WO 2006/052615 PCT/US2005/039714 Process and Apparatus for
Improved Methods for Making Vinyl Acetate Monomer (VAM) Related
Applicatigpsdnsaccordance with 35 U.S.C. sect. 119(e), this gpplicabti@hzor14
claims priority to U.S. 5 Provisional Application No. 60/624,846, filed
November 3, 2004. Field of the Invention This invention relates to
apparatus and methods for making vinyl acetate from ethylene, oxygen,
and acetic acid. 10 Introduction Vinyl acetate (CH,000CH=CH,), is
otherwisecknownmas- ¥ \hoioptated Ferotn & (VoY) Yiad et ackib etheryli v
ester and acetic acid vinyl ester. Vinyl acetate is used mainly for the
produgtion, ng;yiom“grs and copolymers, e.g., for paints (mainly

dispersions), adhesives, texfi d paper. 15 processing, chewing gum,
and for thel)ﬁr(‘?)C 0GR B o \7§18|3§ é’oﬁéf)%)érgds ﬁ T?;\C/%%t%iﬂ/nrsa .rg(lj\i/giéﬁyt o
acetate i eF IAPEESE ORI %‘\%%‘Fﬁ@é@?&‘?@ giie resins, paints, and
sheeting. Floor coverings are made from vinyl acetate - vinyl chloride
copolymessthyimydmmeetate is also used in small quantities as a
comonomerift palyasnicdibenprductinmosavenaliipeanshavedean e,
emploangegqmt}%\@regg%cace]dyinyl acetate including the addition of acetic acid to
acetylene in the gas 20 phase over a solid catalyst and the reaction of
atetic acid (ethanoic acid), ethylene (ethene) and oxygen: C2H4 +
CH3CEBBHSHY 5 0, - CH3OOOCH=CH2 + H20 25 The reaction takes
place commeriakyiridiGRPBRzEE usivibrpaltadmrcoppraarsgger (VAM),
homogeneouds:eatalysts0kdidhe gag! plrasaguettheteradereplis tatakyston
contaiing RaladiumRe Jeastion@ers aliRrpel alkessabave: LAk
and at pressures, of, 0.2, 19,20, A RYREOAEIS G WSl BraRdsmal

quantities of ethyl acetate, ethylidene diacetate, and glycol acetates, The
reactio s ERtREII CT 8 KGR TNEISS. 38 Dle o ts economic: ,
importarRSassi AP ETIRHEY RSt 1oty ISRiBf S eragiP IO YIY Sy REHEER B i
vinyl acelatentird06 tyrRussell deseritietber prdetiss Mverhivtiy mixkare of
acetylgngaae peaticvacidwerndethinte acentsaldistdbutertybe iand out

thrpugh,.holes spreaghglongdbedength of a packed bed tube to form vinyl
acetatgu(sec E{Eﬁmple 2 ofﬂ%s. g@tent 0. %%58,299). An advantage of

. ‘ id{s Cid), ¢ {ethienie) and 0k
- this systél?naci’s éa%\llcoalﬁa)inece of hot gsp;ots that can damage the catalyst.

Russell 35 mentioned that the holes along the length of the distributor

tube could be replacediviithi&sthate’ Baridstof 4 psrtls hiaterial. WO
2006/052615 PCT/US2005/039714

25 The reaction takes place commercially in liquid phase using palladium/copper saits as
homogeneous catalysts or in the gas phase c;ver hetcrogeneous catalysts containing palladium, The
reaction occurs at temperatures above 146°C and at pressures of 8.5 to 50 atm, Byproducts arc
water, CO; and small quantities of ethyl acetate, ethylidene diacetate, and glycol acerates. The
reaction is exothermic {178 kl/gm-mole).

30 Due to its economic importance, improvements have jong been sought for the
synthesis of vinyl acetaic. In 1961, Russeli described a process in which a mixturc of acetyicne and
acetic acid were fed into 2 central distributor tube and out through holes spread along the length of
a packed bed tube to form vinyl acetate (sec Example 2 of U.S. Patent No. 3,268,299}, Anp
advantage of this system is the avoidance of hot spots that can damage the catalyst. Russcli

35 mentioned that the holes along the length of the distributor tube could be replaced with allernate

bands of a porous material.



