| NTEGRATED PROCESS FOR THE PRODUCTI ON OF VI NYL ACETATE FROM ACETIC ACID VIA
ETHYL ACETATE CAaimfor Priority This application clains priority to United
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Decenber 31, 2009, which is incorporated by reference in its entirety.
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10  Field of the Invention

The present invention relates generally to an integrated process for the

production of vinyl acetate monomer (VAM) from acetic acid via ethyl acetate.
More specifically, the present invention relates to an integrated process first
involving hydrogenating acetic acid utilizing a catalyst composed of a supported

15  bimetal catalyst, such as for example, platinum or palladium and copper or cobalt
supported on a suitable catalyst support optionally containing one or more
additional hydrogenating metals to form ethyl acetate with high selectivity. Ina
subsequent second step, ethyl acetate thus formed is subjected to a pyrolysis step
to form ethylene and in a final step the thus formed ethylene is combined with

20  additional amounts of acetic acid and molecular oxygen to form vinyl acetate over

a suitable catalyst.

Background

There is a long felt need for an economically viable process to form VAM
25  directly from acetic acid. VAM is an important monomer in the production of
polyvinyl acetate and polyvinyl alcohol products among other important uses.
VAM is currently produced from two key raw materials, ethylene and acetic acid.
Ethylene is predominantly produced from petroleum based raw materials although

acetic acid can be produced to a lesser extent from petroleum based raw materials.



the cost of conventionally produced petrol eum or natural gas-sourced VAM
maki ng the need for alternative sources of VAM all the greater when oi
prices riwe.2oiwo7tas now been found that VAM can be prodecewdseamapninal |y
froma m xture of carbon nonoxi de and hydrogen (commonly known as synthesis
gas) involving a few industrially viable sieps. For exanple, it is well
know t hat synthesis gas can be reduced to nethanol, which is in fact the
industrially preferred way to manufacture nethanol. Methanol thus forned
can then be converted selectively to acetic acid under catal ytic

car bonyl at i oFhecefod, flucmatingnathral gassaydi anudeha! prichssoniributeytoglhuefuatiprsiinpr ocess
for the nanuLactur of acetic acid. The acetic aci.d thus f t hen can be
sel ectively | 8ﬁWﬁP?@H“FBU%Wﬂ?ﬂ”&@&FngnﬁﬁH@ﬁ” ﬁ?ﬁﬁ?§s8ﬂ?3$&?ﬁg’conditions.

Al though t hepgkiag thetRell FHHIe P88 56 @SB OLARP AP tHePreatétGhnch SiPPN&SsSi on, the
prior art does provide certain processes for such a conversion of acetic

acid to ethyfiseacetate al beit at | ow conversions and yields thus making it
industrially unsuitable. For instance, one such process involves first
hydr ogenati on of carboxylic acids over heterogeneous catal ysts to produce

al cohol s, which cRRad henbbén RARY Bidi &Th MQah Be pesduces pRB6tidlg fasigtat es by an
esterification reaction. For exanple, United States Patent No. 2,607,807 to

For ddi scl osasixtyrgof eamhamglongxideisad hydipgen fqommenly knewn ap ymshesis 2as) ut heni um
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converted selectively to acetic acid under catalytic carbonylation conditions which
is again the industrially preferred process for the manufacture of acetic acid. The
acetic acid thus formed then can be selectively converted to ethyl acetate under
suitable catalytic conditions. Although there are no known preferred processes for
15  such a conversion, the prior art does provide certain processes for such a
conversion of acetic acid to ethyl acetate albeit at low conversions and yields thus

making it industrially unsuitable.

For instance, one such process involves first hydrogenation of carboxylic
20  acids over heterogeneous catalysts to produce alcohols, which can then be
converted to the corresponding acetates by an esterification reaction. For
example, United States Patent No. 2,607,807 to Ford discloses that ethanol can be
formed from acetic acid over a ruthenium catalyst at extremely high pressures of
700-950 bar in order to achieve yields of around 88%, whereas low yields of only
25  about 40% are obtained at pressures of about 200 bar. However such extreme
reaction conditions are unacceptable and uneconomical for a commercial

operation.

More recently, even though it may not still be commercially viable it has

30  been reported that ethanol can be produced from hydrogenating acetic acid using a



been reported that ethanol can be produced from hydrogenating acetic acid
usi ng acobalt catal yst at superatnospheric pressures such as about 40 to
120 bar. weepidwr3isexanpl e, United States Patent No. 4, 5P¢TA820008bast er et
al. On the other hand, United States Patent No. 5,149,680 to Kitson et al.
descri bes a process for the catal ytic hydrogenation of carboxylic acids and
their anhydrides to al cohol s and/ or esters utilizing a platinumgroup netal
all oy catalyst. The catalyst is conprised of an alloy of at |east one noble
metal of Goup VIII of the Periodic Table and at | east one nmetal capabl e of
al | oyi ng w tchbalheat&hystiap sifierdtnmospharicrpresahires adeh aseabout 4(htoal 200rap.0 Seqy tfor

conprising at |east one_of t al u tun en or nol ybdenum
Al t hough it “K&&P L’H‘tﬁ‘fﬁpﬁédb‘j‘f%% f‘isstlﬁgg ‘?T@F‘ﬁ(ﬁé’cf Selectivity to a mxture
of alcohol and its ester with the unreacted carboxylic acid is achi eved

over the prior art references it was still reported that 3 to 9 percent of
al kanes, such as Ometheantierdand.dimitadsStates Pitontidol hh4%§8(bﬁ0dﬂ'm0n§t dbri ng the

hydr ogenati on of acetic under t tima st

condi £ ods. BsSTbed fProrrotir M irachaopiton o ottt 7 Bty
acetate by hwHyRHRII hIABhAS 8hd/6r é’é@érﬁiuﬁﬁﬁngﬁ%ﬁnﬁﬁp@bﬁﬁnie'ﬂal%ﬁo? 372 847 I'n
this process, a carboxylic acid ester, such for exanple, ethyl acetate

i s produced catalyst.sEheedtalystriy C@ﬂpgfi#eéieqf@rl aﬂhﬁﬁf BU%SWIQW soble seridiodg t he
corr espondi "o ﬁ%%ﬂooft}?et Pea}lod?é %%l' V' hd %t lea(ljs? dnd Iql%gal 1r r gf%lﬁ)yﬁr%\g%yl ic acid

or anhydri de Pher'eof by  reac |ng Re” Acrd ore an rogen at

el evat ed t enpeGasup €Il Robl8 enebdl SsdMiked Ofitha @m;ainyﬁﬁcoﬁmﬁig dtileast 6@ i Si ng
as a first conponent at |east one of G oup I1 noble netal and a second

conponerf cdﬁﬁ)mﬁ@l%@e%m, Sangsten ps n%ﬁlyt?ﬁ?P%‘d eﬂ&rﬁugb drigs tbeen glammedheni um and a
third conpongit; C[ﬁgm roved s@féc@%’tfﬁ a%u&ur@"o?‘df&ohéﬁban%' 1%’155{& wiffQpever, even

t he optimal con itions reporte herein result 1 n significant anmounts of
by- product s Linrfralcwdiclagaolxphdnand is athievee overcthe phdeduycﬁerandes it was still
reported that 3 to 9 percent of alkanes, such as methane and ethane are formed as
by-products during the hydrogenation of acetic acid to ethanol under their optimal

15  catalyst conditions.

A slightly modified process for the preparation of ethyl acetate by
hydrogenating acetic acid has been reported in EP 0 372 847. In this process, a
carboxylic acid ester, such as for example, ethyl acetate is produced at a

20  selectivity of greater than 50% while producing the corresponding alcohol at a
selectivity less than 10% from a carboxylic acid or anhydride thereof by reacting
the acid or anhydride with hydrogen at elevated temperature in the presence of a
catalyst composition comprising as a first component at least one of Group VIII
noble metal and a second component comprising at least one of molybdenum,

25  tungsten and rhenium and a third component comprising an oxide of a Group IVb
element. However, even the optimal conditions reported therein result in
significant amounts of by-products including methane, ethane, acetaldehyde and
acetone in addition to ethanol. In addition, the conversion of acetic acid is
generally low and is in the range of about 5 to 40% except for a few cases in

30  which the conversion reached as high as 80%.



acetone in addition to ethanol. In addition, the conversion of acetic acid
is generally lowand is in the range of about 5 to 40% except for a few
cases i n wbi2eto/a7ha3conver si on reached as hi gh as 80% Si mcirarsbgog/ond72dias been
reported in the literature that ethyl acetate can be converted to ethyl ene
under a variety of conditions. Al though sgme of the processes reported in
the art may not be suitable for a comrercial operation, certain

nodi fications thereof naybe suitable for selective conversion of ethyl
acetate to ethylene such that it can be enployed industrially as further
descri bed her ei n Similatg idedsdicer depbeted in fiteilneranfre tHaeethpkdcatite camdent i on. For

exanple, it has been re orted that, eth e. can produced rom vari ous
ethyl est er SOPYETIAO 5% cBR&EEeT nVariely ?é‘??ﬁ‘gft&néré?& eqfs'%esooc over

zeolite cat ?lrcyc%tss%s r%a eElePFH% 2f m&} byl bees%hsm% fsh@&oxﬁaercbﬁ oﬁ@%b@ﬁ{ed i ncl ude
et hyl ester c acid, acetic acid and propionic acid. See, for

exanpl e, Unicerainstatifcatioas dreredilmaybe Gﬁma,b@tsfbrtsole@o@mooneretonaﬁ etther e

selectiviity is re abl e Uit d State at ent .

3270, 015§ gt sl g ot Bal § EREbRPmBoaeh BRI FH Fuffih SrRE? st ep
process in WaiehipthBd¥taHe®d&kripAsPOMthERRLeadt Gieveafign. hy dr ogen is reacted with
a carboxylic acid containing 2 to 4 carbon atonms to formthe correspondi ng

et hyl ester of said carboxylic acid which is subsequently pyrolyzed in a
quartz reactor atg eleva

[ 00 to 6000C
to obtain ethyl ene Fher's ig ]I%hgeneémt% rFe% dla eE enc%%g %0%{%%&%0 ydr ocar bons,

particul arl wariet\@h{ 3trin thepay Ha)ée irl ﬂhe\t‘ﬁﬁpe'iht%ﬁ: fa8po6t BSD-3¢0eCadver t hat t he
concentratl on of ethane can reac gh val ues, near_ 5% by p roI y2| ng pure
et hyl pr8pi geelite catalyssodde tw&fuerbamtarﬁttw can he epplved sichidesthtlhe esters

and yiel d ofg t%}{]t}’ e, hedi Ogida rQ;g ﬁfc“%ld W, fdPLkSfpIS! Bhitsy Pat ent No.

4,399,305 to escfl
States Patent No. 4,620,050 to Cognion et al., where selectivity is reported to be

acceptable.

15 United States Patent No. 4,270,015 to Knifton describes obtaining ethylene
involving a two-step process in which a mixture of carbon monoxide and
hydrogen is reacted with a carboxylic acid containing 2 to 4 carbon atoms to form
the corresponding ethyl ester of said carboxylic acid which is subsequently
pyrolyzed in a quartz reactor at elevated temperatures in the range of about 200° to

20 600°C to obtain ethylene. The ethylene thus produced contains other
hydrocarbons, particularly, ethane as an impurity. It was also reported therein that
the concentration of ethane can reach high values, near 5% by pyrolyzing pure
ethyl propionate at 460°C. More importantly, the conversion of the esters and
yield of ethylene are reported to be very low.

25

United States Patent No. 4,399,305 to Schreck describes obtaining high
purity ethylene from ethyl acetate employing a cracking catalyst composed of a
perfluorosulfonic acid resin commercially sold under the trademark NAFION® by
E.L. DuPont de Nemours & Co.
30



purity ethylene fromethyl acetate enploying a cracking catal yst conposed
of a perfluorosulfonic acid resin comrercially sold under the trademark

NAFI ON( r )wbyot/id7734BuPont de Nemours & Co. On t he ot her haoajushevioncreski et
al., Bull. Soc. Chim Belg. (1985), 94(2), 93-5, disclose the reaction of
acetic acid on |owvalent titanium heterogenized on support materials such
as silica (Si@) or titania (TiA) resulted in a mxture of products

i ncludi ng diethyl ether, ethylene and net hane where selectivity is poor. WO
2003/ 040037 di scl oses that crystalline mcroporous netall oal um nophosphat es
(ELAPO, parti cuI(amthp otlwARGhd, Wieliroveski tted., BalicBoa ChiAPBely, (198509411,

SAPO- 20, SAPO- 18 . .a APO- 34, aV| r at 0 of 0.03-017 are useful as
adsor bent or ?aé déscg%ﬁ iTey@PC thogro taﬁ%tlcp?%‘ajﬂéﬁ‘?%?{ alspt {iaRRu, ReteTogERIZR( Ykygenat ed
feedst ock C%H&ﬁdrﬂhﬂ&rﬁﬁtsﬂ@ﬁ‘% sili&d (40 ?or titarth ?ﬁ@%ﬂesuft&pﬂﬁra(}ﬁﬁ(@lﬂje fCA- C20

al cohol s, ethyl ether, di- et her i -ethyl ether, di-isopropyl
et her, for rmjrothhvysiecludmgehchh}d e(ﬂmrbcihﬁleee amtl methlay¢ wheteaekectividly srpoacet i ¢
acid. A simlar disclosure utilizes a silicoalum nophosphate nol ecul ar
sieves conprising at | east one intergrown phase of nolecular sieve. It is

reported that inwo magvoz@@%dﬁclfo@&dﬁﬁmystﬁﬁﬂé Bliftopsroad nRIBaRAtifo-coNnt act s
a catal yst conpri si the nol ecular sieve in a reaction zone of a reactor

at conditi orpélomffaw&l%bépm parbelerdy,|SAJHR-typecdeohtss, sygh e SAPE-H ySfél?(ﬂyl ene and
propyl ene. e .y 32 n is
ment i oned tﬁgt Sgg(%ﬂgxs%@ggg $§&%c$ gr%%l(‘gldr tlég @?)?S@zaég{li? ! the

di scl osure appésrberitor hea l:atmnybtetdr the eoditgion BELRENS Ifrodt ardloxiiehyted et her . See,
al so, United States Patent . 6,509, 290 to Vaughn et al. cu whi ch further

di scl osd$ céﬁﬁﬁ’é%k@ﬁn@fm‘éﬁ(%m{ﬂeﬁt prel dapEagol ssograsrnels C4si 3kt al | i ¢
rutheniumti [ r tetrabutyl
in i th T U S S A b, UEUREEeh R P bl AL ARl e, | o Pt

t hese cat al ystmsalédettyidbj dimdiliyl edrbonats,elimethyl kétorsatifieret et adiieAr simdlat ent  of

disclosure utilizes a silicoaluminophosphate molecular sieves comprising at least

one intergrown phase of molecular sieve. It is reported that in this process a
15  feedstock containing an oxygenate contacts a catalyst comprising the molecular
sieve in a reaction zone of a reactor at conditions effective to produce light
olefins, particularly ethylene and propylene. See United States Patent No.
6,812,372 to Janssen et al. It is mentioned that such oxygenated feedstocks
include acetic acid, but the disclosure appears to be limited to either methanol or
20  dimethyl ether. See, also, United States Patent No. 6,509,290 to Vaughn et al.,

which further discloses conversion of oxygenated feedstocks to olefins.

Bimetallic ruthenium-tin/silica catalysts have been prepared by reaction of
tetrabutyl tin with ruthenium dioxide supported on silica. It has been reported that
25  these catalysts exhibit different selectivities based on their content of
tin/ruthenium ratio (Sn/Ru). Specifically, it has been reported that the selectivity
for the hydrogenolysis of ethyl acetate is quite different, which depends upon the
Sn/Ru ratio in the catalyst. For instance, with ruthenium alone on SiO,, the
reaction is not selective: methane, ethane, carbon monoxide, carbon dioxide as
30  well as ethanol and acetic acid are produced. Whereas, with low tin content, it has

been reported that the catalysts are fairly selective for the formation of acetic acid,



tin/rutheniumratio (Sn/Ru). Specifically, it has been reported that the
selectivity for the hydrogenol ysis of ethyl acetate is quite different,

whi ch depwodsiupass3t he Sn/Ru ratio in the catal yst. For PCmatSamo®p672é t h

rut henium al one on Si2, the reaction is not selective: nethane, ethane,
carbon nonoxi de, carbon di oxide as well ag ethanol and acetic acid are
produced. \Wereas, with lowtin content, it has been reported that the
catal ysts are fairly selective for the formati on of acetic acid,while at

hi gher Sn/Ru ratios, ethanol is the only detected product. See Loessard et
al ., Studi eswhile #highac 8n/Bai ratiog ettradolGatlad yrdy detedi®dpyqduvbl Smed dostaed 41988, 48

(Struct. React urf.), 591-600. The, catal yti uction acetic acid has
al so been stlaPdies FypurfareSeiense aﬂfpﬁﬁé(?%%hétggg)é&.‘}m& a@nﬁ%‘n& s., Synopses
(1980), ( 1l¥kyrud/ReadidVff flisvtlgpped the catal ytic reduction of acetic acid

on iron and on alkali-pronoted iron. In their study they found that the
reduction of acetic acid on alkali-pronoted iron, followed at |east two

di fferent routes . dependin n_.the tenperatyure. For exan t.h found t hat
2t 3500C5 e pi e SRS e AL R R e R ARSNS e  a bon

di oxi de, as HyaHérna®nlehgl deCABMORES.| SFhoBERLUIEM®, (TBY, M ehARdisdsRamdi oxi de,
wher eas the deconposition products were reduced at |ower tenperatures. On

t he ot her haathlytistredOUOQC od aptiaasid e trae enden plkalmremnokdsronbdethedd resul ting
in the for i of - ac | deh nok, In diti 1t should al so
be noted tEg%u(ﬁﬁ}éeryefogpgh%ﬁghes%érgﬁ%{@;lo f{\?’%éa}ﬁﬁ agl%?%%lggg' §&P§{rédtlﬁ)é’ producti on of
VAM from et tpliened aneasated diffeasrit doutbOdeperdinp loa thd ehipethtSicatFes eRahsiol No.

6, 696,596 to Herzog et al. ., which is incorporated herein by reference in
its entilfet yheyifound digat 3305C. halieareastion Waypedaminang prd gays asaieae apd om

et hyl ene, a | ﬁ&i. il Oa5 er a catal yst
conpri si ng %g{qog |uﬁ19%%g?v§?l)¥?ggg§)yﬁp unlglg),H pg((g)qﬁ%]%arﬂ%}ﬂ%} |t§c'%{:t§)b\r{rlpounds and

al kal i et aldieddgowhelsasthe desamppasition produas wetehredumt ak Ysterftempdreturesonpri ses
vanadi um

On the other hand, at 300°C a normal reduction reaction was observed resulting in
the formation of acetaldehyde and ethanol.
15
In addition, it should also be noted that there are industrially viable
processes for the production of VAM from ethylene and acetic acid. For example,
United States Patent No. 6,696,596 to Herzog et al., which is incorporated herein
by reference in its entirety, discloses that VAM can be produced in the gas phase
20  from ethylene, acetic acid and oxygen or oxygen containing gases over a catalyst
comprising palladium and/or its compounds, gold and/or its compounds and alkali
metal compounds on a support, wherein the catalyst further comprises vanadium

and/or its compounds.

25 There are also reports in the literature of integrated processes for the
manufacture of VAM involving oxidation of an alkane such as ethane or an alkene
such as ethylene to acetic acid and in a subsequent step reaction of so formed
acetic acid with additional amounts of ethylene in the presence of oxygen to form
VAM. See for instance, United States Patent No. 6,040,474 to Jobson et al.,

30  which describes the manufacture of acetic acid and/or vinyl acetate using two

reaction zones wherein the first reaction zone comprises ethylene and/or ethane



and/or its conpounds. There are also reports in the literature of

i ntegrated processes for the manufacture of VAM i nvol vi ng oxidation of an
al kane suwb0m/8t33ane or an al kene such as ethyl ene to &cetiseooamoer2and in a
subsequent step reaction of so forned acetic acid with additional anounts
of ethylene in the presence of oxygen to fprmVAM See for instance, United
States Patent No. 6,040,474 to Jobson et al., which describes the

manuf acture of acetic acid and/or vinyl acetate using two reaction zones
wherein the first reaction zone conprises ethyl ene and/ or ethanefor

oxi dati on t donedtiatonaoiadetvd 4did tvith tbe saodd reaation ponezongrsongmcese agdacet i ¢

acid and ethyl.e W th the duct streans bein ubseque separ at ed
her eby pr odtEFiy e it BE sboret Sesadn s subis bat B ELShEtEhy o

6,476, 261 t QyEddciy BhyBlcetalthi S af@S UnitBE Staf P@férfﬂﬁd @'17@'2@?%%1[&% the
producti on of alkenes and carboxyllc aci ds such as ethylene and acetic acid

whi ch are redcwladhtigscrlbcmrvomsiatuacwpmse f@kethgpmduatmmgf alketesand e t han one
reacti on.zone ,can,.be Unlt?d St at. es Pat ent

ooCh a5 oI ERTesaES gitnisR i el Al o SRRIR e el R T R €

wher ei n et hagtatedehfRAsirfthg/thhmbR tBEMbRY re@XtiBBidnk Rah B ufdas goeetel a
sui tabl e oxidation catalyst in first reaction zone; concurrently, in a

second reactvieyl agefate. anot her batch of ethane is oxidatively dehydr ogenat ed
to ethylene in the presence of a suitable catalyst and subsequently in a
third reaction zone, the acetic acid fornmed in reaction zone 1 is reacted

with ethyl ene prdduieedSthted Paensi6 0852, 8210l Dpszarng , Hesctibes ghotieence of
addi ti onal anounts of nol ecul ar oxygen and a sui tabl e cat al yst to form VAM
From t hd 0f oriBigeratRg Rrocess whsisan etrli@n% ﬁdﬁa%@d wtthwlméégs@% %0t have the

requisite Sng é‘s‘éh&é’bi‘a)’s& lex’Ha‘?ltog%ﬁgﬁ?hﬁﬁ& {LABALRE! &)ﬂ%ﬁ#‘r ﬂn% gr its

direct conversion to et ene an to convert the resu Q pr oducts to
VAM in an  second reaction zone another batch of ethane is oxidatively dehydrogenated to

ethylene in the presence of a suitable catalyst and subsequently in a third reaction
zone, the acetic acid formed in reaction zone 1 is reacted with ethylene produced
15 from a second reaction zone in the presence of additional amounts of molecular

oxygen and a suitable catalyst to form VAM.

