1 INTEGRATED PROCESS FOR THE PRODUCTION OF VINYL ACETATE FROM ACETIC ACID
VIA ACETALDEHYDE 5Claim for Priority This application claims priority to United States Patent
Application W&HINB77827317,995, of the same title, filed December 31, 200, HREAKMIBPporated by
reference in its entirety. 10Field 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
ng a catalyst cmoslc)ao d supported 15metal catalyst, such as, for

hydrogenating acelj'!ﬁ ﬂ?—:i uti}u Ing ¢ s
example, iron, plati Frentt B4 SRtat st & BN SN ABESAE including one

or more additional hydrogenatinEROMaABTIE M it Midehgdd aitbEEDEelectivity. 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 kelginerf@eikgiound 25There 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 ald8iARREAtieR eI g Lo BdRd ftaikeRaten KinlicatiemBsristoduced from
two key raw matexald 2€xhygase cbeaaatéaitie]dild mdensbier B1ed00dinamidy RrpugREaic@M petroleum
based raw materig\lsr aflépe%ugpn%cs) grﬁlert%{acid can be produced to a lesser extent from petroleum based
raw materials. Theyrefore, uctuating natural gas and crude oil prices contribute to fluctuations in 2 the
cost of conventionally produced, petroleum or natural gas-sourced VAM, making the need for

altemative spyircasgd YAM allthggreater when oil prices rise.

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



51t has now been found that YAM can be produced essentially from a mixture of carbon monoxide and
hydrogen (commonly known as synthesis gas or syn gas) involving a few industrially viable steps. For
example, it WQMRHGREHthat synthesis gas can be reduced to methanol, WRidHUSZHIAOTRR
industrially preferred way to manufacture methanol. Methanol thus formed can then be 10converted
selectively to acetic acid under catalytic carbonylation conditions, which is again the industrially
preferred process for the manufacture of acetic acid. The acetic acid thus formed then can be
selectively conveﬁged to ?gfetaldehyde under suitable catalytic conditions. The thus formed

acetaldehyde alofl %7t Y drinvaltyBrafyeh AR HE co ARl @3S ottgRd dtMiacetate 15which
is subsequently thedkied|yhd eeedrfposieiaivédduaced afeiiMasinthd Eraugwtarsipsadee known preferred
processes for sucﬁsg 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.
20For instance, the catalytic hydrogenation of aromatic carboxylic acids to produce aromatic

adehydles has been repgichis,iediesah fuf R RaBRle phRlec Salefglenilo: 4612700 to

Maki flat discloses that argmatic aldehydes can be formed from aromatic carboxylic acids using a

catalyst comprisifg S PEO AT AT RSB e raFAS A drasea dcummanty kisomasspibest &#bselement

selected from thesgrogi)dansisiigg 6 hinaosttialymabaase, i RxsabRItitZNwchikrowh, lead rhenium

and the elements fGroH]p Ul insperiq)ds 3.t0 6 fthehperilodi .tﬁ\ble. owever, no examples of catalytic
: . that Flyr% €S1S %a cz}n ¢ reduced fo methanpl, w 18 1S 1n fact.the dnduﬁ;lrla
hydrogenation of alipfratic carBoxylic acids such as aceti¢ acid are provided in this disclosure.

30United States mm&quma&,mmsa@m@mama dethaisdlose®anaithothef producing an
aldehyde, wich CQMRASESINAIAICAAING: LA RANAIEARI OLIBord Hifvh &3IRIMgHR, molecular

hydrogen in the presence of a catalyst containing chromium oxide of high purity having a specific
surface area of at1Bislt i1 653y Andysitiatly eisfrerd Brossesdon thsommaiasiusnabpretiom and calcium of

not more than 0.4avveighienasaricid ihdsiftiekdapertias hisairthal e gs@gsenation Sreaction is
conducted while @%‘t@fﬁ‘éﬂ%% H?a ecrasEHPa elti%a?a i)(ljtigrcci}gd?t%xls.eﬁ‘ileert Bsa 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



concentration of not more than 10 volume percent. Additionally, the only example reported therein is
hydrogenation of stearic acid to stearyl aldehyde. Most importantly, the selectivity to aldehyde drops
significantly\¥0e914é3Btal content of sodium, potassium, magnesium andPéAGIAINEPeEes from
about 0.3 10weight percent to about 0.46 weight percent, thus rendering the process not suitable for a
commercial operation. United States Patent No. 5,476,827 to Ferrero et at describes a process
for the preparation of aldehydes by catalytic hydrogenation of carboxylic acids, esters 150r anhydrides

utilizing a bimetalli¢ ruthenium/tin catalyst. The preferred carboxylic acids are the a-13-unsaturated
carboxylic acids ﬁﬁﬂ%ﬁ%&&ﬂﬁ%ﬂ@t&’&&l@&ﬁéﬁ%ﬂﬂﬁ’?ﬁﬁ’é%%{?ﬁf‘oﬁ% ACaRiYE RPN ples of aliphatic

carboxylic acids inctuding aséticod bighaparjisohvidieg. 22pekritie dutfatearaient bt 60372498 to Tustin .
clat discloses a meihorlcRIRAY SR AREIIENYS M. acelle adidan s proeess, acetc acid is
hydrogenated with hydrogen at an elevated temperature’in the presence ofanron oxide catalyst
containing betwe&p GAamigho Roeigiit peicBmthearngitied theosiethat thedpdogsantiondition reported

therein is corsprisestab ik uaRIASR GalelyslAaRA D BALRL FRSIAPOL AW Pigh! gegcen palladium

which affords about 80 ﬂ{)e[cent selectivitee to acetaldehyde with about 50 percent conversion of acetic

acid. Additionally SSRSAHEELP SARRLMSTE AN bR Ik s ReTGeh o HdinsdY el ethylene, ethanol and
acetone are formexhmple repbnedahetainl ¢yt apedaticiest siayicattdty elabe iriAIRd. with acetic

anhydride to formlv? vliidene diacgtate first and subsequent thermal decomposition of the ethylidene
diacetate to VAM a(r%% ﬁ%%fc%ﬁc‘:?,d &Eﬁg}%%ﬁpg%? er?}?legg %f)&sess'%gﬁg%?tﬁ&v%b]ﬁ%é(gat}o Perkins
teaches a proces8ofseihelksadivimynaasipn sueangsiwinghdcalciten hereasetifigrasktet &hydride with

paraldehydegnd geiburipeacds (HRBERI9.86 IRAgIpehLMaking _ityligans,Aiacgtate first and then

thermally decomposing said diacetate in order to obtain vinyl acetaté and acetic acid. Perkins teaches
away from the us&BHRIR PHMTEMMEIHALIBFSRHRL, such as ethylidene diacetate to arrive at vinyl
acetate.

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.



United States Patent No. 4,843,170 to Isshiki et al. discloses a process for producing vinyl acetate
from methanol wherein the methanol is converted to ethanol, methyl acetate, dimethylacetal, and
acetaldehy OHEMERNI acetate is 15further processed through carbonyl§USEAACEYiC
anhydride which is mixed with the dimethylacetal and agﬁtaldehyde from the methanol conversion
step. The acetic anhydride, dimethylacetal and acetaldehyde 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 ent invention 20in order to produce acetaldehyde. United
States Patent No. 4,97;1,‘ 7@%%%%?@6&%8@5% HRCTSSSU Sy e seeted BIBASERTy vinyl acetate

wherein the acetianhpéindiclefismealcgdidenétdityasegintimthallyegencthahalcatalyst instead of
acetaldehyde. Ashe d g,sqilglgg QCARN iAo OMyeL: v'ln | tate directly. from acetic anhydride and
hydrogen, there is no nlze to pro uc%%g{ﬁyﬁ%c%ne gtlgc%)t%%ﬁr? %((r? é?t%%f’%'ém VAM through thermal
decomposition which is the basis for the present invention. Alternatively, acetaldehyde may also

be reacted wigh a ketenedpdgrmpROVANA SRrdasiaBrans Riled S981eSRAlRRI AR5 719,315 and

5,531,456 both to Tustin et aL disclose processes for the preparation of vinyl acetate wherein 5
acetaldehyde is rISEFWRA MM YKL MHEhar IRl dptatu BhigrEnadEasg s didatalyst in a
contact zone. Frowitbhefatetpdequidisubfpiaranid thidict ésexi sthegipgastanskingletiioideaye 5 the requisite
selectivity to formd %%I%@F@’%‘e dqggncl; efrorﬁ acetic acid and ‘}f?}??nﬁ éga?é:}nsgréorme acetaldehyde and

acetic anhydride se ectlvefy t0 Torm et yﬂ‘d% e diacetate Wit er converglrotﬁ ?h%ll'}gh thermal

decomposition toWxhpestrtcsaistizceldtchdidad entéer erhgsroras fFomuthenskinfathem industrially
adoptable tq produgenéailestantialydianeauiasiadas A0 arREYPesis dasdased products. 10

Summary of the Invention
United States Patent No. 4,843,170 to Isshiki et al. discloses a process for

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



Surprisingly, it has now been unexpectedly found that VAM can be produced on an industrial scale
involving an integrated process by which acetaldehyde is first formed directly from acetic acid with very
high selectiVk® 268AT#Ed, which is subsequently reacted with acetic anhyBHE&$3MKYAIERTYI idene
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 20catalyst comprising at Jeast one metal selected from the group consisting of iron,
copper, gold, plat?ﬁﬁtrgzlgﬁ%?ﬁ%d X d”l‘ﬂ!lﬁé?ﬁ'iﬁﬁ? and fisrretrtyre éséﬂﬂi?ﬂfée%%?(aﬂ%iagt?ﬂport. Optionally,

the catalyst is furthzh ecatdsisdd otanecozonare metal catalysts selected from the group consisting of
tin, aluminum, potassium, cobalt, molybdenum, tungsten and vanadium to form a first gaseous product
stream; (b) 25enriching said first gaseous product stream with acetaldehyde at least up to 50 mole
percent; (c) reacting saifiremribpderegeingdsiscurpreotithet treeaistiitg prastesseaowith lsesetic anhydride in

a second fea§tioﬁ%q€§u§9it®£éih@ti$ﬁ998%%%@%é?d@ﬁ?@é‘ﬁ?é& HARIRINGSaRARUR!Y of ethylidene

acetate; (d) thermally decomposing said second gaseous product stream from step (c) over a suitable
catalyst to form a"RHiPd YREIAsEPIdsHyde andashticombpdiiy selsetivriiyforn pihytideagetic acid: and

(e) separating vingihaaetateididurtbaiddivedsgasepsippiacte] déespodiion tvanathad embodiment of
this invention, thisé i&ventign proyniges a process [Hr the sele&ltive.f%'matif\i)r) ?()Jo\ét%ﬁ/ll from acetic acid
erafl

comprising: () hyarc;ag%latmanace? adPiR e pruessrgﬁlgél% ﬁ%‘rnoéltsatﬁ'% %%rogenating

Scatalyst comprisifesinedeasMoersantiatly Sesimctipnttfesingiseagru syrdsistiag wisad procopser, gold,
platinum, pagjipdium 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; ; n and vanadium to form a first gaseous product stream; (b)

10enriching said first gaseptisipgbditdiastieanbevithmsptaideldenatdpastam bBemole percent; (c)
reacting said enricp%glc@rasg Igggclel%ﬁ%tgr?du?t strerrlm from step (‘lij with aq&ic anhydride in a second

reaction zone to form & second gaseous product it s RERHSIHY WELRANCY ethylidene diacetate:

(d) thermally decesajaddsihydsasdiss domiked aseotly fooodamtistaesiw flomersteizl{cE evariaysuitable cracking
catalyst 15 18 formdyibiiel ReRAU RIRAGheRm L RARSING SRR ahibdiiglaAM and acetic

acid; and (e) separating vinyl acetate from said third gaseous product stream.
diacetate which is thermally decomposedto 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 to 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.