During the 1960's, processes were developed for producing vinyl acetate
monomer from the reaction of ethylene, oxygen, and acetic acid over a
cakglyste@aigining Pd, Au, and an alkalai metal acetate. Seett.Bsldaient 4
.No. 3,743,607. More recently, various catalyst compositions have been -
~for improvements of the synthesis of vinyl acetate monomer. For example,
Augustine et at., 5in U.S. Patent No. 6,022,823 describes processes of
converting up to about 100% of oxygen, but at relatively low selectivity to
VAM (high selectivityste, G02)sSimildriyloSd tithpetieingryity! S pig et do™
5 19%%%{@9&@@9@@&@%\4@@4% hutonith highsseteotiviitocarbonlkalai
dioxide, Other workers,f %@’%E%R;'@; @A&@&&@M S BatentNeosohs: 281

meta acctate B%qsgdr %WJYAJMMIC et al.,

have reported good selectlwt tfvm

conveF&idH BREKTIBRS (heRte. Stlffé ne%d for h| recycle and expensive .
10 com%ﬁegﬁféwgtéﬁég@%ﬁf@ﬁﬁrfé%‘é aiee §n(5" &F 5 foRG period of time.
there rerivaine esreedfor WA biek seeiairy \ﬁﬁwﬂaée%afé bt F Rkt

is chatacterized by highcenversionand lavsdefettivtytorcirtisOdivxieecs
Summary.ofthe, Invention.d 0. 8 fisiaspeckdhedpertienpyovideshgh
methog of i Winyl acetale, fAmpsindiRrovidingra-seactionshaanel

expense, namalys
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chanretsshefstjlera) SeBtc e Ay’ b‘i{’ﬁ@féf’é‘ﬁ“?c?é’éigf’o ?B’Fﬁ%m\‘}.?{‘w!"“’
acetatemomomeronvfieng:at least 20% of the ethylene is converted to
products, and of the ethylene that is converted to products at least 80% is
convegted 1o gfqhglg;;ygn%ptate monomer or carbon dioxide. Also at least
602 of the dioxygen.is conver !&dmt&(@w%&% oamg(ag 6as140%.0h it

adetic acid is conve?ted to products. The above- esc[‘lbed CONVRLRIONS iene,

and selBEiHEE %?&?h“éﬁ"’u‘ﬁ“‘é{gs‘ﬁﬁ&‘ HF)aséd Woligh the reaction
channesktT mat aielicstayl dve IS e eE AV ERE t@%&ﬂ&i?ﬂﬁé@‘r’f’s Hweeer that

the reastant isoeasumntedvbutidoestrororeteirshel ecied Prodictsy Wik
the proyisg:that-atleash80%: (araterably atdeast 960y of thasB eihyiemeed ©
Iszgon\\lz%ry agettaQe yr!ﬂ% 1@&%@@05‘3@%@1@&@{[ Q@{m% @%M@(yéﬁ}& ﬁf@fﬁbt‘ﬂd

embodiment, the, aboye: (f scribed reaction channgl 89%@&%@&@5&#@&'6
reactidhS6HRE" i ae‘ésecon aspect, the invention provides a method of .,
makmg"WPfﬂ%c’éf‘éF@c étfﬁqﬁffs‘i‘f’f@”eﬁ%ﬁdﬁ\e PRYEaCHON channe comprising
a catabyisticoointaiminteteaetiynss orvens 156 b@é@?ﬁ&@fﬁ?l‘éﬁ"és“‘a&% K&d°And
dioxygenintediedpactiervchannekiindthis methitdptfeiolderaliiof e
ethylengfa,30 dioxygenis 6ot lessnanekiheconcentragionrof dioxiigen te
s atlegst 10 70y Mals; Jmeﬁém,!ﬁ&?as g@%@m(ﬁ@d dioxygen react to