From the foregoing it is apparent that existing processes do not have the
requisite selectivity to form ethyl acetate from acetic acid and/or its direct
20  conversion to ethylene and then to convert the resulting products to VAM in an
integrated process thus making them industrially adoptable to produce VAM

essentially from synthesis gas and/or synthesis gas based products.

Summary of the Invention

25 Surprisingly, it has now been unexpectedly found that VAM can be
produced on an industrial scale involving an integrated process by which ethyl
acetate is first formed directly from acetic acid with very high selectivity and
yield, which is subsequently pyrolyzed to form ethylene and acetic acid. In a final
step the mixture of ethylene and acetic acid so formed in second step is mixed

30  with molecular oxygen and optionally with more acetic acid to form VAM in the

presence of a suitable catalyst. More particularly, this invention provides a



i ntegrated process thus making themindustrially adoptable to produce VAM
essentially fromsynthesis gas and/or synthesis gas based products. Summary
of the I rnwernioarr78arprisingly, it has now been unexpect ediryustaands7ehat VAM
can be produced on an industrial scale involving an integrated process by
whi ch ethyl acetate is first formed directdgy fromacetic acid with very

hi gh selectivity and yield, which is subsequently pyrolyzed to form

et hyl ene and acetic acid. In a final step the m xture of ethylene and
acetic acid so forned in second step is mxed with nol ecul ar oxygen and
optionally \qirOdtsmﬁxreheaszadadcitiae &omhtibo of AV \faivh hcet'tcraeiqnoelsm'mdng:cﬂa) a suitable

cat al yst. re particul ar thi.s i nvention provjdes r og for the
sel ective f yﬁg}gegqpn(gfacgtA ‘Fl?lb‘h{hﬁctlgfti'rgacé'(,op&ogﬁHbﬂhf:ﬂeﬁﬁgce( 3 ¥ Bgenat i ng

acetic acid dv@rﬁﬂ?drf)gérﬁ&mg%%ty'spébrﬁﬁiﬁngﬁl&i&?oﬂ!ﬁ%@ﬂ%e&éd ﬂmrtagen over a
hydrogenating catal yst conprising at |east one metal selected fromthe

gr oup consi grq)ulgccmfslshng Rénlckﬁl platinumaad galidivmand at least cae meselseleoted net al

sel ected fr num .r heni u zirconju nd cobal t th the
provi so hat OY)EW%{I rhﬁglu& W'fl%u?p%mfl?fga‘gt%ﬁrﬁ' %% S © tzh:N# coni um
copper or cqfglnunt @aplb@dyéaewahéutrrﬁél BRBaY sheRi B8 Utcostung @Bppdr o} cebuli chi ng
said first gaseous product streamvmth ethyl acetate at |least up to 50 nole

percent; (c)ioPESEES Ay KasPosp Pradyetsticrms (b)g;aslébmg spiddisicgasequsPapduct om st ep
(b) over a sy, &ﬁ%g]u@[ﬁ%{ée&% 3R ¥ Eo nd‘m%l S;?e?fl dl(Fgl%g ﬁrg‘snﬁfé}ﬁléhg gforma

second gaseous pro ream consi st ene and acetic
acid; (d) rdastdasepusretresiesuach ﬂam;s(bpbodtmmﬁb]ree:mkirrgwmayapnéc) with
mol ecul ar oxygen and, optionally additjonal anobunts of acetic acid in the
presenceDof SECQUMTERSHOn Z08¢ f(bfomlaa FRYMBEIFELBRIRAYS SWEAR CARSIERE conpri si ng

vinyl acet ety OPUnSRABAAY o LD 1 PUeyAE ShAL LTI ARL Srddiicl d daseous

product stream i on at al yst errp oyed in s I's conprised
of a suit ablseream from step (¢) with molecular oxygen and optionally additional amounts of

acetic acid in the presence of a catalyst to form a third gaseous product stream
comprising vinyl acetate; and (e) separating the vinyl acetate from said third

15  gaseous product stream.

In addition, the catalyst employed in step (a) is comprised of a suitable
catalyst support optionally including one or more metal catalysts selected from the
group consisting of ruthenium, iridium, chromium, tin, tungsten, vanadium and

20  zinc. More specifically, the catalyst suitable for the process of step (a) of this
invention is typically comprised of a combination of platinum and copper
supported on a suitable catalyst support or palladium and cobalt supported on a
suitable catalyst support. Suitable catalyst supports include without any
limitation, silica, alumina, calcium silicate, carbon, zirconia, zirconia-silica,

25 titania, titania-silica, iron oxide and zeolite catalysts such as, for example,
H-ZSM-5. Similarly, various supports as described herein may also be employed

in steps (c) and (d) of this invention.

Detailed Description of the Invention

30 The invention is described in detail below with reference to numerous

embodiments for purposes of exemplification and illustration only. Modifications



catal yst support optionally including one or nore netal catalysts selected
fromthe group consisting of ruthenium iridium chromum tin, tungsten,
vanadi umwoaonvaiei43Mor e specifically, the catal yst suit @blraistaw/ovdres pr ocess
of step (a) of this invention is typically conprised of a conbination of

pl ati num and copper supported on a suitablge catal yst support or palladium
and cobalt supported on a suitable catal yst support. Suitable catalyst
supports include without any limtation, silica, alumna, calciumsilicate,
carbon, zirconia, zirconia-silica, titania, titania-silica, iron oxide and
zeol i t e cat ab pattisulariembadimehtrwighianin spiritindShobpe ofSheplteaentyinvengionpes

supports as described hereipn.my also be enployed |n st c) and (d) of
this inventif8ah “Ué‘?&PP%’die%égé?’F’p‘f"i]ot?? TR AP PR I E5F O ﬁ\}éﬁ@non is
described in detail below with reference to nunerous enbodi nents for

pur poses of exenplification and illustration only. Mdificationsto
particul ar enbodiUmedssnevetsheaificdily dafined beland temapdogyf astused persgeist

invention, set forth in the.appepded clains, wmll be readily apparent to
Lhose. of Dskienen b qrisals pOmiRE ST areet SBe 1 TPy dir em e

term nol ogy Asle peREnNANES BtHetwik VRdcdtéE Wetbhl pextehB@R vh6r %dYahe liRer cent
(mole %or %9 and like ternms refer to nole percent unless otherw se

i ndi cat ed. \Wumsrefepée weight peicemountesspthgnvise jndécatesk s refer to wei ght
percent unless otherw se indicated. Typically, the catalyst netal | oadings
are expressed as wei ght percent of a catalyst netal based on the total dry

wei ght of the netBlpiciig, hatcalalyst metud padings hrksiprésoed svasighepercsn@ofd) wei ght
percent of nmetal on a support nmeans that one gram of pure netal is present
in 100 dPancsatayssmsid basd anghe foteldry meight of the metaland GBilysh&ePRAEY: ght  of
support (99 )@(gﬁip . y \, LoRs sed as a
nol e percent]g{élg’%ge ol%fh(glggﬁ %Egglltéerig%ﬁt (Ianeftagg) .ae%g&gg#\?gsrgég?\%f acetic
aci d (AcOH) gramodpare métadisfprasengiasl 00 grams of supported metal catalyst, i.e., the

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

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

chromatography (GC) data using the following equation:

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

AcOH conversion (%) = 100 *

20 “Selectivity” is expressed as a mole percent based on converted acetic
acid. For example, if the conversion is 50 mole % and 50 mole % of the
converted acetic acid is converted to ethyl acetate (EtOAC), we refer to the ethyl
acetate selectivity as 50%. Selectivity is calculated from gas chromatography
(GC) data using the following equation:

25

mmol EtOAc out (GC)

Total mmol C out (GC)
2

Selectivity to EtOAc= 100 *

— mmol AcOH out (GC)



chr omat ogr aphy (GC) data using the follow ng equation: nmol AcOH in (feed
strean) -mmol AcOH out (GC) AcCOH conversion (%9 = 100 * mmol, AcO-,H' in

, (fceed_,wetomanTy343 "Sel ectivity" is expressed as a nol ecparse@atodrased on
converted acetic acid. For exanple, if the conversion is 50 nole % and 50
mol e % of the converted acetic acid is copyerted to ethyl acetate (EtQAQ),
we refer to the ethyl acetate selectivity as 50% Selectivity is calculated
from gas chromat ography (GC) data using the foll ow ng equation: mml EtQAc
out (GC) Selectivity to Et OAc= 100 * To-ta7l nmol GCout t(rGCr \) - nmol
AcOH out ( COyhenein éilntal Toha|C om(GA)” eefers(toR)tal mefody of dacbdndr@h athublle of

car bon fron1%%£60f t he oducts anal yzed by gas chromat ograph. The reaction
proceeds in P& FWY@G&A{)}’W%%OP@M%&H g chenical equations: (a)

Hydr ogenati on of Acetic Acid to Ethyl Acetate (b) Cracking of Ethyl Acetate
to Ethylene and Acetic Acid (c) Oxidative Addition of Acetic Acid to

Et hyl ene to for mThavesttiop pfedeedd-incicogrdnmte with tfe fAlewing cheinical o Et hyl
Acetate I.n accordance with the invention, conversion of acetic acid to
ethyl acétat8' &% Mhe carried out in a variety of configurations, such as
for exanple in a single reaction zone which may be a | ayered fixed bed, if
so desired. An adi abaticreactor could be used, or a shell and tube reactor
provided with a heat transfer medium could be used. The fixed bed can

conprise a m xt ur@ gﬂfyg%ig%{lﬁ[@”%f&%h@%ﬁ hoggt'ht Lé%?t?fgor catal yst particles

whi ch i ncl ude mul sts as ed
O O
2 2H, ” H, +  2H.0
—_>
_— C\ /C\ 2
CH o} CHj
10 HaC OH
(b) Cracking of Ethyl Acetate to Ethylene and Acetic Acid
(0]
O
” —_— )}\ * H,C=——=CH,
H2 y
Cc Cc
H;C
cHy NoT ep, ? on
15
(c) Oxidative Addition of Acetic Acid to Ethylene to form VAM
(0] o]
/U\ + 1202 + HC==CH, - /ﬂ Wt R0
HiC OH Chs \O/ \CHz
20

Step (a): Hydrogenation of Acetic Acid to Ethyl Acetate

In accordance with the invention, conversion of acetic acid to ethyl acetate
can be carried out in a variety of configurations, such as for example in a single

25 reaction zone which may be a layered fixed bed, if so desired. An adiabatic



herein. The fixed bed may al so include a | ayer of particulate materi al

maki ng up a m xing zone for the reactants. A reaction m xture including
aceti c acw0,20twdraagen and optionally an inert carrier gaeTits2608m04706t he bed
as a streamunder pressure to the m xing zone. The streamis subsequently
supplied (by way of pressure drop) to thelfeacti on zone or |layer. Reaction
zone conprises a catalytic conposition including a suitable hydrogenating
catal yst where acetic acid is hydrogenated to produce ethyl acetate. Any
suitable particle size nmay be used dependi ng upon the type of reactor,

t hr oughput resptorroenkinbesusad doranshieti rahth tubdl redvvergirovided ovith anetattrarssfigrpor t ed

hver ooona | B RPUR T e e b Snbepabh b S cEBeDY ocest
of thi's invepti @t orichtalyit garaa%g H ialudt RREME CAIRRRLS Berisalialcbed enpl oyed
is conprised of at least one netal selected fromthe group consisting of

ni f:kglj, pl atlieﬂmmr! ahfipad babinayrakio dncidd aelaiﬂ Qfgzalrt:mrlalad: nmaﬁéefneamfg[lﬁm

nol ybdenym r.heni um .zirconiu copper. and cobalt..In itiqn, e

cat al yst °1 s WIS AO0B4OhE eastantsach Bacionmpetrediing 36 SIS udi ng
one or nore aRBloptiordlyainyiat® caelefEisd fdd ©Mhé & & PitRafPiRies hedsureto
ruthenium iridium chromum tin, tungsten, vanadi um and zi nc. However,

si ngl e suppdhe mixingrene. chheadtyeem is sabhseauently suppliat By ovay of ppgsevreaiopn a

sui tabl e cat st _support sych ti.tani I | in the
process of ttﬁlh}s/e rle?lc\s/“éﬁtzlo%.or Y EF gi%agtlgr}z rgeec%rgé‘feé;gf 5@3?‘ fmagg%gggfmt he

process of tikil8dinp¥enaitaitde hi:grog&inting SaElyRf wieieQiblid@did Grhydkog¥natet ne'm and
copper supported on a suitable catal yst support or palladium and cobalt

suppor t é orPredusgicthybpestatar Ainyspitablpperticle sigegnawpe ysedideperdipg upest thed that a
o 20 Ve o b SRRl e B gl o su {21 < support car
pl ati num and copper (Pt/Cu) or palladiumand cobalt (Pd/Co) in
Although various metal supported hydrogenating catalysts known to one
skilled in the art can be employed in hydrogenating acetic acid to form ethyl
15 acetate in step (a) of the process of this invention, it is preferred that the
hydrogenating catalyst employed is comprised of at least one metal selected from
the group consisting of nickel, platinum and palladium and at least one metal
selected from molybdenum, rhenium, zirconium, copper and cobalt. In addition,
the catalyst is comprised of a suitable catalyst support optionally including one or
20  more metal catalysts selected from the group consisting of ruthenium, iridium,
chromium, tin, tungsten, vanadium and zinc. However, single supported metal

catalyst such as platinum alone supported on a suitable catalyst support such as

titania may also be employed in the process of this invention.

25 Preferably, the catalyst suitable for the process of this invention is
comprised of a combination of platinum and copper supported on a suitable
catalyst support or palladium and cobalt supported on a suitable catalyst support.
Typically, 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

30  combination of platinum and copper (Pt/Cu) or palladium and cobalt (Pd/Co) in
the weight ratio of about 0.1 — 1 are particularly preferred. More preferably, a



the weight ratio of about 0.1 - 1 are particularly preferred. Mre
preferably, aweight ratio of Pt/Cu or Pd/Co is about 0.2 -0.5 and nost

pr ef er ablwotzhm/omeisght ratio of Pt/ Cu or Pd/ Co is about @CZ/USTde/0047REr

catal ysts suitable in the process of this invention include a binetallic
conbi nati on of nickel /ol ybdenum (Ni /M), jpal | adi unmf nol ybdenum ( Pd/ Mb) or

pl ati num nol ybdenum ( Pt/ M) supported on HZSM5, silica or carbon. In this
aspect of the invention the loading |evels of a binmetallic conbination of

Ni /Mo may be any level to affect the selective hydrogenati on of acetic acid
to ethyl aceteighe raimoff Byfiicat Pg/Cotis abow9Li0. 3 aneingsttpreferabbnthe weakhdl  and 5

wei ght per cent de 1 Ww%N /5 wt % Mb) supported on carbon. In
anot her aspdét® Waf 6&%‘%@ if BRAUtO-0f a binmetal lic combination of Pd/M is
about 1 weight percent palladiumand 5 weight percent nolybdenum ( 1 wt%

Pd/5 wt % M) supported on H-ZSM5 or silica. Simlarly, a binetallic
conbi nat i on of PtThewthwirchtalysisowidtablg intheaisocass of thes lgmntmrlodnde dl ati num and

5 wei ght _percent , nol /5 W It silica or
carbon ¢ Q@Stag’é: < ﬁ%%“)}‘é’& O(flnhcwgk E;é’tde’é%lﬂéﬁm%) pglu"ﬁmé’r?/t%ld St he

catal yst i S (P&M@rbrfpmﬁmal/&b%aaﬂldmmea‘psﬁ@bn@@o@ff{ Rk s) dikiddesti um (Ni / Re)
or pal I adi um rheni um (Pd/ Re) supported on titania. Again, in this aspect of

the inventi sarbany lsthis 2spret Qféh%ﬂm’lem thgdoading lsxelzape byetallis br | ng about
the selecti %5 Wr% gg?ﬁﬂ mW& b%%f& 'l&e?f;d %fetcPtl%t P%Ltl\ZﬁClg);d%genﬁf o of nstance a

binetallic co |na I On o ercent nic per cent

rheni um (1 2063 Nid emh%aBet)ateSaiﬂanlbﬁdy foris dboudhiveeight parcbntrmtl&ll lancbs

conbi natl on of 1 weig ercent pal | adium and 5 wei ent rhenium ( 1
wt % Pd/ 80wt gyt @WBBUPPB’&d%‘?PWi({)&’ﬁﬂ’d‘“é%n’%é\’le}ﬂpwgﬁl of Fript her

enbodi ment of this invention, there is also provided a process for

sel ective and direct formation of ethyl acetate fromacetic acid

conpri si ng: In another aspect, the loading levels of a bimetallic combination of Pd/Mo

is about 1 weight percent palladium and 5 weight percent molybdenum (1 wt%
Pd/5 wt% Mo) supported on H-ZSM-5 or silica. Similarly, a bimetallic

15 combination of Pt/Mo with a loading of about 1 weight percent platinum and 5
weight percent molybdenum (1 wt% Pt/5S wt% Mo) supported on silica or carbon

can also be employed.

In another aspect of this invention, the catalyst is chosen from a bimetallic
20  combination of nickel/rhenium (Ni/Re) or palladium/rhenium (Pd/Re) supported
on titania. Again, in this aspect of the invention any suitable metal loadings can
be employed to bring about the selective hydrogenation of acetic acid to ethyl
acetate. For instance a bimetallic combination of 1 weight percent nickel and 5
weight percent rhenium (1 wt% Ni/5 wt% Re) supported on titania or a bimetallic
25  combination of 1 weight percent palladium and 5 weight percent rhenium (1 wt%

Pd/5 wt% Re) supported on titania can be employed.

In another embodiment of this invention, there is also provided a process
for selective and direct formation of ethyl acetate from acetic acid comprising:
30  contacting a feed stream containing acetic acid and hydrogen at an elevated

temperature with a suitable hydrogenating catalyst containing about 0.5 weight



contacting a feed stream containing acetic acid and hydrogen at an el evated
tenperature with a suitable hydrogenating catal yst containing about 0.5

wei ght perwernviowo7abBout 1 wei ght percent of pall adi um an@C2/US200i00d726 per cent
to about 5 weight percent of rheniumon a suitable catalyst support. Mre
specifically, the catalyst support contaips palladiumat a |oading |evel of
about one (1) weight percent and rheniumat a | oading | evel of about five
(5) weight percent and the catal yst support is titania. In this aspect of
the invention, the reactants consist of acetic acid and hydrogen with a

nol ar rati o percehtte abamgeweighaparuént bf palladiurhabd 2theeigbnpacat to gbait St he

reaction zone.is in the range of aho 2250C to 2750C, and .t ressure of
the reacti onVG@H&erEn; of 1 E‘ﬁ‘é‘ %S%@%MY%UER%?MQEW%%%S pl?ﬂ)sol ute.
Various cat abyst meﬁrcbﬁtamcaynaalﬂmt fia 1a«mmg e s d%ﬁ%ﬁ&lfw@%%t t he

catal ysts of this invention. anpl es of such supports include w thout any
limtation, peashiand rheniom aig lbhdZ&\/leﬁel ofrapouohitval@) veight parcent andithey, titani a,
zi r coni ag naé:g@fs'tum 0Xi. dﬁ caI ciumsilicate, carbon, graphite and a m xture
t her eof . 2Pr PEIPPINADFIAR s ¢ silica, alumina, calciumsilicate, carbon,
zirconia and titania. Mdre preferably silica is used as a catal yst support
in the process of this invention. It is also inportant to note that higher
the purity of sillnchis aspectbed therinventiamdhe sepstants gonsigdpdraceti¢ geishandher

aspect of LNGRLRESHR LAl ub Y L0 R 8T HBLSBRl i BusatabySt s can

al so be enpl e any zeo ing a pore
di amet er of thé rdac@&t zéeawtin t'he&aﬁge Gﬁdibdme 2050 ms&temabﬂhy pedfmhre)(ffdhcarmng
such zeolites are the catal yst supports selected fromthe group consisting
of mor ddfi t dgactiprgpne isgn iltedlangeeofﬁbgﬁal%t%%fbﬁt%phﬁrewowepar ation of
| arge-pore nordenites is described, for exanple, in United States Patent
No. 4,018,514 to Plumer and in M. Sieves Pap. Conf,

Various catalyst supports known in the art can be used to support the

catalysts of this invention. Examples of such supports include without any
limitation, zeolite, such as H-ZSM-5, iron oxide, silica, alumina, titania, zirconia,
15  magnesium oxide, calcium silicate, carbon, graphite and a mixture thereof.
Preferred supports are silica, alumina, calcium silicate, carbon, zirconia and
titania. More preferably silica is used as a catalyst support in the process of this
invention. It is also important to note that higher the purity of silica, the better it
functions as a support.
20
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

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

The preparation of large-pore mordenites is described, for example, in
United States Patent No. 4,018,514 to Plummer and in Mol. Sieves Pap. Conf.,
1967, 78, Soc. Chem. Ind. London, by D. DOMINE and J. QUOBEX.
30



1967, 78, Soc. Chem Ind. London, by DD DOM NE and J . QUOBEX. Zeolite X is
descri bed, for exanple, in United States Patent No. 2,882,244 to MIton and
zeolite Yworoldn7tad States Patent No. 3,130,007 to BreclCTN®SR00W08672€0! it es
and zeolite-type materials are known in the art for the catalysis of

chem cal reactions. For exanple, United Sgates Patent No. 3,702,886, to
Argauer, discloses a class of synthetic zeolites, characterized as "Zeolite
ZSM 5", which are effective for the catalysis of various hydrocarbon
conversi on processes. The zeolites suitable for the procedure of the

i nvention can be Zeoliteh¥ ibdesscabéd)fon eﬂamﬂé)én Paited Staltqs Rarteritmoale&Szaéndi fied

form or int part al | eal um nate orm Pre e zeolite
cat al yst suﬁﬁgﬂtonﬁn l%? dgéﬁ’lﬁgastt l%ﬁ%%tewﬁ 3% B#rgﬁr}‘e in the protic
form characterized as "H ZSM 5" or "H-rmrdenrte" zeolrtes, whi ch are

prepared froma corresponding "ZSM 5" zeolite or "nordenite" zeolite by
r epl aci ng nost , a‘r‘m‘lcglerzecplabt% yndazeoligatype atnterial 84¢ckodwnhe theadri fonsheof t he

| atter olit ons si ng t.echni S - k i e art.
These ze Irtéaeya? l}ﬂ‘g Eeag U OB erImRley Pﬁ%'&r‘?&e\,\ga&m ﬁ‘é“?ﬂb@g%@s or in
the neutral thopgnrr CASNbRIBICORS Bf syhithdtieFesds dhificRaizbdas MRlite def i ned
crystalline structure. In a particul arlig,\9 referred class of zeolite

3]

catal ysts f#SMur'pubich %ﬁeﬂf%‘élVSrf@rstéﬁFaﬂa iof ivarous helreparbon qoavesionf SiO to
Al 3B in thﬁjegegseeglrtes is wthin the ratio of about 10 to 60. In another
aspect of this Tnvention, the conbination of catalyst netals, palladium and
cobalt or a conbination of pl ati num and copper are supported on a high
purity low surface area silica or HZSM5 using.the procedures well known

in the dPt or thell5rasebisspuitable for tas pragedurs %faeh@fe@rlﬁn can heln the BAS 1 ed
catal yst sugpgy ti§ rt]lgeoﬁarﬂillﬂt SIS ac Rt PRMMPASHD pIRLA), dCaLAIMRS 2are

carbon, titani a
form.