In yet another embodiment of this invention there is also provided a 20 process for the selective
formation of YAM from acetic acid comprising: (a) hydrogenating acetic acid in the presence of
hydrogen oV¥P 3% Ty#fogenating catalyst comprising at least one metal $SEIEMEHIARIOTRE group
consisting of iron, copper, gold, platinum, palladium andoruthenium supported on a suitable catalyst
support. Optionally, the catalyst is further comprised of one or more metal 25catalysts 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 reactiomztree daodimensef diisligasrusthromvehstiepdy ke ampdsing vinyl

acetate; and (c) sgcgatﬁ%tgn% inglfgc tate fr id secand gasgeous product stream. 7 More
specifically, the catalyst or‘%&\é se@ﬁyg cﬁﬂ% ion 0 3%%%3% éﬁ% e m'st‘r%'fi{a step of the process of

this invention is typideBeesing Aetti-atidup turrrdseotdsadibydraisnewria fishiyidragerativigh tin or iron; a
supported irog aloRe Qs IRREMRRBAIRRVIH m@&n%aé@%mqhgrg%ggmm opiptinum and tin.

Similarly, other catalysts suitable in the process of this invention include supported palladium alone or
a combination of SSRRUEAG A iR unars B pumanid mhapyasopeotes onAiektabls sarhsr comprise
potassium acetatguggen, Qptinsigadedyatalaseiafoanbirmipmsel ppdadiimbremeid/Fe), iron/cobalt 10

(Fe/Co), copper/molybdenu Mo),or copper/aluminum.(Cu/Al). Suitable catalyst supports include
without any Iimitaﬁ%%&ssl |cs§%}%%m%r?én, ﬁ‘&gﬁ‘jﬂp Shicd §?1 gar tE)r’l,alfz %@Hfgj %?l%?)wgzsﬁfv’ﬁg,lttitania,
titania-silica, iron oxibiddendmcoligsten g vanadicmas fomeadirspasbduz BlodbetSiticanalie) iron oxide are

particularly prgferta SatalskRRORS IR (HEARSEssPISIVARLAM. 1 BSiajisd Rescription of the

Invention The invention is described in detail below with reference to numerous embodiments for

purposes of exendPRIFCRRIGENEAE) Arastiagistdrnyichd difk sasrruipiodnes sesadrfioatis AR MY within the
spirit and scope okiheapegsankyanaativn seaindGtasiion e apReROEskcdainaassuils Brotradily apparent to

those of skill in the art. Unless more specifically. defined beloyy, terminology as used herein is given
its ordinary meaning- M&f&' Sﬁsré%}r&%ﬁfsfﬁ'wé gy(’)c?%?&%;}éﬁ'be Iﬁl@cfé?ﬁfﬁ)s'fg?%%&%cﬁg}ﬁ%ﬂ%nless
otherwise indicatedidAksigrit grseoenblodudt sired) frach Iskep (c) over 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.



25terms 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. Th¥OHRRARRe, one (1) weight percent of metal on a support mBERI RV 3Dgram of
pure metal is present in 100 grams of supported metal catalyst, i.e., the combined weight of support
(99 grams) and the metal (I gram). 8 "Conversion" is expressed as a mole percentage based on
acetic acid in the feed. The conversion of acetic acid (AcOH) is calculated from gas chromatography
(GC) data using the following equation: 5 AcOH conversion (%) =100 mmol AcOH in (feed
stream)-mmol AcOH out (GC) =al AcOlt in (feed Stream) "Selectivity" is expressed as a mole
percent based on conveMert apetifiadigl. t%cﬂ&mﬂl&tﬂéﬁ%&&%ﬁfﬁiﬁﬂdﬁ m&dﬂgﬁywd 50 mole % of

the 10 converted %Cé%e% &  SORY fto%%StO ﬂmgl {;}ggt E?ﬁ:g }']Vgg(lé%%% pﬁsegato dacetate

selectivity as 50% leCtivity is calc ate_ rom gas Chroma fife following
equation. whereifitiaizmaao o @UGQ@blyfahefev\sthﬁmmllmmelwppwbmﬁminnadroﬁthe products

analyzed by gas eBRMTHAIRAT ARtk platinum IGIREGAEURA BERASRABINRGRRIHARGR I the following

chemical 20equations:
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 comprise potassium acetate. Also,
suitable catalysts are a combination of palladium/iron (Pd/Fe), iron/cobalt

10 (Fe/Co), copper/molybdenum (Cu/Mo) or copper/aluminum (Cu/Al). Suitable
catalyst supports include without any limitation, silica, alumina, calcium silicate,
carbon, zirconia, zirconia-silica, titania, titania-silica, iron oxide and zeolite
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).



a) Hydrogenation of Acetic Acid to Acetaldehyde 0 | 11-120 H3COHCH3 9 b) Addition of

Acetaldehyde and Acetic Anhydride to form Ethylidene Diacetate 0000CH3 O 11111111 --C+CC-so-
-2, WO2010/07734E " .C.,, CH3H H3COCH3H3CO00CHS3 c¢) ThernP4IHESAHHTN of
Ethylldene Dlacete to form VAM and Acetic Acid 0CH3 %0 [111".0 AN.

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

chromatography (GC) data using the following equation:

=700 * mmol AcOH in (feed stream)-mmol AcOH out (GC)
mmol AcOH in (feed Stream)

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

(GC) data using the following equation:

.. 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



10N*--,C O0OCH3 CH2H3 0 CH3 HO-C \\ 0 d) Pyrolysis of Acetic Acid to form Ketene 0 Heat
CH2-C-0H20 15H3COH e) Addition of Ketene to Acetaldehyde to form VAM f) 0 H3C + H2C-C-0
WO 2010/077342 PCT/US2009/006725

b) Addition of Acetaldehyde and Acetic Anhydride to form Ethylidene

Diacetate
o) o) o) CH; O
P i
e SH o Mo Y07 NCHy  HeeT Yo7 N0 e,
5
¢) Thermal decomposition of Ethylidene Diacete to form VAM and
Acetic Acid
T i ”
— | HO—C
C C C C C *
oW o N0 e, 1 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
Q o
e — I
/
HaC H cHy T 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



0 llIH CH30CH2 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 BB single 10 reaction zone which may be a layered f%8dUSRH0LY Hesired. 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 comprise a mixture of different catalyst particles or catalyst particles
which include multiple catalysts as further described 5herein. The fixed bed may also include a layer of
particulate material makin mixing zon for the reactants. A reaction mixture including acetic acid,
e T

hydrogen and opti&HAR? & AT Iaé'?é Xiopbd e desiredimiRdEbREssure to the mixing
zone. The streamréacobsaddbailyedyippd she{bynd axpofqaneasprie idedpyiih Heseasttarzone or layer.

Reaction zone coppiises. FAIEoPRPRSPRAURRE SHiRRlE Lydiegenpling,gpialyst where

acetic acid is hydrogenate
particles or catalyst particles which include multiple catalysts as further described

5 herein. The fixed bed may also include a layer of particulate material making .up a
mixing zone for the reactants. A reaction mixture including acetic acid, hydrogen
and optionally an inert carrier gas is fed to the bed as a stream under pressure to
the mixing zone. The stream is subsequently supplied (by way of pressure drop)
to the reaction zone or layer. Reaction zone comprises a catalytic composition

10 including a suitable hydrogenating catalyst where acetic acid is hydrogenated to
produce acetaldehyde. Any suitable particle size may be used 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



produce acetaldehyde. Any suitable particle size may be used depending upon the type of reactor,
throughput requirements and so forth. Although various metal supported hydrogenating catalysts
known to or¥Q 88 the art can be employed in hydrogenating acetic E&8 ¥$itYcealdehyde
in the process of this invention it is preferred that the hyfj ogenating 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 20from the group consisting of tin, aluminum, potassium, cobalt, molybdenum, tungsten and

vanadium. PreferBBIGiHEY g fd(k itHB%“Rﬂa{ﬁg:f{@eggpﬁFmHmﬂﬂ?{@%ﬁ‘?pﬂ’lsed of ruthenium

alone, supported esppestaliableusig@nontizuch as iron oxide or silica or a combination of ruthenium and
tin or ruthenium and imn supported on a suitable catalyst support. Similarly, the preferred
hydrogenation 25catalyst is iron alone supported on a suitable support such as silica or a combination
of iron and platinum or alapietinavbendfimetatindatdystit sappmiecdit & puifeaid tatalyst support such

as siica. Simiarty AL Galgly SR oUZblmin B GSRSR AUINIS MBIV QR facude sHipRgried palladium
u

alone or a combination of palladium/gold (Pd/Au? or palladium/copper (Pd/Cu), which can further

