁ'}%ﬁlto gxtlk ! ?oea%aﬁ\@gcig NIV tghc}f per cent
pl ati num an Wei ght © percent trn on Sitlcx prepared 1 accordance with the
procedur e ofS)akamghperdture of 250°C and at a pressure of 1 bar. A portion of the vapor
10  effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 5% and acetaldehyde selectivity was

98.5%. The other products formed were ethane (1%) and ethanol (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 I.

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
stream 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%).

30



The procedure as set forth in Exanple 1 was substantially repeated with an
aver age conbi ned gas hourly space velocity (GHSV) of 2,500 hr 1 of the feed
st ream ofwoheiwapnasi zed acetic acid and hydrogen (H2 toprataisc@aciid’ nol e
ratio of 5) at a tenperature of 3500C and at a pressure of 1 bar. A portion
of the vapor effluent is passed throughpg@ gas chromatograph for analysis of
the contents of the effluents. The acetic acid conversion was 85% and

acet al dehyde selectivity was 65% The other products forned were nethane
(4% and ethyl acetate (9% . Exanple 7 The catalyst utilized was a

commer ci al | yExangil¢ @1 e Co/ Fe catal yst containing 17.4 wei ght percent cobalt

and 4.8 wei ght cent ;iron..on, silica. ,The procedure as, set.forth in
Banpi 6 119 subsinera prlenk sk Niianh peiEu e dumat ReiegRECHEr | y
space vel oCidoypér@iDbbdf prép# 0@ ihdccdrdahcd afﬂh]‘:t 5(0j§)ééfu?@gf Blahhie jvapori zed

acetic acid and hydrogen at a tenperature o A portion of the vapor
effluent is passed through a gas chronmatograph for analysis of the contents
of the effluents.The acetic acid.conversion is about. 5% and ,acet al dehyde
sel ectivity 1o oMM & FhEELRR el el sTrmialy G it ent

pal I adi um lavérige bbmBRIeE §a¢ h&@HsRoe velovy AMISVELE EMDOPRE BSEthe!feacet at e on
silica prepared in accordance with the procedure of Exanple H The

procedur e astgam of ghe Yeporzedagepr acid andhydragen 4 oadcetic peig aenle datic efh an

aver age conly r e I f 0 hr. 1 _of the
feed str eagb%???ﬁe eé%ﬁ% (Lzﬁgc?%g@éﬁ? %t% ri%gd&%ené%%of &88%&%%??%@ ¥o&tic acid
nmol e rati o affflégnt & padsddethiightalifas chfonZhOQaptafd afdlysis Bf dedohtenfofkthbar . A

portion of tetrg vapor. effluent is passed through a _gas chronmatograph for
anal ysi s'%f ﬁléen&)n"{lgerﬂcgtlﬁpc@w@nversmn was 1% and acetaldehyde selectivity was

97%. The other product formed was ethane (3%).

Example 11

The catalyst utilized was 1 weight percent palladium and 5 weight percent

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

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

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



effluents. The acetic acid conversion was 5% and acet al dehyde sel ectivity
was 98.5% The other products forned were ethane (1% and ethanol (0.5%.
Exanpl e 9woheloatabyst utilized was 1 wei ght percent palPcadisaem/obiisrei ght
percent copper and 5 wei ght percent potassium acetate on silica prepared in
accordance with the procedure of Exanplgg|. The procedure as set forth in
Exanple 1 was substantially repeated with an average conbi ned gas hourly
space velocity (GHSV) of 10,000 hr 1 of the feed stream of the vaporized
acetic acid and hydrogen (H2 to acetic acid nole ratio of 5) at a

t enper at ure ijfatzwﬁx@rand: <zft25@°(bae¢aua presfurdobhbar. A portiohaif thef vapoe vapor

ffl t o dth chr omat ogr.aph f anal ysis of contents
of theef T RHRE srimsectitra@n s Chisnar SRuRRtautyes SRt HopteRisaitbee

selectivity emen%as? ﬂ%acﬁh@aaaféeﬁv&&@qbwats 1f1%mc%§de%&@@§h@e&&n§%asaarml e
10 The catalyst utilized was 1 wei ght percent palladi um and 5 Wwei ght

per cent coppS.ohheathboproguep feraredi weraethoneitlifeland athanoh&%).ocedur e of
Exanpl e . The procedure as set forth in Exanple 1 was substantially
repeated with an average conbi ned gas hourly space velocity (GHSV) of