form vit st monormer nd (e dors B8 Il 2004 0L s

ethylene fedhf& HHRFEREton channeris converted to p
substarrtifiped Fos e EHHvERRE Bth§ighE- fP‘&a‘“fﬁ%mfh"Wé%“é
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digxidesdn, thiss methed, ai least20%iof thivoxygent iseofiverteeltdhe cthylene.
products; 3. aad m&yzgle&@myom sthylene tesaban dipxideisid 596:0r20% of

less. T e ahby e¥§ fe io gpegc 100 G E\a{l%g J&%verted to products, and substantially ail of the

aﬂ ?assmg cthyiene,

converted ethylene (i.e., the cthylene that is converted to aroducis) is converted to viny! acetate
monomer or carbon dioxide. [n this method, at least 20% of the oxygen is converted (o products;

15 and the selectivity of ethylenc to carbon dioxide is 15% or less. The above-described conversions



2 WO 2006/052615 PCT/US2005/039714 and selectivities are obtained
in a single pass through the reaction channel. In a preferred embodiment,
therahmvessteseribed reaction channel comprises a single reaatiooszasesdn
_another' aspect, the invention provides a method of making vinyl acetate,
comprising: providing a reaction channel comprising a catalyst-containing
reaction zone; and passing ethylene, 5 acetic acid and dioxygen into the
reaction channel. In the reaction channel the ethylene, acetic acid and
dioxygerereattistoforrmivihipl catetatesienghisrctrithid Fhethoth gt Teast
20% efthenethylenevisiconvieredhiotproduats;iandsofithethytene that is
converted tQ predusts. atdeasi9oiewidhenathylensiis conveste-topimy:
acetale | i%’g‘&e”z%‘&o%2}%1%!9%!;LgéQ%g%%awma.c%&ﬂﬁgaae%%g@rmraasgihg&%a@,
10% Bt lese, Also, at least 40% of the oxygen Is convertef(0,pTRAULIS; i
The d5B& 10 dESEHSRE RORVETSIORS Bnd s%\ecthitFes are o‘bta’fned ina
Single YA HTPSRGHLRET BRLAGHE RAPRTET. T Brareretr SmMBSUimEnt the
abovesdeseiibeddeaction’ dhannelcdmripiisesia Singiteadts Zofe™ In a
furthesaspactoihadnuanton grovides-adgprodesd dodtheproductior afvnyl
acetaf@ ONOMEE GONRFISING:: RASSING SHHEHEASRUG AGHl:amEk sbove-
dioxygen.info a reaction channel.. WhELEIN & FaAcHon. ChABRRLCAMRLSES
a reaction zone containing a catalyst; reacting the 15 eth lene, acetic .
acid, 3%@185‘655988??‘8%‘?1%%%‘3’%?9%??861"8?%@8 *Wherein the partia '
pressure oftnadether st vikfdr CARRETATEE oA e FAE BrIEESIaIT &S
the reastorcexcesdsthedeyolnt. prasseifeant doetie avid atcthecrenetion
temperRiuiesd RANAtheraspesisdhednueniencprevites-a:process:forthe
produghion of YNyl ACRkatE IIPNAMR.CAMRIISING: PASSIRG @I MERressure of

acetic acid, and dioxygen inio a teaction channgl, %QCMQ&%&@tﬂp@e&@aﬁtlon
channéi com rises a reaction zone containing a catalyst; reacting the
ethylefigs s eetie atit AR HORYGERFBUE: the catalyst to form VAM:
wherein at [astisn et ietiaynboraestics apiefesid WiegyeRare ad¥edin a
stageafashiomintoiat leastdwiolpointgiatoigihdidemngtinof tsiyedetivh
channgl. g, afurher aspechdbadventionprovidesrgpparatusdongiie ethyiene,
production, of VAN, 22,GomRrising: & sAninueuadeaction: chanaghee. acic
b SoAENRLlas, Midng Fones. Alsalng wihaldeast 2
cataly&t:eontaming reaction zones; and a coo Ing channel adjacent to the
reacti¢ieEpEiHEr-An advantage of preferred embodiments of the invention
is that viny| medtete emrrbidsefelpn prodlices From e by High Y AM:
cancenirations ofethylenecacetiuatidnancdioxygerwiithifaigh B zoncs
selectiyity and.a00d.yield. Fhis makes-nassible:a More@epromICa gIasesshe
with S%Q%E%ncﬂ%”)élless recycle than conventional systems. The reaction
can be done in microchannels, and can take advantage of the inberent. c..,
safety of miCFGEHEHARI ¥SFRhGiTes St eXplosive reactants. o

produced from relatively high concentrations of ethylene, acetic acid, and dioxygen with high