Preferably, the zeolite catalyst support in the process of the present

15  invention are in the protic form, characterized as "H-ZSM-5" or “H-mordenite”
zeolites, which are prepared from a corresponding "ZSM-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

20 neutral form a combination of silica and alumina in a well defined crystalline
structure. In a particularly preferred class of zeolite catalysts for purposes of the
present invention, the molar ratio of SiO; to Al,O; in these zeolites is within the

ratio of about 10 to 60.

25 In another aspect of this invention, the combination of catalyst metals,
palladium and cobalt or a combination of platinum and copper are supported on a
high purity low surface area silica or H-ZSM-5 using the procedures well known
in the art or the procedures further described herein. Other preferred catalyst
supports for platinum or palladium based metal catalysts are carbon, titania and

30 zirconia.



zirconia.ln another enbodi nent of this invention, the preferred catal yst
support is carbon. Various fornms of carbon known in the art that are

sui t abl e we® 2080EF343t support can be used in the processPofi/uskeos/ooéreent i on.
Particularly preferred carbon support is a graphitized carbon, particularly
the high surface area graphitized carbon a§ described in Geat Britain
Patent No. 2,136,704. The carbon is preferably in particulate form for
exanple, as pellets. The size of the carbon particles will depend on the
pressure drop acceptable in any given reactor (which gives a mninum pell et
si ze) and react anih adbfhtusmbedioensof thisnhvasitiohj the phefeped ¢ataly$twhppdrt gi ves a

maxi mum pel | et si . The carbon catal yst su rts that are suitable in the
process of t93reon; ﬁ%ﬁ’ﬁ‘?_%r@%ﬁ&@?%ﬁ%%ﬂ&%ﬂ@a&ﬁ% ablepssadySts uppor t s.
Wth the preygpéredalBd hideliff thl F6&st BEIEAMIORION. [ParflQ@A1y SeRereBRaMén L0 Meet
the preferred surface area characteristics. The catal yst sugiports,

i ncl udi ng t heppent bongrephitizgdstarborp particslarlyshe bighsheacecares graphitiged t hei r  BET,
basal pl ane, and edge surface areas. The T, erarea, i s.the surface
area det grm' abc?nb%? d%f"i“f“&&é%&é%ﬁgggﬁ?‘f‘é’ﬁpeﬁ‘éﬁﬁgzﬁEéﬁ% E@%C%Po%fsunauer Enmet t
and Tel | er, pleferadly i idul£3e orm, G SR pid A3 Pelletd hEhdsis@bS the @AMouUr f ace area
is the surface area determ ned fromthe heat of adsorption on the carbon of

n- dot r i acontrerécles Wil depraponthe prgssurrediop epesptabiasisrany iV anemiec(Whigly.  Soc.
A314 page ?] 64%71§és4a9x§inimu}n;begl§{ %i?(%’alr?gr e%c?in? rdﬁﬁ%ﬁhr;[ &n@@%ﬁta \gfﬁﬁin ti(lg gel?eq ge surface

area is t urface are rom eat o0 sorp n on the
carbon of n-(hidngives 4 maxinmine ptiddieizy di scl osed in the Proc. Roy. Soc.
article nentioned above with particular reference to page 495. The

pr ef errdd carbon cat al yst supports for use in the present invention have a

BET surface area ffe Glbdrfdtdlyst pptiisdnat e SRS iRIACHYH &S orgast 200 me/ g,

invention are preferably porous carbon catalyst supports. With the preferred
particle sizes the carbon will need to be porous to meet the preferred surface area
characteristics.
15
The catalyst supports, including the carbon catalyst supports, may be
characterized by their BET, basal plane, and edge surface areas. The BET surface
area is the surface area determined by nitrogen adsorption using the method of

Brunauer Emmett and Teller, J. Am. Chem. Soc., 60,309 (1938). The basal plane

20  surface area is the surface area determined from the heat of adsorption on the
carbon of n-dotriacontane from n-heptane by the method described in Proc. Roy.
Soc. A314 pages 473-498, with particular reference to page 489. The edge
surface area is the surface area determined from the heat of adsorption on the

carbon of n-butanol from n-heptane as disclosed in the Proc. Roy. Soc. article

25 mentioned above with particular reference to page 495.

The preferred carbon catalyst supports for use in the present invention
have a BET surface area of at least 100 m?/g, more preferably at least 200 m*/ g,
most preferably at least 300 m? /g. The BET surface area is preferably not greater
30  than 1000 m%/g, more preferably not greater than 750 m*/g.



nost preferably at | east 300 n2 /g. The BET surface area is preferably not
greater than 1000 n2/g, nore preferably not greater than 750 nR2/g.It is
possi bl e wo 20e7¢c@Bbon cat al yst supports with ratios of poaambooplosstes surf ace
area to edge surface area of at |east 10:1, preferably at least 100: 1. It
is not believed that there is an upper lifggt on the ratio, although in

practice it will not usually exceed 200: 1. The preferred carbon support
may be prepared by heat treating a carboncontaining starting material. The
starting material may be an oleophillic graphite e.g. prepared as discl osed

in Great Britain IPatmssiblNdo uie d:6Bo17 8Balyst supportreewith catrds @ bhsahplane However ,

ol eophillic graphites contain carbop in the for f ve f.ine rticles in
flake form éﬁbﬁ Fe g SH a‘PFane‘?@%} least P(glgi %re%%é?’!aﬁ{eémflgpﬁpg Pas
catal yst suppebéifevelehaRiIREEls dnQupp¥Pliftitidhahé raiRe altiRiughliR bracaBsit dan abt ons
apply to carbon bl acks which also have a very fine particle size. The
preferred matseally¢xseed 20ttt i vat ed carbons derived fromvegetable material s,
e.g. cocqenut charcoal, or frompeat or coal or from carbonizabl e pol yners.
The materials subjected to the heat treatnent preferably have particle
si zes not |ess the froRsRd iAot 3hssbrem Eeﬁﬁepﬁﬁid' Yy heachrédtingth dadiort-he car bon
support. The preferred starting materials have the foll ow ng .
char act er i stdoptiniBEYagingmaerial diestaring matesial mep bappgleapbilbic graghis abl y at
| east 500 n%% r%%?e(g;{seciigcrl(; %H A‘Eﬁé ttﬁrﬁzﬁ[‘;'ﬁ{gnt Wop?,q%'ﬁ% fopfna hgRar! ng car bon
supports havi é)? e derined characteris i CS, conprise successively (1)
heati ng t he caggdadladkn an i nert atnosphere at a tenperature of from 9000C to
33000C, %2) oxi di zing the carbon at a tenperature between 3000C and 12000C,
(3) heatli ng in an inert atnosphere at a tenperature of between 9000C and
S0000C. - The oxi dafij et o 'gdyfi@bLahiSiftichftRdl if e BhmiofTBRS idIr €3

particles in flake form and are therefore not very suitable materials for use as

catalyst supports. We prefer to avoid their use. Similar considerations apply to

carbon blacks which also have a very fine particle size.

15
The preferred materials are activated carbons derived from vegetable
materials, e.g. coconut charcoal, or from peat or coal or from carbonizable
polymers. The materials subjected to the heat treatment preferably have particle
sizes not less than these indicated above as being preferred for the carbon support.
20

The preferred starting materials have the following characteristics: BET

surface area of at least 100 m?/g, more preferably at least 500 m’/g.

One preferred heat treatment procedure for preparing carbon supports
25  having the defined characteristics, comprise successively (1) heating the carbon in
an inert atmosphere at a temperature of from 900°C to 3300°C, (2) oxidizing the
carbon at a temperature between 300°C and 1200°C, (3) heating in an inert

atmosphere at a temperature of between 900°C and 3000°C.

30 The oxidation step is preferably carried out at temperatures between 300°

and 600°C when oxygen (e.g. as air) is used as the oxidizing agent.



and 6000C when oxygen (e.g. as air) is used as the oxidizing agent. The
duration of the heating in inert gas is not critical. The tinme needed to
heat the warbomm7ra3t he required maxi mum tenperature is ®affiseeoentete
produce the required changes in the carbon. The oxidation step nust clearly
not be carried out under conditions such fhat the carbon conbusts
conpletely. It is preferably carried out using a gaseous oxidizi ng agent
fed at a controlled rate to avoid over-oxidation. Exanples of gaseous
oxi di zing agents are steam carbon di oxi de, and gases contai ni ng nol ecul ar
oxygen, e.g. air. The oxidation is preferably carried out to give a carbon

wei ght | oss of at_least. 10 i ght. percent based on t.h ight of ,carbon
sub ect ed & ot he T dtt<apidRe feaiBe TPk ianthy ieal dnecnediafd
percent. TheeWehd bhrbbR &S theSeqliRidah@lninRinpdrfat 8¢ sifidientt@ pred@bithger cent
of the carbon subjected to the oxidation step, nore preferably not greater

t han 25 wei ghquirsdrobengesof thelwarlar bon. The rate of supply of oxidizing agent
is preferably such that the desired weight |oss takes place over at |east 2
hour s, m§re preferably at |east 4 hours. Were an inert atnosphere is

required it may bﬂxe&»@@tioﬁd,tdpyrnaéttcleag?rmoobe ediribd etitur@es confistidiBisach above,
the |l oading levels of a conbination of two netal catalysts are generally
ref erenced whatiihe pasbemenrabustosompleislye dt i Rrefierabby earrigh gul U wedReUS ati o of

t he conbi nat ] . I i rati o of / is in the
range of abodﬁ(?&f)l.n E%%%dtgé& %‘gqnn\tf\)ﬂgcrl\%%?%lg{%{{é}ro&ﬁa@%{&%ﬁq&%@g?oPd/ Cois
0.1, the amuasdousloxidhg Agentoirepadahndatbon diuxideeafd gases cdntasirght percent and
thus 1 or 10 wei ght percent of copper or .cobalt is present an the catal yst
support .lol\/brré"lﬁ?‘g?re?"é’BF%ze-g-ﬁé‘ v@f}edﬁct‘d%“&f‘ilﬁprﬁgerﬁl)’éﬁ‘%ﬁs OBHIA®VF & about 0.5,

and thus t he aRuidioaiof Gta AR Yﬁ%‘{ ﬁéf?wﬁbgg@dtdmh@%ghg%fc&y&port can be

either 0.5 or 1 welght percentan of copper or cob is either one or
two wei ght pabjeetet] to Merexigatiehetephinpre preferably at least 15 weight percent.

The weight loss is preferably not greater than 40 weight percent of the
15  carbon subjected to the oxidation step, more preferably not greater than 25 weight

percent of the carbon.

The rate of supply of oxidizing agent is preferably such that the desired
weight loss takes place over at least 2 hours, more preferably at least 4 hours.
20
Where an inert atmosphere is required it may be supplied by nitrogen or an

inert gas.

As noted above, the loading levels of a combination of two metal catalysts
25  are generally referenced with the content of main catalyst metal and the weight
ratio of the combination. For instance, the weight ratio of Pt/Cu or Pd/Co is in the
range of about 0.1 to 2. Thus, when the weight ratio of Pt/Cu or Pd/Co is 0.1, the
amount of platinum or palladium can be 0.1 or 1 weight percent and thus 1 or 10
weight percent of copper or cobalt is present on the catalyst support. More
30 preferably, the weight ratio of Pt/Cu or Pd/Co is about 0.5, and thus the amount of

platinum or palladium on the catalyst support can be either 0.5 or 1 weight percent



the weight ratio of Pt/Cu or Pd/Co is one or 0.2. Thus the anmount of

pl ati num or palladiumon a support is 0.5, one or two wei ght percent and
t hat of owppero/wori4sobalt is also 0.5, one or two wei ght ppgrusesv/ondresn t he
weight ratio is one. Simlarly, when a weight ratio of Pt/Cu or Pd/Co is
0.2, the amount of platinumor palladiumgg the support can be 0.5 or one
wei ght percent and of copper or cobalt is either 2.5 or five weight
percent. The anount of third netal loading if present on a support is not
very critical in this invention and can vary in the range of about 0.1
wei ght per cemtl thas ofibopper dOcabmitgh titheone ot twmwe@napemwdime@fefambm 1

i ght t t bout i t th f th t
'S part | cul dbt yefEriasr il BalSi Siardih ol bt Aol AR St vt ng
any of the ﬂ%uﬂ@&h@%;bgbﬂ i$ b% 8hd or thhioPWEBhd pércé?l?ﬁﬁ’d fhat SIoRPERASH on t he

supports are dried at 0C and shaped to particles having size
distributi orcObmlt!SI‘@SOr&ﬁgmeoﬁ terb ovetiglt pRraeot When imweaiphtiratiaisiopet he support s

b hed and d f
The Knowt ot G B SR e PP 3R sh P B2 A hBAd draihlofio™ ©

di stributi orpaqadiuhﬁoreﬂme ls@ysit cante (BSIBPORd ﬁ/eﬂgﬁt/pé"i@edtﬁﬂd sPedppecoddaddalt such
as, for exanpl kmzngha alum na, the netal solutions are added in excess
t

until conpl df git @rsﬁYer@ghte@egcqmqm d i npregnation so as to obtain
desirabl e netal |oadings. As noted above, the hydrogenation catal ysts used
in the process of this invention are at |east binetallic containing

pl atinum copper, Tl dnaclingof thiddahétabloddisg 1Dp$rese§ieneaahbpqn isinbhoery i nt endi ng
to be bound by, any theory, it is believed that o e i cts as a pronoter
metal and arfétt%lrmﬁ@tsarrvepéoqa@??aﬁww ranggrofiageitdhk yeight PEENttAst ant

process of te{B%ui WY& BighPflre . ANGAPRYEIN ng%go qn?él%a{;%&%t ’ché’d?)f%gg' vely

pl ati num palladi um “and copper are con ere met a
weight percent based on the weight of the support is particularly preferred.

The metal impregnation can be carried out using any of the known
15  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
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.

20
For supports having low surface area, such as, for example, alpha-alumina,
the metal solutions are added in excess until complete wetness or excess liquid
impregnation so as to obtain desirable metal loadings.
25 As noted above, the hydrogenation catalysts used in the process of this

invention are at least bimetallic containing platinum/copper, palladium/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 metal is the main metal. For
instance, in the instant process of the invention, of the above noted combinations
30  respectively platinum, palladium, and copper are considered as main metals for

preparing hydrogenation catalysts of this invention. The other metals, copper with



prepari ng hydrogenation catalysts of this invention. The other netals,
copper withplatinum cobalt with palladiumare considered to be the

pr onot er wetalm7a=pendi ng upon various reaction paranet ec3/use@booing, but
not limted to, catal yst support enployed, reaction tenperature and
pressure, etc. The catal ysts may include @yher pronoter nmetals, such as
tungsten, vanadi um nolybdenum chromumor zinc. The binetallic catal ysts
are generally inpregnated in two steps. Each inpregnation step is foll owed
by drying and cal cination. The binmetallic catal ysts may al so be prepared by
co- i npr egnatplagmun, cobals with psadiumiaee cansidegauabiberthevpronigeroaetaised out usi ng

metal nitratg solutions. However, various other soluble salts which upon
Cal ol nat | on JPRRBLAEUTHR Urios FRec o PaPTE R PE UG e, BT FEL S SEHL sul ¢ abl o
netal salts shgport SRPRYERIrbRMoh AGhpSuFEiRl pressaleabR. TRiAlaRYdhexi de, net al
oxi de, netal acetate, ammonium netal oxide, such as ammoni'um hept anol ybdat e
hexahydr at e,in¢ledeadthecprdmotes mdialassuple ps egsten.awnadivol, otalyhdenemd t he |i ke.
Thus in gne nbodi ment. of this invention, there is provided a hydrogenation

cat al yst “whérEHhE 2%t al yst support is silica with a bimetallic |oading

of platinumand copper. In this aspect of the invention, the |oading of
platinumis about 0.5 wei ght percent to about 1 weight percent and the

| oadi ng of copperThedimstlitc catalysipamgiaengrally dnpregpatgd sutwastors: gischper cent .
Speci ficall i: [ of -1/ 1 . : and

0.5/ 2.5 wei )g{ﬁltppé e%{éégﬁ%}égﬁﬁgﬁﬁvé(ggggﬁg%%g%cgée%lg%th&{an%l%ehlgé?mtea% Cgéﬁqﬂgﬁ? of this
i nvention, trh@raso Be prepared by ebampiagatonyragaratdspthe Gapadgyistiondnay ei n t he
catal yst _support.is high purity |low syrface area silica wt bimetal lic

| oadi ng 18f PELAITHGAUAHINE Sk gRte SRlupaRs- Hoseverogmans 9thFhS<ﬂH“iﬁ§ salipect of

the inventi Qpich ol QAGhAHNAEIREAHERNBNS CaP Rk BE LKA, |k aARRM ofVtiRer

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

15 like.

Thus in one embodiment of this invention, there is provided a
hydrogenation catalyst wherein the catalyst support is silica with a bimetallic
loading of platinum and copper. In this aspect of the invention, the loading of

20  platinum is about 0.5 weight percent to about 1 weight percent and the loading of
copper is about 2.5 weight percent to about 5 weight percent. Specifically,
platinum/copper loading levels of 1/1, 1/5, 0.5/0.5, and 0.5/2.5 weight percent on

silica can be used.

25 In another embodiment of this invention, there is further provided a
hydrogenation catalyst wherein the catalyst support is high purity low surface area
silica with a bimetallic loading of platinum and copper or palladium and cobalt.

In this aspect of the invention, the loading of platinum or palladium is about 0.5
weight percent to about 1 weight percent and the loading of copper or cobalt is

30 about 0.1 weight percent to about 5 weight percent. Specifically, platinum/copper
or palladium/cobalt loading levels of 1/1, 1/5, 0.5/0.5, and 0.5/2.5 weight percent



wei ght percent to about 1 weight percent and the | oading of copper or
cobalt is about 0.1 weight percent to about 5 weight percent. Specifically,
pl at i nuniwoppmvo7as43pal | adi unf cobalt | oadi ng | evel s of 1PCT/UBL&Y/006724 0. 5,
and 0.5/2.5 wei ght percenton high purity |low surface area silica can be
used. Ocher preferred supports in this aspgct of the invention include

H ZSM 5, graphitized carbon, zirconia, titania, iron oxide, silica-alumna
and calciumsilicate. In a further enbodinent of this invention, there is
provi ded a hydrogenation catal yst wherein the binmetallic catalyst is copper
and chr om umnsigtppuritg downuhade ateg silica cambeaysedr Optier tprefeded supports itthsSM 5,
titania-silica and zirconia-si/l In this aspect of the jnvention, the

| oadi ng | evéfPst 08’5‘5[5‘%%"“&% IWC{?rﬁIIZr%Mé g{?@mtlzsg fRPEMZitsar RN about 10

wei ght percepf, cﬁcﬁ’&hsxlé@%ﬁinﬁxhﬁﬁhi&lc APagEdehromi um | oading | evels of 5
wei ght percent each on any of orerrentl oned catal yst support is

preferred. In general, by t he practlce of this |nvent|on acetic acid can

selectively be c I etate at tes The

sel ecti vSty to eﬁ Ei{‘ﬁﬁeéte Qbé’% XIB@%@F éfnvegt‘%\r{ \%i‘ ‘é‘l‘?ﬁ fray be at |east 60
percent. Un d@ﬂro%@ﬁétwnr&ws@ et tlfé%?ﬁ'l'eiallibrh%talﬁéi% édppefhnd dhromalgct i vely
converted to"ethyl acetate at a selectivity g%&ater than 85 or 87.5

percent or supporedeiesiladal gireania gszmhetmed@atbpnolﬂ pl tigama- Skblrca ﬁml e. Most
8][ e;g;??ty agzsrggmgl ﬁlazaaa%t Ssg %s%%&tsqfl tflé/ *nvgﬁt% heal%gcglgg 1Vl 8te % conversi on

is’inven nis a 20% and

can be up t Ghidfum lmbslﬁlaewtaﬂgm}betcérm@amh1a®®ﬁgﬁt@e&bnd@a5t 60% preferably
80% and nost preferably 95% Generally, the active catal ysts of the

i nventi df arpesifigaldy, ﬁgp@ermoamum oew@g&@m%ﬁﬁ welgbhmeapwﬁécfa%n #5s%r i bed
herein. Mor th%?fg? nflén%%}'xéc}/cat f)@rjt prreféﬁie?l yst containing platinum and

copper suppor on silrca plati num oadi ng of 1 weight percent and
copper | oading of 5 weight percent is preferred. In accordance

In general, by the practice of this invention, acetic acid can selectively be
converted to ethyl acetate at very high rates. The selectivity to ethyl acetate in
15  general is very high and may be at least 60 percent. Under preferred reaction
conditions, acetic acid is selectively converted to ethyl acetate at a selectivity of
greater than 85 or 87.5 percent or more preferably at a selectivity of 90 percent or

more. Most preferably ethyl acetate selectivity is at least 95 percent.

20 The conversion of acetic acid using the catalysts of this invention is at
least 20% and can be up to 70% with selectivity to ethyl acetate at least 60%,
preferably 80% and most preferably 95%.

