| NTEGRATED PROCESS FOR THE PRODUCTI ON OF VI NYL ACETATE FROM ACETIC ACID VIA
ACETALDEHYDE O aimfor Priority This application claims priority to United
St at es PawenbvioAppscati on Serial No. 12/317,995, of thepsaros2boombezsfil ed
Decenber 31, 2009, which is incorporated by reference in its entirety.

Field of the Invention The present invention relates generally to an
integrated process for the production of vinyl acetate nononer (VAM from
acetic acid via acetal dehyde. Mre specifically, the present invention
relates to an hofRgEATEY PROVERSSFAR TRE PROSUMTRSN EN RBENaHERd rgcet i ¢ acid
utilizing a catalyst conpoSed of a supported mneta at ar yst, su as, for
exanpl e, iron, plati numEROM #MHEHC KOIDNIRoA CETAQDEHYE t abl e cat al yst /
support optionally including one or nore additional hydrogenating netals to
form acet al dehyde with high selectivity. In a subsequent second step, the
acet al dehyde thus forned is converted to ethylidene diacetate through a

conversio% reacti on Wi th acetic anhydride. The ethylidene diacetate is then
thermal |y deé@%ﬁ%@%@ﬂg%&VAwland acetic acid. This invention also relates to

a process for the ThisfplicationvRing piorigf toahfieadsealRdrni ApplMidtyserignact i on with

ket . Backgro e is alaong felt need for an econom cally viable
p?ogggs t g f gﬁ q%’%ﬂ/ﬂ% gé’é theyame Bﬂ?’ die Peeemberp 1, 300G waich s inpRsBeresdt nonomer

in the producsy referéite MAtsyniiry). acetate and pol yvinyl al cohol products among
ot her inportant uses. VAMis currently produced fromtw key ram/naterlals,
et hyl ene and acetic acid.

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 acetaldehyde.
More specifically, the present invention relates to an integrated process first
involving hydrogenating acetic acid utilizing a catalyst composed of a supported

15 metal catalyst, such as, for example, iron, platinum or ruthenium supported on a
suitable catalyst support optionally including one or more additional
hydrogenating metals to form acetaldehyde with high selectivity. In a subsequent
second step, the acetaldehyde thus formed is converted to ethylidene diacetate
through a conversion reaction with acetic anhydride. The ethylidene diacetate is

20 then thermally decomposed to VAM and acetic acid. This invention also relates
to a process for the direct conversion of acetaldehyde to VAM by reaction with

ketene.

Background
25 There is a long felt need for an economically viable process to form VAM
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
30  acetic acid can be produced to a lesser extent from petroleum based raw materials.

Therefore, fluctuating natural gas and crude oil prices contribute to fluctuations in



Et hyl ene is predom nantly produced from petrol eum based raw material s

al t hough acetic acid can be produced to a | esser extent from petrol eum
based rawoabsvdi7adss. Therefore, fluctuating natural gaspramasesoades7os |
prices contribute to fluctuations inthe cost of conventionally produced,
petrol eum or natural gas-sourced VAM nakEng the need for alternative
sources of VAM all the greater when oil prices rise. It has now been found
that VAM can be produced essentially froma mxture of carbon nonoxi de and

hydr ogen (comreg%aormmteﬁarymmeéa %egélﬁurglrogﬁ%f\@'la?&k)soﬁr@y XM‘Q a few

industrially viable steps rexanple, It nown synt hesi s gas
can be reducenakiog tmmhednbr altmmatwhswtscqsrwfvm alf the greathnsthen all psicgsr ef er r ed way
to manuf act urg.met hanol . Methanol thus formed can then be converted _
selectively to acetic acid under catalytic carbonylation conditions, which
is again the industrially preferred process for the manuf acture of acetic

acid. The acetic dth ctr v.e converted to
acet al dehysge unde(ralﬂs‘ i"*4b egn Oé'f‘ngﬂ’f} O@%ﬁfﬁ&eﬁ% elsﬁeémf’b?ﬁgo‘f‘@r ned

acet al dehyde mbxmrg omdrrbrraﬁ@rdxmeanhyyhrbgte (adr@mbrﬂﬁﬁh(ﬁdq angnhediygistopd to

et hyl i dene di acet rmal | y deconposed to VAM and

h b th
acetic acid. Wt‘%%d@‘ﬁ’ %’é? EeIWZrn Hﬁﬁ%ﬁ&u%ﬁr %‘?Péf EP’ gmpleolt dxedbknoym such a

conversion, tiher §yhthedis gslcatiBefdided\td ABtheRILIhibh RMPEEEHE MduffiaUch a
conver si on of fetr c acid tqg acetal dehyde al beit at | ow conver si ons and
€

yi el ds thus nRikieFgd WPH%WM‘HPW“@H@UM%H@ theformessqag feca bet he catal ytic

hydr ogenatg onc&lfve@e_rdcgere&tr\raﬁeraearealcrdqmael Afiykie c%&%ﬁﬁm%ﬁm&d ¢ al dehydes
has been reported in the literature. For exanple, ‘United States Patent No.

4,613,700 to Whikh isagaig|the infuseriably pseferresk pregesniar the nsﬁnd@htyepe@aeqw be fornmed
from aromati Cac@@rﬁ%)ééﬁccdcﬂ%ﬁ'éforlﬁéme@ca%%%erake@%R&éréh'&9 zi rconi um oxi de

cont ai ni ng as an essenti al conmponent | east
acetaldehyde under suitable catalytic conditions. The thus formed acetaldehyde

along with acetic anhydride are reacted and converted to ethylidene diacetate

15 which is subsequently thermally decomposed to VAM and acetic acid. Although
there are no known preferred processes for such a conversion, the prior art does
provide certain processes for such a conversion of acetic acid to acetaldehyde

albeit at low conversions and yields thus making it industrially unsuitable.

20 For instance, the catalytic hydrogenation of aromatic carboxylic acids to
produce aromatic aldehydes has been reported in the literature. For example,
United States Patent No. 4,613,700 to Maki et al. discloses that aromatic
aldehydes can be formed from aromatic carboxylic acids using a catalyst
comprising zirconium oxide containing as an essential component at least one

25  element selected from the group consisting of chromium, manganese, iron, cobalt,
zinc, bismuth, lead rhenium and the elements of Group III in periods 3 to 6 of the
periodié table. However, no examples of catalytic hydrogenation of aliphatic

carboxylic acids such as acetic acid are provided in this disclosure.

30 United States Patent No. 5,306,845 to Yokohama et al. discloses a method

of producing an aldehyde, which comprises hydrogenating a carboxylic acid or its



el ement selected fromthe group consisting of chromum nanganese, iron,
cobalt, zinc, bisnuth, |ead rheniumand the elenents of Goup Ill in

peri ods 3woaofwof3she periodic table. However, no exanplPes/ustooomvabyti c
hydr ogenati on of aliphatic carboxylic acids such as acetic acid are
provided in this disclosure. United State$% Patent No. 5,306,845 to
Yokohanmaet al. discloses a nethod of produci ng an al dehyde, which conprises
hydr ogenati ng a carboxylic acid or itsal kyl ester with nolecul ar hydrogen

in the prese 1QkterAw i gﬁ@ﬁn{g oy allalyy IsH8ordinilb 9h purity
having a spegﬁﬁig§gur?g@geg§ég§gf at ﬂéggpa?dﬂﬂﬁyﬁﬂﬁﬁafﬁﬁ%%tgg content of
sodi um pot as¥remipmmxifeed highparity heaingiaspecfic wofaceaseaoftal ieast0 04n'vei ght o
percent. It i54f . i . i reaction is
conduct ed whi ga#g%ﬁﬁéﬁﬁﬁﬁgg@ﬁg’@ggﬁgggpkgaégéggggxﬁp%gg'ﬁ%hgﬁ%ter at a
concent r at i orthaf 0.Aetighbpecenhalt isiforthayirepvete thewenthat thelblydrogenatidny, the only

exanpl e repor . t herein.ls hydrogenation of stearic .acid tg stearyl

al dehyde. %s’%gc?'ﬁ%%r%ogéﬂrlltef ,w}f'%emas"% Bing; s ﬁ/cr)b({xﬁﬁ% c&%ﬂﬂ/‘%ea"m 838? aif‘gni ficantly
even if the twhedntraidon efmbt @bresheh OMolymd pescntl NAdditikgnaits ithermnd cal ci um ]

i ncreases from about 0.3 weigh ercent to about, 0.46 i ght . percent, thus
renderi ng thé*ﬁ?B@é??"ﬁ%ngw?F&B&@g?EWO%OQ%WHﬁ?EF&?#85@?&%98#: Uni t ed

St at es Pat entMb&.imporéafifly, 8Re/seledtitier thaldehide dibps sibasivantDesed ifth@eess for the

reparation of alde es by catal ytic, hydrogenatjon of carboxylic acids,
gstgrs or anH?ﬂPPH@EX%PWIP ?ﬁ@"h"%gW§ﬂﬂTWﬂéakﬂwh@ﬁWGW?ﬁPH“ﬁQWél@st. The

pr ef er r edicarbagtlpeemad ﬁ'l&ou&{).%Wé%{;ﬁpé?cdﬂlﬂ$lﬂk9érﬂ%ﬁ%ﬁ@bﬁféé§é'nb@ acids with an
aromati ¢ back bone or aromatic carboxylic acids. exanpl es of aliphatic

carboxyl i c aciulebls forpgampsreial epsraticiei d are provided. United States Patent
No. 6,12 1,498 to Tustin et al discloses a nmethod for producing

acet al dehyde from acetic acid. In this process, acetic acid is
United States Patent No. 5,476,827 to Ferrero et al. describes a process for

the preparation of aldehydes by catalytic hydrogenation of carboxylic acids, esters
15 oranhydrides utilizing a bimetallic ruthenium/tin catalyst. The preferred

carboxylic acids are the o-B-unsaturated carboxylic acids with an aromatic back

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

including acetic acid are provided.

20 United States Patent No. 6,121,498 to Tustin et al. discloses a method for
producing acetaldehyde from acetic acid. In this process, acetic acid is
hydrogenated with hydrogen at an elevated temperature in the presence of an iron
oxide catalyst containing between 2.5 and 90 weight percent palladium. However,
the optimal condition reported therein is comprised of an iron oxide catalyst

25  containing at least about 20 weight percent palladium, which affords about 80
percent selectivity to acetaldehyde with about 50 percent conversion of acetic
acid. Additionally, significant amounts of by-products including methane, ethane,

ethylene, ethanol and acetone are formed.



hydr ogenated with hydrogen at an el evated tenperature in the presence of an
iron oxide catalyst containing between 2.5 and 90 wei ght percent palladium
However, wbeoopi773wal condition reported therein i s conprcsas2@b/oesT2s ron

oxi de catal yst containing at |east about 20 wei ght percent palladium which
af fords about 80 percent selectivity to atetal dehyde with about 50 percent

conversion of acetic acid. Additionally, significant anmounts of by-products
i ncl udi ng et hane, ethane, ethylene, ethanol and acetone are forned. The

acet al dehyde so f@h%@etﬂ@éﬁefﬁ@&@ﬁ%é’@ﬂny{)%cﬁ B@qea\e‘.tehmig&%tjicc anhydride to
formethylidene diacetate first and subsequent thermal deconposition of the

ethyl i dene diaabydridedo fasm\eriylident diasetatedirsicind sutSequeatherpiab, United States
Pat ent No. Z&@on]r?o@ﬁ%nto tt@%ﬁ-ﬁ)liﬁé\eta?&(éﬁféﬁo%Aﬁ\&ggc?g%tiz chicg maki ng vinyl - esters,
acetic anhydride W

such as vinyl acetate, by reacting ‘h paral dehyde and
sulfuric acid. There is no teaching of making ethylidene diacetate first

and then thernmal | y. deconposi aj d_di t LD, order. to obtain vinyl
acet at e ansg acet i éﬁoglga THP‘?»?P a?dngta{eéap%ﬁ% °a3§§‘»?§%¥%’%ﬁé”ht§§°?‘8?aan _
i nt er medi at e pro@eufor making Ringbesedrd) gldhdr vinytlace@ed, 8Y ecattinggdctio/ahadridel ny|

tate. United St Pat No. .4,843,170 to |Isshiki. et al, discloses a
S(r:gcgsg fop‘I p"?‘ Ef‘éiﬁh%%? %‘str‘]‘klfﬂ? agids ?}Feééﬁsr?&“f?&]?ﬂig Oaﬁglf'gg th?lFfl?"?ret hanol is
converted to dideardirst e tiivylthamatpi@om@bdimt 3d deRtadd in cdid taeiial dehyde. The

met hyl acetate is further processed through carbonylation to formacetic
anhydri de whi'haeetais andpcgsic #1 -h’zerg‘ﬂﬁféﬁm‘?ﬁé‘é@t%?mmsae&"al dehyde from the

met hanol  moNViglefrhédatSbrdBuct,196h ACAyIRe M @iateds arrflieFBLiRYI Re@lal and
acet al dehyde are reacted to formethylidene diacetate, which is thermally

deconposed to form VAM and acetic acid. This nulti-step process includes

mor S Féa%ez than tie®SRESPateRi NS.A%B4BI196 & kssHilVER! 49 odeDa B £40 Pr oduce
acetal ae e.
Y producing vinyl acetate from methanol wherein the methanol is converted to

ethanol, methyl acetate, dimethylacetal, and acetaldehyde. The methyl acetate is
15 further processed through carbonylation to form acetic anhydride which is mixed
with the dimethylacetal and acetaldehyde from the methanol conversion step. The
acetic anhydride, dimethylacetal and Aacetaldehyde are reacted to form ethylidene
diacetate, which is thermally decomposed to form VAM and acetic acid. This
multi-step process includes more stages than the process of the present invention

20  in order to produce acetaldehyde.

United States Patent No. 4,978,778 to Isshiki et al. also discloses a process
for producing vinyl acetate wherein the acetic anhydride is reacted with hydrogen
in the presence of a catalyst instead of acetaldehyde. As the described process

25 converts vinyl acetate directly from acetic anhydride and hydrogen, there is no
need to produce ethylidene diacetate in order to form VAM through thermal

decomposition which is the basis for the present invention.

Alternatively, acetaldehyde may also be reacted with a ketene to form
30 VAM. For instance, United States Patent Nos. 5,719,315 and 5,531,456 both to

Tustin et al. disclose processes for the preparation of vinyl acetate wherein



United States Patent No. 4,978,778 to Isshiki et al. also discloses a
process for producing vinyl acetate wherein the acetic anhydride is reacted
wi t h hydrwgenwar7isbe presence of a catalyst instead of acefusbeebysies As the
descri bed process converts vinyl acetate directly fromacetic anhydride and
hydrogen, there is no need to produce eth§lidene diacetate in order to form
VAM t hr ough thermal deconposition which is the basis for the present
invention. Alternatively, acetal dehyde may al so be reacted with a ketene to

f orm VAM Foracht'aﬁitaﬁﬂﬁf?s mH@HWﬁq aefhn€and AL ﬁ‘n{tuluqésu&e Zg'l%lafsc:l)ﬁta@tg 5, 531, 456

both to Tustin et al. disclose processes tion of vinyl
acetate mheréWﬁ&%@ﬁéV%@hW@mﬁwSﬂnwxed wth a ketene and the mxture is
subsequently contacted with a catalyst in a contact zone. Fromthe
foregoing it is apparent that the existing processes do not have the
requi site sel ecti iroy thecfofegoing a%tdeamiadmhmdtethdéxiﬂ’mgIp;bcésrsesndcamﬂha@ acid and

cthyl | done ai s SEMELe GRE 1P e BBFE UR B g EntReRf Mecomposi <  on
to VAM and acresdtso fmmeld ad&ta&i@hydttaﬁgraaétibdmh)ydﬁﬂesaledtnh?@ t@ﬁiﬁmregahymb@m y

i ndustriall bl e roduce VAM essent | rom synt hesi s gas and/ or
synt hesi s g;s(?%ﬁg%dm& 8‘&8&’p°§’nv§ﬂﬁ?rg\’?}‘g§ft et"ﬁél eR/BRASItOA t‘SLYf Aisfngly, it has
now been unexgeetid &M i ahonte@atel procdédMuaammkbEe tﬁHnQﬂidﬁﬁﬂal%d@?tabl@%lSt rial scale
i nvol ving an |q%§?agm§d pro?ess by whi ch acet al dehyde i s rst forned

directly from" essgniiglly ﬁr%?WtWF‘Q Hassaé‘p@éﬂ’\ﬂie?‘;? gankpssd RPduCtsahi ch i s
subsequentd y reacted with acetic anhydride to formethylidene diacetate
which is thermally deconposed to form VAM and acetic acid in the presence
of a suitabl el articularly, this invention provides a

process for the sehRshings, RO BEnUncr A UG VANChFLEOMPT i ST ng: ()

produced on an industrial scale involving an integrated process by which
acetaldehyde is first formed directly from acetic acid with very high selectivity
15 and yield, which is subsequently reacted with acetic anhydride to form ethylidene
diacetate which is thermally decomposed to form VAM and acetic acid in the
presence of a suitable catalyst. More particularly, this invention provides a
process for the selective formation of VAM from acetic acid comprising: (a)
hydrogenating acetic acid in the presence of hydrogen over a first hydrogenating
20  catalyst comprising at least one metal selected from the group consisting of iron,
copper, gold, platinum, palladium and ruthenium supported on a suitable catalyst
support. Optionally, the catalyst is further comprised of one or more metal
catalysts selected from the group consisting of tin, aluminum, potassium, cobalt,
molybdenum, tungsten and vanadium fo form a first gaseous product stream; (b)
25  enriching said first gaseous product stream with acetaldehyde at least up to 50
mole percent; (c) reacting said enriched first gaseous product stream from step (b)
with acetic anhydride in a second reaction zone to form a second gaseous product
stream consisting essentially of ethylidene acetate; (d) thermally decomposing
said second gaseous product stream from step (c) over a suitable catalyst to form a
30  third gaseous product stream consisting essentially of VAM and acetic acid; and

(e) separating vinyl acetate from said third gaseous product stream.



hydr ogenating acetic acid in the presence of hydrogen over a first
hydrogenating catal yst conprising at |east one nmetal selected fromthe
group consogbiong7ak iron, copper, gold, platinum pall agcurosaswd/onareheni um
supported on a suitable catal yst support. Optionally, the catalyst is
further conprised of one or nore netal cabal ysts selected fromthe group
consisting of tin, alumnum potassium cobalt, nolybdenum tungsten and
vanadiumto forma first gaseous product stream (b) enriching said first
gaseous product streamwi th acetal dehyde at |east up to 50 nole percent;
(c) reacting said enriched first gaseous product streamfromstep (b) with
acetic anhydride ilnagotsereorbadimeatofi this imentort, thi$ mventian pevilesa gasesus product

stream consi st SRAEAHA, 8F vEMIKLIIENR BRELALELL t hermal |y
n

deconposi ng sal eco aseous product ream (c) over a

sui tabl e cat ahyh;d)gehatlrfgcalccnc&actdhmtlté ;gmmmrﬁhpdmgeuocivesﬁ ﬁsahydi‘ﬁg%ﬁatﬁigl ng f
essentially o acetic ac aratin n acetate from
sai d thi rdyga%aé%{usl}ﬂc%rp%réf at {qapty °§ﬁ\qeﬁq§fﬂ8‘{t‘ﬁg" cﬁﬁ?%‘%{’“f}fr}éﬂﬁﬂ@“’i nventi on,
this inventi Ocr)plpélogd)ldqﬂat&luﬁlt paassmf &1d riifheniGRl sepgortée oh @ kifbieataBlst VAM from

acetic acid co I shn ating acetic acid in the presence of
hydr ogen over “z? @P&Pﬂ?& Y 5 Erélﬂeé% mprised RpPREIrARPIGMefabast one met al

sel ected fr Oﬁtdtzh?stgi’ewd&d cmmsm@ biolf cOsistih® B tir; QR Aum, GRtadsiuh! @&bhlpum
pal | adi um and ru heni um supported on a sui tabl e cat al yst support.