10, 000 hr 1 ®ianipke13eed stream of the vaporized acetic acid and hydrogen
(H2 to acetlc acid nole ratio of 5) at a tenperature of 2500C and at a
pressure of 1 barThegafabyst ublizest wanhe weight persent|itparand; swpighspatcerticobalh a gas

chr ometoa a4t APl b SATLESc gt s, e ecetl
product fornmed was ethane (3%. Exarrpl e 11 The catalyst utilized was 1
wei ght p]%r cent pa{" leapqgclzjercri]m?ena(ljs sSet }NEII\'{hglrrlxtExFa?lerilrp(l:ee {]twas 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

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

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%).

30



iron on silica prepared in accordance with the procedure of Exanple K. The
procedure as set forth in Exanple 1 was substantially repeated with an
aver age cwohwmned4gas hourly space velocity (GHSV) of 10p0@@skeosboaB7t he
feed stream of the vaporized acetic acid and hydrogen (H2 to acetic acid
nole ratio of 5) at a tenperature of 2 C and at a pressure of 1 bar. A
portion of the vapor effluent is passed through a gas chronmat ograph for
anal ysis of the contents of the effluents. The acetic acid conversion was
9% and acet al dehyde selectivity was 96% The other products fornmed were

et hane (0. 6%xaande &f hanol (3.6% . Exanple 12 The catal yst utilized was 5

wei ght percent irqgn and 5 i ght percent cobalt on siligc repared in

accordance W th tﬁ? %F%E%HW@%‘V"%&é’ﬁfﬂ_hép?_r.ce‘ﬂ*ﬁéthﬁP'b‘Bb%g"‘gb‘;@@?m?‘ﬁrt hin
Exanpl e 1 waf SLOQREANepAE Yn 4RBRAKESWIM R AracURE BEExARFRINIEd gas hourly
space velocity (GHSV) of 10,000 hr 1 of the feed stream of the vaporized

acetic acid and hydrogen (H2 to acetic acid nole ratio of5) at a
tenmperature of 2 C and at a pressure of .1 bar. A portion of the vapor

ef 1 uent T s passctP PO & ShLrER ety hswe pursdibay Eshells WlaE ont ent s
of the efflugBbiage cdMBindd hi Rohi habORIBEIR HIRFol1%0@ R SCRE Bdedehyde
selectivity was 95% The other "products foorned were ethane (1% and et hanol

(49 . Exanplsé&reas ofithe apprkgdacetie atidand hxdegsn (i tprcepeagdmolé rasio afnd 5

_ s _ dmole :
of Bxanpl e ) ket U o] SRR o B B PEPGlE B 0Balt Pa

repeat ed w tdffladht avpiss@iehfoughianasl cBidemeLaply fo? RALISsiY of Beicbitehfstd®ie of 2, 500
hr 1 of the feed stream of the vaporized acetic acid and hydrogen (H2 to

acetic d€i d siByets. atheqpcstic agid gpnyersignpies 40 andorccablobrdeasrlectivits Wisessur e of
1 bar. A porfgeonrpd O&E‘Fpr%&&’% formed were methane (6%) and ethanol (12%).

Example 16

The catalyst utilized was 1 weight percent palladium on iron oxide

15  prepared in accordance with the procedure of Example O.

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 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



effluent is passed through a gas chromatograph for analysis of the contents
of the effluents. The acetic acid conversion was 75% and acet al dehyde

sel ecti viwg 2080901¥0% The ot her products fornmed were net lramaseedpoant car bon
di oxide (3% . Exanple 14 The catalyst utilized was 5 wei ght percent copper
and 5 wei ght percent nolybdenumon siliga prepared in accordance with the
procedure of Exanple M The procedure as set forth in Exanple 1 was
substantially repeated with an average conbi ned gas hourly space velocity
(GHSV) of 2,500 hr 1 of the feed stream of the vaporized acetic acid and
hydr ogen (H Y)at atemperatar of 3IHOPE andiai Dpprefsuty) ofat bar. tAe pprtroatafiitle wpo85C0C and