Generally, the active catalysts of the invention are the single metal or the
25  bimetallic catalysts as described herein. More specifically, a bimetallic catalyst
containing platinum and copper supported on silica with a platinum loading of 1
weight percent and copper loading of 5 weight percent is preferred. In accordance
with the practice of this invention, acetic acid can be converted using this catalyst
at conversions of around 70% with ethyl acetate selectivity of at least 80%, more

30 preferably selectivity to ethyl acetate of at least 90% can be achieved.



with the practice of this invention, acetic acid can be converted using
this catal yst at conversions of around 70% w th ethyl acetate selectivity
of at | ea®0D28004773re preferably selectivity to ethyl aeeratseoofoes | east
90% can be achieved. Simlar conversions and selectivities are achieved
using zirconia, graphite or titania as a gypport and wth | oadi ngs of

pl ati num and copper of one wei ght percent and five wei ght percent
respectively. Qther pronoter netals can also be used in conjunction with
pal I adium or platinumas noted above. In another aspect of this invention,
it is also p055| tﬂlmllaocmmmonshnghellemnsemaduﬁmlmquomat prapbiteler of at

| east 25% and h sel ectivi ate o st abopyt 90% usi ng
pal | adi um | &ééﬁ%@a?ﬁ Wé’oﬁlé’fléﬁ h'plé’?‘ilgé? °§lﬁ8“%‘8‘63? C(I)pé)gﬁf’ﬁ \yelgﬁ Ve wei ght
percent on Setdehfarf fivd wa ghépeit@erﬁ@és@wﬁrelﬁ UPMRF pomadtét théthis cagAREbeof the
invention, other preferred catalyst supports include graphitized carbon,

titania, zirusehineconjynstionyiidepallgdiuirerplatiminnas Beied aavei um silicate. In
anot her §spect of the process of this invention, the hydrogenation is
carried out at a pressure just sufficient to overcone the pressure drop

across the cat al Vhiagothedaspdtrofitiigdiventiondyishdsoqssibedo obtain high hevelsapor or
liquid state under a wide variety of conditions. Preferably, the reaction

:c s carri efj conyersipgs K?éb%?rdﬁﬁag%t legsh Ao Yoiand highhssdechivity &ethﬁﬁﬂos@tee | oyed,
: | b
or exanpl e j %55%8{1?%/2 uglrnggﬁﬁbﬁmﬁl%%n% y%hl g P : Cent BB@E@(; y about

225C to about sure I's genera Ical to the reaction
and subat nodpdting of fied werghhpercent on sflicper &i-Z88pHas catalysesppoes Inmstyisbe
enpl oyed. ases, .however pre sure of th reacptgﬂllon will be in

| t
t he rangé) O?asg%ggft IpyEnggn (fq’r%rs‘ﬁﬁ}éfrég g ST ?Pchort?rH@ uds, antitasty ¢ he

pressure of LAQe! {iGfiaZ Aéonis it dxi, megalmmam@&&a@u&pslﬁ&t@t mospher es
absol ute. Although theé reaction consumes a nole of hydrogen per nole of

acetic acid to produce a nole of ethyl acetate, the actual nolar ratio of
acetic acid to . . .
In another aspect of the process of this invention, the hydrogenation is
carried out at a pressure just sufficient to overcome the pressure drop across the

15  catalytic bed.

The reaction may be carried out in the vapor or liquid state under a wide
variety of conditions. Preferably, the reaction is carried out in the vapor phase.
Reaction temperatures may be employed, for example in the range of about 200°C

20  to about 300°C, preferably about 225°C to about 275°C. The pressure is generally
uncritical to the reaction and subatmospheric, atmospheric or superatmospheric
pressures may be employed. In most cases, however, the pressure of the reaction
will be in the range of about 5 to 30 atmospheres absolute, most preferably the
pressure of reaction zone is in the range of about 8§ to 20 atmospheres absolute.

25

Although the reaction consumes a mole of hydrogen per mole of acetic
acid to produce a 2 mole of ethyl acetate, 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

30  1:20 to 1:2. More preferably the molar ratio of acetic acid to hydrogen is about
1:5.



hydrogen in the feed stream may be varied between wide limts, e.g. from
about 100: 1 to 1:100. It is preferred however that such ratio be in the
range of wbaeoto/76 to 1:2. More preferably the nol ar racirasedosmeeé c aci d
to hydrogen is about 1:5.The raw materials used in connection with the
process of this invention may be derived hspom any suitable source including
natural gas, petroleum coal, bionmass and so forth. It is well known to
produce acetic acid through nmethanol carbonyl ation, acetal dehyde oxi dati on,
et hyl ene oxi dation, oxidative fernentation, and anaerobic fernentation and
so forth. As petroleum and natural gas have becone nore expensive, nethods

for producing acetic acid and i%r nmedi at es ﬁfﬁh as metflﬁ{ nol and carbon
monoxi de from al t €AY EEIHOH SOt CBLCHRD ! _t RATHEPE ﬁ'tsé?‘éeélfl.ond

particul ar ifiereddrivied ﬁtdﬁﬁ‘a:%' Qtasld Lircefin@G@ihk faedl Gaf, RILRMA, B84l S gas
(syngas) that 'may be derived fromany suitable carbon source. United States
Pat ent No. @ioBass38d se dorth. dklis well khewn tapioducs aceti¢ agiditiiouigls methwapbor at ed
herein by referen far | e .t,eache net h of retrofdtting

et hanot Spi atoo PR FrSER ShafrEShRRf ot i srhlep g,

met hanol pl anl ahfgobie Fgmentiohaind 66 $érth. aas perale@d andl hbueDegehgveat i on for a
new acetic acid plant are significantly reduced or |largely elimnated. All
or part of th§eorsympse expengivodnetbgds fos Rradyeingeceiimeid aydhiniagiediatesop and

supplied to @ E?ﬁ%@%@&aagﬂ%%rb}oﬁ Iﬁcgg&ch‘er fr&@aﬁ@&a@&%&%&mc‘tﬁg h&ll @h&nt hen

used to produce ace addition to acetic aci € process can
al so be usednére inekest. Dfpactipaiar et is sheuproduama dfacetanavdd froorsynttekist hi s

invention. United States Patent. .. RE 35,377 to Steinberg. et al., also
i ncor porid: e EVBRF Bypt m&ﬁew&&mww@%%& Speieet fraitge SHes on of
met hanol by g0y &16S 5272 852 ¢RI RAMACEHR UscRLAT I e KGRc#Podldd hefQRby nat ural

gas and bionmass materials. The process | ncludes hydrogasification of solid
and/ or | i quirdference, for example teaches a method of retrofitting a methanol plant for the

manufacture of acetic acid. By retrofitting a methanol plant the large capital costs
associated with CO generation for a new acetic acid plant are significantly

15 reduced or largely eliminated. All or part of the syngas is diverted from the
methanol synthesis loop and supplied to a separator unit to recover CO and
hydrogen, which are then used to produce acetic acid. In addition to acetic acid,
the process can also be used to make hydrogen which is utilized in connection
with this invention.

20

United States Patent No. RE 35,377 to Steinberg et al., also incorporated

herein by reference, provides a method for the production of methanol by
conversion of carbonaceous materials such as oil, coal, natural gas and biomass
materials. The process includes hydrogasification of solid and/or liquid

25 carbonaceous materials to obtain a process gas which is steam pyrolyzed with
additional natural gas to form synthesis gas. The syngas is converted to methanol
which may be carbonylated to acetic acid. The method likewise produces
hydrogen which may be used in connection with this invention as noted above.
See also, United States Patent No. 5,821,111 to Grady et al., which discloses a

30  process for converting waste biomass through gasification into synthesis gas as



carbonaceous materials to obtain a process gas which is steam pyrol yzed
with additional natural gas to formsynthesis gas. The syngas is converted
t o met harwb 2odvooB4aay be carbonyl ated to acetic acid. ThReTmstévodod7ekew se
produces hydrogen which may be used in connection with this invention as
not ed above. See also, United States Patept No. 5,821,1 11 to G ady et al.,
whi ch di scl oses a process for converting waste bi omass through gasification
into synthesis gas aswell as United States Patent No. 6,685,754 to Kindig
et ai, the disclosures of which are incorporated herei n'b?/ reference. The
acetic aci d wallasdénitedfates Batent Nohe68 87424 tookindigns o athadisclasnegsoien it can
be fed along with hydrogen .in an,undiluted state or diluted with a
relatively M?Qargénx 9 a%&é’,ereé‘aéw Sreﬁf?'rogen, argon, helium carbon
dioxide and the like. Alternatively, acetic acid in vapor form my be taken
directly as crude product fromthe flash vessel of a nethanol carbonyl ation
unit of the cl asslheaseli¢ #rad may boriapedzest & tlesrepeitan{emperatuge.6Hd thersitt o Scat es

et ai, the dij of . wWhi IS -1 rej re e. The
crude’ vagor 8 Sl fad Wit Bibest il T ROORISY fike PERRL RS MyLEIRAERAE
present i nvendrt edirivd gdipstichtab @ithed, irpon,deid@nsirbon tidkidRcatithe Hké.d and | i ght

ends or renoving water, saving overall processing costs. Contact or
residence tinme can al so vary wi dely, dependi ng upon such variables as the

amount of acetic ﬂ%rgati\%?}lé%l?é{&tacic{ E"’%\&)Bf fo&%ﬁ?ﬁ@ia‘kéﬁdﬁ@&ﬁ%ﬁ%&dg e. Typical

contact tines range from raction of a second to nore t several hours
when a cat alprsducs fretnathe flaktevessélart aanéthaed chdbdnylatiorsenit ofiihelelgss ef er r ed

contact times, at least % r _vapor ;ﬂm e.r tions, bet en.aogout 0.5 and
100  secdfas deiesiheg i Fpied Niueslalony Do 02 o0 Stipela's Teatioou™s hct or
e.g. in the ghaps iﬁéorﬁ&aﬁ:’d%ﬂéﬁ %9 rPeR&cOr ThBRAVNES R ptr&ﬁxcf RAGLRITES,
typically in the vapor form are” passed over or through the catalyst. O her
reactors, sulttecthstofthairghction abngslof dlrgt prigssiit invention without the need for

condensing the acetic acid and light ends or removing water, saving overall

processing costs.

15
Contact or residence time can also vary widely, depending upon such
variables as the amount of acetic acid, catalyst, reactor, temperature and pressure.
Typical contact times range from a fraction of a second to more than several hours

when a catalyst system other than a fixed bed is used, with preferred contact

20  times, at least for vapor phase reactions, between about 0.5 and 100 seconds.

Typically, the catalyst is employed in a fixed bed reactor e.g. in the shape
of an elongated pipe or tube where the reactants, typically in the vapor form, are
passed over or through the catalyst. Other reactors, such as fluid or ebullient bed

25  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
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.

30 In one of the preferred embodiments there is also provided a process for

selective and direct formation of ethyl acetate from acetic acid comprising:



reactors, can be enployed, if desired. In some instances, it is

advant ageous to use the hydrogenation catalysts in conjunction with an

i nert matwoi2alo/7es48egul ate the pressure drop, flow, heatchalsamomocree ot her
process paraneters in the catalyst bed including the contact tinme of the
reactant conpounds with the catalyst parthgles. In one of the preferred
enbodi nents there is also provided a process for selective and direct
formati on of ethyl acetate from acetic acid conprising:contacting a feed
stream contai ning acetic acid and hydrogen at an el evated tenperature with
a suitabl e hpdtaogegatfeadgtrean abywiniog atcticracidgpnaiydrogen 8t aweelghategper cent to
about 1 weight percent of platinym or palladi um and. about 5 i ght
percent to Spuapekeaiyas-Paste iR SR Bt ST e

catal yst supR@éent toldbduPl fefiht ?&c@ﬁt(ﬁ'p‘lﬁfnuﬁﬂ&%ﬁadiuﬁg Ald Rt 3k &Gghtor

H ZSM5. In this enbodi nent” of the process of this invention, the preferred
hydr ogenat i areresat to about & wveighit percamftcoppes of thbalepmyhsuipbtecestalysl at i num and

about five (5 i ght rcent . copper or. ahput ..one kght percent
pal | adi u§1 aric’éi&’g%%u?p? P{J?gerfeg)ca\tﬁi"(%ﬁ?pp Etrlégﬁ ercsblbcéll({r.(}pétﬂ%ﬁé' preferred that
t he hydrogenation catal ysts are layered in a fixed bed and the reaction is

carried out in the vapor phase using a feed stream of acetic acid and
hydrogen in the nigithis epheginest ofsurogess of thés inventigme thgtpreferredper at ure in

t he range of 5 t es in

t he range th}fgg%ba%&} %%%ﬂgg @g‘gﬁg’?gts‘ﬁ%@%%@?ﬁ %ﬁ%ﬁtr%agﬁggln ngcnafb%p {lqrre of
react ants i sfive(5) heighapgeemfcoppawr abolt caed 1 1@Eighepacds palbidym@hd: Enri chi ng
of Ethyl Acetate_.in the First Gaseous Prodyct Stre In the second step of
the proc¥ss ahout Hys(S) mesht peisentiageals Hys p %f%%a#tggh_ﬁ%rogwapﬁ@ first

[ eacti on zONGeI Rk eRte (Rler ind ¥k RRA%AI 0 rehltich i RUFRY oAindfic IRGT T bed

herein is further enric so as to result I1n a streamcontaining at |east
50 nol e per ganase ofingt fised streah af ecetidragiddnd palrogenhodise nlwranga of hkowrt can

be_enpl oyed f.op hics, purpose. For. xanpl e, pne, ea0.eMBh M Stiab! e
pressure of reaction zones in the range of about 8 to 20 atmospheres absolute, and

15  the contact time of reactants is in the range of about 0.5 and 100 seconds.

Step (b): Enriching of Ethyl Acetate in the First Gaseous Product Stream

In the second step of the process of this invention, the ethyl acetate formed

in the first reaction zone, step (a) of the process of this invention as described

20  herein is further enriched so as to result in a stream containing at least 50 mole
percent of ethyl acetate. Any of the methods known in the art can be employed
for this purpose. For example, one can employ a suitable distillation column to
remove the volatile gaseous byproducts at the overhead and the bottom column to
separate the high boiling fractions. Various other cryogenic methods and/or

25  temperature controlled trapping devices can also be employed, such as a scrubber
to remove either the impurities or other byproducts having either low or high
boiling points such that the resulting stream contained at least 50 mole percent of

ethyl acetate.

30 Preferably the enriched product stream from the first reaction zone

contained at least 60 mole percent of ethyl acetate. More preferably the enriched



remove the volatile gaseous byproducts at the overhead and the bottom
colum to separate the high boiling fractions. Various other cryogenic

met hods awod/2or0/07e3¥per at ure control | ed trappi ng devi ces eam/ skeo/0be26

enpl oyed, such as a scrubber to renove either the inpurities or other
byproducts having either |ow or high boilbfag points such that the resulting
stream contai ned at |east 50 nole percent of ethyl acetate. Preferably the
enriched product streamfromthe first reaction zone contained at | east 60
nol e percent of ethyl acetate. More preferably the enrichedgaseous product
st r eam f r omgabmus ipratuct seai foom 2 Brse cratBomesheatontapeesitat Téasnd) molger cent  of
ethyl acetate. Eve re preferably the epriched.gaseous product stream
fromthe fi ﬁfcepb%fgqt%ﬁcﬁtg e V6hH rﬁgg%gpg{yégggnr eﬁr&?%e%g?&" £t of et hyl
acetate. St gRedh)ffontiiRUkNBalfonEloRY onaRbahelech sBivk parean ¢t i@t i ¢ Aci d
The enriched gaseous product streamis then contacted in a second reaction
zone at an aketat ed tenperature with a cracking catalyst. Typically such
cracki ngsreacti ons are carried out at an elevated tenperature in the range
of about “3000C to about 5500C wi t hout any catal yst. The yields of ethylene
and acetic acid csep @ggneradking SFEEtRyIoReetsie € EftBler@eatMetic BeRUY and Ki ng,

Chem Rev., 60, 43 1-445 (1960), i1ncorporated herein by reference.inits
entirety. Howeverlhesngighedegaseousyodunt stseane it thewy seiagted Hessecerd (RAFHQY| ng a

cracki ng cat [ 'lrgR&r RN lrrei\jz . i
catalyst in Zt%higgltas ep a((?%(ﬂ 0 e{aﬁg%p‘)’%i glc%%rtsaang tgﬁlh@)él n rll‘?‘lfllg?\s}l&? ?’C“Flé‘ﬂgoss@ bl e
t o dramat i catdcfioheai¢aaridieout aparkélogatédrpgicadture én yietrangd af aboht $00°€abect i vity
and conversions to cracking products, Suilé%e};)fjegh gr acking catal ysts include

| S0

sul f oni dYaciatonte¥i0ns vathodt &y salystudhe i BRSPS ade €31 osed i n
ited . : k
Uni ted Stat ng)r%flg BE ¥ ﬁe,%?ﬁ%l&,g?éﬂr }'n%gﬁ(lngw%o,hﬁ?-@ﬁc' osure

of which isncorporated here
(1960), incorporated herein by reference in its entirety. However, such reactions

can be catalyzed if desired utilizing a cracking catalyst. More importantly by the
employment of a cracking catalyst in this step (b) of the process of this invention,
15 it is possible to dramatically reduce the cracking temperature yet obtain high

selectivity and conversions to cracking products.

Suitable cracking catalysts include sulfonic acid resins such as
perfluorosulfonic acid resins disclosed in United States Patent No. 4,399,305 to
20  Schreck, noted above, the disclosure of which is incorporated herein by reference.
Zeolites are also suitable as cracking catalysts as noted in United States Patent No.
4,620,050 to Cognion et al, the disclosure of which is also incorporated herein by
reference. Thus, a zeolite catalyst may be used to concurrently support a
hydrogenating catalyst as described hereinabove and then to crack the resulting

25  ethyl acetate to form ethylene and acetic acid.

Thus in accordance with one aspect of the process of this invention there is
also provided a consolidated fixed bed reactor wherein the front end of the reactor
is loaded with the hydrogenation catalyst as described hereinabove and the rear

30  end of the reactor is loaded with a suitable cracking catalyst as described

hereinabove thereby both steps (a) and (b) of the process of this invention can



Zeolites are also suitable as cracking catalysts as noted in United States
Pat ent No. 4,620,050 to Cognion et al, the disclosure of which is also

i ncor por avedotvanr7eisd by reference. Thus, a zeolite catal pstr/usagoobes7ased to

concurrently support a hydrogenating catal yst as descri bed herei nabove and
then to crack the resulting ethyl acetatesgo formethylene and acetic acid.
Thus in accordance wth one aspect of the process of this invention there

is also provided a consolidated fixed bed reactor wherein the front end of
the reactor is |loaded with the hydrogenation catal yst as descri bed

her ei nabove efifedtitdig be eaticd Iodt 'mfa tihgle staget Anyiof tHedadea fiketdibed readterabl e

cracki ng catal yst as descrl er ei bov t here bot h st and (b)
of the procég cgh briRg aboy Teé R ?Xf‘gi{g’ H’és RYPPI% fg%falﬁ%aa singl e
stage. Any q bﬁlgﬁeregﬁ%sfgrfég% Q@rﬁmﬁ@%@f‘f@teﬁﬂ%alfs@'&y’éﬂ R3QMYEd such

results can be enployed for this purpose. Preferably a tubular reactor

desi gned t o heosit & emplopedfiofdcbierathistask] yst | ayers as described herein is
enpl oyedsto achieve this task. Typically, cracking of ethyl acetate in the
presence-of a cracking catal yst can be carried out in the tenperature range

of from about 15@pidaMyabratking@9Eikyl weeaft@rrﬂhéﬁrdsaldehﬂaroamgnéatélyam about
1600C to about 2500C and nore preferably in the range of from about 1700C

to 2250C. Agahfbe ca@ed@sltm the teraprsgtare range of fr@m@b%toll J0Pe 4o abat 380%sed as
cracking catal f%?atbl tﬁe %ngg &X fI‘OE’l{]?DOCElIE ?86"6}8 a'b8?t°%_r056¢ gigd B'E)tre hfé{érgﬁ presence

T
of a zeolité havi er ‘above abou xarrpl es

of such zeolmttleeSrahg@bﬂﬁl@m abothoIPC an g2 5901 Agdin, (hs,demibéélab(b\&:San)Zeﬁihlete X and
zeolite Y as described herein. As noted above, another referrFeid cr acki ng
cat al ystl0t hateokitgh caebessd@s serckingseialy st Preferablyethscpcking iscamigd ouf Wy ent i on

is perfluor [ MREGLA under the
t rademar k Nﬁﬁ%gﬁ?&!& ?gég?%‘g%3%§%503€d@&%r S (ﬁc)rp}?))zllal#\g 6;}%{1@&?%1%@ on,
Del awar e. Suixamples of andhateotites infludd) edthonemiyridmitation, mordenites, zeolite X

and zeolite Y as described herein.

15 As noted above, another preferred cracking catalyst that can be employed
in step (c) of the process of this invention is perfluorosulfonic acid resin, which is
commercially available under the trademark NAFION® from the duPont de
Nemours Company at Wilmington, Delaware. Suitable variations of these resins
are described in United States Patent No. 4,065,512 to Cares and in duPont

20  “Innovation,” Volume 4, number 3, Spring 1973.

Step (d): Formation of VAM from the Second Gaseous

Product Stream Containing Ethylene and Acetic Acid

In a third reactor zone, the gaseous product stream from the cracking
25  reactor is contacted further with a catalyst and a second feed containing molecular
oxygen and optionally additional amount of acetic acid, if desired, in order to
balance the stoichiometry of the reaction. It is preferable that equal mole ratio of

ethylene and acetic acid is fed into the third reactor zone.