Optional Iy, tRelvbdsnym, ingsien andvapadiurp inform adtist grsesneprofuchiFaamy@al

cat al yst sigel aflc8mghsiamd ?ﬁ'segﬁs%wd&pﬂ%&t\bxﬂgac@{akfeh%e aft|HiuP Wiyo POt assi um
cobal t, nol ybdenum tun en and vanadiumto form&a first gaseous product

stream (b) empledsicae: Araactingssid egeighed fiystmesrgueproduat stemafrerh siep €)al dehyde
at | east up tgihQ.de |aﬁhy¥aﬁ5§ﬁ1r5t secéln(a)rea[cﬁaﬁ%dggo ?r : ?{1 s%@gﬂdggge%ug #)]rrgﬁct gaseous

product streamfromstép ( aceti c anh Seco reaction
zone to form ar%@wnﬁst@a§®@M$ﬁlbm@mﬂDﬂlqumamfdéltlsrtrmmlgy dzemposing |y of

ethylidene di ﬁ?@&e@&rﬁi’ gagé&ls EJ&@EMrQ{n ﬁg&%%?&' oQ'gr a suitable cracking catalyst

15 to form a third gaseous product stream consisting essentially a mixture of VAM
and acetic acid; and (e) separating viny! acetate from said third gaseous product

stream.

In yet another embodiment of this invention there is also provided a

20  process for the selective formation of VAM from acetic acid comprising: (a)
hydrogenating acetic acid in the presence of hydrogen over a first hydrogenating
catalyst comprising at least one metal selected from the group consisting of iron,
copper, gold, platinum, palladium and ruthenium supported on a suitable catalyst
support. Optionally, the catalyst is further comprised of one or more metal

25  catalysts selected from the group consisting of tin, aluminum, potassium, cobalt,
molybdenum, tungsten and vanadium to form a first gaseous product stream; (b)
enriching said first gaseous product stream with acetaldehyde at least up to 50
mole percent; (c) reacting said enriched first gaseous product stream from step (b)
with ketene in a second reaction zone to form a second gaseous product stream

30  comprising vinyl acetate; and (c) separating vinyl acetate from said second

gaseous product stream.



sai d second gaseous product streamfromstep (c) over a suitable cracking
catalyst to forma third gaseous product stream consisting essentially a
m xt ure ovoVvA/mEmizaceti c acid; and (e) separating vinylpcaamst@vpodzom sai d
third gaseous product stream In yet another enbodi nent of this invention
there is also provided a process for the %elective formati on of VAM from
acetic acid conprising: (a) hydrogenating acetic acid in the presence of
hydrogen over a first hydrogenating catal yst conprising at |east one netal
selected fromthe group consisting of iron, copper, gold, platinum

pal | adi um and rut heni um supported on a suitable catal yst support.

Optional |y, the caddedeypecifically,ithe ¢atalyst fmpre sledtiaf foomation of nwtaddehpdenl

catal ysts sel e e nsj.sting. . of tin,  alum pu t assi um
cobal & ot ybiers SRSk e RN RoTE oPseli Bomielofibhefid' 07 Sauct
stream (b) emthestomaorsairdh ¢dmisbatigaséthum op ironlLicduppdrieddron\aldnb opimet al dehyde

at | east to 50 nol e.percent,; reacting said.enriched first gaseous
pr oduct s'tjﬁrO ea‘fﬁn}%r"ba%ogfvétﬁ pzag'f"%iof W@&r%’ﬁe&r‘w b A ELitEn zone to form
a second gasesiuslafly,athee tatslyste auitable ipthe Prdeess\Gf fyd indeRiboatigiudnd (c)
separating vinyl etate fromsaid second gaseous product stream More
speci fical | y,s"'%l’ﬁ%r%gé’ta@?‘ﬁ AYF Of hePrAtieR Pg'éﬁlﬁ‘g'#‘ﬁ‘égql%f?dé‘?‘“)é’éet al dehyde in
the first ste@u@aiummrmowes)_,%ichh,hrfsfdrﬂnymmpg@e btadsiib &laley AAQYTPr i secLof

supported ruthenium al one or in conbination with tin or iron; a supported
iron al one orSUitAbIE ERBYHRRTE GisomPinAtion ofirrisdirejiros GRHTQ); irgivcokalt onbi nat i on of

plati num gnd @E@o),%@ﬁérﬂdl%deﬁn‘ﬂf@u/ﬂ%s@ﬂ%ﬁﬁé/aﬁ%ikﬁgl(éuﬁﬂi'). tifatlE OCESS Of
this invention include supported palladium alone or ‘a conbination of
pal | adi unt gol @3 HsuRBYtHINClgds Witlpul ARClopisasion  siigaCalyminahé¢addiur aiicdter t her

conpr i se pot a&?ﬂdﬁmi%ﬁ{a%iﬁoniﬁ‘lsﬁgm tﬁﬁr”i:;, @i@n?a-ﬁﬁéa,alréﬁ&)ad@‘gn% z%ol?tgnbi nation of
pal l adiumiron (Pd/Fe), 1ron/cobalt
catalysts such as for example H-ZSM-5. Silica and iron oxide are particularly
preferred catalyst supports in the process of this invention.
15

Detailed Description of the Invention

The invention is described in detail below with reference to numerous
embodiments for purposes of exemplification and illustration only. Modifications
to particular embodiments within the spirit and scope of the present invention, set

20  forth in the appended claims, will be readily apparent to those of skill in the art.

Unless more specifically defined below, terminology as used herein is
given its ordinary meaning. Mole percent (mole % or %) and like terms refer to
mole percent unless otherwise indicated. Weight percent (wt % or %) and like

25  terms refer to weight percent unless otherwise indicated.

Typically, the catalyst metal loadings are expressed as weight percent of a
catalyst metal based on the total dry weight of the metal and catalyst support.
Thus, for example, one (1) weight percent of metal on a support means that one

30  gram of pure metal is present in 100 grams of supported metal catalyst, i.e., the
combined weight of support (99 grams) and the metal (1 gram).



(Fel/ Co), copper/ nol ybdenum (Cu/ Mo) or copper/al um num (Cu/Al). Suitable
catal yst supports include without any limtation, silica, alumna, calcium
si | i cat e,woantwur734zi rconi a, zirconia-silica, titania, tipcanisasmiobé7esn, iron
oxi de and zeolite catal ysts such as for exanple HZSM5. Silica and iron
oxide are particularly preferred catal yst gupports in the process of this

i nvention. Detail ed Description of the Invention The invention is described
in detail below with reference to nunerous enbodi nents for purposes of
exenplification and illustration only. Mdifications to particul ar

enbodi nents wi thin the spi rit and scope of the present inventi on set forth

in the appended ¢ be readil arent to those of skij in the
art. Unl ggs mor e y é’(YF’ISIO(‘,‘aI‘? ?/"Rf%sfsf:‘iéﬁa\égﬂ? rceiné?grﬁ%?‘g%a%w@g nﬁ]é‘? einis

given its orgidare (IRBIsir of b REH CREOH] [Efﬂa&u‘i/ﬁtéﬁfr%q @Rd like terms refer
to nole percent unless otherw se indicated. \Wight percent (wt %or % and

li ke terns rofenatograpky ((BEC) datpwsing thnfodlowing ¢mpwivdme i ndi cated. Typically,
the catalyst netal |oadings are expressed as wei ght percent of a catalyst
met al baéed on the total dry weight of the netal and catal yst support.
Thus, for exanple e (1) wei [ Cehthol &bH INghaalsiram)-amBupRB tcoeans t hat
one gram of pure M’QFo’sg‘grﬁ’Pé’% '?ﬁ”%oo gr ammeRtoGM R netal catal yst,
i.e., the conbined weight of support (99 grans) and the netal ( 1

granm) . " Conversion” is expressed as a nole percentage based on acetic acid

in the feed. The -QQRXA{RY0R e%Br%%%tds% ATt PetcthitBaked Sn E@ﬂ\%&'ﬂeéfa@é{lcf rom gas

chromat ography (GC) data usi e follow ng equation: . nmol
AcCH in (feeﬂtidstlfceaex)mptemd]thé foGidraorn is(5SG@holadOricd A ercdé %nof(t% —100 *
mmol , ALc, Hu i - feedS trea

1 converte acetlc ac1 1S conq)erted 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:

.. mmol EtOAc out (GC)
Selectivity to EtOAc= 100 *
U/ Total mmol C out (GC) mmol AcOH out (GC)

2

15
wherein “Total mmol C out (GC)” refers to total mmols of carbon from all of the

products analyzed by gas chromatograph.

The reaction proceeds in accordance with the following chemical

20  equations:

a) Hydrogenation of Acetic Acid to Acetaldehyde

0 O
|
C

H,
» + H,O
CH3/ \H
HsC

OH
25



"Selectivity" is expressed as a nole percent based on converted acetic
acid. For exanple, if the conversion is 50 nole % and 50 nole % of the
convert edvacetow7aei d is converted to ethyl acetate (Et @AC)us20ve/00632er to
the ethyl acetate selectivity as 50% Selectivity is calculated from gas
chromat ogr aphy (GC) data using the foll owwng equation: Sel lecti.v-it-y t-o
EtO Ac= 10n0 * TTind EtOAC QU (GC) Total nPnot Cout (GC- \ ' --nmmol AcOH
out (GC) wherein "Total mvl C out (GCO)" refers to total mmols of carbon
fromall of the prwdme&lﬁo@My&eﬁ&%hPMe grsache Rﬁﬁ&&%@mmmﬁyﬁo%ﬁg“ on
proceeds in accordance with the foll owm ng chem<cal equations

Hydr ogenat i on of AcePjagetalgi d to Acet al dehydeb) Addition of Acetal dehyde and
Acetic Anhydride to form Ethylidene Diacetate c¢c) Thermal deconposition of

Et hyl i dene Di acete to form VAM and Acetic Acid OCH3 OOCH Il I Il - 11/
+ HO C. HSCcOcOﬁ ﬁ ﬁ o] CH; O
I Ll
P s S NG e N N N
CH3 H H3C O CH3 H3C (@) (@) CH3
5
¢) Thermal decomposition of Ethylidene Diacete to form VAM and
Acetic Acid
R i
— | HO—C
_C C C ce__C *
0 He” Yo7 Yo7 ey ep” o7 e \
d) Pyrolysis of Acetic Acid to form Ketene
0]
Heat
——— ¥ CH,=—C=—0 + H,0
15 HiC OH
€) Addition of Ketene to Acetaldehyde to form VAM
0
M e — 1
HaC H iy No \CHZ
20

Hydrogenation of Acetic Acid to Acetaldehyde:

In accordance with the invention, conversion of acetic acid to acetaldehyde

can be carried out in a variety of configurations, such as for example, in a single



c CH3 CHNCHOGd) Pyrolysis of Acetic Acid to form Ketene e) Addition of
Ketene to Acetal dehyde to form VAM Hydr ogenati on of Acetic Acid to

Acet al dehydeo1o/d7m4accor dance with the invention, conver ConusedoIaces c aci d
to acetal dehyde can be carried out in a variety of configurations, such as
for exanple, in a singlereaction zone whildh nay be a | ayered fixed bed, if
so desired. An adiabatic reactor 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 xbuiof 8k Whikh %%?BEa%EﬁPYﬁEd Bar 'ssh@s?re&fAﬁaaa%mt particles

which include nultiple catalysts as further described herein. The fixed bed
may al so i nclgadorroulshherusest, opashell@nd tiube rengtoe pioaidedrmiith adneatpraasfei xi ng zone

for the react : o] i j ! i j hydrogen and
opti onal |y an® P BuliBBaLca® TR LRELHRAY AREH & it UHET
pressure to tptickksdregalysiparticldseviédiriecndd multipleserlystats furhendesérédd (by way of
pressure o] . e-reaction _zane, or. l.ayer eaction zgne .conpri ses a
catal yti cdsz:oﬁﬁb%%ﬁ't ?rgenﬁ)l‘eﬁﬁegmaﬁgaﬁg lléclhlf({egtﬁ%rﬂ 6°dl£altl%1’f‘fltﬁﬂa d%?{kéﬂ % wher e
acetic acid imixngloogémalicadadtantprA ehactionanixtud melyig aceityaciduhydaddest particle

size may be used dependi ng upon the type of reactor, throughput
requi re?/rents %ﬁc?pg?fpa?‘&a{‘H%n&gfrf%%sds%rt?gﬁsbe%i%f"e@ﬁ’ F"t%‘gﬁs §d? ogenating
catal ysts knothaniixingsshes Kht bteedni i8 sibsequendly SppliddbgwRl oy pdssufe diyslr ogenat i ng
acetic acid to form acet al d«i{%de in.the process of this invention it is

|

preferred t haf BHEAHOD 2O DR RIS $A8E CURPIISSY 8 Gatalytic SAmMROSHION | east one or

nore metale siatiagngd shitadm HyQfogehap caal s vitetd Wte®d adid Ry dGRERARY to 90! d,
i

pl ati num pall adi um and rutheni um supported on a suitabl e catal yst support.

Optional |y, aPredtcsacetalfehyds.r Anytitgble paiclssizs aaydeaged depending upon the

type of reactor, throughput requirements and so forth.

Although various metal supported hydrogenating catalysts known to one

15 skilled in the art can be employed in hydrogenating acetic acid to form
acetaldehyde in the process of this invention it is preferred that the hydrogenating
catalyst employed contains at least one or more metals selected from the group
consisting of iron, copper, gold, platinum, palladium and ruthenium supported on
a suitable catalyst support. Optionally, a second or third metal can be selected

20  from the group consisting of tin, aluminum, potassium, cobalt, molybdenum,
tungsten and vanadium. Preferably, the catalyst suitable for the process of this
invention is comprised of ruthenium alone, supported on a suitable support such
as iron oxide or silica or a combination of ruthenium and tin or ruthenium and iron
supported on a suitable catalyst support. Similarly, the preferred hydrogenation

25  catalyst is iron alone supported on a suitable support such as silica or a
combination of iron and platinum or a combination of iron and cobalt supported
on a suitable catalyst support such as silica. Similarly, other catalysts suitable in
the process of this invention include supported palladium alone or a combination
of palladium/gold (Pd/Au) or palladium/copper (Pd/Cu), which can further

30  comprise potassium acetate. Also suitable catalysts are a combination of



fromthe group consisting of tin, alumnum potassium cobalt, nolybdenum
tungsten and vanadium Preferably, the catal yst suitable for the process of
thi's i nvewoizom/i7ssseonpri sed of rutheni um al one, support edTas2@9suRabl e
support such as iron oxide or silica or a conbination of rutheniumand tin
or rutheniumand iron supported on a suitlble catal yst support. Simlarly,
the preferred hydrogenation catalyst is iron al one supported on a suitable
support such as silica or a conbination of iron and platinumor a

CouD patLon, ShatbARyARIPEROA Ik SURRIELCH, Ao B BARLG RRNALYG SuPPO]

such as silica. ot her cat'a rocess of this
i nvention i nc¢QPOer/aéluplp0mt(§d/A¢)il | adi um aI one or a conbination of

pal I adi unm gol d (Pd/ Au) or palladi um copper (Pd/Cu), which can further
conprise potassium acetate. Al so suitable catalysts are a conbi nation

of pal | adi umi ron (quﬁdﬁﬂy,,wﬁen(bhﬁﬁmlljabital@ﬁﬁé@@hplo;pﬁ@h@drﬂﬁé{r&d)ﬂ@nwm (Cu/ :Vb) gr
copper/al um n .. TYpi I netal Lic catalysts are enpl oye
|tp:os prefgenrr%'dta§ ﬁﬁe‘%k?ﬂf)%gﬁf k’/fé%ttfﬂt? a:lsoonc?fsué{a@?)ﬂtﬁpﬂﬁf?'bw ‘EPgmat al's on
a suitable Suapﬂfyfdrdgalﬁhtih];gcatsl@d dhug f&)@(ijlﬁrﬁﬂlerhaédnﬂﬁhaﬁaﬁ @fﬁéfﬁﬁmum, L 0{

exanpl e, a conbi pation rut heni um and iraon rut heni um an in
(Rulmén) pal | 591 W@g’ﬂb@f“t"ﬁ&}‘&}? (R‘tfgﬂ aﬂladwm/?qaﬁer(&@rppb) in the weight
rati o of abougal@ditnrirch (RA/Bepinlihd \QME @rhtio &faﬁf)lﬁrorle-dl atdPhRicRhAf erably, a

wei ght ratio of Ru/Fe or Ru/Sn or Pd/Cu or Pd/Fe is about 0.2 -0.5 and nost

preferably theefEEGhMorerelsrably. myerebt @ro RﬁMﬁeerNﬂ&n@uPdﬁuquﬂée iss about

0.2. Sinil@r xuohb -0 fhidfios pferbsold RIVAYER rfifor uﬁa%to@'k tion of
pl ati num and iron Pt/ Fe, |<.)e.§, a vvglg z(thf'i{'trlo o?( 1-1, pre era y 0.2-0.5

and rost pr ef BVEpisypbent9:2. \M@Harawmmtwammbrz qmtpl@)@befmacatwystron (Col Fe) or