at a pressure,of 1 bar. oftion of the v r effl.ue i S _pass t hrough a
gas chromat oe_gﬂ%\?m ‘%Q?F%@ﬁﬁf‘ﬁ@;’?%?cﬁ{%n%%%{?@ﬂg’g aB?l_)'f‘ﬁé’?h’fefq(’Bg”H{ssso.efq e acetic
acid conver siffifent@STHO A0 deia ©Bhadrsieh W8 8894 Afd dcétal dehvas sdletbvity Weasot her
products fornmed were ethane ( 1.5% and acetone (6.6% .Exanple 15 The

cat al yst ut ii1*zefheebenpiadieh forped veare carbon divixida @fe) adwdiaght (18%)cent tin
on sili cag prepar ed in accordance with the procedure of Exanple N. The
procedurée as set forth in Exanple 1 was substantially repeated with an

aver age contisigphraase auiplys BRaces vel ocity (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and hydrogen (H2 to acetic acid nole

ratio of 5) at a thesperampleeillyptrastic agfionofaceiceacid prd bydrogemever A portion
of the vapor [ . g@.ﬁ I al ysis of
t he content svagg}{(#gcgea#}%s?su\gﬁ%g&%g{ %(S:jg{};ltagda iﬁ%gg%e%?%%%%and

acet al dehydeeketieity iovdcttaldvhgde’ 8% obdeevedtdnbow popauidss dfacemdacidr e net hane
(699 and ethanol (12% . Exanple 16 The catalyst utilized was 1 wei ght
percent al | adi um on iron oxide

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.

Table 1. Acetic Acid Conversion and Selectivities for Comparative Examples

Example Acetaldehyde | Acetic acid Other products
Catalyst . .
selectivity conversion
(%) (%)
1A S wt% Cw/ 31 100 ethylene-16%,
Fe;O3 ethane-15%,
ethyl acetate-4%,
CO»-5%
2A 5 wt % Co/ H- 44 3 ethylene-28%,
ZSM-5 ethane-28%
3A 5wt% Co 5 78 4 ethylene-14%,
Wt% Ruw/Si0, ethane-8%
4A 5 wt % Co/ 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



prepared in accordance with the procedure of Exanple O The procedure as
set forth in Exanple 1 was substantially repeated with an average conbi ned
gas hour lwozpeoa4mel ocity (GHSV) of 10,000 hr 1 of the PesassamsadIsDdf t he
vapori zed acetic acid and hydrogen (H2 to acetic acid nole ratio of 5) at a
tenperature of 3500C and at a pressure pf 15 bar. A portion of the vapor
effluent is passed through a gas chronmatograph for analysis of the contents
of the effluents. The acetic acid conversion was 66% and acet al dehyde
selectivity was 59% The other products fornmed were carbon dioxide (4% and
et hanol ( 18%hverfEoamilldeiFadilyappareat tpghosgtdfiskitlein theart.cbrmiewoifdh¢ y avai | abl e
copper -al um num cat al yst. sol.d under e na of T-4489 from Sud, Chem e. The
b bbedure. adobEpmdistiat as navigdge ST ol arirneet SR B h
average conhibadesiannbibn witlp BrRI®ack8lcRaH bid DAl DRkcriptrRfd0ter 1 of the feed
stream of the vaporized acetic acid and hydrogen (H to acetic acid nole
rati o of 5) adischosuegspdvdrich areall ingEpaateddiersain hy pefersnes. dumher depefiptioA ipor t i on
of the v pordeeffCI uent isar assed through a gas chromatograph for anal ysis of
the contents of flﬁle ef Tl Wents. The acetic acid conversion was 88% and

acet al dehyde selectivity was 51% The other products forned were carbon

di oxi de (5% and ethanol (16% . Conparative Exanples 1A - 4A These exanpl es
illustrate the reaction of acetic acid and hydrogen over a variety of

catal ysts wherein either no acetal dehyde was forned and/or very | ow
selectivity to acetal dehyde was observed at | ow conversions of acetic acid.
In all of these exanples, the procedure as set forth in Exanple 1 was
substantially followed with the exception of using different catal ysts as
listed in Table 1. The reaction tenperature and selectivity to acetal dehyde
and ot her



products are also tabulated in Table 1. Table 1. Acetic Acid Conversion and
Selectivities for Conparative Exanples Wiile the invention has been