30°  selectivity and good yicld. This makes possible a morc economic process with substantially less
recycle than conventional systems. The reaction can be done in microchannels, and can take
advantage of the inherent safety of microchannels for mixtures of cxplogive reactants,
Particular features of the invention may be additionally Hlumunated by reference to

previously submitted patent applications, An extensive discussion of manifolding in microchanne

35  devices can be found in U.S. Patent Application Ser. No. 10/695,400



Particular features of the invention may be additionally illuminated by
reference to previously submitted patent applications An extensive
disewssi@natmanifolding in mieroehannel 35 devices can bedaarnschos/ozo714
U.S. Patent Application Ser, No. 10/695,400 3 WO 2006/052615
PCT/US2005/039714 Descriptions of staging and mixing in

microchannels can be found in U.S. Patent Application Ser, No.
10/848,559. A discussion of quenching and distributed feed in
microORSHRERS EHENs TG U‘gc’?gafé‘?ﬁ%bbﬁlf&%{‘ﬂé‘husse?“tl“\‘l‘&“"*’“ca“"“ Ser.
10/4292 863 4Adedctiptivivof apparas Stk ford goakeerupcpratirdtion in
of VAMcan:he fptnchirsdd 6. RatskApplication SeppiNos 1048 4298dfiled
Februghy.i» 20041 Al Rfthesereferences areinconnonated Rerei asdby s,
reprodyed ol helou s ,Qawsﬂamntm% MESRIPIRIANGES. have,
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at ave cof {Itiﬂg tBI‘i’l’ilﬂO o) QWe such cO Cl’ arc resent
termlnoiogy in tﬁe resent description-is contréjfn lbssary 1o A8
under&ota fﬁlfﬁ’é"aﬁe %“Fﬂié?ﬁ’&ﬂ‘é’ﬁr‘fe‘l““fé"%% merely an orifice. The length
of a microchannel (that is. the direction of flow during normal operation) is
not theistioftest dimension of a microchannel. Both height and width of a
migrochanng! agssusiantially perpepdicutas 1o thecdirestion af flow: of.

reactam%céhmaqha% J@%?&Q,rmwﬁmam% 2re AR, Aefingd DY 0 rension
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mm or! kesst preferealylyibinimt ritestap rederdbly wiboutdan re ort lesdy dnchels
mare piaferably-t fimopdessirndkin sameemhadimants, Qideteid: of 10 mm or
millimeters.raterally, the Aﬁcaaﬂyqmm.i;%qm@mauagg%@&yﬁhaw01 &!;n

in some embod ts in ge of a Ltl tp 09 9
afd ii 50 eem ents imete}‘; reie %} ﬁ eng f aml roc 11[11{16 15 gzc ter
microchanne arc efine a m|crochanne all or w oice™o

materfatoFthi WA EWS‘%‘B‘@H §“6‘h° RO s O RIS TW@%%“W&IIE‘%‘}%E‘““@‘
preferaBiy rade ot s hiateriar Sutht dacceraifiit, arPiroH iaReEer Aty
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known meth:%]dbs aqd n Some roedfserrg n seo%c ;9;&:11 :Tean sba xm n]s HFE mayc by
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preferf&raibBa; ﬁ‘ié“ﬁﬁ%‘a‘sﬁ S D8 S Sirghs ¢ SrS%‘H(ir?{ C&@)CBE‘%%H “hgps
redctioniehsrerelsshires et with s derharcshgie 8y sshminrigetspele
designechforhpatiexadiange cdehseme preferred embodiments, the