[ mol ybdgiiyn u on a
gﬁ??:[ﬂ (ramc;t al gst agﬁmpgortsmﬁin% t@%%{gﬁgq’gar%}% erre[%go51 pg’ﬂerf&%% o of Col/ Fe

or 0.5 and most preferably 0.2. When a combination of cobalt and iron (Co/Fe)
or copper/molybdenum (Cu/Mo) or copper/aluminum (Cu/Al) supported on a
15 suitable catalyst support is employed, the preferred weight ratio of Co/F eor
Cu/Mo or Cu/Al is in the range of 1 to 5. For instance, a combination of 17.4
weight percent of cobalt and 4.8 weight percent of iron supported on silica is
commercially available. Similarly, a copper-aluminum catalyst is sold under the
name of T-4489 by Sud Chemie.
20
When ruthenium alone or palladium alone or iron alone is used as the
metal catalyst on a suitable support any loading level of ruthenium, palladium or
iron can be employed so as to affect the selective hydrogenation of acetic acid to
acetaldehyde. Typically, however, the ruthenium or palladium loading level can
25 range from 0.5 weight percent to about 20 weight percent, preferably 1 weight
percent to about 10 weight percent and most preferably 1 weight percent to about
5 weight percent. Generally when a noble metal such as ruthenium or palladium
alone are employed in the process of this invention, 0.5 to 1 weight percent of
catalyst metal may be sufficient to obtain the optimum catalytic benefit. Preferred
30 catalyst supports for ruthenium or palladium are iron oxide or silica. Similarly,

when iron alone is used as the metal catalyst, the loading level of iron can range



Cu/Mo or Cu/Al is in the range of 1 to 5. For instance, a conbination of
17. 4 wei ght percent of cobalt and 4.8 wei ght percent of iron supported on
silica i swoanme7ei4al | y available. Simlarly, a copper-alPamuseomoedras yst i s
sol d under the nanme of T-4489 by Sud Chem e. \Wen rut heni um al one or

pal | adi um al one or iron alone is used as the netal catalyst on a suitable
support any |l oading | evel of ruthenium palladiumor iron can be enpl oyed
so as to affect the selective hydrogenation of acetic acid to acetal dehyde.

Typical ly, hO%Mqrwelém%efcgﬁthgQﬁdﬁ%@{;ve@ﬁtl pef@ht/Pre ég%?%@gﬁ%ﬂ’géc&ﬁ% range from

0.5 wei ght percent to about wel ght —per cent, t percent to
about 10 wei gioupd} weight mmnfrﬂmdtmqsfﬂﬁ@raézm %/W@_lghmeghnt tpabowBtwdightabout 5

wei ght percen},erce(ﬁ@npr@f%yegcg@g 61]5'.%?1'1 asuch as rut henium or palladi um
al one are enployed in the proces of t 'S |nvent|on 0.5 to 1wei ght percent

of catalyst netal may be sufficient to obtain the optlrrumcatalytlc

benefit. Preferre at 0 r ut heni um or adiumare iron

oxi de or s§| i ca. chWr%ne g"?é%ﬁl'cvﬁ?% F floélfgﬁrgt\’vg nﬁ@%&‘eﬁ st”ﬁ 3etal catalyst,

t he | oading Ipnﬂatilumfandrgohl thmhé argefoading &f sseh ghthe petle afdtal lcadiab@ih 20 wei ght
rcent to about ht percent and nost

B(ra:a]?gpg,bl sr gfﬁ’é %‘I%%/ Eg?'Bé' ‘i’“to WHBhiPerseRilo phput %&WE@hfq pergsip PEsisrally cat al yst

support for I[%lghSpéisctdnt ©aboMNOWdMHIBErREHt bfid BBitProferhbl thgﬁ@érca{te two
nobl e netal s sue gd\f“ﬁéllladl um and gol d then the net a?, | oadi ng. of each of

the noble met%®l? P'G tipgrepny- ﬁﬁ’é"e?’%[nﬁealrﬁ Yiobih ahBYuiovoloadings Gt percent to

about 20 Wi giouP®b &Ripht phEsit 6F ﬁ@!lsi%ht]pe YRh A FHeadt S IERMobiOmaRR WucH & vei ght
percent and nost refera% 1 wei ercent to about 5 W&&Qt percent.

However, as all’ar”éé'élvl Q*icgf’@d’f@%%@“t qunb@?mlﬁgcseffsvpt BpsuRrogessolflisght per cent
or 1 wei ght pgi&eish, of each of the noble netals, such as palladiumor gold
brings about optinmmcatal ytic effect in the process of this

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

surface area silica (HSA silica) as well as low surface area silica (LSA silica).

In another aspect of the process of this invention, any of known the zeolite
25 catalysts can also be employed as a catalyst support. While any zeolite having a
pore diameter of at least about 0.6 nm can be used, preferably employed among
such zeolites are the catalyst supports selected from the group consisting of

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



i nvention. Various catal yst supports known in the art can be used to
support the catalysts of this invention. Exanples of such supports include
wi t hout awg 2biomi7taki on, zeolite, such as HZSM5, iron exirdsomiobizes,
alumna, titania, zirconia, magnesium oxide, calciumsilicate, carbon,
graphite and a mxture thereof. Preferredl3upports are silica and iron
oxide. More preferably silica is used as a catal yst support in the process
of this invention. It is also inportant to note that the higher the purity

of silica, the bet i‘ﬁer rEﬂarétﬁ)nQﬁ’lﬁgéb@@g{o}denﬁc?srlk Q&ls,rll;e(ar%'?e)gj Cq%)(;m‘;r cially

avai l abl e silica supports can be used In is inventionin g high
surface area SinftedtStaiesBaensiNG. ¢ ) 8,454 toal/maer dndvin Mol fhevwes aapaélosf Jica (LSA

SLLica). I anggno SRGn, Sl B BOBSBORINENN )| GBREACN. any of knoun

the zeolite ca alysts can al so as a cat support Wi | e any
zeolite having a pore dianeter of at Ieast about 0.6 nm can be used,

P the a7 oun contr BiPRe: SHElsACRHAEDebENHRS GRLIT WOILRR oL E”

Y. The prepar atd Miltoafand acoie:- Y @i Enh@r Siaws PaentNe. Sl@3G007eBredkor exanpl e, in
United States Patent No. 4,018,514 to Plumer and in M. Sieves Pap.
Conf., 1967, 78, Soc. Chem Ind. London, by D. DOM NE and J. QUOBEX.

Zeolite X is descr vigshs zESliteshad FROIRe- t}lan{dEBrffaQQreﬁEr@WSn R@ta&%rﬂh@ 2,882,244
to MIlton and zeollteYln United States Patent ) 0,007 to Breck

Various zeol i ¥Rlyginef depicet wagtinge herrespmplesUnited Sm&‘itei"hNP He7025886f or t he

catal ysi s 10f eegea! d1§c§@s‘é§h@ﬁ§sof|:9ﬁth§?&3£@ﬂ|it€s chifad@PePhatzZRBlEAL ent No.
3,702,886, to AMgauer di scl oses a cl ass of synt hetic zeolites,

char act er i zedZad-5"zadlchiaee Ative for muceqqualﬁéfé&rfoe&hydy@cafhﬂn conergiert al ysi s of
various hydrogaifQr, conversion processes.

The zeolites suitable for the procedure of the invention can be in the basic
15 form, in the partially or totally acidified form, or in the partially dealuminated

form.

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

invention are in the protic form, characterized as "H-ZSM-5" or “H-mordenite”

20 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
neutral form, a combination of silica and alumina in a well defined crystalline

25  structure. In a particularly preferred class of zeolite catalysts for purposes of the
present invention, the molar ratio of SiO, to Al,Os in these zeolites is within the

ratio of about 10 to 60.

In another aspect of this invention, ruthenium is supported on either silica
30 oriron oxide. A combination of ruthenium and tin, iron alone or a combination of

platinum and iron, iron and cobalt, iron and ruthenium, and platinum and tin are



The zeolites suitable for the procedure of the invention can be in the
basic form in the partially or totally acidified form or in the partially
deal um naveaofocurm42Pr ef erabl y, the zeolite catal yst suppomrtuseevoiohe2pr ocess
of the present invention are in the protic form characterized as "H ZSM 5"
or "H nordenite" zeolites, which are prepbted froma correspondi ng "ZSM 5"
zeolite or "nordenite" zeolite by replacing nost, and generally at | east
about 80% of the cations of the latter zeolite with hydrogen ions using

t echni ques wel|knowg 4 ar d ] . 8 re essentially
cr ystalql i ne a%dtﬁ)r%gnom dl'f:‘%& E’gltg’rlg\ma-t ggﬁeégﬁlrc %f)'el?'gl?h]m&é/%é%n%f ]ﬁ% a|lr§)an of
silica and al sititawsingrtheprpeddured afellkedwe insthe aiit br the psicedizesifogher | n af )
articul arl erned. cl ite catalysts f.or purposes of the

Br esent i nvgn?‘lgsglrrll&rdth%%mr'm §§r p(r?%ftelﬁgé)%)a’ftalysslt PP r(%é/?ﬂfﬁ I Bhré' "PBolites is
wi t hin the rabased oktabdrtaiystslfe tian@nd kimcamivot her aspect of this invention,

r ut heni umgs supported on either silica or iron oxide. A conbination of
rutheniumand tin, iron alone or a conbination of platinumand iron, iron
and cobal t, iron afgndted dbone, sl loadich leVéls bMudBnihtibh Bf AoanetpIRakiygd on a high

urity, low surface area siljca or high purjty, high surface area silica
5si ngyt he pr oﬁrgéﬁ'?eé@g'vfé ef"“&?ﬁfo‘(‘i\lﬂ‘ f?‘ﬁ C?ﬂg’té_’?fmb‘rca Rt Briatadihceyciell ¢ her
described her gii6 of fBe RembinaRIne IHoP thsAded thé Sfeight! RIBIBTof RufsAl RPFALHRH OF
rut heni um bas netal catalysts are titania and zirconia. As noted above,

the | oading | ig indhe Eange,pfAbAYL O bip Bf Thufovhesiteg weightaptjoefRwS® general |y

ref erencego Wi RIyFE BEPEIIS 811 the hmBBALdT Aithedihs br flBtRn GRPe bNerBIGH: ratio of
t he conbi nation. For instan%g,m'?ﬁlg%mi gﬁtﬁaﬁﬁr@f Ru;%gn, Iiu/ F%“TthtISn or

Pt/Fe is in tPEcsatshet] erldureight percentf tiThuison inipesserttion thesiaghst rati o of
Ru/ Sn, Ru/ Fegﬁ{ppart./ F’r%fe'ra%l)g tkﬂc’wéigﬁ rﬁ%/ﬁ?{ R%%n%pl’%:e Rla%&!ltw can be

0.1 or 1 wei ) )
and thus the amount of ruthenium or platinum on the catalyst support can be either

0.5 or 1 weight percent and that of tin or iron is either one or two weight percent.
15 More preferably, the weight ratio of Ru/Sn, Ru/Fe, Pt/Sn or Pt/Fe is one or 0.2.
Thus the amount of ruthenium or platinum on a support is 0.5, one or two weight
percent and that of tin or iron is also 0.5, one or two weight percent when the
weight ratio is one. Similarly, when a weight ratio of Ru/Sn, Ru/Fe or Pt/Fe is
0.2, the amount of ruthenium or platinum on the support can be 0.5 or one weight

20  percent and of tin or iron is either 2.5 or five weight percent.

The amount of the third metal loading if present on a support is not very
critical in this invention and can vary in the range of about 0.1 weight percent to
about 10 weight percent. A metal loading of about 1 weight percent to about 6

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

The metal impregnation can be carried out using any of the known
methods in the art. Typically, before impregnation the supports are dried at 120°C
and shaped to particles having size distribution in the range of about 0.2 to 0.4

30  mm. Optionally, the supports may be pressed, crushed and sieved to a desired



percent and thus 1 or 10 weight percent of tin or iron is present on the
catal yst support. Preferably, the weight ratio of Ru/Sn, Ru/Fe, Pt/ Sn or

Pt/ Fe i s wbauto/@7&2 and t hus the anmount of rutheni um or ppratseevamoares t he
catal yst support can be either 0.5 or 1 weight percent and that of tin or
iron is either one or two wei ght percent.!3Wwre preferably, the weight ratio
of Ru/Sn, Ru/Fe, Pt/Sn or Pt/Fe is one or 0.2. Thus the anmount of ruthenium
or platinumon a support is 0.5, one or two weight percent and that of tin

or iron is al §9e<9 Pibutthe A, &, m%{vg et}&g E’eslﬂs%wﬁﬁ ptgpg W)a gpsmratlo is

one. Simlarly enawel ratio o e|502 t he
anount of rut ﬂi@nedjmeodxstpba‘iqnmarrbonnDIhEeSupport can be 0.5 or one weight
percent and of tin or iron is either 2.5 or five weight percent. The anount
of the third netal loading if present on a support is not very critical in
this invention andfaamppoas Yaving oheurfacegeeadSuchag) for dxathpleeilphi-alp@maent to

about 10 ig IC nt met.a Ioadln of apout 1wei ght percent to about
6 wei ght \[I)\grcg'ﬁfpeg duions afel"f’éjde\ﬁL:'ingeﬁfeSBf‘ ligamplgsouathess of eﬁ‘é’(?stsl‘SEI‘IdarI y
preferred. Thenpregnahon s @Y Otthin @BsiRBIR nkRalG@idiiged out using any of the known
methods in the art. Typically, before inpregnation the supports are dried
at 1200C and shaped to particles having size distribution in the range of

about 0.2 to 0.4 mn&wavaoalﬂha'hydtr&g%namiae&m gsﬂ?eﬂlbﬁxe%&‘c%wmgf%hed and
sieved to a desiredsize distrjibution. Any of the known nethods to shape the

support nat er in¥PYion greeperally bimeglicecogtaining platinusvirem mutheniemdnoyed. For
supports R@Vvi AghehRiM/oH, iBRLokHiCAd S§HﬁhG|@rﬁrall%%1th?érﬁm ab Bl Badhgum na, the

met al solutions are added in excess unt ete wetness or excess liquid
i npregnat i on Bwanygheasy.dbis hﬁlwvdé%m%ll@etﬁ@t:falas 4 patiotey snetahsndhartoddér above, t he

nydr ogenal | Onmeal Rishain UREH FA) ik BIRARI R plBLS of (NEGHVehith, BF © general

binmetallic containing p ron, rut
the above noted combinations respectively, platinum, ruthenium, and iron are

considered as main metals for preparing hydrogenation catalysts of this invention.

15 The other metals, tin with ruthenium and iron with cobalt, platinum or ruthenium
are considered to be the promoter metals depending upon various reaction
parameters including, but not limited to catalyst support employed, reaction
temperature and pressure, etc. The catalysts may include other promoter metals,
such as tungsten, vanadium, molybdenum, chromium or zinc.

20

The bimetallic catalysts are generally impregnated in two steps. Each

impregnation step is followed by drying and calcination. The bimetallic catalysts
may also be prepared by co-impregnation. In most cases, the impregnation may
be carried out using metal nitrate solutions. However, various other soluble salts

25  which upon calcinations release metal ions, can also be used. Examples of other
suitable metal salts for impregnation include metal oxalate, metal hydroxide,
metal oxide, metal acetate, ammonium metal oxide, such as ammonium
heptamolybdate hexahydrate, metal acids, such as perrhenic acid solution, and the
like.

30



rutheniumiron, iron/cobalt and so on. CGenerally, wthout intending to be
bound by any theory, it is believed that one netal acts as a pronoter netal
and anot hwo 20miab342s the main netal. For instance, in tIRETIUSSAQOD67PF OCESS
of the invention, of the above noted conbinations respectively, platinum
ruthenium and iron are considered as naitb netals for preparing

hydr ogenation catal ysts of this invention. The other netals, tin with

rut heniumand iron with cobalt, platinumor rutheniumare, considered to be

the promoter met alﬁlug%pﬁl{%dén%d}ﬁ%pofvtﬂfs uIWéﬁn& e?n(é}é 199r09%re§1g8t ers including,

but not limted to catalyst support enplo reaction tenperature and
pressure, et chydfmnaialnazlat}lh/lsswlrmymlthmaudtet mphm ispilzaAot Bon odawsh such as

tungsten, vanggium., ggl{ey%ql ko %p{t%mcgtmggt In [Malop Sgél'cﬁgﬁgngg?Ll |tﬁ%cat al ysts

are general |y 1Tnpregnate followed
by dryi ng andmetl badiag dfrtheifiom dahmmgalfdonoomm)ai/@igt@em t@ st b&ntyr epared by

co-inpregnati [.n, nost ca the | ation may be ca d out using
netal nit rit e&@bWﬁlﬁht&%ce“ﬁ‘-B(ﬁgV@ly OURP; nlftﬁ’&?ce'étcﬂ"ﬁﬁ]oét @ﬁ’#’fa'lab X#€ch upon
cal ci nations todiveasstghtpéraénti ons, can al so be used. Exanples of other

suitable nmetal salts for inpregnation include nmetal oxalate, metal
hydroxi de, netal oxide, netal acetate, ammonium netal oxide, such as

amoni um hept anol Mhdﬁ&tﬁeﬂﬂﬁﬁm{&h%ﬁhlsmﬂfeﬁﬂlorﬁﬂieﬂﬁs Fﬁﬁﬁi@d ahydesdagst ¢ acid
solution, and the |ike, Thus in one enbodi nent of this inventiron, there is

provi ded a hyEﬁt%ljséWQFreb‘rfh%%&t‘ﬂWﬂPR%é? #ligp witleirerealaneasthediydpgenatios si|lica or
I ron oxi dgo W tdalyst nﬁmstagge@% Sk ﬁsser&llaﬁ tﬂafﬁaaqgaaﬁ{g' Aok %Lﬁ#a}{gé froh" this

aspect of the invention the netal | oad 1ng O r ut heni um can ange from one
(1) wei ght pePredht Weightsesgat t@WW%mVOMﬁ@htpep@nbewfemhjy tfetodest y one to

ten wei ght peygigiitpefiath dﬁ'a%‘ﬁospﬁr@fe?afb‘?}bllhyeeQ@@igﬁt%éléh\f (Bel\e@ﬂt%? froR€r cent.