30 Any of the known catalysts for oxidative reaction of ethylene with acetic

acid to form VAM can be employed in step (d) of the process of this invention, for



are described in United States Patent No. 4,065,512 to Cares and i n duPont
"I nnovation,"” Volune 4, nunber 3, Spring 1973. Step (d): Formation of VAM
from t he wWecond7@seous Product Stream Contai ni ng Et hyl eoce/useaobeeé ¢ Aci d
In a third reactor zone, the gaseous product stream fromthe cracking
reactor is contacted further wwth a catal ygt and a second feed contai ning
nol ecul ar oxygen and optionally additional anmount of acetic acid, if
desired, in order to balance the stoichionetry of the reaction. It is
preferable that equal nole ratio of ethylene and acetic acid is fed into
the third reasnple, aDmECHMWMndﬂ3ﬂﬁé9wﬁﬁmﬁhu@ﬂém¥ssEm@@ﬁ«vkﬁd§ﬁﬁ0§,reactlon

of ethyl ene ti i an he. e n s d) of the
process of tﬁ&érﬁéﬁvgﬂéﬁéz? &é ﬁ%ﬁg%%hec?@&vﬁ%gg) @ﬁ?@tﬁte@?@%g 0) Uni ted
States Pat emno. 03, (@’81@7-1&(1)833(58@93652163651 teghdted CdtalyattdoVBe99/ 08791, the
equi valent to Uni ted States Patent 83 038. EP—A 0 330 853 descri bes

i npr egnat ed pa:@dt&hy@ pE VA cpht@npmgamjta@im pofassinm, eenganase apd padmisg) am
pot assi Uﬁle ?g? 1on S%or%nger Cr%gerydérp AR, algﬁl N {h%r}giler& 8?91%&{104?8%%%9 %1%]c gol d.

of t Ione erein are i ncor ate erelin reference

|n their entmé@p(ﬁate@;eﬂen’és@ré&é&ne@ﬁﬁhelbeﬁnﬁw tabl e catal ysts that can be
enpl oyed in the preparation of VAM by the reaction of ethylene, acetic acid
and oxygen, as used in step (d) of the process of this invention. The

catal yst is conprgge 5@fs4o<dﬂezcrﬁ1e§§m é%atﬁ%ﬁ?ﬁ{att cm@yé &QBI%IQ@MﬂhE' e dianeter

of from3 to 7 mmand a pore volune o about m/g, a 10% by
wei ght wat erprmasalmmslfdMMb)tihe rcm:tmhyoﬁthﬂqnpmctﬂhamdragd axyddnf apmedbout 3.0

to 9.0, (2) .a palla oy distrihuted in.a surface of the
cat al ystlgs uppé )(‘PfjéH% H\%FS\%é%:tJé? é‘i‘veé‘?P%nEF?*n@atfﬂé@sls F?l‘&ﬂnﬁdBOfJn&%far om t he
surface of tclaf%u}%v RRPokt ham% ag@éﬂlae ididmhdedt Stitforabley sl a'ﬁg alfoRS elumen an
anmount of fromTabout 1. grans per liter of catalyst, and the gold
bei ng of from about 0. 2 to 1 5 ml/g, a 10% by weight water suspension of the catalyst

support having a pH from about 3.0 to 9.0, (2) a palladium-gold alloy distributed

in a surface layer of the catalyst support, the surface layer extending less than 0.5

15 mm from the surface of the support, the palladium in the alloy being present in an
amount of from about 1.5 to 5.0 grams per liter of catalyst, and the gold being
present in an amount of from about 0.5 to 2.25 grams per liter of catalyst, and (3)

from 5 to 60 grams per liter of catalyst of alkali metal acetate.

20 United States Patent No. 5,185,308 describes a shell impregnated catalyst
active for the production of VAM from ethylene, acetic acid and an oxygen
containing gas, the catalyst consisting essentially of (1) a catalyst support having a
particle diameter from about 3 to about 7 mm and a pore volume of 0.2 to 1.5 ml
per gram, (2) palladium and gold distributed in the outermost 1.0 mm thick layer

25  of the catalyst support particles, and (3) from about 3.5 to about 9.5% by weight
of potassium acetate wherein the gold to palladium weight ratio in said catalyst is

in the range 0.6 to 1.25.

United States Patent No. 5,691,267 to Nicolau et al. describes a two step
30  gold addition method for making a catalyst used in the gas phase formation of

VAM from the reaction of ethylene, oxygen, and acetic acid. The catalyst is



present in an anmount of fromabout 0.5 to 2.25 grans per liter of catalyst,
and (3) from5 to 60 grans per liter of catalyst of alkali netal acetate.
Uni ted StwbesioRaraat No. 5, 185, 308 descri bes a shel |l i nmpcegsatodoeas al yst
active for the production of VAMfrom et hyl ene, acetic acid and an oxygen
contai ning gas, the catalyst consisting esgentially of (1) a catal yst
support having a particle dianeter fromabout 3 to about 7 mmand a pore
volunme of 0.2 to 1.5 m per gram (2) palladiumand gold distributed in the
outernost 1.0 mmthick |ayer of the catal yst support particles, and (3)

f r om about afoﬁned)b)aﬁa:uhpl@gﬁ%dg;a mlgﬁtcanferpdﬂmbmmmhﬁtoas ef afvatesi n t he

old to pall adi rati.o nsaldctal in the ran
20, Ut ecobbla el wiPiads B8R0 5y et csandhie BolAPmIRBEE hos o tvo
step gol d addisbiaph- IS@IaHRﬁ’n Elﬁlbrlﬂ@lﬁlcﬂﬂlrﬁ: &%ﬁdey?i) ﬂﬁﬁgtﬂerprw&ls%aam@se

formati on of VAM fromthe reaction of %/ ene,” oxygen, and acetic acid.
The cat al ystth¢ s&fruplnb)dplbylp(tat)mg thprveegfrramsqig lapablachumsmdcgald ¢ampanintihibaqueous

sol utiong of a water ubl e pall adium s irst am)ut of a

vt or - coPun st L B e i A TMAR e B Bt b PR e ¢
chloride, (Zhuédusisb@iuhleydbaide MhscHRhéb Svithithd PAladainh afd gbM dPhfpoufdd at i ng
t he wat er-insol ubl e pal | adi um and gol d conpounds by treatnent of the

i mpr egnat ed tedomm bydsowdenofpalledium %@ grdd oa tlmaywr(ﬁwrfg%m»yaﬁm&wub sodi um
hyd d
ydroxi de Wact% atﬁ?%‘éﬁ% et glotr@ d@r?hclr%ﬂle?%f%ﬂ? and éﬁ)rr%g%f?é’?@) e fte 8ﬁsm wi th

hydr oxi des o rum an the carr

wat er to rermstal Kyldeoxibdsaoifke paumdl(lmrarﬂtgmr v&mcﬁﬂ)he iapao¢ehent edmpnﬁg all the
preci ous netal. hydroxides to free palladi umand_gol d, erein. the

|rrprover1119ni[ ébmrpgr@émessl)e ?%?re\gﬁla?.sw REQuat of %wakms usfes@&%nd anount of
a water-sol yy glqgél %&eg%ﬂv{%f%ﬂgagg&%o %fbvéfepg%lagfﬁo%oﬁ a%e}'ﬁ?,?ﬁh (6f

wat er - sol ubl e agen I Xxing the secon
wat er - sol ublfeigopthd seompcmmeint bha tattrSohbésgddtemponal. 6, 1 14, 571 to Abel et
al describes a catal yst for
United States Patent No. 6,114,571 to Abel et al. describes a catalyst for
15  forming vinyl acetate in the gas phase from ethylene, acetic acid, and oxygen or
oxygen-containing gases wherein the catalyst is comprised of palladium, gold,
boron, and alkali metal compounds on a support. The catalyst is prepared by a)
impregnating the support with soluble palladium and gold compounds; b)
converting the soluble palladium and gold compounds on the support into
20  insoluble compounds by means of an alkaline solution; ¢) reducing the insoluble
palladium and gold compounds on the support by means of a reducing agent in the
liquid phase; d) washing and subsequently drying the support; ) impregnating the
support with a soluble alkali metal compound; and f) finally drying the support at
a maximum of 150°C, wherein boron or boron compounds are applied to the

25  catalyst prior to the final drying.

WO 99/08791, the equivalent of United States Patent 6,603,038 to
Hagemeyer et al., describes a method for producing catalysts containing metal
nanoparticles on a porous support, especially for gas phase oxidation of ethylene
30 and acetic acid to form VAM. The invention relates to a method for producing a

catalyst containing one or several metals from the group of metals comprising the



formng vinyl acetate in the gas phase from ethyl ene, acetic acid, and
oxygen or oxygen-contai ning gases wherein the catalyst is conprised of

pal | adi umwogelody773aer on, and al kali netal conpounds on aPsTASREM/006TEe
catalyst is prepared by a) inpregnating the support w th soluble palladium
and gol d conpounds; b) converting the sol gyl e pall adi um and gol d conpounds
on the support into insoluble conpounds by neans of an al kal i ne sol uti on;
c) reducing the insoluble palladiumand gold conpounds on the support by
means of a reducing agent in the |iquid phase; d) washing and subsequently
dryi ng the subjgosups Ikhnd N]bﬂbgﬂ&teipmgioﬂhaalslappqxotous/isuppcat paticleb,e al kal i net al

conpound; f) f.inal ryin e support at a maxi mum of 1500C wher ei
boron-or  borBALGHEGURE HEi SRR VGG 05 ek PO OBt e GToUROL | nal
drying. WO Q36848 oftrhQal8 FibinY ?ﬁtﬁ?ﬁouﬁg I8 d eHI6 AhE Peri @dl@ bl Sis@RArd38 to

Hagermeyer et al. , describes a ne for producing catal ysts containing
met al nanopapplied s pmoes wpoﬂgamlmomd steg pewhihitye payoug peefplablye oxi dati on
of ethyl ene and acetic

g % h ? The i ion edates tp a nmet hod
For *prodact AGaPaRe PRt LoNb S o mrodsy SR PR € et o oup o
net al s conprjigh NtdedshBsd RABERIPSzchD t@0Btal the neddl nhhépapdlePstoaudealihe on

porous support particles, charact eri zed by a first step in which one or
sever al pre@!lrlslé)t@ﬁolf@rﬁftshlélsglpm of conpounds of netals from sub-groups |b
and VII1lb of the periodic table is or are applied to a porous support, and
a second step in which the porous, preferably nanoporous support to which

at | east one prectypiaillyhasp b tippbtad of thet preeheihvightion iglcafredut one
reduction a to obtain the netal nanopartjcles produced in situ in the
pores ofl0 saﬁwt%wﬁswsly wbuﬂef‘alre@ytan@tbéglg(mysem mtth%gi‘ﬁrﬁ@é%s of the present
invention is carried out heterogeneously wth the reactants being present
in the gas phase. The nvol ecul ar oxygen-containing gas used in step (d) of
t he process of t HEhe molecular oxygen-containing gas used in step (d) of the process of the

present invention may comprise other inert gases such as nitrogen. Preferably,
molecular oxygen used in step (d) of the process of the present invention is air.

15

Step (d) of the process of the present invention may suitably be carried out

at a temperature in the range of from about 140°C to 220°C and a pressure in the
range of from about 1 to 100 atmospheres absolute. Step (d) of the process of the
present invention can be carried out in any suitable reactor design capable of

20 removing the heat of reaction in an appropriate way; preferred technical solutions

are fixed or fluidized bed reactors as described herein.

Acetic acid conversions in the range of about 5 to 50% may be achieved in
step (d) of the process of the present invention. Oxygen conversions in the range
25 of about 20 to 100% may be achieved in step (d) of the present invention. In step
(d) of the process of the present invention, the catalyst suitably has a productivity
(space time yield, STY) in the range of about 100 to 2000 grams of vinyl acetate
per hour per liter of catalyst, but >10,000 grams of vinyl acetate per hour per liter

of catalyst is also suitable.
30



present invention may conprise other inert gases such as nitrogen.

Pref erably, nolecul ar oxygen used in step (d) of the process of the present
i nventi orwo0m/a77348t ep (d) of the process of the presentCirseomioesT26ray
suitably be carried out at a tenperature in the range of from about 1400C
to 2200C and a pressure in the range of fggmabout 1 to 100 atnospheres
absolute. Step (d) of the process of the present invention can be carried
out in any suitable reactor design capable of renoving the heat of reaction
in an appropriate way; preferred technical solutions are fixed or fluidized
bed reactors as desslréadedotedrabbve, tw«:&xﬁﬂdcgaamw pccmwestseiannﬁomrstdpr(d) phinge of
about 5 to 50% may be achi eveg/lll n step ( rocess of t he .present

i nvention. CRSBEREHESNENISFOREM And Rater aA 81”(5‘?“ B upgeactyd A6e1d% i be

achi eved i n glRehd ShyPhcetdie eﬂ{aﬂéerﬂﬁogéhv%ﬂrtbbﬁlﬁlonloﬂlc@t ERbdifdioRfdelahg Process
of the present |nventy| on, the catalysSt suitably has a productivity (space

tinme yield, §plyi trac'ehef mthcxghypmmatsodntemedlam R0e@ngteprid) afd stemd) odcet at e
per hour _per, liter cat al but 10 00 f vin aceta e per hour
er 1t e oftht Biogpy i s R eaeads trfbEay e sabdss ohen i  d
gaseous prodyHshoxidd SRAINatEANi64iae, lféﬂy,qfon&t}@tmr@ REcCHRRM, &ﬁ’s‘ab}&%é and wat er
and optionally al so unreacted acetic acid, et hyl ene, et hyI acet ate, ethane,

ni trogen, car\f@dwadrﬁmmj’éactmrfwn a(ﬁct»hbmg W@OQS‘{Y@W& tiquiddeacten ot her

the inventi df reane e ene ane " carbon
nonoxi de and carbon d|0X|de |f any fronlthe thlrd product stream
suitably as an overhead gaseous fraction froma scrubbing colum, in which

a i qui dOract i onl eohid ip&edugt streaq frametten @) comprsing Ve Mc weter and agstics
removed from e, a&%ﬁ&a‘?tﬁenh{ P 2li2E BB, 4 A3l bh EPIP! 1 ST NG

VAM water and’acétic acl iate sc bbi ng
step, is sepdistitatidniimoaheperheid deodbpe frhttain amprising dnylacetateesand wateot r ope

fraction conprising_vinyl acetate and ter
rEBld a basg fractlcyn comprising acetic acl

15 VAM is recovered from the azeotrope fraction separated in step (d),
suitably for example by decantation. The recovered VAM may, if desired, be
further purified in a known manner. The base fraction comprising acetic acid
separated in step (d) is preferably recycled, with or preferably without further
purification, to step (a) or, if desired, to step (d) of the process.

20

The following Examples A-V describe the procedures used for the

preparation of various catalysts employed in the Examples 1-15 which follow:

Example A

25  Preparation of 1 weight percent platinum and 5 weight percent copper

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 is dried at 120°C in an oven under
nitrogen atmosphere overnight and then cooled to room temperature. To this is

30  added a solution of platinum nitrate (Chempur) (1.64 g) in distilled water (16 ml).

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



and a base fraction conprising acetic acid. VAMis recovered fromthe
azeotrope fraction separated in step (d), suitably for exanple by

decant at iwo.20iflng734ecover ed VAM may, if desired, be furt irer/gsasmohoe@dsi n a
known manner. The base fraction conprising acetic acid separated in step
(d) is preferably recycled, with or prefegpbly without further
purification, to step (a) or, if desired, to step (d) of the process. The
foll owi ng Exanpl es A-V describe the procedures used for the preparation of
various catalysts enployed in the Exanples 1-15 which follow Exanple A
Pr epar ati on 1@PC/mingi Tt inn&egr&utﬁd qakeelysit mirtuand themeslghed ptef00M{6 bapper on

high purity | ow surface area vvdere ed high purity |ow
surface ared é\(%'i"garr?élﬁs ﬁ?lc’é‘fs @&W‘?Eisé‘ﬁg?g‘as‘gflg?? Pg‘fﬁﬂg% 01}/ about
0.2 mmis drjiggle ¥inRA0EAIMR Aaeealwﬁﬁg)qﬂdﬁs&m@uwa@&gm9 a{lmwgﬁnﬁgerm ght and

then cooled to roomtenperature. To this is added a sol ution of platinum
nitrate (Chespuy is dfied ibdn gyeri graduadlyiHented todd @IC (Lehonts, 10 mimesihiet i ng

slurry is dried in radual | at 10C/mn)

The. | mor dgndreesaic el htiies meh ARG Pt Gl SR hour o,

|G mn). To this calcined and cooled material is added a sol ution of copper
nitrate trih drate (Alfa Aesar) (19 g) in distilled water (19 m). The
resulting sl dried in an oven gradually heated to H Q0C (>2 hours,
10C/ min). The i . ' h 1t;2Q00C (6
hours, | C/m : We adr um and 5
wei ght percqmnt{amabarfgnaamagmqaurl ty I ow surface area silica Powdered and
meshed hi gh purity |l ow surface area silica (94 g) of .uniform gartl cle size

di stribu on of ereyl andpeshed ighgaprgy lww@qeﬁr%ﬁ%%ﬁ &) @ pniform

particle size distribution of about 0.2 mm is dried at 120°C in an oven under

nitrogen atmosphere overnight and then cooled to room temperature. To this is
added a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22 ml).
The resulting slurry is dried in an oven gradually heated to 110°C (>2 hours,

15  10°C/min). The impregnated catalyst mixture is then calcined at S00°C (6 hours,
1°C/min). To this calcined and cooled material is added a solution of cobalt
nitrate hexahydrate (24.7 g) in distilled water (25 ml). The resulting slurry is then
dried in an oven gradually heated to 110°C (>2 hours, 10°C/min). The

impregnated catalyst mixture is then calcined at 500°C (6 hours, 1°C/min).

20
Example C
Preparation of 1 weight percent palladium and 5 weight percent cobalt on H-ZSM-5
The procedures of Example B are substantially repeated except for
utilizing H-ZSM-5 as the catalyst support.
25

Example D

Preparation of 5 weight percent copper and 5 weight percent chromium on high

purity low surface area silica

Powdered and meshed high purity low surface area silica (90 g) of uniform
30 particle size distribution of about 0.2 mm is dried at 120°C in an oven under

nitrogen atmosphere overnight and then cooled to room temperature. To this is



ni trogen at nosphere overni ght and then cooled to roomtenperature. To this
is added a solution of palladiumnitrate (Heraeus) (2.17 g) in distilled
wat er (22woi2p10/0Th3resul ting slurry is dried in an ovenprgraseebloye7aeat ed to
1100C (>2 hours, 10C/ mn). The inpregnated catalyst mxture is then

cal cined at 5000C (6 hours, G mn). To thps calcined and cool ed materi al
is added a solution of cobalt nitrate hexahydrate (24.7 g) in distilled
water (25 m). The resulting slurry is then dried in an oven gradually
heated to 11Q0C (>2 hours, 10C/ mn). The inpregnated catal yst m xture is

t hen cal ci nedded a 5@o0a pbcapper sitrateQtihydrpte (Blarpiser)Cl Pegprdiatiliesivaer 1 wei ght

| 1 adi d 5 vej . cobal H. ZSM5 T d f
Bnmie B ar®? alfs P reRuliRe WS hEE e 08 put e A R Ao BIPE5e the”
catal yst sugp@hbursEX@Tphi) DTRE @Rpfeghated cathlydt MBingBtis Rh egRined apperccand 5

wei ght percent chrom umon high purity |ow surface area silica Powdered and
meshed hi gh (pleprsy 1 1GEminurkodhis catcsnpdsindjcegled mmteyyal o addedfagotivarcdi cl e si ze

di stributkio 0 . i A bNa.ak ni t rogen
atnnsphe&e g@giﬁﬁghﬁhgnd§¥ﬁg%h%83ﬁ@§q¥%59i%%?§2%%$ré#%yggﬁﬁggﬁﬁPs i sadded a
sol uti on of Teppailtind slaay és driddindhalven gAldually\Rsaaed to(119°Q)>2 howtssti | | ed
water (19 m). The resulting slurry is then dried in an gven gradually
heated to 11@¥&mus) Hessmpregnatgdsatdlyst gtureistagenlanet & X0/S (6 BpWsure i s
then cal ci ned gﬁi§0000 (6 hours, ICmn). To this calcined and cool ed
material is ag eg a solution of chromumnitrate nonahydrate (Al fa Aesar)
(32.5 g) indistilled water (65 m). The resulting slurry is dried in an

oven gradual heated to 1100C (>2 hours, 10C m n). The i npregnated
catalysﬁgni§%éﬂgﬁig then cal cined at 5000C (6 hours, rC/mn).

Preparation of 5 weight percent molybdenum carbide (MoC,) 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 is dried at 120°C in an oven under
15  nitrogen atmosphere overnight and then cooled to room temperature. To this is
added a solution of ammonium heptamolybdate hexahydrate (Sigma) (9.5 g) in
distilled water (63 ml). The resulting slurry is dried in an oven gradually heated to
110°C (>2 hours, 10°C/min). The impregnated catalyst mixture is then calcined at
500°C (6 hours, 1°C/min). This results in molybdenum oxide on silica. It is then

20  treated in a flow of methane at 500°C to afford the titled catalyst.

Example F

Preparation of 1 weight percent platinum and 5 weight percent molybdenum on

titania

25 Powdered and meshed titania (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 this is added a solution of platinum
nitrate (Chempur) (1.64 g) in distilled water (16 ml). The resulting slurry is dried
in an oven gradually heated to 110°C (>2 hours, 10°C/min). The impregnated

30 catalyst mixture is then calcined at S00°C (6 hours, 1°C/min). To this calcined and

cooled material was added a solution of ammonium heptamolybdate hexahydrate



Exanpl e E Preparation of 5 weight percent nol ybdenum carbide (MbC?) on high
purity |l ow surface area silica Powdered and neshed high purity | ow surface
area siliwea208%7g30f uniformparticle size distributiorcofUsaimonde7® 2 mMm i s
dried at 1200C i n an oven under nitrogen atnosphere overnight and then
cooled to roomtenperature. To this is added a solution of anmonium

hept anol ybdat e hexahydrate (Sigm) (9.5 g) in distilled water (63 nl). The
resulting slurry is dried in an oven gradually heated to 1100C (>2 hours,
10C/ mn). The inpregnated catal yst m xture is then cal cined at 5000C (6
hours, | ¢/ mi(Rigmayk9.§ g esdistided wam(@bdéndﬁhe@mwmgmiu@y is dréed inanjoyen hen

treatedlnaf h 000 the titl ta yst.

Exampl e F Prgé?)c!ﬂaﬁ/?'?%ﬂnﬁ m%?@ob@?&-ﬁ{ f) &ﬂﬁﬂﬁ?@ﬁﬁatggﬁ% é’ﬁtt per cent

nol ybdenum gRixkirt &thén BAved 805009d (FBshed1T/mal)i a (94 g) of uniform
particle size distribution of about 0.2 mnmwas dried at 1200C in an oven
under nitrogen atnmosphere overnight and then cooled to roomtenperature. To
this is §ddga%l§oéutlon of platinumnitrate (Chenmpur) (1.64 g) in

distille m). The resulting slurry is dried in an oven gradually

heat ed to 1I&ardtioh dTauwsightlfeédnit lﬁhlladﬁilﬁ an'iigle gty ¢6w saifadeysta silixd ure is
then cal cined at 5000C (6 hours, |C/mn). To this calcined and cqol ed

materi al was addé)d)"%fiew a5di raeshed h%ﬁi’r’ii% ?’ﬁvﬁélﬁf%ﬁﬂﬁ?b%lé&ae@ﬂ&%?‘ﬂf%( Si gna)
9.5 T ol : d
bven ot aduatiePEgEliohFa 02 SRR PUEIMEh bybauliar ™R " A"

cat al yst m xtituogeni asmbi;mmrecwecmmbtchrﬂtthaoaﬁﬂ‘edtﬁ rbomrtsmpérﬁ‘fun nTo tPExasrrpI e G

SP Ir lelpggat lhon decil' a \éwiut?on 0 erlﬁlﬁlum gf’jt‘raltea el%arlgug)n(Zh 7g§5 1%% Stltll%d V\%\{\érs(% melce area

The resulting slurry is dried in an oven gradually heated to 110°C (>2 hours,
10°C/min). The impregnated catalyst mixture is then calcined at 500°C (6 hours,
1°C/min).