il lustratwd 2or/aermecti on with particul ar exanpl es, nodipCiramsbéoons418D t hese
exanples within the spirit and scope of theinvention will be readily
apparent to those of skill in the art. i view of the foregoing discussion,
rel evant knowl edge in the art and references di scussed above in connection
wi th the Background and Detail ed Description, the disclosures of which are
all incorporated herein by reference, further description is deened
unnecessary.ﬂﬂ@ﬂlﬂ&iﬁﬁﬂ&ﬂﬂ@ﬁis 1 A process for sel ective and direct

formati on of a et al de ron1 aci ontactin f eed
strean1conta¥ @D&F§E¥ e&?PHe Fﬁ&&ﬁ t@ﬁ@&@?gﬁn?é F%Fﬂre with
a suitabl e hydcegpAsh neorﬁaétﬁlgyﬁeea Ql‘fédx'ﬂjb&ﬁalﬁl |a%é1§<§ aaaandrﬁwo &ehect ed
fromthe group consisting of iron, copper, pl ati num Fadlun1and

r ut heni um suppen glsyaigd tqnmnatue@bWéh@aumwshygﬁg@@tmgan@y@bmp gigat in

conbi nation V\nﬁegto(pnee or ¢ at%lu sts] len e tied fromthe group
conet sti g of 1 O BRI e FChR S R Rt PBhgsron and

vanadi um 2. ThmtiRuec pafadagh ahé hitBediomGuppdhtel, onh&nigbl dabiyse aligpoyist  support
is selected fromthe group consisting of iron oxide, silica, alumna,

si | i ca- al uni naan¢apanahy i Ferabination with®Re 0 Mosd ekl C@tialryaﬁmsaleawa fepni xt ur e
thereof. 3. Th?rheggtr%ﬁ(?&ms?s%ﬁg o?l'ug alEr%%n(Hn%prUta?smg% V\%l?dl 1 LRhA yst support

is silica. 4. rocess accor € catal yst
support is highn@umnhydsmkwﬁﬁn.S The process accordlng to Claim2, wherein
t he catalyst support is iron oxide. 6. The process according to Clalnll
wher ei n ¥he hydrogenation catal yst contains

2. The process according to Claim 1, wherein the catalyst support is selected
from the group consisting of iron oxide, silica, alumina, silica-alumina,

calcium silicate, carbon, zirconia, titania and a mixture thereof.
15 3. The process according to Claim 2, wherein the catalyst support is silica.

4. The process according to Claim 3, wherein the catalyst support is high purity

silica.
20 5. The process according to Claim 2, wherein the catalyst support is iron oxide.

6. The process according to Claim 1, wherein the hydrogenation catalyst contains

ruthenium on a suitable support.

25 7. The process according to Claim 6, wherein the catalyst support is silica or iron

oxide.

8. The process according to Claim 1, wherein the hydrogenation catalyst contains
iron supported on silica.

30



rut heniumon a suitable support. 7. The process according to C aim 6,
wherein the catal yst support is silica or iron oxide. 8 The process
accordi ngvoao@mairmmsl, wherein the hydrogenati on cat al ysPCTarst@ons418T on
supported on silica.9. The process according to Caim1l, wherein the

hydr ogenation catal yst contains a conbigation of rutheniumand tin or
rutheniumand iron at a Ru/Sn or Ru/Fe weight ratio in the range of about
0.1 to 1. 10. The process according to daim9, wherein the | oading of
rutheniumis about 0.5 weight percent to about 1 weight percent and the

| oadi ng of t9-nTée prqcsss acsoraibtgmo Clasn hewhtreingbe bednogc@t@n@atalﬂocmmght

percent and the c ort |s |I|c Sqage ng to
Claim9, whereff 838 %’f’urpl?fl %F‘Smé{%ﬂ{a ﬁ%&ﬁ?‘gﬁ? ént and
t he | oadi ng of “te;ghtmloalaqhgraagwafgmutpqr@qnt and the catal yst support is
silica or the |oading of rutheniumis about 1 weight percent and the

| oading of iron is about 5 weight percent and the catal yst support is

silica. 352 l;U'q’hQ %90%%? rﬂg%%@?x{%t' ?f‘-n? Pa\fvﬁérem]the‘é&% %n& r{lﬂl%?ﬁ%ﬁd{s%gg&a“ on