30comprise potadSiay4seiaing salyta b usafansrmps. 4 comtinssiosontianmaatim/iron (Pd/Fe),

iron/cobalt (Fe/CdjoatRpe)N@ipesimisd GRS R, panarialuepiuiPdCwAl). Typically, when
bimetallic catalysts are.emplo it.is preferred that a Ssuitable weight ratio of a combination of metals
on a suitable sup;ggﬁta?:gﬁ){eorggg%j g‘ r%%%é%hﬁarﬁtﬁ%oéalibécfi/’tsﬁ‘ lI'ﬁ sa}rf’o?a&%}%%]%, a combination of
ruthenium and iropr¢Rutde Maenthenfarabind tieigRtISiv) oHRIAM wmRedfrper PRACon Peditaidium/iron

(Pd/Fe) in thgywei o _gf < | : e eight ratio of
Ru/Fe or Ru/Sn o%t&[/gu o@r %%%L%%éﬁ%%ﬁ%%%@n%&ﬂgg gﬁg%gr%qt{) y?ﬁgﬁggﬁ%ﬁo of Ru/Fe

or Ru/Sn or Pd/CHHFPEARTE Mbodimiler B’ﬁiﬂl’éﬁﬂé@ﬁ‘r@ﬁi%@lﬂaﬁeﬁ@émﬁw& for a catalyst
combination of platimbination daEHITR ahg irenvPeigd)t @liowliGhl ikiperierablyRrih R and most

B o e O S LR AR TR ST 2B 2 o (Colfef ™M)

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



15suitable catalyst support is employed, the preferred weight ratio of Co/Fe or 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 support¥@ aA18iEB43 commercially available. Similarly, a copper-alumiRGHER¥R/8862280ld under

the name of T-4489 by Sud Chemie. 20 When ruthe[(?um 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 ruth?niu? org&l/ladium Ioggin% level can 25range from 0.5 We'iﬁ%gt percent to about 20

b 8

weight percent, pref&t BYFTPEARIEt G LS BerraHRT sk Rt ANE RO BESFYdPably 1 weight
percent to about Ghweigitt weigte perésenardiyostipecfaabbblewtigtalpsreias sbtueBivuaighe palladium

alone are employed.in thepracess. gf this inventipn.. 0.5.10.1 weight percent of catalyst metal may be
sufficient to obtair? the optimum ca(t::%y%,c 63%%% rrg%]rrleélli%%?éatalyst 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  ARHERMirkBiILRRGS BIHAGRAUSW I REfERRLARferably 2 weight
percent to about 10 mejght percent and most preferably 3 weight percent to about 8 weight percent.

Preferred catalyst2lpH8R fodigsiditheniths meiah lading afsmchlithy seblamsial iading 18 noble metals
such as palladiunmterdngelof fhen theun@tisgitiperaineachbofithe welpk petahiondivats,in the range of

from about 0.5 weight. percent to_about 20 weight percent, preferably 1 weight percent to about 10
weight percent ar?ldgwrre]}%t B?é‘f%?gﬁ?gl"b'&é%m%%‘?c@ﬁ 'cl?g‘ti)%)ﬁ}oét\}\)/re:ei%éﬁ%b\g\érlg‘é’ﬁ .%8\7\7@‘%}&, as already
noted above, low 1&g s weiEbhbergen. SHowigter psrakecrdymbterbabhv pdovetadingaoffi of the noble

metals, such g paladi i RIRCRAGBALIAPATU GPALMIGIAIIER I e ogsgR,0f s invention.

Various catalyst supports known in the art can be used to support the 15catalysts of this invention.
Examples of sucH8 B‘i‘%?'fr%ﬂl&’dé"\ﬂﬁﬂﬁh?ﬂ‘aﬁl?ﬂm“m catalytic effect in the process of this

invention.

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.



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 preferB\2818¢H 1344sed as a catalyst support in the process of this inRERIBA21999EE important
to note that 20the higher the purity of silica, the better it ? 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 25catalysts can also be employed as a_catalyst support. While any zeolite having a

pore diameter of at least A5RERFEIRR XHATBE RE P YrsRites desrpRsTe (PLFRBMEIEUN zeolites are the
catalyst supports &hizede3iaarhathe: foupoasrHistio @b merdeniieMd s RaeaivarX and a zeolite V.

13 The prepargi large~pare rggni es is cry méor in, United States PatentNo.
4,018,514 to Plumf;%ge)}r"lgg’ci%%g&g\? iem\]/g's ré?:t)(?nCo% S{%j , ,a %)‘é @Egr.%g}l(nd London, by D.
DOMINE and J. QUOBEX. 5Zeolite X is described, for example, in United States Patent No. 2,882,244

to Milton and zeolite Y inzi]itek AGS RRIEMMNRampteP01i{% BIREK Patent/RECH RIS and

zeolite-type materials are known in the art for the catalysis of chemical reactions. For example, United
States Patent No.'8 #¥»588d 7erbtagibnid Siatas L anNe oF Bhidie Betikes, characterized as

"Zeolite ZSM-5", which are effective for the catalysis of various hydrocarbon conversion processes.
The zeolites suitable for{/he. rocedure of the invention can be in the basic,15form, in the partially or
totally acidified form, or inatﬂeuf)ezf %Lﬁg’/s 33%%%%%%%%%’8%% riais are ]tmown i ihe at for the
catalysis of chemical reactions. For example, United States Patent No. 3,702,886,
10 to Argauer, discloses a class of synthetic zeolites, characterized as "Zeolite
ZSM-5", which are effective for the catalysis of various hydrocarbon 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



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" 20zeolites, which are prepared from a corresponding
"ZSM-5" ze®Vi28td#denite” zeolite by replacing most, and generally at |®4HBHIPBOY2Df the
cations of the latter zeolite with hydrogen ions using tecp{ﬂques 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 SiQ2 to Al203 in these zealites is within the

ratio of about 10 t5"8B°Tted on g, hgh pyriiy, dow sugfpesiaravahitidt, MethewitmhigR spifstedean either silica
30or iron oxide. Astiarnbsiatithe plotethesswal o in,iif i alooethy graembiratianeef platinum and iron,
iron and CObaIF’. ir%@s@ﬁﬁ’eﬁ%@r‘émp '6.t %p dr r}gttrlgél (r:gtglndt ggp%é?ts ]f4rsﬁjﬁﬁx?1g1edr ?1pthaenhilg£ purit;_/, low
surface area silica or high purity, high surtace area glica using th procedures Wwel Known in the art or
the procedures fubgsed aetdrilgtadyBis asinti@nireandreifenrdal catalyst supports for platinum or ruthenium
based metal gatalysts are titania and zirconia. 5 As noted above, the loading levels of a
combination of two metal catalysts are %enerally referenced with the content of main catalyst metal

and the weight ratio of the® B8IFbAPNEHhe iadiaglsxe!s pier vimHestian itreasaleardystoysn or PUFe
is in the range of akeogen®rdlliorefeidded whihtheoieg bt idin efdRystSretdORuAhe WEiRFe is 0.1, the

amount of ruthenium orplatinum. can be 0.1 or 1 wejght percent and th or 10 weight percent of tin
or iron is present (r)artll?hog %‘aetg %@gﬁ%ﬁ%%r “Bre éarré(‘tﬁy{,ﬁﬁév% itgr P?a?géé'?%tm ﬁ%ﬁNyé@?%tlSn or Pt/Fe
is about 0.5, and (ks tiiéngheoangeodirabeeniuhta?. plitisuwhentbkevehlystisupRos$can be either 0.5 or

1 weight perggnt aageihal @7ini0p TOmdSABIR RMGRLANR WIMHRE EaNbPMI"R Rl ably. the
weight ratio of Ru/Sn, Ru/Fe, Pt/Sn or Pt/Fe is one or 0.2.
percent and thus 1 or 10 weight percent of tin or iron is present on the catalyst

support. Preferably, the weight ratio of Ru/Sn, Ru/Fe, Pt/Sn or Pt/Fe is about 0.5,
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



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/SWO R BHPt/Fe is 0.2, the amount of ruthenium or platinum JHCHESIRHHEEAN be 0.5 or
one weight 20percent and of tin or iron is either 2.5 or fiye weight percent. The amount of the third
metal loading if present on a support is not very critical ir this invention and can vary in the range of
about 0.1 weight percent to about 10 weight percent. A metal loading of about | weight percent to
about 6 25weight percent based on the weight of the support is particularly preferred. The metal

impregnation can T GLHRLIR JSPEHY ERING RIFRISTREARRESIS SHEPRF MapiiakiiintBefore
impregnation the gegipdriadstitediat daée angishaped to particles having size distribution in the
range of about 0.2 to 0.4 30mm. Optionally, the supports may be pressed, crushed and sieved to a
desired 15 size distribution. Any of the known methods to shape the support materials into desired
size distribution can be &erplenmuts havingHowsupportaréraviny dopfaiatanglaretphsudimidsafor example,

alpha-alumina, 5thg ma@ls%ﬂlugepér%%&qqt%@)i&%ﬁﬁscmg\h&g@opéﬁé%\gggz‘.fﬁ%g ﬁé\géceSS liquid

impregnation so as to obtain desirable metal loadings. As noted a rogenation
catalysts used in tHPISEORHER 3t 39 pRralssisRicraldmsiesetallic containing platinumiiron,
ruthenium/tin, 10ruthenium/iron, iron/cobalt and so on. Generally, without intending to be bound by any
theory, it is believed thatA%r}l%tréndet I ae?.tt%éa %lpromo.ter metal and %not er metal i the main metal. For

o PELPHOR SHAVEHUIEY RIRSIRISESHY Fkhectively,

instance, in the instant process o & invehtio
platinum, rutheniunvgeatichipon gareratipsitieradliasam@ininggthlsnionfivap avthgninydfigenation catalysts of

this inventiono 15 T AR IR A Sn LBeAH A (e BARA o W 1K LR R RYBogRguthenium

by any theory, it is believed that one metal acts as a promoter metal and another
metal is the main metal. For instance, in the instant process of the invention, of
the above noted combinations 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



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 otheVBrifHieérifetals, such as tungsten, vanadium, molybdenum, B&IERHAPPE0TAT. 20