15 Example H

Preparation of 1 weight percent palladium and 5 weight percent molybdenum on

H-ZSM-5

The procedures of Example A are substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
20  ml), a solution of ammonium heptamolybdate hexahydrate (Sigma) (9.5 g) in
distilled water (65 ml) and 94 grams of H-ZSM-5. The catalyst is sequentially

impregnated first with molybdenum and then with palladium.

Example |

25  Preparation of 1 weight percent nickel and 5 weight percent molybdenum on

carbon
The procedures of Example A are substantially repeated except for
utilizing a solution of nickel nitrate hexahydrate (Alfa Aesar) (4.96 g) in distilled
water (5 ml), a solution of ammonium heptamolybdate hexahydrate (Sigma) (9.5
30 g)in distilled water (65 ml) and 94 grams of carbon. The catalyst is sequentially

impregnated first with molybdenum and then with nickel.



Powder ed and neshed high purity |low surface area silica (99 g) of uniform
particle size distribution of about 0.2 nmis dried at 120Q0C i n an oven
under ni twogen/Ersmwsphere overni ght and then cool ed to Powrust@gpediaé ure. To
this is added a solution of palladiumnitrate (Heraeus) (2.17 g) in
distilled water (22 m). The resulting slgfry is dried in an oven gradually
heated to H O0OC (>2 hours, 10C/ mn). The inpregnated catal yst mxture is
then cal cined at 5000C (6 hours, |G/ mn). Exanple H Preparation of 1 weight
percent palladiumand 5 wei ght percent nol ybdenum on H ZSM 5 The procedures
of Exanpl e Axamplslibstanti all y repeat ed except for utilizing a solution of
palladlumm};rate . .in distilled water (22 nml), a solution
of ammoni um SQEGAUM@A AR (9 5 o) in distilled water
(65 n) and 94 ¢ %r@éedﬁr&% };rbeA%eé ﬁlbﬁt%htlélé;(&ﬂ%&ﬂé}kc%bi fori npr egnat ed
first with nol ybdenum and then with pal |l adi um le | Preparation of 1
wei ght perc eﬂiltl1ng@k%)ﬂutmwf@&&mughmtlp@r(@élnmpﬁﬁI(illééegh Und@hll@hwmh(l'ﬁh e

pr ocedur gs EX |l e A subst antially repeated except for utilizing a
sol uti on%of %l)gﬂ%?yﬁlratr?s (?frtet xahydr ate (Alfa Aesar) (4.96 g) in distilled
water (5 m), a solution of ammni um heptanol ybdate hexahydrate (Si gna)
(9.5 9g) indistilled water (65 nml) and 94 grans of carbon. The catalyst is
sequent i al | \EXampleKnated first with nol ybdenum and then with nickel . Exanpl e

fzxprepar at i Qe Ofarion' Bt 190G oRESGEH: pRHL b Ul B dib itk &nd HRnRIP 6 HidnGS O
anple A a

The procedures of Example A are substantially repeated except for

10  utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of perrhenic acid (7 g) in distilled water (14 ml) and 94 grams of
titania. The catalyst is sequentially impregnated first with rhenium and then with

palladium.

15 Example L

Preparation of 1 weight percent platinum and 5 weight percent molybdenum on

carbon
The procedures of Example F are substantially repeated except for
utilizing 94 grams of carbon.
20
Example M

Preparation of 1 weight percent palladium and 5 weight percent zirconium on

silica
The procedures of Example A are substantially repeated except for
25  utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of zirconium nitrate pentahydrate (23.5 g) in distilled water (100
ml) and 94 grams of silica. The catalyst is sequentially impregnated first with

zirconium and then with palladium.

30



utilizing a solution of platinumnitrate (Chenpur) (1.64 g) in distilled
water (16 m) and 99 grans of titania. Exanple K Preparation of 1 weight
percent pablzatvaam4and 5 wei ght percent rhenium on titanipaT/iisecopnocredur es of
Exanpl e A are substantially repeated except for utilizing a solution of

pal ladiumnitrate (Heraeus) (2.17 g) in distilled water (22 m), a solution
of perrhenic acid (7 g) in distilled water (14 m) and 94 grans of titania.
The catalyst is sequentially inpregnated first with rheniumand then with
pal | adium Exanple L Preparation of 1 weight percent platinumand 5 wei ght
per cent nol ybaemleNon car bon The procedures of Exanple F are substantially

repeat ed ex pt for |I| 94 9 as of carbo Exrrple MPr par ati on of
1 wei ght peﬁie ‘ 5 qtigum 3 Supich CHHEBRR DA i ea The
procedures of Examel&o&d@fe% o?k‘i%%ﬁi%'[@)&%é %brs@aﬁmﬁfépea@s&@ice pforutilizing a
solution of palladiumnitrate (Heraeus) (2.1 7 g) in distilled water (22

m), a sol ututibizingf94zgramenf titanfd.t r at e pent ahydrat e (23.5 g) in distilled
water (1Q0 m) and 94 granms of silica. The catalyst is sequentially
i npregnated first with zirconiumand then with palladi um Exanple N
Prepar ati on Bfampl&w® ght percent platinumand 5 wei ght percent copper on

titania The ocedures of Exanple A are substantially repeated except for
utilizing 9 agation@f I weight percent nickel and 5 weight percent thenium on titania

The procedures of Example A are substantially repeated except for
utilizing a solution of nickel nitrate hexahydrate (Alfa Aesar) (4.96 g) in distilled
10  water (5 ml), a solution of perrhenic acid (7 g) in distilled water (14 ml) and 94
grams of titania. The catalyst is sequentially impregnated first with rhenium and

then with nickel.

Example P

15  Preparation of 1 weight percent platinum and 5 weight percent molybdenum on

silica .
The procedures of Example F are substantially repeated except for

utilizing 94 grams of silica.

20 Example Q

Preparation of 1 weight percent palladium and 5 weight percent molybdenum on

silica

The procedures of Example H are substantially repeated except for
utilizing 94 grams of silica.
25
Example R

Preparation of 5 weight percent copper and 5 weight percent zirconium on silica

The procedures of Example A are substantially repeated except for
utilizing a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled
30  water (19 ml), a solution of zirconium nitrate pentahydrate (23.5 g) in distilled



Exanpl e O Preparation of 1 weight percent nickel and 5 wei ght percent
rheniumon titania The procedures of Exanple A are substantially repeated
except fowoubvidd7zisag a sol uti on of nickel nitrate hexahydratseoopmdbd7as Aesar)
(4.96 g) in distilled water (5 m), a solution of perrhenic acid (7 g) in
distilled water (14 nml) and 94 granms of thgania. The catalyst is
sequentially inpregnated first with rheniumand then with nickel. Exanple P
Preparation of 1 weight percent platinumand 5 wei ght percent nol ybdenum on
silica The procedures of Exanple F are substantially repeated except for
utilizing 94vagera(rmo afl) &id 94cgarri§>oﬁrsﬂice OhPcephysaisisequeafially ineprggratqakr cent

pal | adi um a ]\égl ght percent ybdenum on silica The procedures of

Exanpl e H arErSts‘tﬁ EARPET 4t @‘e?é‘ﬁ ‘@Bnﬁ%ept for utilizing 94 grans of
silica. Exanple R Preparation of 5 weight percent copper and 5 wei ght
percent zirconiumon silica The procedures of Exanple A are substantially

r epeat ed ex@micn_s utilizing a solution of copper nitrate trihydrate (Al fa

Aesar) (19 g) |n di Sttjﬁ'ﬁﬂ &tﬁ (19 M), a solution of zirconiumnitrate
pent ahydrat “edwater (100 m) and 94 grans of silica.
The catalyst is Sﬁﬁttﬁrétdaedws\f if prepasdatl fofdansd wivh e sropRRIresREfdriNGA W t h

zirconium Exanple S Preparation of K, Pd. Au/Ti O?
United States Patent No. 6,852,877 to Zeyss et al.

Example T
10  Preparation of Pd and Au

A vinyl acetate catalyst containing Pd and Au for converting a stream of
gas containing ethylene, oxygen or air, and acetic acid into VAM is prepared

generally as follows:

15 The catalyst is prepared on spherical silica supports with diameters of
about 5 mm. The silica supports are impregnated with an aqueous solution
containing sodium palladium tetrachlorate and sodium tetracholroaurate in
sufficient amounts such that the catalysts would have about 7 gm/I of palladium
metal and about 7 gm/l of gold metal each.

20

After impregnation, the carrier is placed in a roto-evaporator, without
vacuum, and treated with 283 ml of a 50% w/w aqueous solution of sodium
hydroxide. The supports are rotated at about 5 rpm for about 2.5 hours in a
sodium hydroxide solution at a temperature of 70°C by rotation in a hot water

25  bath. The resulting catalysts are reduced in a gas blend of 5% ethylene in nitrogen
for about 5 hours at a temperature of about 150°C at a flow rate of about 0.5
SCFH (standard cubic feet per hour) at atmospheric pressure to reduce the metal

salts to metal.

30 The catalysts are then impregnated again with an aqueous solution of

sodium tetrachloroaurate and 1.65 gm of a 50% w/w aqueous sodium hydroxide



The title catalyst is prepared in accordance with the procedures set forth
in United States Patent No. 6,852,877 to Zeyss et al. Exanple T Preparation
of Pd andwaro/oriagl acetate catal yst containi ng Pd andpraw/usesomasTeerti ng a
stream of gas containing ethylene, oxygen or air, and acetic acid into VAM
is prepared generally as follows: The catgyyst is prepared on spherical
silica supports with dianeters of about 5 mm The silica supports are

i npregnated wi th an aqueous sol ution containing sodi um pal | adi um

tetrachl orate and sodiumtetrachol roaurate in sufficient amounts such that
t he cat al ystfxingsdlatidvavEheabauting/cajaly dts efe nediideddn argasrbleatl o A% ethydene 7 gni 1
of gold netal each. After ippregpation, the carrier is placed in a

r ot o- evapor af SR M&fﬁ’f’“\/ﬁg‘ﬂﬁgpﬁf?&}“ﬂ#"é&?é’é a&ﬂthl%%(g aﬁfﬁ) flgy rﬁteég% w w
aqueous sol hb@. 98 CFPistaRHMAUB%I f8&- ped RSur HPRATDsPhedicréRhiRttB dediice about 5
rpmfor about 2.5 hours in a sodi um hydroxide solution at a tenperature of
70C by r ot atthegold salts teoldvae@t. bath. The resulting catal ysts are reduced in
a gas blgnd of 5% ethylene in nitrogen for about 5 hours at a tenperature
of about "150C at a flow rate of about 0.5 SCFH (standard cubic feet per
hour) at atmapipegUc pressure to reduce the netal salts to netal. The

catal ysts are then i npregnated again with an aqueous sol ution of sodium

t et rachl or odlierarationgd Pd. Am. ard Bf a 50% w w aqueous sodi um hydr oxi defi xi ng
solution. The res ' [ 5% et hyl ene
in nitrogen for 5%%%%Hﬁfﬁghﬁiﬁéﬁigﬁﬁgﬁ%ﬁgﬂﬁﬁﬁggg?BgﬁgﬁPgﬁﬁﬁg%ﬁét a flow
rate of abouketit &ci§Gnt okgganaraxggensbontaihart gagees wherain)thatatatysispheri c

ressure to reduce the_ gol alts to gold netal.
P prepared generallgl as (%olfows: g

250 ml of silicon dioxide catalyst sphere supports having a diameter of 7.3
mm are impregnated with 85 ml of an aqueous solution containing 4.6 g of
Na,PdCl,; and 1.4 g of NaAuCly. The precipitation of the insoluble metal
15 compounds is achieved by the addition of 283 ml of an aqueous solution of 17 g
of borax. The vessel is then immediately rotated by means of a rotary evaporator,
without vacuum, for 2.5 hours at 5 revolutions per minute (rpm). The reduction is
achieved by the addition of 7 ml of hydrazine hydrate in 20 ml of water and

immediate rotation of the vessel at 5 rpm for 1 hour.

20
The pellets thus obtained are dried for 1 hour at 1000°C. The reduced
catalyst is impregnated with an aqueous solution containing 10 g of potassium
acetate and having a volume corresponding to the absorption capacity of the dry
support material. The catalyst is then dried again.
25

Example V
Preparation of Pd. Au. and B

A catalyst containing nanosize metal particles on a porous support for the
gas phase oxidation of ethylene and acetic acid to give vinyl acetate is prepared as

30 follows:



Exanpl e U Preparation of Pd. Au, and K A catal yst for preparing vinyl
acetate in the gas phase from et hyl ene, acetic acid, and oxygen or

oxygen- comDapnrwaigi4gases wherein the catal yst is prepar egCyarsesoalober2as
follows: 250 m of silicon dioxide catal yst sphere supports having a
dianeter of 7.3 mmare inpregnated with 85gnm of an aqueous sol ution
containing 4.6 g of Na PdC 4 and 1.4 g O NaAuC 4. The precipitation of the
i nsol ubl e nmetal conpounds is achieved by the addition of 283 m of an
aqueous solution of 17 g of borax. The vessel is then imediately rotated
by neans of a r oty eSiPosupmnts mmgaLBEVamﬁwe]aréa)mf woanﬁgaresspaayea

revol utions 1 rp The r ed b e.addition of
7 of hydrdi® ﬂ*énwa@a#ét%pﬂp%twofﬁfﬂ SRSl I of °the
vessel at 5S3ypmiys M?Bf pal2@iRe bhistide hH$. 89@@'7%{410@&% adfit geidfipr 1 hour
at 1000C. The reduced catalyst is inpregnated with an aqueous sol ution

cont ai ni ng BO0gnloff waserast apered ot emémdesiaw qogting vuitune corresponding to
t he absorption capacity of the dry support material. The catalyst is then
dried agg Exanpl e V Preparation of Pd, Au, and B A catal yst contai ning

nanosi ze met al paerels‘ﬁbS(m%he@esﬂﬁé@&&e?ﬂéﬂﬂ?ﬁheﬂ@ﬁdE}B\ﬁyé&ﬂ&ﬁﬁb@%&)fom dation of
et hyl ene and acetic acid to give vin cetate is prepared as follows:200 g

of Sie supﬁ@pqtgssviavncﬁgﬁ%lhmmﬁﬁwb/@é i Qmé pf alr ppgre parwdsyiay ed

soi ut i on of TingiS AT s PR SN Sty o Roat MrtaBi AR5 07Ca %7 ot
of auric acictilscbnuﬁﬁﬂlsm at 0fbanaThe indsteémperpiid Ooaraf aidenipefatiuey is 60°@ coati ng
unit. 10  and the product temperature was 32-30° C. This gave a homogeneously

impregnated coated catalyst having a shell thickness of 400 #m. The diameter of

the nanosize particles is determined by means of TEM. The mean particle

diameter is 30 nm.

15  Gas Chromatographic (GC) analysis 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
products. The front channel was equipped with an FID and a CP-Sil 5 (20 m) +
20 WaxFFap (5 m) column and was used to quantify:

Acetaldehyde

Ethanol

-Acetone
25 Methyl acetate

Vinyl acetate

Ethyl acetate

Acetic acid

Ethylene glycol diacetate
30



The support spheres are subsequently dried and sprayed with 20 g of

tripotassiumcitrate hydrate dissolved in 200 m of water over a period of

25 m nut es0 2800/@78#B8um r ot ati on speed of 10 rpm sprayi n@CraSe@wndeds out

di scontinuously at 1 bar. The inlet tenperature (warmair tenperature) is

60C and the product tenperature was 32-3036. This gave a honpbgeneously

i npregnated coated catal yst having a shell thickness of 400 mm The

di aneter of the nanosize particles is determi ned by neans of TEM The nean

particle diameter is 30 nm Gas Chronmat ographic (GC) analysis of the

Product s The analltbylenoglycble products was carried out by online GC. A three

channel conpact ﬁ%ﬁeqfigged with one flame ionization detector (FID) and 2

thermal conduct i AgrYSBEAAEHercDs) was used to anal yze the reactants and

products. The fropalgbigaeel was equipped with an FID and a CP-Sil 5 (20 m

+ WaxFFap (5 m colum "and was used to quantify: Acetal dehyde Ethanol

Acetone Methyl acetate Vinyl acetate Ethyl acetate Acetic acid Ethylene

gl ycol di.acet at eEthyl e | vegl  FEt hylidene,di t at.e, Par al.dehyde The ni ddl e
Ras equt PG e s B BB oo i

channel an ol'u
and was used to quantify:

CO,
Ethylene
10 Ethane

The back channel was equipped with a TCD and Molsieve SA column and

was used to quantify:

15 Helium
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

25  the various components.

Examples 1-10 describe procedures for the hydrogenation of acetic acid to

ethyl acetate as described in step (a) of the process of the present invention.



and was used to quantify: CO2 Ethyl ene Et hane The back channel was equi pped
with a TCD and Ml si eve 5A colum and was used to quantify: Helium Hydrogen
Ni t r ogen Wbt2hewg73dar bon nonoxi de Prior to reactions, thecratsSermwioodr2si me of
the different conmponents was determ ned by spiking with individual
conpounds and the GCs were calibrated eithgr with a calibration gas of
known conposition or with Iiquid solutions of known conpositions. This

al l owed the determ nation of the response factors for the various
conponents. Exanples 1-10 describe procedures for the hydrogenation of
acetic aci d Bxampldyl acetate as described in step (a) of the process of the

present invention.Exanple 1.The catalyst utilized was wei ght percent

pl ati num and 5 V\gl;}ﬁlﬁat th%e%c%?fpatweéi‘t E?rF?IEé)%%F’éIBh?”E%‘S M lgggeﬂ‘?m{nce with
the procedurgppdr AR fRephred Th RcbldBHAWith BRGIr8CedURASE Dfangil@ianl ess steel ,
having an internal dianeter of 30 nm and capable of being raised to a

controlled tenperature, there are arranged 50 m of 1 weight percent
pLatLpumsan  vel e S50l GRRRSE RS S ER] D BhabBEata o1t
cat al yst was3orehRtapablé b beihy rdigattb AGontroled Rirpeturd Gheieriré Srranged
50 ml of 1 weight percent platinum and 5 weight percent copper on silica. The
length of the catalyst bed after charging was approximately about 70 mm. Prior to
the reaction the catalyst was reduced in situ by heating at a rate of 2°C/min to a
10 final temperature of 400°C. Then, 5 mol% hydrogen in nitrogen was introduced to
the catalyst chamber at a gas hourly space velocity (GHSV) of 7500 h'. After
reduction, the catalyst was cooled to reaction temperature of 275°C by continuing
the gas flow of 5 mol% hydrogen in nitrogen. Once the reaction temperature was
stabilized at 275°C the hydrogenation of acetic acid was begun as follows.
15
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 1250 hr' at a temperature of about 275°C and pressure of 15 bar. The
20  resulting feed stream contained a mole percent of acetic acid from about 4.4% to
about 13.8% and the 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 ethyl acetate was 88.5% at a

conversion of acetic acid of 37%.

25
Example 2
The catalyst utilized was 1 weight percent palladium and 5 weight percent
cobalt on silica prepared in accordance with the procedure of Example B.
30 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



final tenperature of 4000C. Then, 5 nol % hydrogen in nitrogen was
introduced to the catal yst chanber at a gas hourly space velocity (GHSV) of
7500 h 1 woAbtoar7734educti on, the catal yst was cool ed to PeaatSe@a/ob@rper at ur e
of 2750C by continuing the gas flow of 5 nol % hydrogen in nitrogen.. Once
the reaction tenperature was stabilized ay)2750C the hydrogenation of
acetic acid was begun as follows. A feed liquid was conprised essentially
of acetic acid. The reaction feed |iquid was evaporated and charged to the
reactor along with hydrogen and heliumas a carrier gas with an average
conbi ned gastieamrdfyhesypoazadiat tyid(@@dByirogkn edptet ack@s acitlmdle adticeof
tenperature Qf about 2750 ressure o 5 bar. The sul ting, feed
stream cont aﬁﬁéateén%‘l‘tﬂredg@g@gﬁ gB‘fp%?E%{r? 82 %%Prd “g |p8ﬁ’l°§t%{5§e YRS ET 8 Bhout
13. 8% and t hg phRbEtHREEHEN s asthréatbRaER férra@lmﬁmﬁtthelé%érﬁs bouerfuets. A

g

portion of the vapor effluent was passed throu a gas chromat ograph for
anal ysi s of TheecethnaadrcenisiomwaeR6Yormdtethyl Toetatsskleetivity wgs 9 0oet hyl acet ate
was 88.5%) at a conversion of acetic acid of 37% Exanple 2 The cat al yst
utilized”was 1 wei ght percent palladiumand 5 wei ght percent cobalt on
silica prepagehgl@3accordance with the procedure of Exanple B. The
procedure as set forth in Exanple 1 was substantially repeated with an

aver age conbi ned Hescardyst uiilizgshwes | sieiht poreertmaipdigm andspweight perggntt he
feedstream g i L ' r ~C acid nole
ratio of 5) Cfgtb Elgg?‘éﬁrrggya E’?%ﬁge?i ‘5%&%‘%5%}1%%@%% ?(gc%g*"(egé f})%?ﬁﬁ% %’orti on of
the vapor effluent is passed through a gas chronmat ograph for anal ysis of
the contents of the effluents. The acetic acid conver,silon was ,26% and et hyl

acet at e Wel ect i vi thf Riascdy1ops ek farl) i Example L yegsyayantiplly reregtedaythane ght
e e 2 SRR R, LI PRGEE T SRR o7l SOV Gt
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 250°C and pressure of 15 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 18% and ethyl acetate selectivity was

93%.

Example 4
The catalyst utilized was 1 weight percent palladium and 5 weight percent

20  cobalt on H-ZSM-5 prepared in accordance with the procedure of Example C.

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

25 5) at a temperature of 250°C and 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 6% and ethyl acetate selectivity was 96%. The

other products formed were ethane (1.8%) and ethanol (0.3%).