cat al yst ‘contains’a co I iim an numand tin at
a Pt/ Sn or Pt/ P8 weighhpercent td)aboliltilh&lgh?tI‘p)gﬁ‘:e@ﬁc andltBelloading demlor idon.is The
process according to Caim12, wherein the |oading of platinumis about 0.5
wei ght per cent 2Pt AbWeight DREPGH o ﬁ@%éﬂtw%ﬁﬂ Pefrent %H’dhﬁ@atélfysﬁuﬁpw Sronis
about 2.5 weighf;.percent to about 10 wei ght percent and the catalyst
support is silica. 14. The process according to Claim1l, wherein the

hydr ogenati on catal yst contains

10 11. The process according to Claim 9, wherein the loading of ruthenium is about
0.5 weight percent and the loading of tin is about 5 weight percent and the
catalyst support is silica or the loading of ruthenium is about 1 weight percent
and the loading of iron is about 5 weight percent and the catalyst support is
silica.

15

12. The process according to Claim 1, wherein the hydrogenation catalyst contains
a combination of platinum and iron or platinum and tin at a Pt/Sn or Pt/Fe

weight ratio in the range of about 0.1 to 1.

20  13. The process according to Claim 12, wherein the loading of platinum is about
0.5 weight percent to about 1 weight percent and the loading of tin or iron is
about 2.5 weight percent to about 10 weight percent and the catalyst support is

silica.

25 14. The process according to Claim 1, wherein the hydrogenation catalyst contains
a combination of iron and cobalt and wherein the loading level of iron is about
3 weight percent to ten weight percent and the loading level of cobalt is about

8 weight percent to about 20 weight percent and the catalysts support is silica.

30 15. The process according to Claim 1, wherein the selectivity to acetaldehyde

based on acetic acid consumed is at least 60 percent.



a conbination of iron and cobalt and wherein the | oading level of ironis
about 3 weight percent to ten weight percent and the |oading | evel of
cobal t i swahouwo18i4éei ght percent to about 20 wei ght per eemtusarnd/ov4187

catal ysts support is silica. 15. The process according to Claim1, wherein
the selectivity to acetal dehyde based ofs acetic acid consuned is at |east
60 percent.16. The process according to Caiml, wherein the selectivity to
acet al dehyde based on acetic acid consuned is at |east 70 percent. 17. The
process according to Caim1l, wherein the selectivity to acetal dehyde based
on acetic acid consuned is at |east 80 percent. 18. The process accordi ng

to daim1l, ein the hydrogenation to acetal dehyde is carried out in the
vapor phase %ﬁg?f‘&e%ﬁ?ﬁé‘%ﬁ%ﬂﬁ% iaﬁntlh%{ﬁ)‘frﬁﬂbtbe 5% e%ﬁvdwttofg_ efPW%SSCDC. 19.

The process acedediodthcbiic 4didconskithed W 818450 70 herdlydr ogenation to _

acet al dehyde is carried out in the vapor phase and at a tenperature in the

range of about 270C to 310C. 20. The process according to Caim 18, wherein

said feed sty contains an inekt.carrjer.gas. .21. .The process, accordi ng
Co O at 1, oD B R te dhd Qb b EbirRe sfdta I8 R ERERRSar ogen wit h
a molar ratio baseltn acai@aci@tomdmed id 8east 80 perced00, the tenperature of the
reaction zone is in the range of about 2500C to 3500C, and the pressure of

the reaction zone is in the range of about 5 to 25 atnospheres absol ute.
22. The proc r.qi j , i i;st of
rceti c aci d AnanpgHRsS ek b L . WAHBLShE ni S ERER Who IR O
1: 2, the tenpeisdaial @ft it e vapacphase agd iea femperatiildén faRNgRgOdf sbbaut 2700C to

3100C, and
al 250°C to 350°C.

19. The process according to Claim 18, wherein the hydrogenation to
acetaldehyde is carried out in the vapor phase and at a temperature in the range
of about 270°C to 310°C.

15
20. The process according to Claim 18, wherein said feed stream contains an inert

carrier gas.

21. The process according to Claim 18, wherein the reactants consist of acetic acid
20 and hydrogen with a molar ratio in the range of about 100:1 to 1:100, the
temperature of the reaction zone is in the range of about 250°C to 350°C, and
the pressure of the reaction zone is in the range of about 5 to 25 atmospheres

absolute.