The bimetallic catalysts are generally impregnated in twp steps. Each impregnation step is followed by
drying and calcination. The bimetallic catalysts may aIsoGDe prepared by co-impregnation. In most
cases, the impregnation may be carried out using metal nitrate solutions. However, various other
soluble salts 25which upgn calcinations release metal ions, can also be used. Examples of other

suitable metal salts for ithfeJhatformhedimentRftis inyertiomielry arowRRsd tnetal oxide, metal

acetate, ammonilhydrogtahtxitestslyishwasaim theviuty iepppaolybilrieorersalmiaieitietal acids, such
as perhenic acid aidhio AR ey dider Sl 2a90° ATIRCSIMENE ARNRNERRR. there 19
provided a hydrogenation catalyst wherein The catalyst-support is Silica or iron oxide With ruthenium

alone as the hydrotgés derstinganfitytiteninthican spegst énhenin(onticishtheercetablebolingvehtythenium can
range from one (1hweiGHp BEra [B-eRAHIIURETS Rl QL WRIOBLRE! GRI I BIEIRIRRK 9RO ten weight

percent and most preferably one to five weight percent. In another embodiment of this invention,
there is provided PHYEBGERARBIF@Atalyst wherein the catalyst support is silica with iron alone as the
hydrogenation 10 catalyst. In this aspect of the invention the metal loading of iron can range from one

(1) weight percent to about twenty (20), weight percent, preferably two to ten wejght percent and most
preferably three to eight?\?vg?é)ﬁﬁeﬁélr%é%zilo f?‘o%fef]ﬁsa{ﬂ\éfm% neﬁﬁﬁ@dﬁﬁé‘?‘l‘f‘%ﬁﬁiQbfﬂg’éﬁﬁgﬁﬁ%here is
provided a bimetaiﬁta_lysllmmgj dﬂcma_ltﬂiyﬂtJmmod i'mS_ii'rchwtthLiwnaibmei s thethjsiaeeatiof the invention,
the loading qigruthapite. qn RIRANR S AR L riBFIAN FRENGE iR 2P AUh 2aHSIRRE from

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

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

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.



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. 20WO HUKGRHEr embodiment of this invention, there is further pr&R&deEPYMOGENation
catalyst wherein the catalyst support is a high purity, lo 7'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 25weight percent to about 2 weight percent and the loading of iron is about 4
weight percent to about 10 wejght p%rcent. Specifically, platinum/iron or ruthenium/iron loading levels

of 1/1, 1/5, 0.5/5, and 0.812 % WRiGMOSAIRERt AR GOHRR Bsrsiirfutken psavidida can be used. Other
preferred supportdydriigenaspecitafythevirveintivn bt BotdaBidt- b, @iaihitia edcaipgsttadirconia, titania,
ron oxide, 30siicaAlliaina, Al Sl BRI A, e I0ANNSELATPLAIMENLOf is Invention, there
is further provided a hydrogenation catalyst wherein’the bimetallic cata?ysfils co a% and iron supported
on silica. In this agfséghtormaentioahtvr2vecighidiergdatanbdtotals Eababeut 3 wdghtigercent to about

22 weight percenpandf Bpeciadiny) BaKIGHNS WRIBE PRetceRh SrreiicallGoRaAlIRadINg level of

17.4 weight percent and iron loading level of 4.8 weight percent supported on silica is commercially
available.  In g6XErAT AR Wsish BReRt SHRR R amaliva ierrmmereialhavaiiebifrely be converted to
acetaldehyde at very high rates. The selectivity to. acetaldehyde in 10general is very high and may be

at least 60 percent. Under preferred reaction conditions, acetic acid is.converted to acetaldehyde at a
fil é%a ral % {h b

selectivity of at least 70 pe Cent or mor f)arcef(éeré) ylgt"é‘/es% 'é"cltiia/fﬁ}lgfa% er 80 eecllé‘éeM fich as at least

90 percent. 15TheéuvykteddioacofaltebtideaativlensrighthatesatBhestelattivity tnvestibdeliydstileast 10% and
can be up tol60%ﬁ\éﬂma$¢4%ﬁyiﬂ¥g¥9aﬂﬁ?ﬁ§$q%1¥ﬂ€a§f 0 QA0 UL O£ YaRRg,most preferably

80%. Generally, the active catalysts of the invention are the single metal or the
conditions, acetic acid is converted to acetaldehyde at a selectivity of at least 70

percent or more preferably at a selectivity of over 80 percent such as at least 90

percent.

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



20bimetallic 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 rutheM@rA%9/$1¢um loadings of 0.5 to 1 weight percent and tin ancPFarIR7AMYE3F 5 weight
percent and cobalt loading of about 18 weight percent g 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 300r titariAdFO 0L 3S Jeseribrs ARAYSirdBF I BIRIMALY Bretelheanalsp PFtssaAR tin, iron 18 and
cobalt as describedgibostonGiite rpteniote bnpiidisicesn atsedd@daveed in conjunction with ruthenium or
platinum as noted above. In another aspect of this invention it is also possible to obtain high levels 5
of conversions in the order of at least 25% and high selectivity to acetaldehyde of at least about 80%
using ruthenium or iron Ibegiipdafaspeciedititi peeotinn ibisblsatpfiveblecighblairdégit medilica or iron

oxide as catalyst RBAVLSsibh{RSRSBRI: Of eV eI MR PIRIATS A s et RURPGIts include

graphitized carbon, titania, zircopia, silica-alumina and calcium silicate. 10 In another aspect of the
process of this invanRshabrut §er BT RvERfRdgbording pFarsyeighsPesmtivmb?byercome the

pressure drop acr@iss #sghajiybnthedildidieronasion:saybetcappoct Unithihesyepaer or liquid state
under a wide varlei e ofV%gpdltlo&Ls. Pre erag)lcyd&tlpe reaction is FaJrled (%Jtmdthe va}E\;Jr hase. Reaction

temperatures may emempfg?/’eo , foP reex%lrrrr?ple in ¥ﬁtesPQH%retzsé SBGUE3B A 5%%’8 E?’preferably

about 290C to abautretiaGilithe yresruaedisawmrsiligatecritical to the reaction and subatmospheric,
atmospheric gy superatmospheric 20pressures 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 Fb#otkerptRectn i sregssteighis suyaessisdratiegsaatiar isalthough the

reaction consumesgagrigtndatol B yiagen;narsumiseal Rlscathearithiesmiriuep acrogenef acetaldehyde,
the actual molar ratio of.acetic acid to hydrogen in the feed stream may be varied between wide limits,

e.g. from about 103 ¥8%%%00. 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.

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



19 The raw materials used in connection with the process of this invention may be derived from
any suitable source including natural gas, petroleum, coal, biomass and so forth. It is well known to
produce aceti® a1 Rrét?gh methanol carbonylation, acetaldehyde oxidatioRCEtHSEAU8KTAAtioN,
oxidative fermentation, 5and anaerobic fermentation andso forth. As' petroleum and natural gas have
become more expensive, methods for producing acetic acid and intermediates such as methanol and
carbon monoxide from alternate carbon sources have drawn more interest. 100f particular interest is

the production of acetic acid from synthesis gas (syngas) that may be derjved from any suitable
carbon source. United S?a %rsa]gé?gf%"ﬁ%.ué? ﬁféé%et‘g'?f?dﬁﬁ?\f RETGRESONUSIRYSAMN s incorporated
herein by referenceafdieeieansdl &oreaclyasiabiethad oinndidifist inguea hgathpered Iplantdar the manufacture
of acetic acid. By gelipfilingsagneiianel e i aras rapitebeatiadaamsaciaieduiih CO generation
for a new acetic acid plant are significantly reduce or‘farge y eliminated. ii%or pan of the syngas is
diverted from the RiEtRBYaliegrReriaidelydls axidasiopptidy rpecaidstiencrxitdtive femesnsato® and

hydrogen, which aigi tiRerosRddmeredidrea A sl Gatd AD RAMILOR i ARalicaPEId LR Process can also
be used to make hydrogen which is utilized in_ cognnectjon 20with this invention. = United States

e
Patent No. RE 35}3?79"3% BOLSBRR LY MRS RE RsRT Ut e AR RHY rafifedi#ides a method for
the production of suebthanotthynod ané rsiboromoadxidetenudtenaieriald suaiurssibhveaithvaatural gas and
biomass 25materig|§remtgrgggcess includes hydrogasification of solid and/or liquid carbonaceous
materials to obtain a process gas which is steam pyrolized with additional natural gas to form
synthesis gas The syngas is converted to methanol which may be carbonylated to acetic acid. The

method likewige producesrigydragsnwhish SRy hodiredddcarRealRNAWits s dggation as noted
above. 30See also, United States Patent No. 5,821,11 Ito Grady et al., which discloSes a process for

convening waste B8RSR BEN G AEd s MY SyHrblsrargee sureny it fed States Patent
No. 6,685,754 to Rinetighd. #2823 65s6i05usén, ahadiichaie sfoonpdratathipoeibydriannce.

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



The acetic acid may be vaporized at the reaction temperature, and then it 5can be fed along with
hydrogen in undiluted state or diluted with a relatively inert carrier gas, such as nitrogen, argon,
helium, card¥Q eld%iRig34Ad the like.  Alternatively, acetic acid in vapor fAtTHEZOBENER directly
as crude product from the flash vessel of a methanol ¢ gonylation unit of the class 10described in
United States Patent No. 6,657,078 to Scales et al., the disclosure of which is incorporated herein by
reference. The crude vapor product may be fed directly to the reaction zones of the present invention
without the need for fondensin the acetic acid and light ends or removing water, saving overall

processing costs. 8! 35 {BRIAPISS ANt Bhta kg Wity disinsHEsheupon such

variables as the awtdeintrefiaaetioraidlhaeialygieferate!, 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 20times, at least for vapor phase reactions, between about
0.5 and 100 seconds. Theywggtislaeidrpayaieyandtzshdyedactiarficetptretire aotbthengt in the shape of

an elongated pipe.gy BEIMRAIEING KSR DiRitall WIDG ARRLINHR AaRRSRed gyer of through

the catalyst. Other reactors, such as fluid or ebullient bed 25reactors, can be employed, if desired. In
some instances, iF3508ah 1B QiEPeeR: ARePRybRbYansaTbAnieNidsiand the Hikmction with an inert
material to regulate the pressure drop, flow, heat balance or other process parameters in the catalyst

bed including the contacélltgéne of tpe re%ctant compou ds with the ataﬁl t particles, 30In one of the

lys
preferred embodiments erréwlltswa %foaﬁF’ovia‘é‘S gﬁ‘)'r QST MEY RIS LAERIL 88 %ﬁ’ﬂ?ation of

acetaldehyde frorpredetidranidhedingirigtsgg] ofla methanol carbonylation unit of the class
10 described in United States Patent No. 6,657,078 to Scates et al., the disclosure of
which is incorporated herein by reference. The crude vapor product may be fed
directly 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:



contacting a feed stream containing acetic acid and hydrogen at an elevated temperature with a
suitable hydrogenating catalyst containing about 0.5 weight percent to about 1 weight percent of
platinum or WehEHUA7d#d about 2.5 weight percent to about 5 weight perc@&TH Y WORDN a
suitable catalyst support. 5Preferred catalyst support initﬂis embodiment of the invention is silica.