In another embodiment of this invention, there is provided a bimetallic
15 loading of ruthenium and tin or platinum and tin. In this aspect of the invention,
the loading of ruthenium or platinum is about 0.5 weight percent to about 2 weight
percent and the loading of tin is about 2.5 weight percent to about 10 weight
percent. Specifically, ruthenium/tin or platinum/tin loading levels of 1/1, 1/5,
0.5/5, and 0.5/2.5 weight percent on silica can be used.
20
In another embodiment of this invention, there is further provided a
hydrogenation catalyst wherein the catalyst support is a high purity, low surface
area silica with a bimetallic loading of platinum and iron or ruthenium and iron.
In this aspect of the invention, the loading of platinum or ruthenium is about 0.5
25  weight percent to about 2 weight percent and the loading of iron is about 4 weight
percent to about 10 weight percent. Specifically, platinum/iron or ruthenium/iron
loading levels of 1/1, 1/5, 0.5/5, and 0.5/2.5 weight percent on high purity, low
surface area silica can be used. Other preferred supports in this aspect of the
invention include H-ZSM-5, graphitized carbon, zirconia, titania, iron oxide,

30 silica-alumina and calcium silicate.



I n anot her enbodi nent of this invention, there is provided a hydrogenation
catal yst wherein the catal yst support is silica wth iron alone as the

hydr ogenawoaniopatakyst. In this aspect of the inventionpcasembabsrboadi ng
of iron can range fromone (1) weight percent to about twenty (20) weight
percent, preferably two to ten weight pertent and nost preferably three to
ei ght wei ght percent of iron. In another enbodinent of this invention,
there is provided a binetallic |oading of rutheniumand tin or platinum and

N, oon thi s aspeck, bk otet] b jHBLLANIY salhcr yhbRRR U™ or Pl at i num

is about 0.5 weight percent to a ercent e | oadi ng of
tin is about m%omiitgmtcapmst:\emremdleabmatlallm@abakystglslboqakraodmbn suppertédf i cal |y,

rut heni unt ti noﬁ)glh@i QM}{wgngdt Qf hg‘%ventg%r! ﬁl\é%adlmogrle\;'/ éo‘f% I?is a%ﬁ% 5 and

0.5/ 2.5 wei ght percent can |rrent of this
i nvention, thrypehi ;s:rdeutlblaboutaizwngﬂeplereenlnyrdmfgmmai from abattaltystwevgmer ein the
cat al yst SUppor I Sq.a hi rity,..l qw su e ea silica w

bi net al | i cyl oRAr T %‘fecﬁcggf’ E‘%}’r?:ltd%#“lgﬂ%w?éfféﬁi”ﬁ'@ RERGEAHRN; '?OSAoa%f"rg this
aspect of t helevelofAisivadight pbreert easported o sifiéaaik cotifieRlally dvdiRBieum i s about 0.5
wei ght percent to about 2 weight percent and the |loading of iron is about 4
wei ght percent to about 10 weight percent. Specifically, platinuniron or

rutheniuniron | Oaldlg6®r£leh/>et|h§ p&Etl&e/o?,thlﬂ-fr@entQ)n%clétlc z%'@ca@; s@(e@tn@&"ﬁ‘é ght
her

percent on hi gurlt | ow surface area silica can be used
preferred sup%ﬁ’l" ditp a?q‘ﬂlgehéi%@dﬁry&‘g}t Rtesi hbeselqesnity wacealdelydg anv 5,

graphi tizegl cambRnis veh/ 1 mdy BeBR st 60pRRMX ILHRer gﬁ‘bf}eh&ﬁregﬁ}ém na and

A
calciumsilicate.|ln anot%gr enbodi nent of this i nvention ere is further
provi ded a hy¢indijieRarrdls agidtinsapyertagtie pestaldehyde HiarseleatiVityof stleast Y&t is cobalt

and iron SUppﬁi’é'rée?ngoﬂﬂor‘%'pl'éféz‘i@b \Aéilag%ée'l'gcﬁwﬂsmgr a%etr&ﬂt %@M%ﬁt l%{gt o¢ he | oading

| evel of coba i s about t percent to wel g percent and
of iron is frefi¢ebout 3 to 8 wei ght

15 The conversion of acetic acid using the catalysts of this invention is at
least 10% and can be up to 40% with selectivity to acetaldehyde at least 60%,
preferably 70% and most preferably 80%.

Generally, the active catalysts of the invention are the single metal or the
20 bimetallic catalysts as described herein. More specifically, a bimetallic catalyst
containing ruthenium and tin, ruthenium and iron, platinum and tin, platinum and
iron, and cobalt and iron supported on silica with a ruthenium or platinum
loadings of 0.5 to 1 weight percent and tin and iron loadings of 5 weight percent
and cobalt loading of about 18 weight percent are preferred. In accordance with
25  the practice of this invention, acetic acid can be converted using this catalyst at
conversions of around 40% with acetaldehyde selectivity of at least 60%, more

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

Similar conversions and selectivities are achieved using zirconia, graphite

30  or titania as a support and with similar loadings of ruthenium, platinum, tin, iron



percent. Specifically, cobalt |oading |evel of 17.4 weight percent and iron
| oading | evel of 4.8 weight percent supported on silicais comrercially
avai | abl evolaniogemaeal , by the practice of this inventiorCcTasetooees d can
sel ectively be converted to acetal dehyde at very high rates. The
selectivity to acetal dehyde in general isl&ery high and may be at |east 60
percent. Under preferred reaction conditions, acetic acid is converted to
acet al dehyde at a selectivity of at |east 70 percent or nore preferably at

a sel ectivity,of Bufhs B ARHGENe. THED pRndls hEASLands RN 6N The

conversion of acetic acid using the cgt?ogtrl]ysts o?Eatnhl S 1nvention is at |east
10% and can beonjynction #ithgutheniurg et platinum asnoted ahoet al dehyde at | east 60%
preferably 70% and nost preferably 80% Generally, the active catal ysts of
the invention are the single netal or the binetallic catalysts as described
herei n. More speci Iianathkryaspect bf thistiavdniion @t it adoymbsilelond abtain highrlesteleni um and

tin, ruthepiumand iron, platin nd,td,n, .platinum and i nd. cobal t
and iron s ppghoéﬁera'ﬂnss'ihltﬁec%{d%#F# %aﬁ?aﬁﬁ’élh? B‘&F&?‘C‘EW&Y it%?ﬁ?h?%aﬁ‘%ncgs of 0.5
to 1 weight perlessnaboangd% usingAdhdniummor ie@dbidise &ffonb wathgpdredne tocsdott and
cobal t | oadi ng of about 18 mh&ht per c.%nt artaiggr eferred. In acc%r dance with
the practice OF°PRISE! REHFBRYN B2 HUQP X198 83 ¢ sYpRORtH NP his awpeetOtng t hi s
catal yst at ceRvRVention) Sthef prafepied datdl)Sosubpokts ﬂféﬂid@gﬁbﬁhw@&i SebRClidaNial y of at

| east 60% nore preferably. selectivity to acetal dehyde of at |east 80% can
be achi eved. arffAnfaapilicHyBingiapd saleinm stlisplect i vities are achieved using
zirconia, jgraphite or titania as a support and wth simlar |oadings of

ruthenium platinum tin, ironand cobalt as described above. QO her pronoter
metal s can al so belnesether aspecs af tha dracess ofihihinyentigertheydsegepatianiihium as not ed

ﬁingel- elvgl 2“°EQﬁEd BRRLE preQurd LS ufR¥AMo Rrcbihe R pRlsSifte BRPILREEMEC obtai n

catalytic bed.

15 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 250°C
to about 350°C, preferably about 290°C to about 310°C. The pressure is generally
uncritical to the reaction and subatmospheric, atmospheric or superatmospheric

20  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.

Although the reaction consumes a mole of hydrogen per mole of acetic
25  acid to produce a mole of acetaldehyde, the actual molar ratio of acetic acid to
hydrogen in the feed stream may be varied between wide limits, e.g. from about
100:1 to 1:100. It is preferred however, that such a ratio is in the range of about
1:20 to 1:2. More preferably, the molar ratio of acetic acid to hydrogen is about
1:5.
30



of conversions in the order of at |east 25% and high selectivity to

acet al dehyde of at | east about 80% using rutheniumor iron |oading of one
wei ght pewoento/d7es4about five wei ght percent on silica opCTruspooxdares as
catal yst supports. In this aspect of the invention, other preferred

catal yst supports include graphitized carbdn, titania, zirconia,
silica-alumna and calciumsilicate. In another aspect of the process of
this invention, the hydrogenation is carried out at a pressure just

sufficient to overﬁwwtmerm@&éwr&oqﬁ&aoggﬁtme Lﬁrgt%sscamky bfidped. The

reaction may be carried out in the vapor ' state under a w de
vari ety of coR@ybe dertved fioaranyzshitable sonecerinchedingmtirsl gasmefrelduroutoal, n t he vapor

phase. Reacti 8 e ) I range of
Bbout 2500C t 5oe RSB ILBEIIERFTRS BB ol B hBuhS - “The
pressure is gearb‘rra/ldtiyn,chtaidblilxdaontdaticnrt\ethybac:witti)mioa,rrd(lidaﬁb?femln&p#té}m c,

at nospherig o ; .l C_pre res: e e 0 . .l n nost cases,
however, the %?dzés@%?)g&g%ﬁ{%ﬂtgﬁ?ne%@ﬁoﬁ%m }I§T {)Tegéle’luﬂ’ qnﬁgnattugaﬁé%s }_B"P'e about 5 to 30
at nospher es absomgingre exypshsipe, afedrodb For ptdiacipg essivheid a@hd heanedigds zone s in

h f about 8.to 20, at h bso| ut e. th h the reaction
consunps a_ moredr MRl 3un EBR RgTeid o ARG ATt SIS FORRIE AR ol o of

acet al dehyde, niokein@edstial nol ar ratio of acetic acid to hydrogen in the feed
stream may be varied between wide |limts, e.g. fromabout 100: 1to 1:100..
It is preferred however, that such a ratio is in the range of about 1:20 to

1:2. Moreigref er abbypartididar bt igﬂ;teipebdg&i@_czﬁta'b&icaeihqr&msﬂmgiggssn i's about
1: 5. The raw materials used in connection with the process of this invention

may be deri vetFYRgShinaliyayshe deabpdiremany anifahle caripmepuree: (ndied §tates pet r ol eum
coal , Dbi omasspagst NP 629,551 tol ttiddis:, WRldiscloREeRf WRicR <At forte@hdrEindy d through
met hanol reference, 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

15 associated with CO generation for a new acetic acid plant are significantly

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

20  with this invention.

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

25  materials. The process includes hydrogasification of solid and/or ]iqu.id
carbonaceous materials to obtain a process gas which is steam pyrolized with
additional natural gas to form synthesis gas. The syngas is converted to methanol
which may be carbonylated to acetic acid. The method likewise produces
hydrogen which may be used in connection with this invention as noted above.

30  See also, United States Patent No. 5,821,111to Grady et al., which discloses a

process for converting waste biomass through gasification into synthesis gas as



car bonyl ati on, acetal dehyde oxi dation, ethyl ene oxidation, oxidative
fermentation, and anaerobic fernmentation and so forth. As petrol eum and
nat ural owe 2hemeE7decone nore expensive, nethods for pro@atiusgoiaoei’oe aci d
and internedi ates such as nethanol and carbon nonoxide from alternate
carbon sources have drawn nore interest. Z¥ particular interest is the
production of acetic acid fromsynthesis gas (syngas) that may be derived
fromany suitable carbon source. United States Patent No. 6,232,352 to

Vidalin, the QEI“I"QQ Q§1Wd65t§£s mn?ﬂoof6$wrt9%rr%§£%anO{hgh{gclg%/urésec;fer ence, for

exanpl e, teaches a neth retrofittin or the

manuf act ure owh@bemﬁmxmmndedvanéwW@%mnaxng a nethanol pl ant the |arge
capital costs associated with CO generation for a new acetic acid plant are
significantly reduced or largely elimnated. All or part of the syngas is
diverted fr om t he Tretaeetivalcidsyat Hsmiperiiedmpthammmapinbadtuteoaral thepar at or unit

t h are rroduce.acetic acid. In
agdlr 1(:a fgxe[ 0 a%aé'tl ce%q?%q"@hpv%?%eé%gndééfgﬁé g Ortﬁiél“'ﬁggvdtgtadelﬁ'é‘ff R§%r ogen
which is util caed gas) seshaseittdgem avdgdnhhdlinig carbyedibii@®andné il St at es Pat ent

No. RE 35,377 to Steinberg et al., also incorporated herein by reference,
provi des a nethod for the production of nethanol by conversion of

car bonaceous mat erAidratveighaclfic &id in Vap&! fornf Hay batakSdirdN| adirRd@s s
materials. The 5 ?ess i ncl udes h droggglflcatlon of solid and/or liquid

car bonaceous PRYWH framdhe Gashiyesselrlz mytbrnebearbpaylatipn et ofdhes¢lassm pyr ol i zed

Wi th addi 16 ongdscritet ik BhitdPSiattOPtHt NoSY BN © SO@Ss et-Blﬂethgﬁﬁggﬁjré §F converted
to nmethanol which may be carbonylated to acetic acid.” The nethod |ikewise

produces hydr Whish isiAcaEperatad hasein by seference: Jrwstide sppanipradugtimay tierfodnt i on as

noted above. irectly to the reaction zones of the present 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 acetaldehyde from acetic acid comprising:



See also, United States Patent No. 5,82 1,11lto G ady et al, which

di scl oses a process for converting waste biomass through gasification into
synt hesi swgasioaevabl as United States Patent No. 6, 685, Ped/useoionsicy et

al ., the disclosures of which are incorporated herein by reference. The
acetic acid nay be vaporized at the react?lon tenperature, and then it can
be fed along with hydrogen in undiluted state or diluted with a relatively
inert carrier gas, such as nitrogen, argon, helium carbon dioxi deI and the
like. Alterna f6hs s qﬁy irectly as
crude pr oduct&%‘n},%w%%gégyr& vé‘gﬁ‘s"lgﬁgyénggcr'rét%ﬂ gggrgbgﬁeg?% |gon unit of the
cl ass descri bemperatughivite d sStabledy dRgemating Bhialyﬁ comdintgtabbat (Scatkight et al ., the

di scl osure of r referen de vapor

product may b%%gn?gcﬁb?ﬂél]cw 99&3’ ﬁ%gtd()fg% |on zé}heé"su"b?n‘fa‘ri)gubile%ﬁ i nventi on
wi t hout the np@cbnmraboutrﬁj\eﬂghtngrwhteofam@t|ron aich suiabl chiapyot suppsts or renovi ng
wat er, savi ng rocessj.ng .cos t or reS||§ience time can al so

vary widely, epe gf?‘ltaleffﬁlﬂ?f’oﬁfff '@3’?@’%’?% gg}c CAMENIRISSHICHf acetic acid,

catal yst, reactor, tenperature and pressure. Typical contact ti mssI range
froma fraction of sec to re than sever al  hours when a cat al yst
system ot her than I&%Fﬁ'ggo‘g@ami theeoressGfitys pvention, g peedsitedct ti mes, at

| east for Vader@ééﬁﬁﬂ)nrcﬁﬁ%t Mﬂ%ns&@bﬁ%@wé?ﬂ%rc@nt%rﬁ%t 1)99(15} ReRRdS.
Typically, the catal is enplo in frxed reactor é€.g. in the

shape of an eP"d?Fg‘éP]é ‘Wﬂ@@P“R@‘fS’@W@B@ Ptef?é"trl@&élr At abeytdh oweight i n t he
vapor form apQcdasSABuldhRY1)qleikipereat rﬁtn&l&ﬁfaﬁ& Xt%gt fifd Blvefghect ors, such

as fluid or ebullient bed reactors, can I f desired. In sone.
i nst ances, " i tqu%e“éﬂwafn*f%géblﬁ$’rqf®TQ9‘§battth?é1YIdmmﬁ3@naﬂtaldsts emtlafeyesitin ai n

conj unction Witda b%ﬂ ahdGE e dOBES L Aried But'iff %l\&@ g%%l{)desggglg Br flow

heat bal ance or other process paraneters In cat a
acetic acid and hydrogen in the molar range of about 1:20 to 1:5 and at a

temperature in the range of about 290°C to 310°C and at a pressure of reaction
15 zones in the range of about 8 to 20 atmospheres absolute, and the contact time of

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

Enriching of Acetaldehyde in the First Gaseous Product Stream:

In the second step of the process of this invention, the acetaldehyde

20  formed in the first reaction zone, step (a) of the process of this invention as
described herein is further enriched so as to result in a stream containing at least
50 mole percent of acetaldehyde. 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

25  column to separate the high boiling fractions. Various other cryogenic methods
and/or temperature controlled trapping devices can also be employed, such as a
scrubbing column 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 acetaldehyde.