25  22. The process according to Claim 18, wherein the reactants consist of acetic acid
and hydrogen with a molar ratio in the range of about 1:20 to 1:2, the
temperature of the reaction zone is in the range of about 270°C to 310°C, and
the pressure of the reaction zone is in the range of about 8 to 20 atmospheres
absolute.

30



the pressure of the reaction zone is in the range of about 8 to 20

at nospheres absolute.23. A process for selective and direct formation of
acet al dehydeofowoam4daceti ¢ acid conprising: contacting a PeEaSstmme4Ts7
containing acetic acid and hydrogen at an el evated tenperature with a

sui t abl e hydrogenati ng catal yst contai nggi)g about 0.5 wei ght percent to
about 1 weight percent of platinumor rutheniumand 2.5 weight percent to
about 5 weight percent of tin or iron on a suitable catal yst support. 24.
The process according to Claim23, wherein the catalyst support contains
pl ati num at 23./Aoprdcesg forsetdctive ardduect dormanen ghacqiadelemde fm atssigtacshe (1)
wei ght percent and.t.in or ti r.on a%; (ztloadi(g{g level of a oué fé{ve 5) wei ght
percent and t h&XCREENEs FOURPHEA 1S SUra coainme aggiic acid and bydrogegit 8 ng ¢ o
C ai m 23, wher ah blebired ¢ahpédritsite WiRRRGItalIO By dbPénaking BRI yYdM Htaigingoadi ng

| evel of about 0.5 weight percent or about one (1) weight percent and tin

or iron at a | 8beltfgd weight pareniteaboytil\ eighs)pepgeingbf plpénwe or ruthenitme

catal yst support ;i i.l4.C C ordi ng .to C aj wherein
Che roactant o b erofiigh Bl FARSIRERBRER UG AP 1 5T h the
range of about cdtaRet duppdetS, the tenperature of the reaction zone is in the
range of about 2700C to 31Q0C. 27. The process according to Claiml,
wherein the catalyst is chosen froma binetallic conbination of

pal I adi un g .ﬁlé’géd%eas &EOM%@C&M{H awr%ére@f}’ﬂé %Al SHRBRY g&'m%ssi lica or
carbon. 28. The process according to claim 27, erein said catal yst
further conpri phsinpatasdoadingleetiadfabamd). nveighapadcystorabppoore (il pwsight ca. 29.

The process according.to C.aim1, erein t catal yst is chosen froma
P 10 percent a%d tin or iron ataloa\{mng evel ofjll%out tIIVC (%? we%gilt percent and

the catalyst support is silica.

25. The process according to Claim 23, wherein the catalyst support contains
ruthenium at a loading level of about 0.5 weight percent or about one (1)
15 weight percent and tin or iron at a loading level of about five (5) weight

percent and the catalyst support is silica.

26. The process according to Claim 23, wherein the reactants consist of acetic acid
and hydrogen with a molar ratio in the range of about 1:20 to 1:5, the

20 temperature of the reaction zone is in the range of about 270°C to 310°C.

27. The process according to Claim 1, wherein the catalyst is chosen from a
bimetallic combination of palladium/gold (Pd/Au) or palladium/copper
(Pd/Cu) supported on silica or carbon.
25
28. The process according to claim 27, wherein said catalyst further comprises

potassium acetate and the catalyst support is silica.

29. The process according to Claim 1, wherein the catalyst is chosen from a

30 bimetallic combination of palladium/iron (Pd/Fe), iron/cobalt (Fe/Co),



bimetal lic conbination of palladiumiron (Pd/Fe), iron/cobalt

(Fel/ Co), copper/ nmol ybdenum ( Cu/ Mdo) or copper/al um num (Cu/ Al) supported on
silica. 3902tipecess according to Caim29, wherein PhE/USa02U09EB7 i S
pal |l adiumiron (Pd/Fe), iron/cobalt (Fe/ Co) or copper/nol ybdenum ( Cu/ Mo)
supported on silica. 31. The process acgprding to Claim1, wherein the
catal yst is copper/alum num (Cu/Al) supported on silica.

copper/molybdenum (Cu/Mo) or copper/aluminum (Cuw/Al) supported on

silica.

30. The process according to Claim 29, wherein the catalyst is palladium/iron
5 (Pd/Fe), iron/cobalt (Fe/Co) or copper/molybdenum (Cw/Mo) supported on

silica.

31. The process according to Claim 1, wherein the catalyst is copper/aluminum

(Cu/Al) supported on silica.