In this embodiment of the process of this invention, the preferred hydrogenation catalyst contains
about 0.5 weight percent or about one (1) weight percent platinum and about five (5) weight percent
iron or tin; or about 0.5 weight 10percent or about one (1) weight percent ruthenium and about five (5)
weight percent tin“SP e NS AL R SHEA BN HREATaTS Jaitand ¥ diagsarat aRelsYaiFdd in a fixed bed and
the reaction is camiegaatie thichveninblasdrigingtajeatBeamahageboads anskhydrogen in the
molar range of ab , 1:5an a tempe e in the range of about 29 toﬁ%}OC and at a
pressure of reacti #E]?g%?)n&orf %h\?a' }g%r? 0 réqbocﬁtluagl?grﬂd) %rtlrlr%gblﬁnéraeng 4 g%ﬁ,l?tg,“éf' the contact time
of reactants is in PRI ¢RAGPALOWEE aer¢en0ofdaromnidsn Emeishitablotadytaitppyde in the First

Gaseous Proguctififeasn:cAiiiie SppBRASIRR GhHigiRAeePHefllRiRYGR AR the acetaldehyde

20formed 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 it eatbitireempidyrReFoctsisoPthip asention,exapiplesrane can employ a

suitable distillation column to remqve the volatile gaseous roducts at the overhead and the bottom
25column to sepa% ehe tﬁ%?\%f)%/r%cﬁg%'ﬁ%sn%bwﬁa@ig lﬁe%ﬁgégr)eé?%tgoé rﬁ%oﬁ{é?%&% WRIEYr temperature
controlled trappinged@ﬁtelgtim{mdg@ wlérﬁpk()iéd%egmrpagefats’mu_bbhhg ooln OcSresighte either the
mpuriles orjothep pkpgals MG FHDRHIQN GG BRIRGRPIRHEE Rk esulting stream

contained at least 50 mole percent of acetaldehxde.
- percent tin or iron. It is preferred that the hydrogenation catalysts are layered in a

fixed bed and the reaction is carried out in the vapor phase using a feed stream of
acetic acid and hydrogen in the 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



Preferably the enriched product stream from the first reaction zone contained at least 60 mole percent
of acetaldehyde. More preferably the enriched gaseous product stream from the first reaction zone
contained aMN@2X%¥07f¥dke percent of acetaldehyde. Even more preferably #el@nER¥I0GESeous
product 5stream from the first reaction zone contained at,least 80 mole percent of acetaldehyde.
Reaction of Acetaldehyde with Acetic Anhydride to form Ethylidene Diacetate: In one of the
embodiments of the process of this invention the 10 acetaldehyde formed in the first reaction zone can

then be converted to V. nd actetic acid in one or more reactor zones by first reacting acetaldehyde
with acetic anhydride t%??ﬁr%qﬁ'yﬁ@eeﬁlé“a}ﬁ BIafuChsream i e JUsseacI M 6atRking ethylidene
diacetate utilizing dobéaietd|atdbas € (amo la petieatrdfiadridéd elyd b eNiou préfetabitethSdatraddatent Nos.
3,700,722 and 3,383.3(d, BAHGMaT ﬁ%ﬁb‘f\@‘??‘sg(%8{#'9;?%0‘%1'%%5%%%‘9&”' PlaselF Ahfaydride and -
excess acetaldehyde at 5)5-100 C, preferably 40- , In the presence o SUT]SUI’IC BCd to_prod_uce a
mixture of ethylid@§Eenbetastiakistydps (Evesemnrg euefiyabinahesnsiched gaséaivrprhdussaction with

sodium hydroxidestZnt Mk PracaBRSHIhOEFHRWIIENSLERRIAR percemiitsequent thermal

decomposition of eth l 'dhene diacetate generates VAM and acetic acid with the product stream
containing VAM a?f’&%élg ngcid going to a separation unit. The thermal decomposition of ethylidene
diacetate is typically 25carried out at a temperature between 50 and 200C at a pressure of less than

15 atm using a caalyst,, of Kggglgé’e'gfd‘éfv%%t%‘%';‘?i@%ﬂh%%trﬁl)ﬁ%sfﬂu%GE{L&?{J@% | |eﬁ££?§'t'§di[ecf’mp°5i“°”
of ethylidene diacetate Into . ‘ CIds, acid, and.
alkanesulfonic acids, selgngtefitisrgmbodimentsiibthenznRBs386this Ondentien die 2,859,241 to Schnizer
and 4,843,170 to isshildeR &l -fmRaY HeWla iReR%E 6 zone can then be converted to VAM and

actetic acid in one or more reactor zones by first reacting acetaldehyde with acetic

anhydride to form ethylidene diacetate.

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



23 sulphonic acids, toluene sulphonic acids, ethylbenzene sulphonic acids, zylene sulphonic acids,
and naphthalene sulphonic acids are preferred aromatic sulphonic acids. 5In another embodiment, the
separated a¥&ie0AYRI EHA be recycled back to the reactor system or drawn BERYDENME as a final
product. Addition of Ketene to Acetaldehyde to form VA%: In another embodiment of this invention,
VAM can also be produced from 10the reaction of the acetaldehyde obtained in step (b) of the process
of this invention and ketene. Ketene is commercially formed by the pyrolysis of acetic acid. Ketene so
formed is then contacted with acetaldehyde formed in m (b) of the process of this invention.

15Generally, the rebARHcSeidse iR IPhrmicasidhe thdbe et suBhomGR%e ¢4I58F phase over a
suitable acid catalkysphauy aditeakt oughbalishasitbhahndyrisyarype ferrydl apsaatiy dhtishpaipose. For
instance, various g&i&is_catalysts as described hereinabove maybe suitable for this purpose. Typically,
suitable solid acid catalysts include sulfonic acid resins such as perfluorosulfonic acid resins
20disclosed in United States Patent No. 4,399,305 to Schreck, noted above. Zeolites are also suitable

as solid acid satalysts asplasldehiBiashSIRtES BARNLNAAE29:050 R Repianghal, Thus, a zeolite

catalyst may be used to concurrently support a hydrogenating catalyst as déscribed hereinabove and
then to react the rSURRASEPLBGISTASR JErvil RFT ke héRutlisd #h a4kl paduct. Thys 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 th ctor is loaded with the hydrogenatipp, catalyst as described hereinabove, and
the rear end of th Rddfionofkdencio & QatlIAeh iotor QP yst as described hereinabove 30thereby
both steps of one of the lracetbseenifaimdnyenthoniventidfe Mikdhchratarbe grodedndafisimgle stage. Any
of the knownfixeqagd, a3 RIoFshi e tAReRI R obtained in step (b) of the process of this

invention and ketene. Ketene is commercially formed by the pyrolysi§ of acetic
acid. Ketene 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



24 about such results can be employed for this purpose. Preferably a tubular reactor designed to
contain two different catalyst layers as described herein is employed to achieve this task. 5Typically,
reaction of a¥GtAMEAHd2with ketene in the presence of a solid acid catalysPEABYAAEF DUt in the
temperature range of from about 150C to about 300C, pyeferably in the range of from about 160C to
about 250C and more preferably in the range of from about 170C to 225C. Again, as described above
any of the zeolites or sulfonic acid resin catalysts can be used as the solid 10 acid catalyst.
Preferably, this reaction is carried out in the presence of a zeolite having a pore diameter above about
0.6 nm. Specific e%%%‘pﬁ%@6?%1?‘8#%8%@23%&%@%&&{%9 Iiﬁﬂﬁ@fﬁﬂ?yrﬁé?aéﬁfté%?%olite X and
zeolite Y as descriesidriwdreinoiamawottfabaataynniagtrpaeiessedbacdineedialy sinflay&an be employed
in this step of the R)rggﬁg%%gw'ﬁ jnvention is perfluorosulfonic acid resin, which is commercially
available under the trademark NAE1ON 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 BuPont 20H3RexioBac KN IR alBLKYRES Ah RAURT i HBpresenbbB i lgWing Examples

A-0 describe the procedures used for the preparation of various catalysts employeg in Examples 1-19:
25 Example A PraPaSaRNshean R REFIGLPLE Ht e ERIPRGRIYR TBReSkdeom abpild8Tedoand meshed
iron oxide (99 g) aibunif@0IQaricieabizenctisdribygtost Gbabpsud BP0 dBsied s4°T204d in an oven under

nitrogen atmosphere overnight and then cogled to roo erature. To this is added a 30solution of
ruthenium nitrosylnﬁ?trrea%eﬁ‘ge@t elﬂsq{‘ ?ff&egé)fliﬁr%ﬁh%unév&a%t%rot&?rgné‘ FER |%S§r§?3§y is dried in an
oven gradually hezheweny efthgzeotitesiey, spionic acid resin catalysts can be used as the solid

10 acid catalyst. Preferably, this reaction is carried out in the presence of a zeolite
having a pore diameter above about 0.6 nm. Specific examples of such zeolites
include without 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,



10C/min). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). Example B
5Preparation of 3 weight percent ruthenium on iron oxide The procedures of Example A are
substantialWepe¥éd’édkept for utilizing a solution of ruthenium nitrosyl nitP4E YPRHLIENEY2D.42 g) in
distilled water (96 ml) and 97 grams of iron oxide. 10 E ple C Preparation of 5 weight percent Iron
on high purity, low surface area silica Powdered and meshed high purity, low surface area silica
(95 g) of uniform patrticle size distribution of about 0.2 mm is dried at 120C in an oven under nitrogen
atmosphere overnight,an tljin cooled to room temperature. To 15this is added a solution of iron
nitrate nonahydraqg&ﬁ] nkeLB%)masesnsH ch@hisl s rsh £3lored AL ORI &RRWSIs dried in an
oven gradually heB®thio)110C (>2 hours, 10C/min). The impregnated catalyst mixture is then calcined
at 500C (6 hours, 1C/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) particle size distribution of about 0.2 mm is dried at 120C in an oven 25

under nitroges atipespRaN 678 WG etienGRAlEA I panaleperature. To this is added a solution
of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid (IN 45 m1I). The resulting slurry is dried in an oven

gradually heated to 110CNESBHSARESIHERAMPlerARTFYRsGIrLAMNY Fepealrst seeRIMeTs then calcined at
500C (6 hours, 1@fitiim)g AadhisoaaiCinettsineh eontedl matesiclissadded 4 59 iHigRtpldOruthenium
nitrosyl nitrate (Heraeus)(1.57 g) 49 distilled water (16 ml). The resulting slurry is dried in an oven
gradually heated '&’)ﬁﬂggg {§§ ﬁgjﬁdrz,grams o1 Iron oxide.