30



i ncluding the contact time of the reactant conpounds with the catal yst
particles. In one of the preferred enbodi nents there is also provided a
process fwo8sleeiseve and direct formati on of acetal dehyde/udseaiasres i ¢ aci d
conprising:contacting a feed stream containing acetic acid and hydrogen at
an el evated tenperature with a suitable h32irogenating catal yst containing
about 0.5 wei ght percent to about 1 weight percent of platinumor ruthenium
and about 2.5 weight percent to about 5 weight percent of tin or iron on a

sul table catalyst SRR he BRhel bRMud Ardlny fbm HPRA thackiBn bles eTbodi ment o

the invention is silica.” In this enbodi nent process of this

i nvention, t h@oqﬁ?’fl@ﬁd@ﬁ feast 6ﬁm©g@m pfme@&tebj'q;sﬂvlaronlte&raMy teeuticl®d5 wei ght
percent or JIVEN o112 ) fiye (5) weight
percent iron gr %I %o‘%‘}t sg@%h%@ t@@?‘?s‘?%%ﬂ%ﬁgzﬁoégﬁcﬁ Ee%aag(%g%{%gr?l'eoil) wei ght
per cent rut hepdércant efatetaltelydef iByen mbie prefieghly tpreemelﬁd dasgoueprodoan. It is
preferred ¢ ha r natl.on cat al avered | fi xed bed and
the reacti %n %tgeta@gffwgl qgsﬁtreac oY A8 3N mecf)?‘ﬁ a3t z{?s'ﬁﬁlﬁ pgrc?rggg st ream of
acetic acid amstadetlyd®dgen in the nolar range of about 1:20 to 1:5 and at a
tenperature in the range of about 2900C to 3100C and at a pressure of
reaction zones in the range of about 8 to 20 atnospheres absolute, and the
contact tine Réactiedof Adttsldehsdd With AGeticoNi}EydAfie @ToMt E@yhdeabbiaklfdteseconds.

Enri chi ng of Acetgldeh g§ in t¥e Fir t Gaseous Product Stream In the
second step of th "ﬁ?ﬁg & egpoqipents p WéﬁﬁFSﬁO thieinygeathgehyde forned in

the first |0 eagdetaRithgRTormealtif the(fft r@afcnbmorﬁrceﬁﬁﬁbeéoﬁvl@h&i toWANh@N as
described herein is further enriched so as to result in a stream containing
at |east 50 n¥fticgeiddeare ¥rmere sagionamngsl by fimpieagsingapetaldehyde dittkasetih i n t he
art can be engiy ?Hﬁﬁtﬁ;%nﬁ&hﬁld@h{{m%@m For exanpl e, one can enploy a
suitable distillation colum to renove the volatile gaseous byproducts at

t he overhead and the bottom

An example process for producing ethylidene diacetate utilizing

15 acetaldehyde and acetic anhydride can be found in United States Patent Nos.
3,700,722 and 3,383,374, both to McTeer, which describes the reaction of acetic
anhydride and excess acetaldehyde at 25°-100° C, preferably 40°-60°C, in the
presence of sulfuric acid to produce a mixture of ethylidene diacetate and
bis(1-acetoxyethyl) ether after neutralizing the reaction with sodium hydroxide.

20

Thermal Decomposition of Ethylidene Diacetate:

Subsequent thermal decomposition of ethylidene diacetate generates VAM
and acetic acid with the product stream containing VAM and acetic acid going to
a separation unit. The thermal decomposition of ethylidene diacetate is typically
25  carried out at a temperature between 50° and 200°C at a pressure of less than 15

atm using a catalyst.

Examples of suitable acid catalysts useful for the thermal decomposition of

ethylidene diacetate into VAM and acetic acid are aromatic sulfonic acids, sulfuric

30  acid, and alkanesulfonic acids, see United States Patent Nos. 2,425,389 to Oxley et
al., 2,859,241 to Schnizer and 4,843,170 to Isshiki et al. In particular, benzene



colum to separate the high boiling fractions. Various other cryogenic

nmet hods and/or tenperature controlled trapping devices can al so be

enpl oyed,weuotv/as34a scrubbing colum to renpove either tIreTiUSPaiOdG7TRS OF

ot her byproducts having either | ow or high boiling points such that the
resulting stream contained at |east 50 no?® percent of

acet al dehyde. Preferably the enriched product streamfromthe first reaction
zone contained at | east 60 nole percent of acetal dehyde More preferably

t he enriched i, .. e cont ai ned
at least 70 maﬁg%ggfd ggjrré\? gig%ﬁea%ied{hgﬁlg]gﬁlgggmy@%g{neh%r%él %c:iaoga @t he enriched
gaseous pr odustlplmnicemidsfand mapHtlealénersslphordaadidsoane m@ﬁaeredanmmlmetdeMmd east 80
nol e percent ?g jqacetal dehyde. Reaction of Acetal dehvde with Acetic ‘
Anhydride to form Ethylidene D acetate: In one of the enbodi ments of the
process of this invention the acetal dehyde formed in the first reaction
zone can then be nverted .t and act tic acid one or re react or
zones by first reglg‘taf‘ﬂtéer eé‘é‘i°§1“&?é‘ JFSRIER 5‘5?@[‘ Ia?:‘déi?fh%ﬁsfﬁéedtbé ©r m et hyl

i dene di acet athe.reabtor eysaiipbiedrpi 0 6&$Sbd Qiirified asla Gihdl@refuby| | dene di acetate
utilizing acetal dehyde and acetic anhydride can be found in United States
Pat ent Nos. 3,700,722 and 3, 383,374, both to MTeer, which describes the

reaction of agaditien anméﬁeitdacatamem%ﬁmqe/ml dehyde at 25- 100 C,
preferably 40-60C _in presence_ of sulfuric acid to produce a m xture of

ethyl i dene di acet aféng Efeb‘?b@fllmeéé%fitb%y@teHW‘} Vérisan gpe 'Eﬁ‘rprﬁ@l??¢ fPMzi ng t he
reaction Wt hineQehictin SRS L¢lafiRhy Bt lp&@p@%?ih@p%egfofﬁlbw | dene
0

Di acetate: Subsequent thermal deconposition et hyl i dene.di acet at e
gener at es VAMMfHion@ad k%te@c|1<eftwm0m@er?}al®dt@@vectb>r@amr@bmsaf agetig VAM and

acetic acid gadifdkLiene so formed is then contacted with acetaldehyde formed in step (b) of

the process of this invention.

15 Generally, the reaction of acetaldehyde with ketene maybe carried out in
the vapor phase over a suitable acid catalyst. Any of the known solid acid
catalysts maybe employed for this purpose. For instance, various acid catalysts as
described hereinabove maybe suitable for this purpose. Typically, suitable solid
acid catalysts include sulfonic acid resins such as perfluorosulfonic acid resins

20  disclosed in United States Patent No. 4,399,305 to Schreck, noted above. Zeolites
are also suitable as solid acid catalysts as noted in United States Patent No.
4,620,050 to Cognion et al. Thus, a zeolite catalyst may be used to concurrently
support a hydrogenating catalyst as described hereinabove and then to react the
resulting acetaldehyde with ketene to form VAM.

25

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
end of the reactor is loaded with a suitable acid catalyst as described hereinabove

30  thereby both steps of one of the processes of this invention can effectively be

carried out in a single stage. Any of the known fixed bed reactors that can bring



a separation unit. The thermal deconposition of ethylidene diacetate is
typically carried out at a tenperature between 50 and 2000C at a pressure
of | ess tweanob#7ad4n usi ng a catal yst. Exanpl es of suit alpce/tseood/ocaesl yst s
useful for the thermal deconposition of ethylidene diacetate into VAM and
acetic acid are aromatic sulfonic acids, ulfuric acid, and al kanesul fonic
acids, see United States Patent Nos. 2,425,389 to Oxley et al., 2,859,241
to Schnizer and 4,843, 170 to Isshiki et al. In particular,

benzenesul phophdut &chdSuld &h4e Q%gﬁ%k@h%%lﬁg%&gs Prel?%ﬁ%k DeNER Seadfdl PhONI €

acids, zylene sul phonic acids, napht ne su IC aclds are
preferred ar ofesigned gadopraimiwe diferdst. catalystlayrrhesrdesaribed hereintis empleysiepar at ed
acetic acid ¢ C ed back to the reactor systemor drawn off to be
purified as a?({‘%cﬁgl‘légﬁ%/tg%ét Addi ti on of Ketene to Acetal dehyde to form
VAM | n another enbodi nent of this invention, VAM can also be produced from

the reactign of t acet al dehyde o i ned . tep ((b) of th rocess of ,
this invention ang?)@é‘fa@ ’er.ea%8¥gﬁgce&iﬂ%h%‘fﬁ%?@f%fnle)}“%Pﬁeéﬁflcﬁf?? E‘él'dpyr ol ysis
of acetic aci acid Keslgnearsbe dabriedeshit irsth Reaiperainé angedf frérh Bbat es@Ccdehyde f or ned
in step (b) of th ocess. pf. this invention. rally, the reaction of
acet al dehyde Wot”ﬁ(%]gé’e‘ﬁ‘éfsef‘?ﬁ b‘Bﬂ?f’arF?geé’(f?%’ﬂ‘ca%PHt @$W$8¥tzﬁﬂ£s%“%ver a

sui tabl e aci dmoat@bfitably iAhe rafigeldTErokinddott 70t & 264l Aadimlay absrib@y be

enpl oyed for this purppse. For instance, variqus acid catal ysts as
descri bed her 8N&8 %’ptﬁ%l%?@teéﬁff‘%ﬂsﬁ’P@W@rre%lhf%albiﬁ‘ﬁé@é.useﬁféit oig  suitable

sol i d aci do cahad yakissti Prifarsify, Shils kQBlich B Cifed @ﬁiiﬁ]ﬁle}%&c@%fg%dcﬂtémr osul fonic
acid resins disclosed in United States Patent No. 4, 399,305 to Schreck,

noted above. DRI Re dlametr akpve abeua Bioam sSeseific gxamples efauell Fesligsas noted in
United Stat esin@ﬁnﬁ@%th“ﬁ-any limitation mordenites, zeolite X and zeolite Y as described

herein.

15 As noted above, another preferred acid catalyst that can be employed in
this step of the process of this invention is perfluorosulfonic acid resin, which is
commercially available under the trademark NAFION® from the DuPont de
Nemours Company in 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.

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

preparation of various catalysts employed in Examples 1-19:

25 Example A

Preparation of 1 weight percent ruthenium on iron xxide

Powdered and meshed iron oxide (99 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 added a

30  solution of ruthenium nitrosyl nitrate (Heraeus) (3.14 g) in distilled water (32 ml).

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



4,620,050 to Cognion et al. Thus, a zeolite catalyst may be used to
concurrently support a hydrogenating catal yst as descri bed herei nabove and
t hen to rweaebioidiesseesul ting acetal dehyde wi th ket ene t oprCwrusedsdNbe7Ihius in
accordance with one aspect of the process of this invention there is also
provi ded a consolidated fixed bed reactor2iherein the front end of the
reactor is |loaded with the hydrogenation catal yst as descri bed herei nabove,
and the rear end of the reactor is |loaded with a suitable acid catal yst as
descri bed her gjo f: of this

i nvention canﬂzp?gg ?U%hﬁﬁﬁgxmg?%ﬁggagﬁ?uﬁﬁsQﬁgfﬁ&r&ngég&eﬁgigﬁ%of ‘'t he
known fixed bE§/m@dctors that can bringabout such results can be enpl oyed
for this purpose. Preferably a tubular reactor designed to contain two
different catalyst |ayers as described herein is enployed to achieve this
task. Typi cal EyampleBcti on of acet al dehyde with ketene in the presence of a
solid acid caﬁpl_sgng. be. AL d outulnnthe tenperature range of from
about 1500C to ' RRXIGRge of from about 1600C to
about 2500C and nofte nwoeﬂnﬁéﬁcbﬂly(ahmletMGrersaﬁgﬁm@lﬂy febéui!écﬁéa@éﬂt fdr700C tO 225C.
Agai n, as desct,i bed a the zeolites or sulfonic acid resi

catal ysts can’HEMgAs gg“ pﬁéﬁllgem%mgg?y "Efafea(?‘wfus)ﬁ%%@rlaﬂfsy lled pj s reactl on
i's carried oulvaten(9b ) fideFansss 6ffirch k&Rl it e having a pore dianeter above
about 0.6 nm Specific exanples of such zeolites include wthout any
limtation nordenites, zeolite X and zeolite Y as described herein. As
noted aboye, pa@igkec preferred acid catalyst that can be enployed in this
step of the process of thls |nvent|on i S perfluorosulfonlc acid resin,
which is co paratiqnpf il 98 o ovasukfasesreadiiied) from t he
DuPont de Nerours @waie&axna ﬂlewehmgnq}uﬂfy 1&&@&@%&%& {@b! f‘ofva“ ations of

t hese resins
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

15 this is added a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in
distilled water (36 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). '

20 Example D

Preparation of 5 weight percent tin and 0.5 weight percent ruthenium 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

25 under nitrogen atmosphere overnight and then cooled to room temperature. To
this is added a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid (1IN
45 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). To this calcined and cooled material is added a solution of

30 ruthenium nitrosyl nitrate (Heraeus) (1.57 g) in distilled water (16 ml). The
resulting slurry is dried in an oven gradually heated to 110°C (>2 hours,



are described in United States Patent No. 4,065,512 to Cares and i n DuPont
"I nnovation,"” Volunme 4, nunber 3, Spring 1973. The foll ow ng Exanples A-O
descri be wbeoprvooecadur es used for the preparation of varipeuasc@vabaerzs s

enpl oyed in Exanples 1-19: Exanple A Preparation of 1 weight percent

rut heni umon iron xxi de Powdered and nmesh2d iron oxide (99 g) of uniform
particle size distribution of about 0.2 nmis dried at 1200C in an oven
under nitrogen atnosphere overni ght and then cooled to roon1tenpezgtg2e )To
this is added t r g

in distilled \ll\gt(léﬁln)" Tlfén{r@;egﬁﬁ&hr esﬂs{?Hf&theQ$ur L Qél%lf]@cfdﬁ 5()6_‘% (ﬁ?lg?{)sove

gradual | y heaiéﬁnmb 1100C (>2 hours, 10C7n1n) The |npregnated catal yst

m xture is then cal cined at 5000C (6 hours, rC/ mn). Exanple B Preparation
of 3 weight percent rutheniumon iron oxide The procedures of Exanple A are
substantlally_gmuga_ed except for utilizing a solution of ruthenium
nitrosyl nitrgte ). 4 ' 96 n1g and 97 grans
of iron oxide—Exany 5 A on high
purity, Iom1sumﬁadewamﬁ&esmhea@aPomdered and neshed high purity, |ow

surface area sili of u rn1 article size distrtbution of about
0.2 mmis dried aﬁﬂT&@ﬁﬂg%ﬁnﬁﬂw PWﬁPfW&@&ﬁséﬁﬁﬁ%bﬁéfé“@WE¥n|ght and
then cool ed t parficlosid EBEIBHRINYTAbout 0.2t HinSs HiSedafl 46 Can 8O btk @Rerof i1 on
nitrate nonahydrate (Al fa Aesar) (36.2 g) in distilled water (36 m ). The

resul ting sl ubifrgesnatigesphereoxeraghiandthesrconled ta spomdamperatugs. To this is

10 added a solution of ruthenium nitrosyl nitrate (Heraeus) (3.14 g) in distilled water

(32 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). To this calcined and cooled material is added a solution of iron
nitrate nonahydrate (Alfa Aesar) (36.2 g) in distilled water (36 ml). The resulting
15 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).

Example F

Preparation of 5 weight percent iron and 1 weight percent platinum on high purity,

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

25  distilled water (36 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). To this calcined and cooled material 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,

30 10°C/min). The impregnated catalyst mixture is then calcined at 500°C (6 hours,
1°C/min).



1100C (>2 hours, 10C/mn). The inpregnated catal yst m xture is then

cal cined at 5000C (6 hours, |G mn). Exanple D Preparation of 5 weight
percent two 2arh7@342 wei ght percent rutheni um on hi gh purctys2éomens f ace
area silica Powdered and neshed high purity, |low surface area silica (94 Q)
of uniformparticle size distribution of Zbout 0.2 Mmmis dried at 1200C in
an oven under nitrogen atnosphere overnight and then cooled to room
tenperature. To this is added a solution of tin oxalate (Al fa Aesar) (8.7
g) indilute nitric acid (IN45 m). The resulting slurry is dried in an
oven gradually heated to 1100C (>2 hours, 10C min). The inpregnated

catal yst m xtEJ@DLGt hen cal ci ned at 5000C (6 hours, G mn). To this

cal cined and gQgl.£ - , L 14 njtrosyl
nitrate (Heraeu gj) in d i it ti ng
slurry is dHM[fQ@MA@I;gradually heated to 1100C (>2 hours 10C/ min).

The i npregpated c St mxt en cal c ned at...50 hours

rC/ mn). Exanple Eg rdéf)egrag "SR ofhg%l ygﬂﬂwf% SR Fa pilig @%Ch and 5 wei ght
percent iron arifdmhghrtjolersie\distditaitios of 4t@0e0.2kedissirked aal Joevvwiemasdemand nmeshed
hi gh purity low surface area silica niform articl Si ze

di stribution %&eéﬁlgﬁge"@t'ﬂo reé"'ﬁ?’lgaéa"éttggf'f@@@g “hfoawt B‘?‘Tatﬂf?dgrro ni trogen
at mospher e oveisiii @dueda@dlutlds}edsrmmhmdnﬁrae (mmphgr(peu )mrdes.unz@whdars i s added
a solution of rutgeﬁ&ummtr (Her aeu § in distilled

wat er (32 m ) (162 %ﬂ"tt’ioﬁﬁ?§1¥ miarl@ie %lf*g/r"i’séﬁ) (Mgéﬁl lﬁlcé’ﬂ\&‘a(l Ny heated to

1100C (>21housxs mlN) Gheiréshiting BRrdy TPARANABL BvenatAIulf hedtedltd! i Ro°CS>3 hen

cal cined at 5000C (6
hours, 10°C/min.). The impregnated catalyst mixture is then calcined at 500°C (6

hours, 1°C/min).