microchanngl devicasaiemigreahannelreasiiadhat :elude Al wradityaf
m'CrO9&%@?&1@%&1%%@1&@&%& &f %EQRQ(S'Q;EFA%W%J &8!&1&@&%}"’&1@ & 5 plurality

plurall'% of ad%cgt%rgct:agneatm?c)zsg hg.:]g 5 ml(\:xtaoc gll’ll]?e% A Ul‘al ntam 1‘0{ emm le,
microch AR el Sy EORTATS . For axampiE® 3o 5 ™6 150" of mora "

chHannal¥: IW%F%?féU‘&Hﬁ%‘ﬁﬁin%‘ﬁ??‘ *ﬂqé'ﬂa?émewaﬁﬁelaOa}-eaﬁ‘faﬁgea%i in

parallel arrays of planar microchannels, for example, at teast 2 arrays of planar microchannels. in

some preferred embodiments, multiple microchanne! inlets are connected to a common header

and/or muitiple microchanne! outlets are connected to a common footer. During operation, the heat

exchange microchannels (if present) contain flowing heating and/or cooling fluids. Non-{imiting
35 examples of this type of known reactor usable in the present invention include those of the

microcomponent shect architecture variety (for example, a laminate with miicrochanncls)

4



parallel arrays of planar microchannels, for example, at least 2 arrays of
planar microchannels. In some preferred embodiments, multiple
migrochasseiinlets are connected to a common header andé@rraxiiinlessri4
microchanel outlets are connected to a common footer. During operation,
the heat exchange microchannels (if present) contain flowing heating
and/or cooling fluids. Non-limiting 35 examples of this type of known
reactor usable in the present invention include those of the
microeerpuoents heetsarahitectuled. v isty{fdrexarn prhcatamineteiatith
microghanns!s): 4 WQ 2006052615 L G THUSR005L020 7414 exemplifiedin
US Patents 8,40 s5§€%@mt§s 2RO TR Lb0th aggewbb@@@g@plagc@wm

incorp orated by reference form ntages i IS,
type &f‘é?chal‘ﬂéy e f:?e‘f “(cefr rejative %/g(fﬁ}/mt "egé?aasnﬁnr?ncés%cfﬁarﬁsf%uOi
rales CARHPTRE SUBET AT AN S BERRERIS drrEdEsSh & MRS Rhig SRS
reactdesredn Eombinethe beirefitd ofigdot Peatard MRS tralfgRepricrochmnel
excellentcontrahibottenperaturepredidenoestimercminimiratiomhoht ack!e,
diﬁUSi&Hmﬁmmmmizﬁaﬁig@m hy-Readuel formaton-Rressurediops camres
be low, allowing high thyougheuL Ry Remore.Uss Qf pisrogharnghe hea

reactols Cal achice hetel lemperaire sonioh shd maiiain aslatvely
re | rmal ‘profile, ‘comp aréd to corventiona stems In addition to

the pr@éfé@’é?‘i’ﬁﬂfré‘&’rfé’hﬁ’?ﬁ@i “éb‘ﬁ‘iﬁ?)ﬂ‘& FrARCreE s ST Ae TR oCALME] or
non-microckarmaktie dtidxchangersmiy penfré sdnte Mﬁ@ﬁé&‘ﬁﬁﬁh%ihﬁéﬁi 10
exchangers-afe sprefetiedd Heatiexchange ek sceivaye fhows througheved with

adjaC%ﬁ:B@%H@n%%mg&@g@m@@ AngCanhe gases: aftdiguidsyand icast

! y qulugceesss }neicaro hn:ge'“]lsl)df\m%;&lﬁmgg QQM:&H&%& xhﬂﬂ%&’ﬂﬁ;@ﬁ%ﬂ@?ﬁm%ﬁgﬁw
fluids - the s%stem can be og)tlmlzed to the hez&t

exchanger. {1} SORfe Pretefei Embos |°nc1§rﬁ% mu?tl E]rjegﬁésélts exc 551“16 *
layers rkniteeavercims il ﬂf.ifés LA m.&%eﬁaﬁﬁ%&o P