10 Example C

Preparation of 5 weight percent Iron on high purity, low surface area silica

Powdered and meshed high purity, low surface area silica (95 g) of
uniform particle size distribution of about 0.2 mm 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,



26 10C/min). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). Example E
5Preparation of 1 weight percent ruthenium and 5 weight percent iron on high purity, low surface area
silica PowddY&L&HTiéhed high purity low surface area silica (94 g) of unffoirV PHAILcSEe
distribution of about 0.2 mm is dried at 120C in an ovenz%nder nitrogen atmosphere overnight and then
cooled to room temperature. To this is 10added a solution of ruthenium nitrosyl nitrate (Heraeus) (3.14
g) in distilled water (32 m1). The resulting slurry is dried in an oven gradually heated to 110C (>2
hours, 10C/min). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). To this
calcined and cooldd %‘é’f@?ia%f?éfaa{fé'}f dicatBly Smystsitsthemerlcingd A RO A0 8L (36.2 g) in
distilled water (3618€minjre resulting 15slurry is dried in an oven gradually heated to 110C (>2 hours,
10C/min). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). Example F
Preparation of 5 weight percent iron and 1 weight percent platinum on high purity, 20low surface area
silica PowderExpamedeshed high purity, low surface area silica (94 g) of uniform particle size
distribution ofsabopyt3afa T Jf OHERIR LA HABHAERHDSIREIIIOURR AURGSHNRIS Overnight and then
cooled to room temperature. To this is'added a solution of iron nitrate nonahydrai€ (Alfa Aesar) (36.2
g) in 25distilled w. f slurry is dried in an oven gradually heated to 110C (>2
hours, 10C/min). The impsegaribshaatalyst Migiyseris loancaicinadAdiBROOA6)hwurafokm/min). To this
calcined and cooled material is added a sqlution,of platinum nit Chem ur)éll 64 g) in distilled
water (16 m1). Th‘gaarrttlacsf’i‘tjI?llﬁegds1 lﬂ?&ﬁl?%ﬁg RNy géﬁ%aqv%{f&gé'ﬂ% 0 f@i hours,

nitrogen atmosphere overnight and then cooled to room temperature. 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).



3010C/min). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). 27
Example G Preparation of 1 weight percent platinum and 5 weight percent tin on high purity, low
surface aredVERA®P&Hdered and meshed high purity, low surface area sif€al (93289°4106mform
particle size distribution of about 0.2 mm is dried at 12057in an oven under nitrogen atmosphere
overnight and then cooled to room temperature. To this'is added a solution of platinum nitrate
(Chempur) (1.64 g) in distilled water (16 ml) and a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute
nitric acid (1N, 1043.5 ml). The resulting slurry is dried in an oven gradually heated to 110C (>2 hours,
10C/min.). The impregnated catalyst mixture is then calcined at 500C (6 hours, 1C/min). Example H
15Preparation of Examipkt@ercent palladium 1 weight percent gold and 5 weight percent potassium

acelale on nioh Pu Bl U PRE BHeRSUR e NSRISSEEUER LG ATRIG D e ubstantialy
repeated except for utilizing a solution of paitadium ni : water (22 ml),
a solution of gold{R¥y hurdsespreailiea Aesar) (1.26 g) and potassium 20hydroxide (0.28 g) in distilled

water (10 m)sa Solutionghpiassimasa SRS S LmASINEd halEALpgn) and 03 grams of
silica. The catalyst is.sequentially ieanA)regfnate first Withgﬁalladium and then with gold and finally with
g

potassium acetat&"SBERAMSIS S2EHisHRU b PR TR R aFED al kAP S RiEMt percent copper
and 5 weight peroeniepoimsgturatacsihtes @vdrigghpaiiyhéawosisiaca @iaacserature. To

this is added a solution of platinum nitrate (Chempur) (1.64 g) in distilled water

(16 ml) and a solution of tin oxalate (Alfa Aesar) (8.7 g) in dilute nitric acid (1N,
10 43.5 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).

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)



The procedures of Example D are substantially repeated except for utilizing a solution of palladium
nitrate (Heraeus) (2.17 g) in distilled water (22 30ml), a solution of copper nitrate trihydrate (Alfa
Aesar) (19 gysh28i8tigddater (20 ml), a solution of potassium acetate (SigRfal/ ISP ed water
(10 ml) 28 and 89 grams of silica. The catalyst is sequepially impregnated first with copper and then
with palladium and finally with potassium acetate. Example J 5S5Preparation of 1 weight percent
palladium and 5 weight percent copper on carbon 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 copp®thit &AM dilca- (Ahe Ry B3 X dmategnase Bt LeRPRY grams of
carbon. The catalyst ihaeditk padtyiimied Gakis fisi poadiiueapeetand then with palladium. Example
K Preparation of 1 weight percent palladium and 5 weight percent iron on high purity, low surface area
silica 15The procedures of Example D are substantially repeated except for utilizing a solution of
palladium nitrate (Eamplad) (2.17.g) in distilled water (22 m1), a solution of iron nitrate nonahydrate

(Alfa Aesar) (36.293 dnrslisfillach WRieh 30,0 ANthaamS QLRIEA.LThg Casplrshis spapentiall

impregnated first with iron and then with palladium. 20 Example L Preparation of 5 weight aercent iron
and 5 weight percent coibif Uﬁ%@ﬁeﬁmﬁgi‘amwes'aﬁé‘b@%?@a‘&l|¥éePP|9éﬁ§r%’6§tHbF%‘s of Example D are
substantially repeaigidiggaeplitdn of palladium nitrate (Heraeus) (2.17 g) in distilled water (22

ml), a solution of copper nitrate trihydrate (Alfa Aesar) (19 g) in distilled water

(20 ml) and 94 grams of carbon. The catalyst is sequentially impregnated first
10 with copper and then with palladium. '

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.



25utilizing 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 sBtugH#AIR IMpregnated first with iron and then with cobalt. 29 B&&fHPHRAGSTEHaration of
5 weight percent copper and 5 weight percent molybde im on high purity, low surface area silica The
procedures of Example D are substantially repeated except for 5utilizing a solution of copper nitrate
trinydrate (Alfa Aesar) (19 g) in distilled water (20 ml), a solution of ammonium heptamolybdate
hexahydrate (Sigma) (9.5 g) in distilled water (65 ml) and 90 grams of silica. The catalyst is
sequentially impr%ﬁ%ﬁ-ﬁrst with copper and then with molybdenum. 10 Example N Preparation of 5
weight percent tirPaspdrativeifht pergiaersthesupperamdDivdstityerdasn: shsfaedmigrotiligeh The
procedures of Exam Iellgwagﬁ:r auQstraQtiziJI repeated except for utilizing a solution of tin oxalate (Alfa
Aesar) (8.7 g) in gjl!l]l&g‘mrrrc—acﬁrﬁf—%#l , 43:515ml), a solution of ruthenium nitrosyl nitrate (Heraeus)
(3.14 g) in distilled watef (8 2rod¥dunes 94 xammdeod siticsubstastizdiatypeisdexeaprégnated with tin and
ruthenium. Esammﬁi%ng%mﬁr@u@@os(g)éefm&qwmsﬁa%éeraﬁ'ul@d,&%wmw fliieq The procedures

of Example D are substantially repeated except for utilizing a solution of palladium nitrate (Heraeus)

(2.17 g) in distilled WD rAIs Ao S LrameFmdIsRIzARlybdate hexahydrate (Sigma) (9.5
g) in distilled water (65 ml) and 90 grams of silica. The catalyst is sequentially

impregnated first with copper and then with molybdenum.

10 Example N
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:



25Gas 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 coWBU8HINY d4tectors (TCDs) was used to analyze the reactants d3rAMNMYTHe front
channel was equipped with a FID and a CP-Sil 5 (20 m)jd’ 30 WaxFFap (5 m) column and was used to
guantify: 30 Acetaldehyde Ethanol Acetone Methyl acetate 5Vinyl acetate Ethyl acetate Acetic acid
Ethylene glycol diacetate Ethylene glycol 10Ethylidene diacetate Paraldehyde The middle channel
was equipped with a TCECgtg%g‘(})lHaébond Q column and was used to quantify: 15 CO2

Ethanol
Acetone
Methyl acetate

5 Vinyl acetate
Ethyl acetate
Acetic acid
Ethylene glycol diacetate
Ethylene glycol

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



Ethylene Ethane 20The back channel was equipped with a TCD and Molsieve Sit:column and was
used to quantify: Helium Hydrogen 25 Nitrogen Methane Carbon monoxide Prior to reactions, the
retention tinfEOIHEATRE ent components was 30 determined by spiking will¢ FHERAMIAGHpounds
and the GCs were calibrated either with a calibration gas, of known composition or with liquid solutions
of 31 known compositions. This allowed the determination of the response factors for the various
components. Examples 1-17 describe procedures for the hydrogenation of acetic acid to
5acetaldehyde as described in the first step of the process of the present invention. Example 1

The catalyst utilizZEBPWASHF R Serdin e HomehibnAeR s iRt Mrerspenshiaes fince with the
procedure of Exarthpleadous@Gompdaeatiubular 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 abodtxpmpies 1 Frigtesstibe prasedonss fGtths badadgsnatin idduectdaciditu by heating at

a rate of 2C/MN4Q@1#88/de as described in the first step of the process of the present invention.