Example H
15  Preparation of 1 weight percent palladium, 1 weight percent gold and 5 weight

percent potassium acetate on high purity, low surface area silica

The procedures of Example D are substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of gold(IIT) hydroxide (Alfa Aesar) (1.26 g) and potassium
20 hydroxide (0.28 g) in distilled water (10 ml), a solution of potassium acetate
(Sigma) (5 g) in distilled water (10 ml) and 93 grams of silica. The catalyst is
sequentially impregnated first with palladium and then with gold and finally with

potassium acetate.

25 Examplel

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

percent potassium acetate on high purity, low surface area silica

The procedures of Example D are substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
30  ml), a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled water
(20 ml), a solution of potassium acetate (Sigma) (5 g) in distilled water (10 ml)



hours, |G/ mn). To this calcined and cooled material is added a sol ution of
iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in distilled water (36 nl).
The resulwongied7msey is dried in an oven gradual | y heat edTius200200632% >2
hours, 10C/ mn). The inpregnated catalyst m xture is then calcined at 5000C
(6 hours, ICmn). Exanple F Preparation & 5 weight percent iron and 1

wei ght percent platinumon high purity, low surface area silica Powdered
and nmeshed high purity, |low surface area silica (94 g) of uniformparticle
size distribugi 4t 0. LS :dLd ab - j der
nitrogen at rmg'?o erég"&%%%htﬁ‘ gg%}h]% %é%gégg%ﬂtlg@ ﬂ.'ﬁg?ggg{r%gtﬁgggrp@t\r@tg Eéég To this
i s added a sohngdthemwith palladiumnaridrfaially mith phiaskian ecefatd.f a Aesar) (36.2 g) in
distilled water (36 m). The resulting slurry is dried in an oven gradually
heated to 1100C (>2 hours, 10C/ mn). The inpregnated catalyst m xture is

t hen cal ci nedEgam@O0O0C (6 hours, |G mn). To this cal cined and cool ed

material is agded a sql uti. of platipumnitrat Cheppur 1.4 g) in
distilled %tm&%ﬁ%&wgﬂ%@ﬁ&m&m&m gradual | y
hﬁat ed Ito H SOC (%éwweﬁureieﬂiﬁnfp)é Dﬁkwsubgfmtﬁlgyladpedecc@lcadnm m ]>c<ture i?]

t hen cal ci ne t .5000 6 hours, rCGmn). Exappl e G Preparation_of 1wei ght
percent plati H@f’ﬁ"?%ﬁjs té?@iogﬁé[aﬂé‘t“b'é‘fﬁ‘wt&'ﬁaﬂﬁy&iHl'g)p‘)'hij‘ﬁtt‘&d Y&% (r f ace area
silica Powder g, apslutighsdTedpder @iiraRUrihydtate (R AbahATe gPinstifbd WaRr (94 g) of
uniformparticle size distribution of about 0.2 mmiIs dried at 1200C in an

oven under ni {4005 AndYheamn el erbrieihe Grialystiziscananiaby bnrsegnated fsgm

tenperatuj@. Wankbpper At BEPREN Baik@ludf.i on of platinumnitrate (Chenpur)
(1.64 g) in distilled water

Example K

Preparation of 1 weight percent palladium and 5 weight percent iron an high

purity, low surface area silica

15 The procedures of Example D are substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22
ml), a solution of iron nitrate nonahydrate (Alfa Aesar) (36.2 g) in distilled water
(30 ml) and 94 grams of silica. The catalyst is sequentially impregnated first with
iron and then with palladium.

20

Example L
Preparation of 5 weight percent iron and 5 weight percent cobalt on high purity,

low surface area silica

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

iron and then with cobalt.



(16 mM) and a solution of tin oxalate (Alfa Aesar) (8.7 g) indilute nitric
acid (IN, 43.5 mM). The resulting slurry is dried in an oven gradually

heat ed t owd200M@7¢342 hours, 10C/ mn.). The inpregnated cacaluyse09mierRsire is
then cal cined at 5000C (6 hours, |G/ mn). Exanple H Preparation of 1 weight
percent palladium 1 weight percent gold2nd 5 wei ght percent potassium
acetate on high purity, low surface area silica The procedures of Exanple D
are substantially repeated except for utilizing a solution of palladium
nitrate (Heragy lc(lel 17 g) in distilled water (22 m), a solution of
gold(l11) hydroxi Alfa Aesar) ( 1.26 g) and potassi um hydroxide (0.28 g)
in distilled Ruapasatigniof Sy s@it goppenamf S wei ltgercann mogbdehem OBihgpim) (5 Q)
in distilled rlov(, el ICQS grans of silica. The catalyst is
sequentially %@%th pal I adi um and then with gold and

finally with pot as’lélielpmcadlﬁ'ésaifdixaﬁpmﬂ)hle slibsemeipiar @péatsdl extept forei ght  per cent

O high Ut i 190 SO PRBLeRAE s FioxoreRd R OcBaLA 0 i OslaRpI ¢ D oro

substanti al | ywmerp(eahﬂ)jaeenae(moffaafmdmm héptélﬁol e hekharaed (Siahd)gelsum nitrate
(Heraeus) (2 a sol utjon of copper nitrate

trihydrate (A&J)f'%\g,&%@eg]r‘yat‘fr (ﬁéf@bmrjﬁ‘)@raﬂ% qflsl%'ﬁa whitesatalyspissequentiallyo| yt i on of
pot assi um ac eiiprénbted GRRWith 2ofghler Al tHérswith @A bWadug!, (10 m)and 89 grams of
silica. The catalyst is sequentially inpregnated first with copper and then
with palladiumand finally with potassium acetate. Exanple J Preparation of
1 weight perceginpghan! adi um and 5 wei ght percent copper on carbon

Preparation of 5 weight percent tin and 1 weight percent ruthenium on high purity,

low surface area silica

The procedures of Example D are substantially repeated except for
utilizing a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid (IN, 43.5
15 ml), a solution of ruthenium nitrosyl nitrate (Heraeus) (3.14 g) in distilled water
(32 ml) and 94 grams of silica. The catalyst is co-impregnated with tin and

ruthenium.

Example O

20  Preparation of |1 weight percent palladium on iron oxide

The procedures of Example D are substantially repeated except for
utilizing a solution of palladium nitrate (Heraeus) (2.17 g) in distilled water (22

ml) and 99 grams of iron oxide.

25  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 a FID and a CP-Sil 5 (20 m) +
30 WaxFFap (5 m) column and was used to quantify:



The procedures of Exanple D are substantially repeated except for utilizing
a solution of palladiumnitrate (Heraeus) (2.17 g) in distilled water (22
m), a sowotommrads2zcopper nitrate trihydrate (Al fa AesarrT(ub909)06705
distilled water (20 m) and 94 grans of carbon. The catalyst is
sequentially inpregnated first with coppel® and then with palladium Exanple
K Preparation of 1 weight percent palladiumand 5 weight percent iron on

hi gh purity, |low surface area silica The procedures of Exanple D are
substantial ly repe@gegaqidefﬁy&ept for utilizing a solution of palladiumnitrate
(Heraeus) (2.17 g) in distilled water (22 m), a solution of iron nitrate
nonahydrate (Al faHbawt) (36.2 g) in distilled water (30 ml) and 94 grams
of silica. The cat@gey@ is sequentially inpregnated first with iron and
then with palladi um anple L Preparation of 5 weight percent iron and 5
wei ght percent cobdethylowetaiegh purity, |ow surface area silica The

pr ocedur es; of Exan(pll =) [getgt%e substantially repeated except for utilizing
sol ution o% iron nitrare nonahydrate (Al fa Aesar) (36.2 g) in distilled
water (30 m), a duhyltacameof cobalt nitrate hexahydrate (24.7 g) in
distilled water (2 mé.gmd 90 grans of silica. The catalyst is
sequential |y irrprégﬁ?ﬂf d%irst with iron and then with cobalt.Exanple M
Preparati on of 5 viRhgéde gpoteiatetgopper and 5 wei ght percent nol ybdenum on
hi gh purity, |ow éﬁgface area silica The procedures of Exanple D are

a

substantial |y repedt¥eneaglysht for
10 Ethylidene diacetate
Paraldehyde

The middle channel was equipped with a TCD and Porabond Q column
and was used to quantify:
15
CO;
Ethylene
Ethane

20 The back channel was equipped with a TCD and Molsieve 5A column and

was used to quantify:

Helium

Hydrogen
25 Nitrogen

Methane

Carbon monoxide

Prior to reactions, the retention time of the different components was
30  determined by spiking with individual compounds and the GCs were calibrated

either with a calibration gas of known composition or with liquid solutions of



utilizing a solution of copper nitrate trihydrate (Alfa Aesar) ( 19 g) in
distilled water (20 m), a solution of ammoni um hept anol ybdat e hexahydrate
(Si gma) (Wo2og)o7razdistilled water (65 m) and 90 gr ans pofi/iSkédvwes723he
catal yst is sequentially inpregnated first with copper and then with

nmol ybdenum Exanple N Preparation of 5 wellght percent tin and 1 weight
percent rutheniumon high purity, low surface area silica The procedures of
Exanple D are substantially repeated except for utilizing a solution of tin

oxal ate (Alf W Ae ) i N 43,5 nl.), a

sol uti on( of %@ﬁéﬁ*&&gsﬁfuﬁsb?ylS%H?%V%d;{hg d%'ﬁ%ﬁ’g@ﬁ?.(r%lsfbrés)egf?cgoraif(}srti |1 ed
wat er (32 nl)thamari®4d cgnperensf silica. The catalyst is co-inpregnated with
tin and rut henium Exanple O Preparation of 1 weight percent palladi um on
iron oxide The procedures of Exanple D are substantially repeated except

for utilizing a sdixamiptes 16if7 deadriba@idcadurés foathe h{/dﬂgg@&ﬁg of(getﬂﬂaciﬂ)toi n o
distilled ter and, 99 gr of iron oxide S r omat ogr aphi c
(IGé) | angl 5i saCSPﬁéﬁ)éJyﬁ% 8%8?%5’"%%%%&?%5}? RepcesH th RJASFaL WY@ car ri ed out

by online GC. A three channel conpact GC equi pped with one flane ionization
detector (FI Eiz ang E thermal conducting detectors (TCDs) was used to
anal yze the r s and products. The front channel was equi pped with a

FID and a CP-Si| Srhe26talfht utiliféawhaPweightPeref ruiReniaMbn¥rsh di&fed t o

guantify: Acet al deh(%/,de Et hanol .
prepared in accordance with the procedure of Example A.

10 :
In a tubular reactor made of stainless steel, having an internal diameter of

30 mm and capable of being raised to a controlled temperature, there are arranged
50 ml of 1 weight percent ruthenium supported on iron oxide. The length of the
catalyst bed after charging was approximately about 70 mm. Prior to the reaction,

15 the catalyst was reduced in situ by heating at a rate of 2°C/min to a final
temperature of 400°C. Then, 5 mol% hydrogen in nitrogen was introduced to the
catalyst chamber at a gas hourly space velocity (GHSV) of 7500 h™'. After
reduction, the catalyst was cooled to reaction temperature of 350°C by continuing
the gas flow of 5 mol% hydrogen in nitrogen. Once the reaction temperature was

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

A feed liquid was composed 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

25 about 2500 hr™' at a temperature of about 350°C. The resulting feed stream
contained a mole percent of acetic acid from about 4.4% to about 13.8% and the
mole percent of hydrogen from about 14% to about 77%. A portion of the vapor
effluent was passed through a gas chromatograph for analysis of the contents of
the effluents. The selectivity to acetaldehyde was 60% at a conversion of acetic

30 acid of 50%.



Acet one Methyl acetate Vinyl acetate Ethyl acetate Acetic acid Ethyl ene

gl ycol diacetate Ethylene glycol Ethylidene diacetate Paral dehyde The

m ddl e chwoneloomesizequi pped with a TCD and Porabond Q cekwrus2émdosvas used
to quantify: CO2 Ethylene Ethane The back channel was equipped with a TCD
and Ml sieve 5A colum and was used to qu&ntify: Helium Hydrogen Nitrogen
Met hane Carbon nonoxide Prior to reactions, the retention tine of the

di fferent conponents was determ ned by spiking with individual conpounds
and the GCs were calibrated either with a calibration gas of known
conposition or with Iiquid solutions of known conpositions. This allowed the
det er m nat i onExaimpld® response factors for

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

accordance with the procedure of Example C.

The procedure as set forth in Example 1 was substantially repeated with an
average combined gas hourly space velocity (GHSV) of 2,500 hr' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C. A portion of the vapor effluent is passed through a

10 gas chromatograph for analysis of the contents of the effluents. The acetic acid

conversion was 75% and acetaldehyde selectivity was 70%.

Example 3

The catalyst utilized was 0.5 weight percent ruthenium and 5 weight

15 percent tin on silica prepared in accordance with the procedure of Example D.

The procedure as set forth in Example 1 is substantially repeated with an
average combined gas hourly space velocity (GHSV) of 10,000 hr' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of

20  5) at a temperature of 250°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 4% and acetaldehyde selectivity was

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

25 Example 4

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

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

The procedure as set forth in Example 1 was substantially repeated with an
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



t he vari ous conponents. Exanples 1-17 describe procedures for the

hydr ogenation of acetic acid to acetal dehyde as described in the first step
of the prwoess/w@isshe present invention. Exanple 1 The eetralsyaw/ovd7si zed
was 1 wei ght percent rutheniumon iron oxide prepared in accordance with
the procedure of Exanple A In a tubul ar 3eactor made of stainless steel,
havi ng an internal dianmeter of 30 mm and capable of being raised to a
controlled tenperature, there are arranged 50 ml of 1 weight percent

rut heni um sup i ~dq. . d after
char gi ng was @%?%%ﬂ%@?% out gﬂﬁ)ﬁ%d ri opof%méﬂglsﬁg%g%ﬁéﬁﬁ?he cat al yst
was reduced i gasshtomatngrdpbdorn anglysis ofithe aorderos ofAlf efiflnertto "Ehefaceti acidenper at ur e
of 4000C. The ol % roaen, it n.was jhtyoduced to the catalyst
chanber at a %bélgérﬁlgﬁr'ﬁ %Sb/gg%égaget\z}]éjfg‘/c@tsﬁleﬁ%ﬁé\%a Ot %0 h 1. After
reduction, the catalyst was cooled to reaction tenperature of 3500C by
conti nui ng thg Eaﬁ %I ow of 5 nol % hydrogen in nitrogen. Once the reaction
tenperatur% ilized at 3500C, the hydrogenation of acetic acid was

begun as fol | ows: Thefcarl)si itlizediwiabweighinesee: GasRAt indl 3 weigit paredt ¢ aci d.
The reaction feed Ilhgﬂ%l d wgs evapor at eg, and charged tq the reactor al ong
wi th hydr ogen™¥he HighiPyRiYakoy Supes 4sea gilica prepared i agorfiaige Widis ned gas
hourly space yetddateof BxGhipi¥)F. of about 2500 hr 1 at a tenperature of about
3500C. The resulting feed stream contained a nole percent of acetic acid
from about 4.4%to about 13.8% and the nole percent of hydrogen from about

14% to abeyt 77% TheRREdeiRB a®let fdHh i¥ BRANpIET I M MstalfBisl PRSSEM il #Ugh a gas
chromat ograph for anal ysis of the conten?s of the effl'yents. The
sel ectivity t¥vemgecambiaed grs haprdy G096 valodty SGHOYD of BA0MIr af dreifeed

stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the

15  effluents. The acetic acid conversion was 65% and acetaldehyde selectivity is
60%. The other products formed were carbon dioxide (6%) and ethyl acetate
(9%).

Example 6
20 The catalyst utilized was 0.5 weight percent platinum and 5 weight percent

tin on silica prepared in accordance with the procedure of Example G.

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

25  stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 85% and acetaldehyde selectivity was
65%. The other products formed were methane (4%) and ethyl acetate (9%).

30



acid of 50% Exanple 2 The catalyst utilized was 5 wei ght percent iron on
silica prepared in accordance with the procedure of Exanple C. The

procedur eveomat77d4ert h in Exanple 1 was substantial |y repeatseeowod7ds an

aver age conbi ned gas hourly space velocity (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and HB#drogen (H2 to acetic acid nole
ratio of 5) at a tenperature of 3500C. A portion of the vapor effluent is
passed t hrough a gas chromatograph for analysis of the contents of the
effluents. Thg.apgiyc acid conversion was 75% and acetal dehyde sel ectivity
was 70% Exanple he catal yst utilized was 0.5 wei ght percent ruthenium
and 5 wei ght per célhe catalystoniliged weaser qonmepcacialdy iwailaiﬂc@oﬂamielyvﬁth t he

procedure of %aﬁméﬁe]ﬂ wI{gﬁt &%&%F&%Eﬁarﬁﬂ R Rlei gppercen H%lh?rri) %Eba(];e. vel ocity

substantial ly repe average conbi
(GHSV) of 10,000 hr 1 of the feed streamof the vapor| zed acetic acid and

hyd 2 t at rat ure of 2500C and
a%/ ;Og(ragsgsl:re gf aiﬁlﬁiggocg&'rfjgﬁef ﬁoﬁ{hd'f‘ 'Ef‘ ‘%ib%%“ %t"f"ftia 8 ‘g’ef‘tgéjﬁ'é@%d t hr ough a

gas chronat ogivafle mﬁb.amgaysbmpsfpawm&ayt@HSV)@tfz Sdvenrélofteeadds. The acetic
aci d conversion wa? 4% and cet al dﬁaXCge selectivity was 91% The ot her

product s f or ngaMeF thedppRIRE ET‘%? ag hyszsogsn at Biggnperiusedl 0L The cat al yst

utilized was porti&i @hike \nglcfﬂmem i fassl ltHi‘b@ghda g‘ésmglbfogi%ﬁ f&ﬁ%alyi@af on silica
prepared in accor dance Wth t e_ﬁﬁocedure of  Exanpl e procedure as
t

set forth in BXSARN of theadtlugs taFﬁlclayldrcéB\?é%'@Hls\ﬂb@tﬁ6§%@der age comnbi ned
gas hourly spreRldéRldRGEMdivitiAitSm,of 2,500 hr 1 of the feed

Example 8
The catalyst utilized was 1 weight percent palladium, 1 weight percent
gold and 5 weight percent potassium acetate on silica prepared in accordance with

15 the procedure of Example H.