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 ofwoheiweapsBi zed acetic acid and hydrogen (H2 toprataisc@9maiide nol e
ratio of 5) at a tenperature of 2500C and pressure of 15 bar. A portion of
the vapor effluent is passed through a gagpchromatograph for anal ysis of
the contents of the effluents. The acetic acid conversion was 18% and et hyl
acetate selectivity was 93% Exanple 4 The catalyst utilized was 1 wei ght
percent palladiumand 5 wei ght percent cobalt on HZSM5 prepared in
accordance ixamplé® procedure of Exanple C. The procedure as set forth in
Exanple 1 was su tantlall eat dvmth an av e c |ne as hourly
space velocity ( éhé‘?fg Yebﬁhtf’ﬁrée‘?té’éﬁ @ﬁ?’éﬁﬁ] ﬁ‘eg SPbri zed
acetic acid xﬁ&sib&efﬂhp&en X$MI-3 preparliif a@&r&imﬁ@kaﬁ‘thrtﬁé bfbc@cflur@)ofﬂkaﬁ le
tenperature of "2500C and pressure of 1 bar. A portion of the vapor effluent
is passed tHHlough a gas chromat ograph for analysis of the contents of the
effluentg. The acetic acid conversion was 6% and ethyl acetate selectivity
was 96% “The ot her products fornmed were ethane (1.8% and et hanol

(0. 3% . Exanpl e 5 THepreeddate/sd seutdrth iadtkangste 1 waes@tanpiall¢ espeatedvigtarim and 5
wei ght percent nol ybdenumon H ZSM5 prepared in accordance vmth the
procedur e ofavesagappabined gaehowrbeanage selgsity €eHEY) ph2,000 bk %qhé eedng

substanti al | | oci t
(Gv of 2, SR R thptlibh A UERAR HsBReA B, BARAEHS %%%??%%aéé?d and’
hydr ogen (HZS)mOawlqidratuwmfcRSMand ptessnre)bféBj bat mpbmraspexfahw@oof 2500C and

ressure of bar ortion of t apor fl uent passed t hrough a gas
Ehr omat ddr agsiKe spGiiough 4 5s EomAapIEPt, blor s of R Tonent' ol e 9" @ 9

effluents. The acetic acid conversion was 18% and ethyl acetate selectivity was

93%. The other products formed were ethane (4.3%) and ethanol (0.2%).

Example 6
15 The catalyst utilized was 1 weight percent nickel and 5 weight percent

molybdenum on carbon prepared in accordance with the procedure of Example I.

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
20  stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 250°C and 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 6% and ethyl acetate selectivity was

88%. The other products formed were ethane (3.3%) and ethanol (4.9%).

25
Example 7
The catalyst utilized was 1 weight percent platinum on titania prepared in
accordance with the procedure of Example J. '
30 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



effluents. The acetic acid conversion was 18% and ethyl acetate selectivity
was 93% The other products fornmed were ethane (4.3% and ethanol (0.2%.
Exanpl e owoOheloaraByst utilized was 1 wei ght percent ni ekelusamnd/obs7ei ght
per cent nol ybdenum on carbon prepared in accordance with the procedure of
Exanple | . The procedure as set forth ingfxanple 1 is 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 hydrogen (Hto
acetic acid nole ratio of 5) at a tenperature of 2500C and pressure of 15
bar. A por t istrearofof theevapapzed akfit aeidtand hypoger (H1 toraseghaad gede citioarfat ogr aph

for anal ysis. .of the conte e efflu . The aceti.q acid conversion
wos eokemd VAR teiheratie onads mid B S OB D BarrRubaRBA! SRRt o or mod
were ethane e(fﬁuems PRskdahRRBRk g&éc@r&nat@%%mfo?ar?al{élgropﬁa%%bm%htsl&flmd Zed was

1 wei ght percent platinumon titania prepared in accordance wth
procedure ofefMIHla]acetld had gowsesion evaad 1 Yeandfethyt lacetateBrlgatpvity wa$ s

CETEE L s R e e O e e

hydrogen (H to acetic acid nole ratio of 5) at a tenperature of 2500C and
pressure of 15 bar. A portion of the vapor effluent is passed through a gas
chr omat ograrﬂz‘vﬁmﬂﬁ_&nal ysis of the contents of the effluents. The acetic

roduct s for ned vk b ISR Vs AE AL SuAREREN A EYGHBE 73y W8 P!
cat al yst ut irbiise@dn wdSEkdmgplse@8ne cat al yst used in Exanple 7 which was reused

in this Exanple 8. The procedure as set forth in Exanple 1 is substantially
r epeat edOith an

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
stream of the vaporized acetic acid and hydrogen (H to acetic acid mole ratio of
5) at a temperature of 250°C and pressure of 15 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 41% and ethyl acetate selectivity was

87%. The other products formed were ethane (5%) and methane (1.7%).

Example 9
20 The catalyst utilized was 1 weight percent palladium and 5 weight percent

rhenium on titania prepared in accordance with the procedure of Example K.

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 (H; to acetic acid mole ratio of
5) at a temperature of 250°C and 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 61% and ethyl acetate selectivity was
87%. The other products formed were ethanol (11%) and acetaldehyde (1.3%).
30



aver age conbi ned gas hourly space velocity (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and hydrogen (H2 to acetic acid nole
rati o of WP 2ato/E734enper ature of 25CQ0C and pressure of 1Bchars200vopeed i on of
t he vapor effluent is passed through a gas chromat ograph for anal ysis of
the contents of the effluents. The aceticgygacid conversion was 41% and et hyl
acetate selectivity was 87% The other products fornmed were ethane (5% and
met hane (1.7% . Exanple 9 The catalyst utilized was 1 wei ght percent

pal | adium and 5 wei ght percent rheniumon titania prepared in accordance
with the prdadiplel@ Exanple K The procedure as set forth in Exanple 1 is

substantially repegated. with . an ave e conblne as hoyrly.space velocity
(GSV) of 2,500 hieeaiyy pliskdbuas et BeropHe %}&\w e WRisBE PErCet o and
hydrogen (Hin$i9bdGfid 6n 8bsh PRpSretidh hQoPdaned w?tth the pRICBAIRLY EQafipled>0C and
pressure of 15 bar. A portion of the vapor effluent is passed through a gas

chromat ograph for analysis of the contents of the effluents. The acetic
aci d conyersi on S 6196 nd et at e, sel ec IVIt 7% . The ot her
S bduer e or ot whke R R TR B i bl EPetid el i, o o
The cat al ystavbtaigk 'céﬁﬁm‘é@%aé‘-hd\ﬂl;&fﬁac@%l@&f}f (G}H@V?]aﬂmse@ﬂr BOMb%Hd per cent
nol ybdenum on carbon prepared in accordance with the procedure of Exanple

L. The procetigim of sheseaporiaed arcetip agidang hadmges (Islutssatcam peifl Imyole egsivzafed wi t h

an average cOIb GGy RRERAFLOE] Lkl TRNRorcdreBahr 1 of the

feed strea a orlze ace acid and acetic acid

mole ratio mTﬂﬁantadpaasddanmrgathae chifoméeptafoal aﬁﬁl§§l§ Uf&leQi)nfbﬁtsbifl’the A
portion of t he vapor. effluent is passed thgou a gas chromatograph for
anal ysi s0of etfﬂ%ené%nII&ﬂ@tlﬁﬁmflwen@rwpwf%é Vorl eéeﬁétqcet%?cﬁelfcewwgu on was

15% and et h>%5° C?B@S oﬁ?{oxé g(gj)ﬁéd%e e (P RP LACEMMALNGYS, Tormed were

et hane (7.1% and et

Example 10B

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

15  zirconium on silica prepared in accordance with the procedure of Example M.

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

20  5) at a temperature of 250°C and 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 8.3% and ethyl acetate selectivity was

84%. The other products formed were methane (7.9%) and ethane (1%).

25  Example 10C

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

copper on titania prepared in accordance with the procedure of Example N.

The procedure as set forth in Example 1 is 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



Exanple 1B The catal yst utilized was 1 wei ght percent palladiumand 5

wei ght percent zirconiumon silica prepared in accordance with the

pr ocedur evofofixamaBe M The procedure as set forth in Erampiseood/ona26
substantially repeated with an average conbi ned gas hourly space velocity
(GHSV) of 2,500 hr 1 of the feed stream ofj5t he vaporized acetic acid and
hydrogen (H2 to acetic acid nole ratio of 5) at a tenperature of 2500C and
pressure of 15-bar. A portion of the vapor effluent is passed through a gas
chromat ograph for analysis of the contents of the effluents. The acetic

aci d conver si)ana vemspeBatdfo &125 08C€ hyd pesatrabdL] Shire X paitioy ofvle 8¥pos The ot her

products forned were nethane (7.9% and et hape 9A.. anpl e | The

catal yst uti9 %ﬁlmseftaal@h@%&éﬁ _mat%faﬁrl? ﬁ'é‘é?{%sg%icﬁmenﬁgz@é% copper
on titani a RARGMEITHWREE AEiHRBRFr¥ioh Wak 189PIRIGIEM H8etaie EHRAPIEWs The
procedure as set forth in Exanple 1 is substantially repeated wth an

aver age contfi4iedThasthhopnoliycts faroedweire a¢atgne( (B14$%) andfac2iaklpbyde (711%). t he f eed
stream of. the vaporized acetic acid and hydrogen (H2 to acetic acid nole
ratio ofg) at a tenperature of 250C and pressure of 15 bar. A portion of

t he vapor ef}ﬂg% 103 passed through a gas chromatograph for anal ysis of
the contents of the effluents. The acetic acid conversion was 10% and et hyl

acetate sel ecti vithe aatalygatlizerhwasot merehp pergeritnickebandd weight peicerione (8. 4%
and acet al derni\ﬁ%grﬁl( z;st%tgﬁl\;ia %E%(p%% i alcéad-r 12 Wi ﬁlle)f)?c}%ea{liel 3fZ§Qm§?e:81. wei ght

percent nicke [ percent rhenium on ania prep “in
accordance with the procedure of Exanple O The procedure as set forth in

Exanple 1 is substantially repeated with an_ average conbi ned gas hourly

space véfocity (cHmprogsduie asowt frthindixample | seybsiarialiy speatete™ihsbr i zed
acetic acid a@@&gQX%B&%H ggibﬁoﬁr?y ﬁﬁgé V808t Eblqg{/?of ?,%b@ hPf 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 pressure of 15 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 16.2% and ethyl acetate selectivity was

83%. The other products formed were ethanol (10.4%) and ethane (2%).

Example 10E
The catalyst utilized was 1 weight percent platinum and 5 weight percent

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

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

25  5) at a temperature of 250°C and 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 14.3% and ethyl acetate selectivity was

82.4%. The other products formed were ethane (6.6%) and ethanol (5.7%).

30



5) at a tenperature of 2500C and pressure of 15 bar. A portion of the vapor
effluent is passed through a gas chronmatograph for analysis of the contents
of the efWwburemmw7343he acetic acid conversion was 16. 2% aou/ustéwloo@eet at e
selectivity was 83% The other products forned were ethanol (10.4% and
ethane (2% . Exanple | QE The catal yst utilygzed was 1 wei ght percent

pl ati num and 5 wei ght percent nol ybdenum on silica prepared in accordance
with the procedure of Exanple P. The procedure as set forth in Exanple 1 is
substantially repeated with an average conbi ned gas hourly space velocity
(GHSV) of 2,BGmMple 10F of the f eed stream of the vaporized aceti c acid and

hyd Ht 2500C d
p¥e228$2 (()f 12 ga ecﬂtag H‘ﬁ)ecg‘fvai E—SV BFQCE%fqaﬁgi]f“gF a‘§’§ P"?‘FF gh gngas

chr omat ogr apfofyBderditpby §ih§a Pfephied if QbdoRddnte Withtthe pRickiwe B ExarhBR @cet i ¢
acid conversion was 14.3% and ethyl acetate selectivity was 82.4% The

ot her products formed were ethane (6.6% and ethanol (5.7%.Exanple |QF The

cat al yst SUt i ZedTvvas 1 quVge %s et RSHICT nrﬁx 1!: ?dé %{{i? @ﬁgalg' P@géagé‘& witfi" ent

T
nmol ybdendm on si || cap8 re dt raccor ce w ure o npl e

Q The pr OCe&ifoa(geQSmsﬁfedfg% hdiurlms;ﬁ&ambeltyl(GHSS’l)lbﬁtaooIhﬁ' bfjthe €pgiat ed wnth
an average conbi ned gas hourly space velaocity of 2,500 hr 1 of the

f eled st r eam Seampe theayrporizedjadetie i andihydeaggn Iﬁé‘@i FORfEHC (‘T*‘IQ meje gt ofc aC| d
mol e ratio of, ;p) t@ﬁoge?atixmsﬁt’@ bfid feséﬁ‘%ﬁ}?ﬂ% PA ‘Eﬁﬁwh%hr he va Opar

portion of the va IS p ough ‘a'gas ¢ graph for
anal ysi s of dfﬂeemmpamdsthnfughhegafchfmﬁawgapﬂ'fm aaalg’snscof ﬂmc@nmm/@frthe on was

9. 8% and et%b acet,gl'ge select|V|tg/ was 8 0 g_%lg ucts formed were
et hanol 8. 3fluelfy Lhehafshc padsanverpen yise - Yoeand sthd dceits &8 et 4 was 5
vei ght per cegyo, CORPEthe AP dRcVBd R WEE €8fAhol (8.3%) and ethane (3.5%).

Example 10G

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

15  zirconium on silica prepared in accordance with the procedure of Example R.

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

20  5) at a temperature of 250°C and 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 2.2% and ethyl acetate selectivity was

81.4%. The other products formed were ethane (3.3%) and acetaldehyde (10%).

25  Example 10H
The catalyst utilized was 5 weight percent copper and 5 weight percent

chromium on silica prepared in accordance with the procedure of Example D.

The procedure as set forth in Example 1 is 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 at a temperature of 250°C and



zirconiumon silica prepared in accordance with the procedure of Exanple R
The procedure as set forth in Exanple 1 is substantially repeated with an
aver age cwobwmed’yas hourly space velocity (GHSV) of 2, p0®/useood/oad72¢ he feed
stream of the vaporized acetic acid and hydrogen (H2 to acetic acid nole
ratio of 5) at a tenperature of 2500C andypressure of 15 bar. A portion of
the vapor effluent is passed through a gas chronat ograph for anal ysis of
the contents of the effluents. The acetic acid conversion was 2.2% and
ethyl acetate selectivity was 8 1.4% The other products forned were ethane

(3.3% and apr&tsatedﬁh;ﬁdmr(Aq%ﬁorEﬁﬁnhpivepdr(amﬂ'dmisqaassaddwhtoughialg'azed was 5
wei ght percent cop er er cent silica.prepared in
accor dance AfMatpgr2 é’cﬁ'ﬁlryélségh@‘gjr%q P@cg[g‘ﬁraﬁeéfsacé t forth in
Exanpl e 1 '%oﬁua'&toﬂrﬁ 2%'a¥1d%ﬂ18/?§&&&1e‘%1%&1@@ @x%@%wom ned gas hourly
space velocity (GHSV) of 1 of the'feed streamof the vaporized

acetic acid and hydrogen at a tenperature of 2500C andpressure of 15 bar. A

portion qQf the v effluent is passed through a gas chromatograph for
anaIyS|s%0f§%%?égﬁﬁ%nts of the effluents. The acetic acid conversion is

25% and et hyl acetid @@t @6libed Wis &eagm@yérczrﬁ%ol%@émheca}%ermcgﬁ@ral yst
utilized was 5 wei ght percent 2)a%lbdenum car bi de C2) on Hgh Purity Low

Surface Ar e:ﬁlshlﬂueléy bew&alr@aeme &% prgnered up a¢ror cpm@éb@p@cedurExanpl e E
The procedurq}%%n1 gforth in Exanple 1 is substantially repeated with an

aver age conbi as hourly space velocity (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and hydrogen at a terrperature of 2500C
and pressure of 15 bar. A portion of the vapor effluent is passed t hrough a

gas chrdffat ogr aph Theghroggaars as set frthy ndExagmle hissubstaptidlysrepsatiechvith athe acet i ¢

acid average combined gas hourly space velocity (GHSV) of 2,500 hr™' of the feed

stream of the vaporized acetic acid and hydrogen at a temperature of 250°C and
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

15  conversion is 25% and ethyl acetate selectivity is 75%.

Example 10J

The catalyst utilized was 1 weight percent platinum and 5 weight percent
molybdenum on titania prepared in accordance with the procedure of Example F.
20
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
stream of the vaporized acetic acid and hydrogen at a temperature of 250°C and
pressure of 15 bar. A portion of the vapor effluent is passed through a gas
25  chromatograph for analysis of the contents of the effluents. The acetic acid

conversion is about 50% and ethyl acetate selectivity is 85%.

Example 10K

The catalyst utilized was 1 weight percent palladium on silica prepared in

30  accordance with the procedure of Example G.



conversion is 25% and ethyl acetate selectivity is 75% Exanple IQ The
catalyst utilized was 1 wei ght percent platinumand 5 wei ght percent

nol ybdenuwoanioi7tasi a prepared in accordance with the protasase/oed72€xanpl e
F. The procedure as set forth in Exanple 1 is substantially repeated with
an average conbi ned gas hourly space veloggty (GHSV) of 2,500 hr 1 of the
feed stream of the vaporized acetic acid and hydrogen at a tenperature of
25Q0C and pressure of 15 bar. A portion of the vapor effluent is passed

t hrough a gas chromatograph for analysis of the contents of the effluents.

The acetic acid cBrvepsidure assseqfotht inS0%mphel] &t swpbtanitadlyaepeated withiapi ty is

85% Exanple | The, catal yst utilize S i cen | | adi um on
silica prepdt& gF HOmRIG §3_¥E%ur Ik H‘gov?yo%(éawgg#’séghﬁp?tteth%?eleﬁe procedur e
as set fort hlefimfaPlpotizéPacetib atRANnd My geR RERicBtherdtifR 256 CaRD e

conbi ned gas hourly space vel ocit of 2,500 hr 1 of the feed stream

) (GHS ,
of the vaporpressdreaddiibar.adi R!)rmrdof\;t@d veperre ey 13 pasprsk thraneh agas 2500C and
pressureof 15 bar. ortion.of. .t he f i ed..t hrough a gas
chr omat ogr ap%:?rggto%rﬁgﬁ' g%ri Qg lsthfethec%or?\t( %ﬁ?éf t@% et %ﬂ{esf fTIEhS %ﬁ?@‘: e acetic

aci d conver joalersidonadbshtut 65% adcktigfl Ayétarceleati¢itysBlg8ses.i vity is 85% Exanple
11 describes cracking of ethyl acetate to ethylene and acetic acid as
described in step (b) of the present invention. Exanple 11 The procedure as

set Torth i n Uni gtheshih £3cRaEDLNans 4399 30814 p SEERCd Setieadgl 0 or ack

t
ethyl acetate to et ene and acetic &cid using as the cracking
cat al yst at ab&BOibed isttep (§)f thé ptehent piveagss. of the present invention using
t he et hyll0 acetate enriched feed streamfromstep (b) of the process of the

Example 11
The procedure as set forth in United States Patent No. 4,399,305 to

Schreck is used to crack ethyl acetate to ethylene and acetic acid using NAFION
as the cracking catalyst at 185°C in step (c) of the process of the present invention
15 using the ethyl acetate enriched feed stream from step (b) of the process of the

present invention..

Example 12
The catalyst utilized is K, Pd, AwTiO; prepared in accordance with the

20  procedure of Example S. The procedure as set forth in United States Patent No.
6,852,877 to Zeyss et al. is used to carry out step (d) of the process of the present
invention using the feed stream from step (c) of the process of the present
invention and molecular oxygen in combination with additional amounts of acetic
acid, if desired, to balance the stoichiometry of the product stream.

25
Example 13

The catalyst utilized is Pd and Au prepared in accordance with the
procedure of Example T. The procedure as set forth in U. S. Patent No. 5,691,267
to Nicolau et al. is used to carry out step (d) of the process of the present invention

30  using the feed stream from step (c¢) of the process of the present invention and



present invention.. Exanple 12 The catalyst utilized is K, Pd, Au/Ti Q2
prepared in accordance with the procedure of Exanple S. The procedure as
set forthworolami7tad States Patent No. 6,852,877 to Zeys®CEtusaln/oiaesed to
carry out step (d) of the process of the present invention using the feed
streamfromstep (c) of the process of thggpresent invention and nol ecul ar
oxygen in conbination with additional anounts of acetic acid, if desired,
to bal ance the stoichionetry of the product stream Exanple 13 The catal yst
utilized is Pd and Au prepared in accordance with the procedure of Exanple
T. The pr oceveleeulaoxygen frocanbinaridn wish additiemd! ahlouns, o a¢stizaicid, of Ni col au et

al. is used (o carry out step.(d) of t rocess of the present invention
using the f H‘r%‘ﬁ(ég‘?’rﬂqeéﬁ‘? §"Bl§‘pﬁﬂ({f€‘3tryo‘?ﬂ‘ﬁﬁgmﬂf‘8tc%’§§mof the present invention
andnol ecul ar oxygen in conbination with additional anmounts of acetic acid,

if desired, to balance the stoichionmetry of the product stream Exanple 14
The cat al ystExamiplé ¥&d is Pd, Au, and K prepared in accordance with the

procedure of Exanple U. The.procedure as,set forth in U S. . nt No. 6,1
D571 1§ Avel ot caliysl DEUEFCS PR, A7t R Prerbfid ok Byrtoned valTBBLs OfF ¢ e

present i nvehbdediretsti anipheUl eB@ prbéeaiar 4s'seimosthan U ). Pafent K6. @1 D635 of the
present invention and nol ecul ar oxygen in conbination with additional

amounts of dedbekergéiisusqditogagy oatstep () thmpracess of thediressnbW¥ERYOTLE t he
product str I I i.LJ j : . repar ed
in accor dan?%m\%tﬁ?%éﬁgﬁﬁégc% UF%B g{f:75 ‘@féen%'f" gégé.%?%ele& Bgr%gg:g@g?té&g%ldselto fgrt h

in U S Patraslecdiar oxXygbd) th éuddbihatidiagihayditiordl aglounisofaseit dodd,éhrry out step

(d) of tlhe process of the pres?l

nt
0 “desired, to balance the stoichiometry of the product stream.

Example 15
The catalyst utilized is Pd, Au, and B prepared in accordance with the

procedure of Example S. The procedure as set forth in U. S. Patent No. 6,603,038
15  to Hagemeyer et al. is used to carry out step (d) of the process of the present

invention using the feed stream from step (c) of the process of the present

invention and molecular oxygen in combination with additional amounts of acetic

acid, if desired, to balance the stoichiometry of the product stream.