Example 1

The catalyst utilized was 1 weight percent ruthenium on iron oxide
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%.



temperature of 400C. Then, 5 mol% hydrogen in nitrogen was introduced to the catalyst chamber at a
gas hourly space velocity (GHSV) of 7500 If'. After reduction, the catalyst was cooled to reaction
temperaturé? 38O Gy4@ontinuing the gas flow of 5 mol% hydrogen in nitrd§SHUEIALYNE2action
temperature was 20stabilized at 350C, the hydrogenatigg of acetic acid was begun as follows: A
feed liquid was composed essentially of acetic acid. Théreaction 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 25about 2500 hfl at a temperature of about 350C. 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 @bgjid 4% 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 3@5&6‘ ¥$§0’5)3.'Z%92"\?§3rﬁﬁ'§l§ perceqEop AR RILEYRIRAEALY 5 weight percent
iron on silica preparedlim@ceithdhnpeovdtiutd effixvaepler€.of Example C. 5 The procedure as set forth in
Example | was substantially repeated with an average combined gas hourly space velocity (GHSV) of
2,500 VI of the feed stream of the vaporized acetic acid and hydrogen (H2 to acetic acid mole ratio of
5) at a temperature of 35DEPTACEBHROF SetFrrthdpdixampledt e putstantinbyugpeateyitt @mromatograph

for analysis of the,¢aaerisilbe SifIHeMS- shhe IeRNGREHEINVESINN WRSF31 BE acetaldehyde

selectivity was 70%. Example 3 . The catalyst utilized was 0.5 weight percent ruthenium and 5
weight 15percent 53k @FH&%%P@H&F&T‘?W'&@@E)‘?&&H oy dipgrrEpidReiGacist Blsrtie ¥,

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



The procedure as set forth in Example 1 is substantially repeated with an average combined gas
hourly space velocity (GHSV) of 10,000 hrl of the feed stream of the vaporized acetic acid and
hydrogen (HYQ3He&¢34¢id mole ratio of 205) at a temperature of 250C an8GHPW8496E25f 1 bar. A
portion of the vapor effluent is passed through a gas chﬁgmatograph 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 ExaiePEemPeratiifaof 300G /b PRI 961 pRek IR IS passed HueheRly repeated with
an 30 average copabitieongasghapir fpspatysiseldtityc (aktid/gfohdfdhel dhthscésedgteam of the

vaporized acetic agid and h en (H2 etic acid.mole ratio of 33 5) at a temperature of 300C. A
portion of the vap%%né’ﬁ‘falgﬂt}/fggaos%%da ﬁ#@ﬁ%%?'gegsgse% %‘3&&5&8?& analysis of the contents of the

effluents. The acetic acid conversion is 35% and acetaldehyde selectivity is about 70%. 5 Example 5
The catalyst lgtilizgqamaﬁgweight percent platinum and 5 weight percent iron on High Purity, Low
Surface Area Silica prepared in accordance with the procedure of Example F. 10The procedure as set

forth in Example 1 was Si5<etatyshytHizrdanag Witrigl esrerapriaswminedi gasismHcepace velocity

(GHSV) of 2,500 hod oof Highfeedrgtieansaffiee xeqosines pepiiehisid RBAIMEraganhg2 to acetic acid
mole ratio of 5) at a teql‘lllz)ere}tgre of 3§OC and at a pressure of | bar. A portion of the vapor effluent is

passed through apé%%ec rreo%aff)aﬁ?g%h 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 apgiae i RamBln S PUThEICH AN IZRAIAS e Gightpercent

platinum and 5 weight percent tin on silica prepared in accordance with the procedure of Example G.
average combined gas hourly space velocity (GHSV) of 2,500 hr™ of the feed

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

15  effluents. The acetic acid conversion was 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



The procedure as set forth in Example | was substantially repeated with an average combined gas
hourly space velocity (GHSV) of 2,500 hr-1 of the feed 25stream of the vaporized acetic acid and
hydrogen (HYQ3He&¢34¢id mole ratio of 5) at a temperature of 350C and R@IPFe¥W6T A bar. A
portion of the vapor effluent is passed through a gas ch§gmatograph 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 34 Example 7 The catalyst
utilized was a commerc'!aII:y available Co/Fe catalyst containing 17.4 weight percent cobalt and 4.8
weight percent ir ita 5The procedure as set forth in Example 1 is substantially repeated with an
average combined gas [Thedytalpsiogilieddoitys (@ddBME eialp et hibloThedesdigiteam of the vaporized

acetic acid and hydioqen 21 AJSIORRIAINIE oL 30CA PeriameTihe.yApor eflupat is passed through a
gas chromatograph tor arfalysis of the contents of the effluerits. The acetic acid conversion is about
65% and 10acetaldehyde selectivity is 75%. Example 8 The catalyst utilized was 1 weight

percent pallagium, 1 weightisteant a0kt @Bl EIgHAS G RERRIARSI PACRLAG A ilica prepared in

accordance with 15 the procedure of Example H. The procedure as set forth in Example 1 was
substantially repe&ass fARnsdE v ImRE Y Hasity L8Rty q@hedRadof 10,000 VI of the

feed stream of thetapnsizbe ageticarideioddiy dragsaridente: acekipasicrestiesmtio af 205) at a

temperature of 250C.and.at a pressuyre of 1 bar. ortian of the vapor effluent is passed.through a
gas chromatograBPuCrﬁg)rn é’r@tl‘?sépg ﬁ?éuc?cr)lﬁﬁsaﬁ?sssget reOIégnuae%%.cehlrﬂ %E(Q,éﬁiéiég’& &Sion was 5%
and acetaldehyddhsedeaguisofiths offladrs TAbabaicmad oty dminned abert @iaarel (1%) and ethanol

(0.5%). 10 acetaldehyde selectivity is 75%.

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



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 1.
30The procdrRWLEBHorth in Example 1 was substantially repeated with TN UIOUFRIbined gas
hourly space velocity (GHSV) of 10,000 hr of the feed Sg stream of the vaporized acetic acid and
hydrogen (H2 to acetic acid mole ratio of 5) at a temperature of 250C and at a pressure of 1 bar. A
portion of the vapor effluent is passed through a gas chromatograph for analysis of the contents of the
effluents. The acetic acid conversion was 2% and acetaldehéje selectivity was 5 97.5%. The other

product formed wiEHhYHEe32BoE7e asrhisiacithand hyfiresen (bly 19 agsticas Waroke iRy A percent
palladium and 5 wmlattmpemmmﬁmommrbmwmeﬁ Inhaccaiskiiee ofithe thgperocedure of

Example J. 10 roced %as s t forth jn EX mp was ubst tlal re with an
average combinet gas'?roﬁals space §§Io§%y((l§ﬂga%go?%ﬂ(fé‘ Hro6rd rL‘?ee t%'t% Eeﬁl&‘ the vaporized
acetic acid and hytfiages (HR aseticatiidacinvansien rato 236 Syléaw@debﬁdamiecomﬁaﬁsand at a
pressure of 1sbargA{pprtign g{h@}ermg{ forfEERL ShRASEESkAjrough 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 20The catalyst utilized .
was 1 weight pergzaimpillaglium and 5 weight percent iron on silica prepared in accordance with the

procedure of Example Krhe catap 2 Rracedure af %& ts%% Igf‘%)léf le 1 (\gvlf?a ééaaglet@élg/ repeated with

an average combined gas hourty space ve Bt
copper on carbon prepared in accordance with the procedure of Example J.

10
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
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



25stream of the vaporized acetic acid and hydrogen (H2 to acetic acid mole ratio of 5) at a
temperature of 250C and at a pressure of 1 bar. A portion of the vapor effluent is passed through a
gas chromatbg8rd3N4at34halysis of the contents of the effluents. The acetic BEH € M&RIvas 9%
and acetaldehyde selectivity was 96%. The other produgts formed were ethane (0.6%) and ethanol
(3.6%). 30 36 Example 12 The catalyst utilized was 5 weight percent iron and 5 weight percent
cobalt on silica prepared in accordance with the procedure of Example L. The procedure as set
forth in Example 1 was substantially repeated with an average combined gas hourly space velocity
(GHSV) of 10,00@%% feed stream of the vaporized acetic acid and hydrogen (142 to acetic acid
mole ratio of 5) at a tenfperatitulywAhigkd aas Hivaighepssatdich had. AwRatioseREbbeosaror effluent is
passed through ao%aﬁigglr%ngtgfglragp (l;(r)(;aaggl‘xﬁ!;stgg thre c(anrten of rth?ellpeffluents. The acetic acid
conversion was 11% and adeta dé‘hyée selectivity was 9585 The SHer products formed were ethane
(1%) and ethanol (4%). Example 13 The catalyst utilized was 5 weight percent iron and 5

weight percest cobalt 15qg silicaiprepasacddnipepidanke Wil BsRiaeadegoh&ampls L- The

procedure as set forth in Example | was substantially repeated with an average combined gas hourly
space velocity (GRE98ioMBHsheeshave!yeracsvelomit (HEARS AP A etictbrifest hydrogen (1-12
to acetic acid molereaticodtheOapaiizedemypieradid endii3aesgantiatcapéas abiemdId ab 4 portion of the
vapor effluent is passed through a chromatograph for lysis of the coptents of the effluents. The
acetic acid conV(;Elrillacfrail (\gﬁgg Qfg%%r%\%d? g%(ga (?eﬁ%y%ggrssesfggt?\ﬁg/%v%as%ﬁ%f Qﬁh%péi%é?pﬁfod ucts formed
were methane (495)luand isaesend thoxidl 4396 ciz6Exmgrpith for analysihief thtalystutslizfatiewas 5 weight

percent copper ap1RWEISHPRIGRIAARALIHTIAL FibgaRr SRARRH)RAERERAGSMh the procedure

of Example M.
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



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-1 of the feed stream of the vaporized acetic acid and
hydrogen (1W® &) Hé&tié4acid mole ratio of 37 5) at a temperature of 350C T AtSAN9PW$?e of 1 bar.
A portion of the vapor effluent is passed through a gas gl;romatograph for analysis of the contents of
the effluents. The acetic acid conversion was 10% and acetaldehyde selectivity was 90%. The other
products formed were ethane (1.5%) and acetone (6.6%). 5 Example 15 The catalyst utilized was
1 weight percent ﬁthenium and 5 we[éqé;&percent tin on silica prepared in accordance with the