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 mble ratio of

20  5) at a temperature of 250°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 5% and acetaldehyde selectivity was

98.5%. The other products formed were ethane (1%) and ethanol (0.5%).

25  Example 9

The catalyst utilized was 1 weight percent palladium, 5 weight percent
copper and 5 weight percent potassium acetate on silica prepared in accordance

with the procedure of Example I.

30 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 nole
ratio of5) at a tenperature of 3000C. A portion of the vapor effluent is
passed t hwougtv/e7mas chromat ograph for anal ysis of the eomusedm/oed725 he
effluents. The acetic acid conversion is 35% and acet al dehyde sel ectivity

i s about 70% Exanple 5 The catal yst util35zed was 1 wei ght percent plati num
and 5 wei ght percent iron on Hi gh Purity, Low Surface Area Silica prepared
in accordance with the procedure of Exanple F. The procedure as set forth

in Exanple 1 ' . | ned gas hourly
space \r/rgl oci t%@%ﬁg@?%g@&g%%%nﬁgﬁg%fﬂ&{dﬁ@ep é%gt O%Eé%%%rgﬁ%o'ﬁ& a{é\'%\/oglpori zed
acetic acid anathtedwpegeme ¢HD0tGamta ipresact df hidre Ar@iriion <ﬁTthe5\)afpa1t ha
tenperature o nd..a ressure of 1.bar. A tio e vapor
efﬂ) uent is pe;ﬁshgez'gg t% ﬁ%(%%tghﬁéuﬁﬁ%sas g‘?{?'gﬁgtggﬁl? L Anglysys (gﬁ{éﬁ Vélpeé'%oqftﬂ{ehe contents
of the effl uesffleentsTHie acsitiacidaon\draiamvas 2% and m&lcﬁﬁy&eaeldctag@tvaisgeh{doe@ |
selectivity i %. The ot her products for were carbon dioxide (6% an
et hyl acet%t e937E%‘;’1)'nqp-li‘ee&%’r (éd%ﬁtafgﬂil ‘f’aslftﬂ?alan%%’Q/vas 0.5 wei ght percent

pl ati num and 5 wei ght percent tin on silica prepared in accordance with the
procedure of a I% G The procedure as set forth in Exanple 1 was _
substanti al | d with an average conbi ned gas hourly space velocity

(GHSV) of 2,500 hrrhd cathlysthilib@BdasSit waahe pefcett HaIIXARA ahd § e RRESdrGenCi d and
hydrogen (H2 to acetic acid nple ratio of 5) at a tenperature of 3500C and

at a pressur o8PerP5aPpon prepaed inpscsrancy avithdhbsorrocedpneob Fkamele passed t hr ough a
gas chrongf ograph for analysis of the contents of the effluents. The acetic
acid conversion was 85% and acetal dehyde sel ectivity was 65% The ot her
products fornmed wdhe prasedvanes seufigthamBxamplg | was substantiglywgpemsed nyithein7

average combined gas hourly space Velocity (GHSV) of 10,000 hr'' of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 250°C and at a pressure of 1 bar. A portion of the vapor

15  effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 1% and acetaldehyde selectivity was

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

Example 11

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

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

The procedure as set forth in Example 1 was substantially repeated with an

average combined gas hourly space velocity (GHSV) of 10,000 hr'! of the feed

25 stream of the vaporized acetic acid and hydrogen (H, to acetic acid mole ratio of
5) at a temperature of 250°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 9% and acetaldehyde selectivity was
96%. The other products formed were ethane (0.6%) and ethanol (3.6%).

30



The catal yst utilized was a commercially avail abl e Co/ Fe catal yst
containing 17.4 wei ght percent cobalt and 4.8 weight percent iron on silica
The procewonrelsag7siet forth in Exanple 1 is substantial |l pycrapeabeos7esth an
aver age conbi ned gas hourly space velocity (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and B¢drogen at a tenperature of 3500C.
A portion of the vapor effluent is passed through a gas chromatograph for
anal ysis of the contents of the effluents. The acetic acid conversion is
about 65% andegggfaidehyde selectivity is 75% Exanple 8 The catal yst
utilized was I percent palladium 1 weight percent gold and 5 wei ght
per cent pot assi umThe estalyst utilizesl wasSawgglte parcent iton aad 6 oveikdn percemt tdbatthe

procedure of |l e H .The pr.ocedu as set f h in Exanple 1 was
subst anti al | y&@%ﬂe gredit %ccgrﬁargz&ev‘f'g‘gtge Br(?ﬁ%(fuﬁee %‘g?p%o[(lrl y space velocity
(GHSV) of 10,000 hr 1 of the feed stream of the vaporized acetic acid and

hydrogen (H2 to acetic acid no] atj.o of %vat a tenperature of 2500C and
at a pressgljre of %%BQFO.CG oY g’ﬁ[‘é’?tfaﬁlépl?/i ] S'gﬂsﬁ“api?g&tre‘?e@teﬂé‘@@é’& t hrough a
gas chromat ogivafabe éanibimstiaday Bolyabadenel2an @RS ¥) 6 10(000 he' bt tHerkd. The acetic
aci d conversion wa? 5% and acet al dehyde selectivity was 98.5% The ot her

products for nugemef e depprized goetiy acidandhydeegsn (Hptosestic agidypele eatig of he cat al yst

utilized was 3 aneictptraRé SISV MAd AdiphBur® oMELHNA RENIGEMMhLRRREr and 5
wei ght percent _potassium acetate on silica prepared in accordance with the
procedure of SBlusRpisdassed truehagarehispratggrapiafor ppalysis ofithesoatepisef thewas

substanti g | Yernepaatid aviit Aci@Bonversion was 11% and acetaldehyde selectivity was
95%. The other products formed were ethane (1%) and ethanol (4%).

Example 13

The catalyst utilized was 5 weight percent iron and 5 weight percent cobalt

15 onsilica prepared in accordance with the procedure of Example L.

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

20 5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 75% and acetaldehyde selectivity was

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

25  Example 14

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

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

The procedure as set forth in Example 1 was substantially repeated with an
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



aver age conbi ned gas hourly space velocity (GHSV) of 10,000 hr 1 of the
feedstream of the vaporized acetic acid and hydrogen (H2 to acetic acid
nol e ratiwoabiddy7ak a tenperature of 2500C and at a preesures2a@b/ods7bar. A
portion of the vapor effluent is passed through a gas chromatograph for
anal ysis of the contents of the effluents37 The acetic acid conversion was
2% and acet al dehyde selectivity was 97.5% The other product forned was
et hane (2.5% . Exanple 10 The catalyst utilized was 1 wei ght percent

pal I'adi um ands)% RfHRlaREGEHRPC SAPRSHrARNE B PBAL. a;ort%@gfthgxag,%fmfdance Wi th

t he procedure of Exanpl . procedure as set le 1 was
subst ant i al | yefflegné istpassedihroughra avelnragetoglanbfmedalgasoﬂtbmdwer@pﬂ(ﬂ@ vel ocity

S f 10, f d and
hyar oen (2 {eente s etk dERR S0 SR M EURRIGARRATE WS 25c0c ana

at a pressur e903f. Theather podoots forowrd efere dileane 4h6%) axid dcawend (6 &nopassed through a
gas chromast ograph for analysis of the contents of the effluents. The acetic
acid conversion was 1% and acet al dehyde selectivity was 97% The ot her
product for megkanpte EX hane (3% . Exanple 11 The catalyst utilized was 1

wei ght percent pal/ adi u and. 5 weig ercent iron on silica prepared in
accgr dalrcl)ce Wi t hpt r?lé‘eﬁ?tﬁ tdﬁ&‘éedo‘f’aslilx‘é{?fﬁ tpepeentyyibenipp and g eight PEEsNtf ort h i n

Exanpl e 1 wastisstbsiliclprépatddyin be&BRRAGOV M thb pARediEsASANHRNI Nned gas hourly
space velocity (GHSV) of 10,000 hr 1 of the feed stream of the vaporized

acetic acid and hydrogen (H2 to acetic acid nole ratio of 5) at a

tenperat ure of 2506 paRddit a@seWo@tﬁSHE?arﬁ’Ele1“kﬁ§-rsubst%nf?ﬁfytﬂeﬁate’afwﬁh% vapor
effluent is passed through a gas chromato anal ysis of the contents

of the ef fl ueterge qobingdsgas Boyrhy wa@eowmts? gm@f @%Qatnd ofthetfedddehyde
sel ectivity WaRam of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of

5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
15 effluents. The acetic acid conversion was 60% and acetaldehyde selectivity was

78%. The other products formed were methane (6%) and ethanol (12%).

Example 16
The catalyst utilized was 1 weight percent palladium on iron oxide

20  prepared in accordance with the procedure of Example O.

The procedure as set forth in Example 1 was substantially repeated with an
average combined gas hourly space velocity (GHSV) of 10,000 hr'! of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of

25 5)at a temperature of 350°C and at a pressure of 15 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 66% and acetaldehyde selectivity was

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



96% The other products forned were ethane (0.6% and et hanol

(3.6% . Exanple 12 The catal yst utilized was 5 wei ght percent iron and 5
wei ght pewoento/oedaal t on silica prepared in accordance wcrhustévs/opsresedur e
of Exanple L. The procedure as set forth in Exanple 1 was substantially
repeated with an average conbi ned gas ho8ly space velocity (GHSV) of
10,000 hr 1 of the feed stream of the vaporized acetic acid and hydrogen
(H2 to acetic acid nmole ratio of 5) at a tenperature of 2500C and at a
pressure of Igbarye fy portion of the vapor effluent is passed through a gas
chr omat ogr aph_f_FD‘W ysis of the contents of the effluents. The acetic .
aci d conversion vvél"élei;a_l@’byarmilia@b\b'@l@mm@albeiveﬂatﬂmdppemml%% The ot her
products for 49 o Exanpl e 13 The cat al yst
utilized vvasr%g‘\%l?% S%Jg?{g]gﬁ'%&{%gﬁqgﬁghg%%dcﬁ' pér cent cobalt on silica
prepared in accordance with the procedure of Exanple L. The procedure as

set forth n Exa sub peat W.t.h an. aver.age conbi.ned
gas hourly spacen'\ellélle&(icf rf @-§€§°%§f‘"§ %%U Ewaisﬁptam@{}fr%e&tegtvy@% of the
vapori zed aceatvemgacombmaﬂgabydwm@ace(\ldldcaye@stom;'sab Hobethedtddo of 5) at a

tenperature of 35 and at res bar. A portjion of the vapor
effluent is gg%%{%ﬁ Vﬁﬁfﬁﬁeﬁa“ﬁg%aﬁ FB‘ﬁ@fdé%eaﬂﬂz ogeetigpsidacle rgo afhe content s

of the effl ues)taga tehiperabiebf T508C bkl K APYREGE 611 WAS A/FSHIH 6 tRC } dehyde
selectivity WE%S 70% The other products forned were nethane /%eeand car bon
St

di oxi de (3% .¢ hﬁméssiﬁthr?ﬂghéaaaplygma@giaph s @nalisds of theqykant nt copper
and 5 wei ght &ﬁﬁ&l&ntTh%Eéf#éQ&HléHh%néi mea&%&&@eme@%&f\ﬂg%@ W th the
procedure of Exanple procedure as set fort

subst anti al | ySIr cél@pr\quﬁctgfprmed were carbon dioxide (5%) and ethanol (16%).

Comparative Examples 1A — 4A

These examples illustrate the reaction of acetic acid and hydrogen over a
15 variety of catalysts wherein either no acetaldehyde was formed and/or very low

selectivity to acetaldehyde was observed at low conversions of acetic acid.

In all of these examples, the procedure as set forth in Example 1 was
substantially followed with the exception of using different catalysts as listed in
20 Table 1. The reaction temperature and selectivity to acetaldehyde and other

products are also tabulated in Table 1.



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 Syoavicw7taeper ature of 3500C and at a pressure eCTAsSb@v/0od2portion
of the vapor effluent is passed through a gas chromatograph for anal ysis of
the contents of the effluents. The acetic3%acid conversion was 10% and

acet al dehyde selectivity was 90% The other products fornmed were ethane
(1.5% and acetone (6.6% . Exanple 15 The catalyst utilized was 1 wei ght
per cent rutheni n I i i accordance
with the pr ocethEJerlgl eaiofA%xm meg{fﬁ)ﬁ%ﬁ(rig%:lg B'E&g%gésrcgog%d%agggﬁ%nbl% 1
was subst ant |_a,l_1_y_r_?_pea1_e with an average conbined gas hourly Qr)ace

vel ocity (GHSYraBPle2 5deatayst1 ofAfFféldFWé‘S sOPRiSRes t REhey BRGHFtS el acet i ¢
acid and hydfogen (K2 to acetic| aétlectiYiy e |r 821VersioN 5) at a tenpefature of
35Q0C and at |a pressure of 1 bar. A(®rtidn of®he Vapor effluenf is passed
through a ga$ chAomat oMKW or| anal3lsi s df tHE0cont ethylenei6%ne &f f| uent s.
The acetic a¢id conyersiferPmas 0% and acdt al dehyde| stbareeti%i ty Wwas 78%
The other products fiorned were pet hane (6% and et haetbyl acdtagyd%,Exanpl e 16
The catal yst |utilized was 1 weight percent| pal |l adi upC@s-504 on oxi de prepared
i n accordance wWRAh thewpbdOddiir g of @xanplle O 3The pethglecki?&oas set forth
in Exanple 1|was substaAsMas|y |epeated wilth an aver afjenec28%i ned|gas hourly
space vel ocify G&HSY) 0#t%4QpB00| hr 1780f the fead stfedmend-14%e vapori zed
aceti-c acid and hydnogewm KukiDg pcetic acid nol e rat|ehade-8p at a
tenperature o¢of 3R00C an@t&ica pressupe of [I5 bar. Al len®n 10¥%, the vapor
effluent is passed throggfsog gas chromat ograph for ag@ oeigg, of the contents
of the effluents. The acetic ac|jd conversijon was 66 q,@ﬂ,qn@@ﬁ%al dehyde
selectivity was ethane-5%

Example 18
To prepare the ethylidene diacetate of step (c), the enriched product feed

5 stream containing essentially the acetaldehyde of step (b) is fed into a reactor with
acetic anhydride to form a second product stream containing essentially ethylidene
diacetate according to either one of United States Patent Nos. 3,700,722 or
3,383,374, both to McTeer, which describes the reaction of acetic anhydride and
excess acetaldehyde at 25°-100°C, (preferably 40°-60° C) in the presence of

10 sulfuric acid.

Example 19 describes the thermal decomposition of ethylidene diacetate
into VAM and acetic acid as described in step (d) of the present invention. The
procedure as set forth in United States Patent No. 4,843,170 to Isshiki et al is used

15 to thermally decompose the ethylidene diacetate formed in step (c) of the present
invention utilizing any one of the Examples 1-17 to produce acetaldehyde which
is reacted with the acetic anhydride in step (c) of the present invention. The
thermal decomposition of said ethylidene diacetate typically occurs at a
temperature between 50° and 200°C and a pressure of less than 15 atm.

20



59% The other products forned were carbon di oxide (4% and et hanol

(189 . Exanpl e 17 The catal yst utilized was commercially avail abl e
copper - alwoi2owm7ecatal yst sol d under the nanme of T-4489 fcorus2ad/o@vesi e. The
procedure as set forth in Exanple 1 was substantially repeated with an

aver age conbi ned gas hourly space vel oci #) (GHSV) of 2,500 hr 1 of the feed
stream of the vaporized acetic acid and hydrogen (H2 to acetic acid nole
ratio of 5) at a tenperature of 35C0C and at a pressure of 1 bar. A portion
of the vapor t is passed through a gas chromatograph for analysis of
the contents Epih ellaeffl uents. The acetic acid conversion was 88% and

acet al dehyde sel ednywnt yf thasatﬂjk@toprebhedcat:ctwhng)rodﬁmmpksfAeOrmnibe/\meé car bon

di oxi de (5% .apd eth nol 9 A These exanpl es
T ustrate | H0MEeEierRnes et Rk O SOPUANG TIPSR 0t oo Bupisy of

cat al yst s wheneiha fiealtskerof rie pmﬂlt:ﬁdndﬁh\yzdm fran tHe@eavaon aftlé adetaldshydd ow

sel ectivi ty to acetald %d S ob erved, at | ow conversions of acetic acid.
In all of 3t hd¥&¢ i‘éﬁﬁ‘?@’% mﬁ.ga gidcatalyst. torth in Exanple 1 was
substantially followed wth the exceptl on of using different catal ysts as

listed in Table 1, e reaction tenperature and selectivity to acetal dehyde
and ot her product & lélpéhea‘lnﬁi‘t‘f’ﬁbﬁﬁ brer 4 lustratqd i cannectrgmwith partidglan j ¢ Aci d

Conversi on amarﬁgkﬁﬁ{ddmcml&ﬁtém@s&qmgregthm@maﬁa séopaloPine 18 To prepare
the ethylidene diacetate of step (c), the enriched product feed stream

cont ai ni ng eé%‘é’ﬁi‘?‘h‘fvllklbetrﬁ@‘léi@é?"é?fﬂé‘h%%ﬁ fskidltin the(at) In giepeithent 0 a react or
with acetjoc %diﬁg dRcusQoh, Q418VAt @wsugem &@uﬁtan&wf&@meg&e&@gea' ng

essentially ethylidene diacetate according to either one of United States
Patent Nos. 3by(Onromegtionyyvigede Badkeropsdiand DewilakBescriptiincthedescri bes t he

reaction of agefdsGreoB¥WIHEN € aﬂrﬁg:orporated herein by reference, further descrlptlon is

deemed unnecessary.