20 While the invention has been illustrated in connection with particular
examples, modifications to these examples within the spirit and scope of the
invention will be readily apparent to those of skill in the art. In view of the
foregoing discussion, relevant knowledge in the art and references discussed
above in connection with the Background and Detailed Description, the

25  disclosures of which are all incorporated herein by reference, further description is

deemed unnecessary.



invention using the feed streamfromstep (c) of the process of the present
i nvention and nol ecul ar oxygen in conbination with additional anmounts of
acetic acw0,20i0i07d=si red, to bal ance the stoichionetry ofrctrhms2@odires

stream Wile the invention has been illustrated in connection with
particul ar exanples, nodifications to thegg exanples within the spirit and
scope of the invention will be readily apparent to those of skill in the

art. In view of the foregoing discussion, relevant know edge in the art and
references di scussed above in connection with the Background and Detail ed
Descri pti on, WHRAE I GEADMIEDEES: of which are all incorporated herein by
reference, further criptiqn is deened unnecessar V\F(liAT |S.CLAIMED | S: 1.
A process fdr f‘%offrsﬁgqféfi“?ﬁrﬁ%‘f“% gfw@e&%@wa&%é&& ORI E onpri si ng:
a. contacting a feed streamcontai ning acetic acid and hydrogen at an

el evated tenperature with a suitable hydrogenating catalyst containing at
| east one net al sael e@ttanlingracfmd heeagr oupaiomgsicetid agd afid hydrkgdn atghat i num and

pal | adi um and at 0 selected.fr nol rhe

Zi rconi UE; copper aﬁ V?:t?)‘ﬂ%ﬂp%%brﬁo‘?“tﬂéﬁ S‘b‘ﬁabl Q{Hr?%ﬁégn%géimyf/ %O“E%‘ngrt with
the proviso that pl atlesdGhéRktddSelb&ed fioht the broupdonbidenssT nickeni um
zirconium copper or cobalt, and wherein the catal yst opti onal | y further

i ncl udes one or morelaaduntandmalladmmand@ai@estymesn@@hS@bpted framdm t he group
consi sting of ruthenj | ridj chr m ium and
zinc, to forma firspy lll%gélgré%mu’srhgrru uét™ e l}uuélau% St aé(lijg(?% tesuP %Orreiag)gleat ate; b.

enriching said firstuigdkeausysophost with tiespovisd hhe&fpmy'lhuﬂﬁﬁh)ab@uieﬂ at | east

50 nol e percent; c. gontacting in a second reaction zone said enriched
first gdfeous without molybdenum, rhenium, zirconium, copper or cobalt, and

wherein the catalyst optionally further includes one or more additional
metal catalysts selected from the group consisting of ruthenium,
iridium, chromium, tin, tungsten, vanadium and zinc, to form a first
gaseous product stream comprising ethyl acetate;
15
b. enriching said first gaseous product stream with ethyl acetate to at least

50 mole percent;

c. contacting in a second reaction zone said enriched first gaseous
20 product stream obtained in step (b) at an elevated temperature with a
suitable cracking catalyst to form a second gaseous product comprising

a mixture of ethylene and acetic acid;

d. contacting in a third reaction zone said second gaseous product
25 obtained in step (c) in combination with a second feed stream
comprising molecular oxygen and optionally additional amounts of
acetic acid in the presence of a catalyst to form a third gaseous product

stream comprising vinyl acetate; and

30 e. separating the vinyl acetate from said third gaseous product stream.



product streamobtained in step (b) at an elevated tenperature with a

sui tabl e cracking catalyst to forma second gaseous product conprising a

m xt ure oloevtwi7esse and acetic acid; d. contacting in aPChiusdomw@esé on zone
sai d second gaseous product obtained in step (c) in conbination with a
second feed stream conprising nol ecul ar oxygen and optional |y additional
anounts of acetic acid in the presence of a catalyst to forma third
gaseous product stream conprising vinyl acetate; and e . separating the
vinyl acetate fromsaid third gaseous product stream 2. The process

accor di ng t @.clThe prabessvaveoding tbrmitmyhirvd@eeiather‘rg/dm@eahm catalysitimptepa) i s

sel ected from ro onsj sti n conbi nat.i.on. of ati nu nd copper
ot e Pt el Biigs S FmehS et sensiftisla cotingisa ot By RERG § on_of
pal | adi um and gkl bt APy/@u R R ﬂhhe Fa eefwbutt bq foand@ofbirieHbf0- 1 to
1; a conbi nation of nickel/nol ybdenum (N &' | adi unt nol ybdenum (Pd/ M)

and pl ati nunt mﬁlman@ndeﬁbdlw)a Pd/\ﬁemnghtmt@ iy @Qéﬁafﬁbmlt@dttallygt is
supported on a_suppQ Iet f mth oS
S . gomgio {1% OL nic 1 lyé Jonum &u @3][? At urg)s ggde m'tl%?%ﬂg?

silica, alum ng, Zl rconi

titania and a ﬁildf)ldﬁﬁuﬁlhﬂ(ﬁl?&ienuﬂl (PM)pme&&Sthaﬁgefdgeﬁ@an:acdlﬁtm 1, wherein
the cracking catalyst in step (c) is_selected fromthe tg_rloup conS|st| ng of
per f | uor osul f oBRPOHEH @n asyppert stlestefblipmehe groppgonsiaing efH-XSMprgsilies|  te V.

Siroam | s anr i AR | R ghofoeC it SERE b b, (ARRTRS Pl ont i ¢

step (b). 5. Thﬁxtpfd)t(he&sfaccordl ng to claim1, V\/nerel n the reactants in
step (a), consist of acetic acid and hydrogen with a nolar ratio in the
range of!%about 100: 1 to 1:1 00, the tenperature of the reaction zones are

in the r ang%.Offh@B%Ess?&Qquiﬁé)to claim 1, wherein the cracking catalyst in step (c) is

selected from the group consisting of perfluorosulfonic acid resin, H-

mordenite, ZSM-5, zeolite X, and zeolite Y.

15 4. The process according to claim 1, wherein the first gaseous product stream is

enriched with ethyl acetate at least up to 80 mole percent in step (b).

5. The process according to claim 1, wherein the reactants in step (a) consist of
acetic acid and hydrogen with a molar ratio in the range of about 100:1 to
20 1:100, the temperature of the reaction zones are in the range of about 200°C to
300°C, and the pressure of the reaction zones are in the range of about 1 to 30

atmospheres absolute.

6. The process according to claim 1, wherein the reactants in step (a) consist of
25 acetic acid and hydrogen with a molar ratio in the range of about 1:20 to 1:2
the temperature of the reaction zones are in the range of about 225°C to 275°C,
and the pressure of the reaction zones are in the range of about 1 to 30

atmospheres absolute.

30 7. The process according to claim 1, wherein the hydrogenation catalyst in step

(a) is platinum supported on a catalyst support with a loading of about 0.5



3000C, and the pressure of the reaction zones are in the range of about 1
to 30 atnospheres absolute. 6. The process according to claiml1l, wherein

t he reactwotsi0/0178B8ep (a) consist of acetic acid and hy@cogmsmoosioddr2a nol ar
ratio in the range of about 1:20 to 1:2 the tenperature of the reaction
zones are in the range of about 225C to 2¢50C, and the pressure of the
reaction zones are in the range of about 1 to 30 atnospheres absolute. 7.
The process according to claim1, wherein the hydrogenation catalyst in
step (a) is platinumsupported on a catalyst support with a | oadi ng of
about 0. 5wei ghtaveightpﬁmntttmahhmdtwéigh@egd:mtpxmocqxp'er arquonoqbpma cgtapported on a

cat al yst support with a din 5 wei g e ent to about 5

wei ght per cent SupRATt KLY %}Oﬁﬁ’cnlgé%@gf"étla?gg éﬂi‘;ﬁﬁﬁrtc?ntl E&I‘t CHCIERT RPN e,

si |ica-al um na,Qf whékefrORE Ratalst s'Uib‘fooR’ié)ﬁﬁéé g?eﬁﬂiﬁé Uﬁllﬂ&élﬁmﬁ&laadr%r%onﬂé/ﬂer ein
the hydrogenation catalyst in step (a) is pal | adi um supported on a cat al yst

support with a | oading of about 1 weight percent and cobalt supported on a
cat al yst sSURpo with a bout i ercent vvherel n the
catal yat Ssugbonhe Plocrgegmanelfcfain ™ Sepsin 1T Bk REASE ftld M5RPCom: o
titania or |r0(h)@§<}!)éiﬁd1u§)n sﬁB’;‘)@rthi aﬁa&ata@%@mfgb&gwmacdaam@cﬂfabmer ein the
catalyst in step npri ses pall adi um rocess according to

claim9, wher ewmgilheerémt@ms;@balhsweﬁect )] af:eﬁiabﬁba*up@@ﬁm‘lﬂs@@ag@lgwfand
h
potassium acet gf ¢, S%dgl;qtb%rc% %?@gf?}%ﬁﬁhg teﬁugbﬁllé gsl 1%23’1471 &hiRkat he

pal | adiumis supporte rom t e group

consi sting of giaphitd silkhisbimiaa, ﬁ'rdoiniaaatamﬁadilarortd»hacm a and zirconia. 12. The
process according to claiml1l, wherein the nole ratio of ethylene to

nol ecul d9 oxygen is about 4:1 or |ess.

9. The process according to claim 1, wherein the catalyst in step (d) comprises

palladium.

10. The process according to claim 9, wherein the catalyst in step (d) further

15 comprises gold and potassium acetate.

11. The process according to claim 9, wherein the palladium is supported on a
catalyst support selected from the group consisting of silica, alumina, silica-
alumina, titania and zirconia.

20
12. The process according to claim 1, wherein the mole ratio of ethylene to

molecular oxygen is about 4:1 or less.

13. The process according to claim 1, wherein in step (d) molecular oxygen is

25 added in the form of air.
14. A process for the production of vinyl acetate from acetic acid comprising:
a. contacting in a first reaction zone a feed stream containing acetic acid

30 and hydrogen at an elevated temperature with a suitable hydrogenating

catalyst containing about 0.5 weight percent to about 1 weight percent



13. The process according to claim1l1, wherein in step (d) nol ecul ar oxygen
is added in the formof air. 14. A process for the production of vinyl

acet at e fwormmoeri4e aci d conprising: a. contacting in aPCrnstomeec2é on zone
a feed stream containing acetic acid and hydrogen at an el evated
tenperature with a suitabl e hydrogenatingsgatal yst containing about 0.5
wei ght percent to about 1 weight percentof platinumor palladiumand 2.5
wei ght percent to about 5 weight percent of copper or cobalt on a suitable
catal yst support to forma first gaseous product containing ethyl acetate;
b. enriching said fiof platigamespellgtionend 255 wetght pércéntéo hlydut doueighte t o at

| east 50 nole percent; c. contacting.in a s nd reaction, zone said
enriched first gasegﬁfscerbtroﬁﬁgli’eréﬁtcggﬂtﬁnPﬁu‘g@iﬁ)ca(tﬂ}'s QPP%Wéfggﬁta?HSt
tenperature with a gaggk%\fg)dgat@hmingeg@pgbe&g@m perfl uorosul fonic acid
resin, Hnordenite or ZSM5, to forma second gaseous product conprising a

m xture of ethylene and acetic acid; d. contacting in a third reaction zone
sai d gaseous produc . . i n Ln.s cl in ¢ ination with a
second fged str egt?rjﬁ tg%ﬁn%}iuﬁé‘ ?Qﬁ‘gwrfr%g‘é‘%%“gﬂ r"é‘i‘%se“(r‘f nﬁ%ﬁ?‘%%caeﬁtté/%aaﬂ%atsponal
amounts of acetic agDa@ndleptdentpr esence of a catalyst to forma second
gaseous product stream conprising vinyl acetate; and e. separating the

vinyl acetate from said second gaseous product stream 15. The process

according to cl ai m %énta%’mﬁ/iﬁia%e&&ﬁi @X&%@%ﬂ@%@%ﬁ}i&eﬁt yts éa%):odss carried out

over a hydrogenating cataliyst on a sup cata I's selected from
t he group consi sti ngrafucpdtabinedin siép éb)lao anl elegated wapepdtuboitit a beacking0. 5)
[ [ bout hal f (2.5
wei ght pl%r cent and %gtg yes'\tr ch%tsenafrlogla;%rﬂgorlolelFolnic? Ilcig re%yn, Ht-rrV\f())r errll(ljte %r a ( )
ZSM-5, to form a second gaseous product comprising a mixture of

ethylene and acetic acid;

d. contacting in a third reaction zone said gaseous product stream
15 obtained in step (c) in combination with a second feed stream
comprising molecular oxygen and optionally additional amounts of
acetic acid in the presence of a catalyst to form a second gaseous

product stream comprising vinyl acetate; and
20 e. separating the vinyl acetate from said second gaseous product stream.

15. The process according to claim 14, wherein the hydrogenation in step (a) is
carried out over a hydrogenating catalyst on a support, which catalyst is
selected from the group consisting of platinum at a loading level of about half

25 (0.5) weight percent and copper at a loading level of about two and a half (2.5)
weight percent supported on silica platinum at a loading level of about one (1)
weight percent and copper at a loading level of about five (5) weight percent
supported on silica and palladium at a loading level of about one (1) weight
percent and cobalt at a loading level of about five (5) weight percent supported

30 on silica or H-ZSM-5.



wei ght percent supported on silica platinumat a |oading | evel of about one
(1) weight percent and copper at a |oading | evel of about five (5) weight
per cent swipporwwE@4en silica and pall adium at a | oadi ng lperaiS2ab/oadroat one
(1) weight percent and cobalt at a |oading |evel of about five (5) weight
percent supported on silica or HZSM 5. 1654 The process according to claim
15, wherein the hydrogenation catalyst in step (a) is platinumat a | oading
| evel of about one (1) weight percent and copper at a |loading | evel of
about five (5) weight percent supported on silica 17. The process accordi ng
t o cl ai m 14,16wike procedshaecdrdohgagetwmi Iivg whateal thsthydrogshan(calalyss ipstep adi um at
a loading | evel of about on 1) weight percent and cobalt af a | oading

| evel of about %af)ilﬁﬂélat(‘@}m\%? 1:%&@%? a@ﬁ%ﬁ&?(@&%@@%@é&ﬂ&fcwzw 5. 18.
The process acg@adidget@ of hBouNA.(5VREILAT perbdif siysbreaenatlian in step (a) is
carried out at a pressure just sufficient to overcone the pressure drop
across the catalytic bed. 19. The process according to claim 14, wherein

th t.s, i st i st .of £ id .and hyd i th |
ot oSt nd 7 S RSP boritedn Slei 47 $iktsth AR uBRSRMHR BT 1 HEP Tenct s on
zones are in thgidgdEgiv abeEding BRECof £odPORKY 1) Ittt perdehefmilboBaleht t he

reaction zones are_in the range of about 5 to at nospheres absol ute and
the contact ti fdoadingrlevelodabantdvg (Ehweighepereent swppdsedoasgicadt about 0.5 to
100 seconds. 20.., process according to claim 14, wherein the reactants

in step (a) consi'st of acetic acid and hydrogen with a nolar ratio in the
range of about 1:20 to 1:2 the tenperature of the reaction zones are in the

range of about 2250C to 275C, and.the pressure of the reaction zones are in
the rand@ oflSabBeiprogesscordig i sfarlds Wheky) the dydragensiionas sicrd®) isi ne of

reactants and gafigh ¥§tat ia%rés@ultel]ﬁst sufficient to overcome the pressure drop across

the catalytic bed.

19. The process according to claim 14, wherein the reactants in step (a) consist of
15 acetic acid and hydrogen with a molar ratio in the range of about 100:1 to
1:100 the temperature of the reaction zones are in the range of about 200°C to
300°C, and the pressure of the reaction zones are in the range of about 5 to 25
atmospheres absolute and the contact time of reactants and catalyst is in the

range of about 0.5 to 100 seconds.

20
20. The process according to claim 14, wherein the reactants in step (a) 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 zones are in the range of about 225°C to 275°C,
and the pressure of the reaction zones are in the range of about 8 to 20
25 atmospheres absolute and the contact time of reactants and catalyst is in the

range of about 0.5 to 100 seconds.

21. The process according to Claim 14, wherein the cracking catalyst in step (b) is

perfluorosulfonic acid resin.
30



range of about 0.5 to 100 seconds. 2 1. The process according to C aim 14,
wherein the cracking catalyst in step (b) is perfluorosulfonic acid

resin. 22.woheiomroess according to claim 14, wherein thecratssalopsverea st ep
(d) conprises palladium 23. The process according to claim?22, wherein the
catalyst in step (d) further conprises gokd and potassium acetate. 24. The
process according to claim22, wherein the palladiumis supported on a
catal yst support selected fromthe group consisting of silica, alumna,
silicaalumna, titania and zirconia. 25. The process according to claim 14,
wher ei n t he 22(Tee paicess awtomdinpytoabant b, et tarcatatysy enstes (Hlroutpridesl or

| ess. 26. The EH cess according to claim 14, wherein in step (c) nol ecul ar
oxygen is addef?i3"{"He formof air. 27. A process for the production of
vinyl acetate fromacetic acid conprising: a. contacting in a first
reaction zone a feed stream containing acetic acid and hydrogen at an

el evat ed t ergdedle prasess achordingatoallaint 22 oviersim theratdbatin ge (dydigher percent to

about 1 i ght pergcent | | adi um and 2.5 wei ght percent to about 5

wei ght p§$centCdPP?ﬁéﬁPﬁﬁF@ﬁ”%?§U¥?a%¥ e'catalyst support; b. enriching said
first gaseous product streamw th ethyl acetate to at |east 50 nole
percent; c. contacting in a second reaction zone said enriched first
gaseous pr odifetlhe progesieasconding toyslqim 223 vherein thenad ladivimeisiseprariedond t h

per fl uorosul f opj j i C rﬁgﬂ g rising a
m xture of ethg?%lgﬁ%ﬁﬁsﬁgg ?%@Qéﬁﬁgé%“@@H%@%??ﬂ%gﬁﬁﬁﬁgﬁ |r§&f§§%Pion zone
sai d second gaskmisa,pitadaaid sitdoaim
10
25. The process according to claim 14, wherein the mole ratio of ethylene to

molecular oxygen is about 4:1 or less.

26. The process according to claim 14, wherein in step (c) molecular oxygen is

15 added in the form of air.
27. A process for the production of vinyl acetate from acetic acid comprising:

a. contacting in a first reaction zone a feed stream containing acetic acid
20 and hydrogen at an elevated temperature with a catalyst containing
about 0.5 weight percent to about 1 weight percent of palladium and
2.5 weight percent to about 5 weight percent of rhenium on a suitable

catalyst support;

25 b. enriching said first gaseous product stream with ethyl acetate to at least

50 mole percent;

c. contacting in a second reaction zone said enriched first gaseous
product obtained in step (b) at an elevated temperature with
30 perfluorosulfonic acid resin to form a second gaseous product

comprising a mixture of ethylene and acetic acid;



obtained in step (c) in conbination with a second feed stream conpri sing
nol ecul ar oxygen and optionally additional anmounts of acetic acid in the
presence wo 2a10811pgdr t ed pal | adi um catal yst to form a thipcad/usa®eoous2¢r oduct
stream conprising vinyl acetate; and e. separating the vinyl acetate from
said third gaseous product stream 28. Thggprocess according to claim 27,
wherei n the hydrogenating catal yst support contains palladiumat a |oading
| evel of about one (1) weight percent and rheniumat a |oading | evel of
about five (5) weight percent and the catal yst support is titania. 29. The
process according to claim27, wherein the first and second reaction zones

conprise respectively a first |ayer of the fiyst catal ytic conposition and
a second | ayer ofdth t@fé@@dﬂﬁéﬁlﬁi%l&ﬂémﬁ $CORf BC usfl?rQ@éFqua%mSO. The

process according t gp@iRlT dép (WRBIMBidaten Withst skl fe@ aftehrh €act i on zones
are in separate vessels. 31. %he process according to claim27, wherein the

sel ectivity to ethykompesing exdbersdat ogpgercatd eptinoilly adshidenabampuntgof| east
about 80% 32. The process,.according tao clai 7 erein.th eactants in
Step () Jeonei st of Nedbarn BIRGPEe o SuoA Pl et fFREA he
range of about 100: third @sdeubQRodidhCtréLABEMPpEisinE vidy] hdegate;amdt | on zones are
in the range of about 2000C to 300 0OC, and the pressure of the reaction

zones are in the range of about 5 to 25 atnospheres absol ute. 33. The

the range of about 5 to 25 atmospheres al o
Beetic aci d and ryaragbRri i vistEIeEhe s ATk Dok EP i 0700 o

1:2 the tenperature of the reaction zones are in the range of about 2250C

to 275C,  and the pressure of the reactign zorlles %re in.the range of about 8
to 20 atlt%spgrge;wég PEQSESS qge@rding to claim 27, wherein the hydrogenating catalyst Support

contains palladium at a loading level of about one (1) weight percent and
rhenium at a loading level of about five (5) weight percent and the catalyst

support is titania.

15  29. The process according to claim 27, wherein the first and second reaction zones
comprise respectively a first layer of the first catalytic composition and a

second layer of the second catalytic composition in a fixed bed.

30. The process according to claim 27, wherein the first and second reaction zones

20 are in separate vessels.

31. The process according to claim 27, wherein the selectivity to ethyl acetate

based on acetic acid consumed is at least about 80%.

25  32. The process according to claim 27, wherein the reactants in step (a) consist of
acetic acid and hydrogen with a molar ratio in the range of about 100:1 to
1:100, the temperature of the reaction zones are in the range of about 200°C to
300 °C, and the pressure of the reaction zones are in the range of about 5 to 25

atmospheres absolute.
30



34. The process according to claim 27, wherein the catalyst in step (d)
further conprises gold and potassium acetate. 35. The process according to
cl ai m 27, woheroi7m43n step (d) the palladiumis supporte#Corusaromdey st
support selected fromthe group consisting of silica, alum na,
silica-alum na, titania and zirconia. 36. syhe process according to claim
27, wherein in step (d) the nole ratio of ethylene to nol ecul ar oxygen is
about 4 :1 or less. 37. The process according to claim27, wherein in step
(d) nol ecul ar oxygen is added in the formof air.

33. The process according to claim 27, wherein the reactants in step (a) 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 zones are in the range of about 225°C to 275°C,
and the pressure of the reaction zones are in the range of about 8 to 20

5 atmospheres absolute.

34. The process according to claim 27, wherein the catalyst in step (d) further

comprises gold and potassium acetate.

10  35. The process according to claim 27, wherein in step (d) the palladium is
supported on a catalyst support selected from the group consisting of silica,

alumina, silica-alumina, titania and zirconia.

36. The process according to claim 27, wherein in step (d) the mole ratio of

15 ethylene to molecular oxygen is about 4:1 or less.

37. The process according to claim 27, wherein in step (d) molecular oxygen is

added in the form of air.
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