procedure of Exameé FRTHEHPE e fr &b A aPisisnn & L a1 PAHLRfBREN RSNy repeated with
an average combefidaegas posely/tbpagh ¥glscitydeddgMplofat, siylis bihtheheats sif ¢am of the
vaporized acetic gl and fydraann (2 16,0081 361d mols ateph vk ahe Jgmperature of 350C and at
a pressure of 1 bar. A portion ot the vapor effluent is passeorll hrough a’gas cﬁromtztograph for analysis
of the contents ofié-15eghiesrtarophetsens dwiercotensibi%andasgensd @6¥hidehyde selectivity
was 78%. The other products formed were methane (6%) and ethanol (12%). Example 16 The
catalyst utilized was 1 Wei]gsht percent palladium on iron oxide 20 prepared in accordance with the
procedure of Exa €22 The procedure as set forth in Example 1 was substantially repeated with

an average combined g@idaulysspeligedelacitywtEpérehl iboRiln aidiseveps: gerem of the

vaporized acetic ?.cid and hydrogen .(H2 to acetic at?ll mole ratio o{. 55 ?tﬁtemperature of 350C and
glon S1 cagweg e%l accordance wi € procedur, Xample [N,
at a pressure of 15 bar. A'portion of the vapor effluent’1s passeaﬂtﬂroug a gas chromatograph for

analysis of the contents of the effluents. The acetic acid conversion was 66% and acetaldehyde
selectivity wag 59%. TheRIRSBIAAUE SRR SMEREROR 1A INGE AT RPELRINARR!AF8%). 38
Example 17 average combined gas hourly space velocity (GHSV) of 2,500 hr! of the feed
stream of the vaporized acetic acid and hydrogen (H; to acetic acid mole ratio of
5) at a temperature of 350°C and at a pressure of 1 bar. A portion of the vapor
effluent is passed through a gas chromatograph for analysis of the contents of the
15 effluents. The acetic acid conversion was 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%).



The catalyst utilized was commercially available copper-aluminum catalyst sold under the name of
T-4489 from Sud Chemie. 5The procedure as set forth in Example 1 was substantially repeated with
an average WehBIN&d§4% hourly space velocity (GHSV) of 2,500 hrl of thePlebB¥SWeYMGRhe
vaporized acetic acid and hydrogen (H2 to acetic acid mgle ratio of 5) at a temperature of 350C 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 10effluents. The acetic acid conversion was 88% and acetaldehyde selectivity
was 51%. The ottl]ser ]E)]r(?ducts formed were carbon dioxide (5%) and ethanol (16%). Comparative
Examples IA - gpExampleld o examples illustrate the reaction of acetic acid and hydrogen over a
15variety of catalysts witkesiataithanitiaedoeialctahydeiasits feiiaelt ansporaanyitawm selectivity to
acetaldehyde wa r a onversi eticaci .In all of these examples, the
procedure as set %rt %nyégaun%&?é P%vrgsm g&@%\%ﬁﬁ?ﬁlsﬁe h\?vrllfhe’the exception of using different
catalysts as listed in 20Table I. The reaction temperature and selectivity to acetaldehyde and other

products are glso tabulajgdl if.dali s s30rdablR éxﬁggegq R GRNYREIPRpad SR ties for

Comparative Examples Example Catalyst Acetaldehy: |
average combined gas hourly space velocity (GHSV) of 2,500 hr' of the feed

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

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

effluent is passed through a gas chromatograph for analysis of the contents of the
10 effluents. The acetic acid conversion was 88% and acetaldehyde selectivity was

51%. The other products formed 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.



selectivity (%) Acetic acid conversion (A) Other products IA 5 wt% Cu/ Fe203 31 100 ethylene-16%,
ethane-15%, ethyl acetate-4%, CO2-5% 2A 5 wt % Co/ H- ZSM-5 44 3
WO 2010/077342 PCT/US2009/006725
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Table 1. Acetic Acid Conversion and Selectivities for Comparative Examples

Example Catalyst Acetaldehyde | Acetic acid Other products
selectivity conversion
(%) (%)
1A S wt% Cw/ 31 100 ethylene-16%,
Fe O3 ethane-15%,
ethyl acetate-4%,
C0O,-5%
2A 5 wt % Co/ H- 44 3 ethylene-28%,
ZSM-5 ethane-28%
3A 5wt% Co 5 78 4 ethylene-14%,
Wt% Ru/SiO, ethane-8%
4A 5 wt % Co/ 0 2 Ethylene — 12%
Carbon acetone-8%,
methane-47%,
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



ethylene-28%, ethane-28% 3A 5 wt% Co 5 Wt% Ru/Si02 78 4 ethylene-14%, ethane-8% 4A 5 wt %
Co/ Carbon 0 2 Ethylene - 12% acetone-8%, methane-47%, ethane-5% Example 18 To prepare the
ethylidene R334 (c), the enriched product feed 5stream containiRgEESENEAN the
acetaldehyde of step (b) is fed into a reactor with acetig 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

Example 19

Any one of the catalyst prepared according to Examples 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 production of VAM from the reaction of the acetaldehyde

5  formed in step (b) and a ketene with an acid catalyst.

While the invention has been illustrated in connection with particular
examples, modifications to these examples within the spirit and scope of the
invention will be readily apparent to those of skill in the art. In view of the

10 foregoing discussion, relevant knowledge in the art and references discussed
above in connection with the Background and Detailed Description, the
disclosures of which are all incorporated herein by reference, further description is

deemed unnecessary.



excess acetaldehyde at 25-100C, (preferably 40-60 C) in the presence of 10sulfuric 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 eta! is used 15to thermally decompose the ethdlidene 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 occlffat's @aiediSre between 50 and 200C and a pressure of less than 15 atm. 40 Example
19 Any one of the catalyst prepared according to Examples 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 production of VAM from
the reaction %fﬁ]BrQES%JQH%‘”e RN LW PSR PRRERUGAH AR S iyst.  While the

invention has beef JoateriathimcemreClRIim ARt e @realesi magificetions i dhese examples
within the spirit andgscoge of the inv(%réion will be reang/ a\ygg ren tgé&ose of skill in the art. In view of the
10foregoing discusS¥H OFE Rt RAGATEAER PRSI YA 2 FeIRHIQIRBINA @S onnection with

the Background anddpeseiled Restplionathnstistlppuresoofowhiehtiaiseallnsanacatactherein by
reference, further description is deemed unnecessayry. 41 What is claimed is; 1. A process for the
oroclucton of vinyl SECTAETER G AN TEGRa1d MYGroGEnGaRgySt uriher Comprses a
first metal comprising from 0.5 to 1.0 wt. % of laaium and a second metal
selected from the group consisting of iron, coppgeld, potassium and
combinations thereof;
b. enriching said first gaseous product stream actttaldehyde at least 50 mole
percent;
. contacting in a second reaction zone said esdli¢inst gaseous product stream
obtained in step (b) at an elevated temperatutte agétic anhydride to form a
second gaseous product stream of ethylidene dtaceta
d. thermally decomposing in a third reaction zoaid second gaseous product
stream obtained in step (c) with a suitable actdlgst to form a third gaseous
product stream comprising a mixture of vinyl acetatd acetic acid;

e.separating the vinyl acetate from said third gasgroduct stream.

2. The process according to claim 1, wherein thalyst support in step (a) is selected
from the group consisting of silica, alumina, sikalumina, calcium silicate, zirconia,

titania and combinations thereof.

3. The process according to claim 1, wherein stgfufther comprises contacting with a
catalyst that is selected from the group consistinglatinum supported on alumina or

silica and ruthenium supported on alumina or silica

4. The process according to claim 1, wherein tfe¢ flaseous product stream is enriched

with acetaldehyde at least up to 80 mole percestdap (b).



a. contacting in a first reaction zone a feed stream containing acetic acid and hydrogen at an elevated
temperature with a suitable hydrogenating catalyst carried on a suitable catalyst support to form a first
gaseous product stream comprising acetaldehyde, wherein said hydrogenating catalyst further comprises
a first metal comprising from 0.5 to 1.0 wt. % of pall#Bum and a second metal selected from the group
consisting of iron, copper, gold, potassium and combinations thereof; b. enriching said first gaseous
product stream with acetaldehyde at least 50 mole percent; c. contacting in a second reactign zone said

enriched firsPgABERIOFFSE RAQFENG BhEA DAL RERS!B) BEER S A0 Ed (h paRsiGt O lAEELEetic
anhydride todgidmasegansgaaseHsanisiiersticamid eiRpiene dometaser: dothareally decomposing in

a third reaction zone said second gaseous product stream gbtained in ste&n(ggiwith a suitable acid

catalyst to o REFAYTGREHG C BRI QtieS A R dmiesi R 8RRk erL & QcbraS A Hefacetic acid:

e.separatinggfees ¥ilvgl argiate Hono s aichiéd ereasedesr aFelitBrenns atnbeppieessarwiateing to claim
1, wherein the catalyst support in step (a) is selected from the group consisting of silica, alumina,

silica-alumina, calcium silicate, zirconia, titania and combinations thereof. 3. The process according to

claim 1, whegemrignded Ssrisoraimg isessseniaciingraiintiactanddyst diep ibFelentast ipatéiie group

consisting of platinum supported gn alumina or_silica and rythenium supported on alumina or silica. 4. The
process acoBnGS BHIRECT AU BRI SHIRLL IR AR L2 18 drr LB LFRFRRME Ry de
least up to Sthevaladrieemnesstep (BxhdZahgd lo¢ avoce ST@BuUUD) Gitel cliemprbseines eifttize reactants in
step (a) consist of acetic acid and hydrogen with a molar rﬂéio in the ran ﬁ of about 100:1 to 1:100, the
temperaturergﬁm@%ﬁ%ﬂﬁﬁ IBhLt rﬁ'ﬂ@%é\éﬁ QLH'I‘%aB?) &rﬁ?"%,%ﬂd the pressure of the
reaction zones are in the range of about 5 to 25 atmospheres absolute. 6. The process according to
claim 1, wherein the reactants in step (a) consist of acetic acid and hydrogen with olar ratio in the
range of abotn IS S5 RE ML RRR SEUR e ARG S e R R o S 570 to 310
and the presisydeogicifatigacticlygnneswie (a)theframoabeibaitoad Suto220miighspbateatabsolute. 7. The
process according to claim 1, wherein the second metal loading level of the hydrogenation catalyst in step

(a) is from about 0.5 to about 20 weight percent. 8. The process according to claim 1, wherein the acid
catalyst in stg@pT(o isreelessexttomniiagamaiairaulfontveasioshewitaly stciad st @kansetatienidranids.

aromatic sulfonic acids, sulfuric acid, and alkanHonic acids.