excess acetal dehyde at 25-100C, (preferably 40-60 C) in the presence of

sul furic acid. Exanple 19 describes the thermal deconposition of ethylidene
di acet at ewvonvm/dfAband acetic acid as described i n steppta)usedoonhe2pr esent
i nvention. The procedure as set forth in United States Patent No. 4, 843,
170 to Isshiki et al is used to thermally4ldeconpose the ethylidene

di acetate fornmed in step (c) of the present invention utilizing any one of
t he Exanples 1-17 to produce acetal dehyde which is reacted with the acetic
anhydride in geRT(€CL_IMEDPASPr esent invention. The thernmal deconposition
of said ethylidene diacetate typically occurs at a tenperature between 50
and 2000C and!-a Appresessifas thef produstion bfavinyl BeedtenfEmaarpticcacibeofopyismge of t he
catal yst prepared according to Exanples A-O can be used in the procedure as
set forth in U S Patent No. 5,719,315 to Tustin et al to carry out the
final step of the predwontactingdh a\ifdVrdaction ddne a feedGtréanncataihing agetiet al dehyde

formed in step (b) and a. ketene with an acid catal yst. Wi le the invention
has been i?sl ustrated i r?mgoarqﬂ&%%w Bhip E]%ag?‘fﬁe'@ﬂ?réﬁu}/ee‘%%F‘E?,glem)di fications
to these exanpl es wit hihydtobenasipg titilyansthsine 16abt dnbenekdl @Bt Do | | be
readily apparent to thoge of skill i In view of the foregoing

| the art. ¢
di scussi on, rel evant kiBWF8URYEPTFIRIRGY ton: COPRET: BAUM- U HEEs Pyl ladsadd " above in

connection with the Back@enuadugiteeDeh aklingleRaas/si ﬁ?h&ﬂandtébﬁoﬁdl closures of
which are all incorporated herein by reference, further descripfionis
deenmed unnecessary. WHAT! Faiinatjonpyith age of mope metakcatadysisseleetad framabrict i on of
vinyl “acet@te from acetgrdupahdstH@HR fih, M N8inud; p&&_eih%%%ﬁaﬁ, bl BddnbifnSt
reaction zone a feed stream containing acetic acid and hy rggen at an

el evat ed tenperature wtingsgn aud yanpdligm to form a first gaseous product stream

comprising acetaldehyde;

b. enriching said first gaseous product stream with acetaldehyde at

15 least 50 mole percent;

c. contacting in a second reaction zone said enriched first gaseous
product stream obtained in step (b) at an elevated temperature with
acetic anhydride to form a second gaseous product stream of

20 ethylidene diacetate;

d. thermally decomposing in a third reaction zone said second
gaseous product stream obtained in step (¢) with a suitable acid
catalyst to form a third gaseous product stream consisting

25 essentially of vinyl acetate and acetic acid;
e. separating the vinyl acetate from said third gaseous product stream.
2. The process according to claim 1, wherein the hydrogenating catalyst in step

30 (a) is selected from the group consisting of ruthenium supported on silica or

iron oxide; iron supported on silica; a combination of ruthenium and tin or



hydr ogenati ng catal yst including at | east one netal selected fromthe group
consisting of iron, copper, gold, platinum palladiumand ruthenium

support edworos/®u4babl e catal yst support and optional | y pcm/useetoiones on wit h
one or nore netal catalysts selected fromthe group consisting of tin,

al um num potassium cobalt, nolybdenum 42ungsten and vanadiumto forma
first gaseous product stream conprising acetal dehyde; b. enriching said
first gaseous product streamw th acetal dehyde at | east 50 nole percent; c.
contacting in a i i N che ir eq pr oduct
stream obt ai ned r‘?‘ﬁ&‘g‘{}gﬁﬁ‘f@‘?& %{% ri%u?\@'g rel\?/'gtéeiggg@&%éor 'g’ttfﬁ rél%é\ﬁ (?%%8%@? l| C

anhydri de to fotol;a eabomtogaSdatimnpanddator platimanmand tieitayi/Snde ReFei acet at e;

d. thermally de i-n n.a third tion,zone, said cond, gaseous
product stream g%@?%g |€rllw§%n§|%°t%3°u\{/\§{?ﬁ°!a’agﬁf‘tc%'BP@%é%’i%i?@ﬁtaﬁ‘i’yst to forma
third gaseous prashltct stream consisting essentially of vinyl acetate and

acetic acid; e. separating the vinyl acetate fromsaid third gaseous
product stteam 2. The process according to claim 1, wherein the

hydr ogenat i ng3.cdhepiséss atcordi@Pto(chimi IS wheleRGhedcbidydidiendioa¥Raensi sti ng of
rut heni um supported on, sili g(? or iron oxide; iron supported on silica; a
conbi nation of FMLEFRT irlssied frrm the srovmenssistinga{@latingm sgppostek@n Sn or Ru/ Fe

wei ght ratio i nafubfind 3RERa hd ARRHIunDsubpbfedlon aRunBRAS! fiadal Al Wer@hat i num and
iron or platinumand tin at a Pt/Sn or Pt/Fe weight ratio in the range of

about 0.1 to 1: thengpidicatalysimeen @ isgelerted fromrgoraatigsutfonic acids, sulfuric

10 acid, and alkanesulfonic acids .
/
4. The process according to claim 1, wherein the first gaseous product stream is

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

15 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
1:100, the temperature of the reaction zones are in the range of about 250°C to
350°C, and the pressure of the reaction zones are in the range of about 5 to 25

atmospheres absolute.

20
6. 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 1:20 to 1:2
the temperature of the reaction zones are in the range of about 270°C to 210°C,
and the pressure of the reaction zones are in the range of about 8 to 20
25 atmospheres absolute.

z

7. The process according to claim 1, wherein the hydrogenation catalyst in step
(a) is platinum at a loading level of about 0.5 weight percent or about one (1)
weight percent and tin or iron at a loading level of about five (5) weight

30 percent and the catalyst support is silica.



3. The process according to claim1, wherein the second hydrogenation
catalyst in step (c) is selected fromthe group consisting of platinum
support edworzosiarm4pa or silica and rutheni um supported eoTalszevoNes70F
silica; and wherein the acid catalyst in step (d) is selected fromaromatic
sulfonic acids, sulfuric acid, and al kane4ul fonic acids . /' 4. The process
according to claiml1l, wherein the first gaseous product streamis enriched
wi th acetal dehyde at |east up to 80 nole percent in step (b). 5. The
process accordi i X ein the.r nts_in a) consi st of
acetic acid a%dﬁ%§hggéégbﬁ%%ﬁggﬁ%%ﬁh%“&5 Fgﬁ?ﬁﬁﬁﬁggggﬁﬁ%&ggtéﬁgﬁt 100:1 to
1: 100, the tenpdéaas mtlenoin athdoadiacitve of zmoed 5 areiht pertdneor abogieonef(1)about
2500C to 3500C, and.the pressure of the reaction,zones are.i.n the range of
about 5 to 25 aﬁ%ﬁ%ﬁﬁ%?%ga %ﬁﬁﬂﬂqgatékm?W§%BFL@g@8m B@éﬁﬂﬁﬂgﬂto claimi,
wher ei n t he reapt@aitand theshlystsapp@onsilish. of acetic acid and hydrogen with
a nol ar ra%io in the range of about 1:20 to 1:2 the tenperature of the
reaction zones are in the range of about 2700C to 2100C, and the pressure
of the reacti@nAzgaoess fr el plodudtion aMNGRyl Abetab Bdin Betdcuc’iofipriBinpher es
absolute. 7. The process according to claim1, wherein the hydrogenation
catalyst in step (a) is platinumat a |oading | evel of about 0.5 weight
percent or about onea( kbnW&ingHh a Bid c@BliorPRAe b ifddd Atrednf UhtMingadefdi g | evel
of about five (5) weight percent and the catalyst support is silica.8. The
process according to clagidsnd hydipganeit an elgeated tgmpeyatyes Wighe saebleyst in st ep
(a) is rugmeniumat a | { : f: I or about
i h?@r‘ag&ﬁtnhg&ﬁ%lyﬂ 1nc"ﬂpﬁr§at gt @ea%. o‘f’@'rrﬁﬁtl aﬁ&é«%ﬁﬂ{a m

one (1) weight percent and"tin or on oadi ng lev out five (5)
wei ght the group consisting of iron, copper, gold, platinum, palladium and
ruthenium supported on a suitable catalyst support and optionally
in combination with one or more metal catalysts selected from the
group consisting of tin, aluminum, potassium, cobalt, molybdenum,
15 tungsten and vanadium to form a first gaseous product stream

comprising acetaldehyde;

b. enriching said first gaseous product stream with acetaldehyde at

least 50 mole percent;

20
c. contacting in a second reaction zone said enriched first gaseous
product stream obtained in step (b) at an elevated température with
acetic anhydride to form a second gaseous product stream of
ethylidene diacetate;
25

d. contacting in a third reaction zone said second gaseous product
stream obtained in step (c) at an elevated temperature with an acid
catalyst chosen from aromatic sulfonic acids, sulfuric acid, and
alkanesulfonic acids to form a third gaseous product comprising a

30 mixture of vinyl acetate and acetic acid; and



percent and the catal yst support is silica. 9. A process for the production
of vinyl acetate fromacetic acid conprising: a. contacting in a first
reacti on wonei7fmed stream containing acetic acid and lpgarusg@a/oed72an

el evated tenperature with a suitable hydrogenating catal yst including at

| east one netal selected fromthe group dénsisting of iron, copper, gold,

pl ati num pall adi um and rut heni um supported on a suitable catal yst support
and optionally in conmbination with one or nore netal catalysts sel ected

from the group COI’ISieS.t %e@g?ﬂirl%{hgﬁ}}ny%éé%é‘%% sﬁgilﬁx%s(g&gc{ghgﬁr%ggtts&eaqpl ybdenum

tungsten and vanadi um 0 rrst gaseous pro ream conpri si ng
acet al dehyde; b. enriching said first gaseous product streamwth

acet al dehyde atJ east 50 le percept:, c.. contacting in second reaction
zone said enrlﬁcﬁheeoprf’?eﬁss?ccﬁr 's“éotg(s:{aﬁ? g’d‘ﬁl&?e'gheg‘g 861 f’?\ghg?pn aPep (b) at an
el evat ed t enper adrticdeoutbid adgdiopenatingydaly denauppdrtiwhich estalyst igaseous product

t f ethyli di tate; d. . ti i thir actjon zone said
Second gaseous FIGHIAOTEEE i BT REAl PROMTLY 2pfting ex obfEyLe S

tenperature witWeight predeflt srabaltyaé (19 h@?ﬂpér&@'ﬂ;@b@ﬂ@i drCsilsdal fisPéM ifonaci ds,

sul furic acid, and al kalne?ul_fonié acids. to forma third ﬂaseous pr oduct
conprising a m ¥Upadinglevsl laboytivefobwaight pegsent wupprrted ongHige andepar ati ng t he
vinyl acetate fp@enRiai & alibidifd 18RS 6P4uPd.9 Wefpht SdréRBHR abdk ondlgp Process
according to claim9, wherein the hydrogenation in step (a) is carried out
over a hydr ogen¥tighipersntyuprartedon silisupport, which catal yst is

10
11. The process according to claim 9, wherein the acid catalyst in step (d) is
selected from the group consisting aromatic sulfonic acids, sulfuric acid, and
alkane sulfonic acids.
15

12. The process according to claim 9, wherein the hydrogenation in step (a) is
carried out at a pressure just sufficient to overcome the pressure drop across

the catalytic bed.

20 13. The process according to claim 9, wherein the reactants in strep (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 250°C to
350 °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

25 range of about 0.5 to 100 seconds.

14. The process according to claim 9, 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 270°C to 310°C,

30 and the pressure of the reaction zones are in the range of about 8 to 20



selected fromthe group consisting of platinumat a |oading | evel of about
0.5 wei ght percent or about one (1) wei ght percent supported on silica, tin
or iron avoaolwadisg | evel of about five (5) wei ght per eermtussapposeed on
silica; and rutheniumat a | oading |evel of about 0.5 wei ght percent or
about one (1) weight percent supported o#5silica. 11. The process according
to claim9, wherein the acid catalyst in step (d) is selected fromthe
group consisting aromatic sulfonic acids, sulfuric acid, and alkane

sul foni ¢ aci ds. ,Jngsphy%% l%roﬁffeeasn%l tﬁt,c kAt Prge Bpregétﬁ{t&n% cam{ 1?'

hydr ogenation in I's carried out pressure su f|C|ent to
over cone t he presgsufaboutdd tadPdseondse catalytlc bed. 13 The process
according to claim9, wherein the reactants in strep (a) consist of acetic
acid and hydrogen with a nolar ratio in the range of about 100:1 to 1:100

t he tenper at USeTlef prodess aceardingan Cramés whereinithe tabid citalygiein @fep &d)asiin 2500C t o
350 0C, and the pressu of the reaction zones are in the range of about 5
to 25 at nospher¥g™ gﬁ?ﬁhﬁpgcﬁﬂ “the contact time of reactants and catal yst
is in the range of about 0.5 to 100 seconds 14. The process according to
claim9, wherein the reactants jn % consi st of aceti ¢ acid and
hydrogen wi t oA miteass foir odketoR e via baée fe frin geti agid cpprising’t he
tenperature of the reaction zones are in the range of about 2700C to 3100C,
and the pressure of the reactjon_zones are in the range of about 8 to

20at nospher es absol f eCoRftinhi aclystraeation zene aofeed diamerntginiighcetit al yst is in

the rangeqgof about 0. 5,di@a}dRiPER B el&éted?éﬁ?pepftlﬂ@%ﬁﬁ Lafiding to daim
9, wherein the acid catalyst 'instep ( R is an aronmati c sul phonic acid.
hydrogenating catalyst including at least one metal selected from

the group consisting of iron, copper, gold, platinum, palladium and
ruthenium supported on a suitable catalyst support and optionally
in combination with one or more metal catalysts selected from the
15 group consisting of tin, aluminum, potassium, cobalt, molybdenum,
tungsten and vanadium to form a first gaseous product stream

comprising acetaldehyde;

b. enriching said first gaseous product stream with acetaldehyde at

20 least 50 mole percent;

¢. contacting in a second reaction zone said enriched first gaseous
product obtained in step (b) at an elevated temperature with a
ketene and a suitable catalyst to form a second gaseous product

25 comprising vinyl acetate; and

€. separating the vinyl acetate from said second gaseous product

stream.

30 17. The process according to claim 16, wherein the hydrogenation in étep @)is

carried out over a hydrogenating catalyst on a support, which catalyst is



16. A process for the production of vinyl acetate fromacetic acid
conprising: a. contacting in a first reaction zone a feed stream contai ni ng
acetic aowo 2amd7hmadr ogen at an el evat ed tenperature w trcaissimabi7es

hydr ogenati ng catal yst including at |east one netal selected fromthe group
consisting of iron, copper, gold, platindfm palladiumand ruthenium
supported on a suitable catalyst support and optionally in conmbination with
one or nore netal cat al ysts selected fromthe group consisting of tin,

al um num pot as?e' @lkgrougghxgsqlﬁ?ld%lg% a?tc'flglﬁacﬁggdle &%@%o‘ﬁ BO form a

first gaseous pro uct stre r's enriching said
first gaseous pwongbmercsmrcarabmumhh(la@m@lt ﬂabgnﬂm@brtémssnh&()tnmod ieorper cent ; c.
contacting in a acor d Leac ct |bon 28 salg enr i hed rﬁa‘drSt asequs pr oduct
obtained in stef (?f} ing leyg] oLRUL IS 'f%e{‘iff’ SURPR é)"ksg & %%nd a

sui tabl e catal yﬁmhehmnfa:ram)aain%elewndfme@ﬂwelyhomtedm eiodBenl Greriy) Vi nyl

acet at e; asnd e. arating the vinyl] acetate from said second gaseous

product stream Wf’i‘?& PEFRSNIBRTEd og ¢ '(S?dl ng to claim16, wherein the

hydrogenation in step (a) is carried out over a hydrogenating catalyst on a

support, which catal yst issel ected from the group consisting of platinum at
a | oadi ng | eVidl Thgpragrstceerdnggiclatp 1parhessin th firsiisad secopdrepationgengsht per cent

supported on si &dn%seFdspecmelyWrﬂst%ye.aof*tﬂ@msﬂ&dlﬁvceaon%s@maﬂda‘I ve (5)
wei ght percent supported on silica; and rutheniumat a |oading |evel of

about 0.5 wei ghtecpislayssof te seaondcatalyiic gamppaisiogtn a frrededt support ed on
silica. g

19. The process according to claim 16, wherein the first and second reaction zones

are in separate vessels.

20. The process according to claim 16, wherein in step (a) the selectivity to

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

21. The process according to claim 16, 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 250°C to

20 350 °C, and the pressure of the reaction zones are in the range of about 5 to 25

atmospheres absolute.

22. The process according to claim 16, 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
25 the temperature of the reaction zones are in the range of about 270°C to 310°C,
and the pressure of the reaction zones are in the range of about 8 to 20

atmospheres absolute.

23. The process according to claim 16, wherein the catalyst in step (c) is selected
30 from the group consisting of perfluorosulfonic acid resin, H-mordenite, H-

ZSM-5, zeolite X, and zeolite Y.



18 The process according to claim 16, wherein the first and second reaction
zones conprise respectively a first layer of the first catalytic
conposi t iwo 2arh7as43econd | ayer of the second catal ytic eomussemioest2s n a
fixed bed. 19. The process according to claim 16, wherein the first and
second reaction zones are in separate ved3els. 20. The process according to
claim 16, wherein in step (a) the selectivity to acetal dehyde based on
acetic acid consuned is at |east about 80% 21. The process according to
claim 16, wherein the reactants in step (a) consist of acetic acid and
hydrogen with a nolar ratio in the range of about 100:1 to 1:100, the

t enperature a@#. Thweprpms:adcmdingdaebmﬂ@ wherdie steprigethefatalpsis 2500C to 350
0C, and the pr 5 mﬁl§m5$%§tlon zones are in the range of about 5 to
25 atnospheres a 7 process according to claim 16, wherein the
reactants in step (a) consi st of acetic acid and hydrogen with a 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 2700C to 3 100C, and the pressure of the
reaction zones are in the range of about 8 to 20 atnospheres absol ute. 23.
The process according to claim16, wherein the catalyst in step (c) is

sel ected fromthe group consisting of perfluorosulfonic acid resin,

H nordenite, HZSM 5, zeolite X, and zeolite Y.24. The process according to
claim 16, wherein in step (c) the catalyst is perfluorosulfonic acid resin.