at least-l0, hedt®xchaindershintébediviety wmwatfllfea@tslscwidréée% e not 2
microchannels): Migreehatmels anecdefined bynmigrochanne! wallswthatther (in
lirgyt f'%sh@éw”f'% 2 i5a bole.thranahamisrashanpglwall oftsengihidse
usually the same as the, thickness, o mmgs mm&@@o@mmu (wmecggus sy be

slantedmorwn an extruded or dimp e opening, mouth, i hich ce[\ﬁerc,slts

lengthtiAITBE ShgHosF difsre it irs? k’ 5 thicIHsSS (o cr%lﬁ |8ée tl|nsmr\1wo ta
T-joint et meidied: Sﬁfﬁatﬁﬂtﬁ@r‘%ﬁdéma“’s ﬁzj@%ﬁ&wﬁ@r*ra?%ﬁéﬂ'fesy’m}%ﬁ a lower
channelscthat nowdtsgethei(ire 20:thé shapénofeed Tefagrcanym femppoitially
orifice shmgenerakthe mixing lengths of a T or Y-joint are considerably
longer than thgse; created: by grifices pdhe describeddnyeption mle may not
lengthgengar% ta)]em Eygeomg eorricIIV%u%I Q?ce&gz%% ?uvggm% 9)0%11?% \L%%Ewm&éf?(ﬂger

lengths creae more time with a less well mlxedh ee[dgtream trére es llﬁl|t .
of morePRhTRe SR SCIBIRN PRk G TGS RSy BE S TS Wers QeIusRiRy to the
desirediipraduntersedargey dewed, or increased safety concerns from a

potentially 26 flammableatixtuse:dQppasirglorifioes’ ardidrifites at

opposite sidgs,of.a,micreghannaltRabmasor JAaIRAN or walls that comprise a
reaction zone. The channel can be of any shape, and can have a cross-scctional shape such as a
circle (i.c., the channel is a cylinder), square, rectangle, or octagon, and may include 2 combination
of shapes such that the channe! changes shape with leagth, A reaction channel is no timited as to

35 size and may include conventionally sized tubes. In some preferred embodiments, the reaction

channel is a microcharmel.



be identical in size and geometry and are aligned such that molecules
which flow through the opposing orifices collide with each other inside the
migrochadielid he opposing orifices may be aligned to intersegl@nsmaysori4
be offset. 30 A "reaction chamber" is a portion of a reactor that contains a
solid catalyst. A "reaction channel" is a volume defined by a channel wall
or walls that comprise a reaction zone. The channel can be of any shape,
and can have a cross-sectional shape such as a circle (i.e., the channel is
a cylinder), sstjuatie) rectargiatiorodetAgor aHdchndy in Rt & CaiHBirstidT
of shapesisush thatthechaniel ehangesshapewith tengtmeAfreaction

ch ba“ Qﬁi&%&%'&@ﬂi&%@ﬁé@ B o%gé_&camq Wﬁh@dh}@atmnveﬁ&(i@iyssiﬁﬁdam
tubes. In some preferre iments, the: [ ied

e oD RCE, STECAR eyeaglon ghennel s
Z0ne I H BB 6 e ShaMHeM FWERGUHRG reattion. a reaction occUrs.
In opereftion fadEtRAEENAKING AT A AtaTE s ARG 20RE*iE the
volumeahazproedss whammeinthar contairmseatalpstiane speraey Ht4gxs
temperatyre Rinbichdhereis.a substantiahtatinofreaction 2ty picalhsalsout
130 C.gr. greater s Aveastion zane inalidesdhe-areaoecupied by 5 catalyst
plus, in the lgtgslelmggcgo? 1\:(:\/ p;p cﬁ‘?@fégz%@g%s{ﬁnb H'&U%ﬂqﬁﬁmﬁ){amﬁ@m fluids
catalyst. In some pre erréd em odiments, a reacti%{go_ edpszggogj Eat;i% Qfics
heat tHaREREFEITALE B RS TS P84 Bt Teaction Zone \ﬁaﬁ or walls that
contacesh hemsaxcHEEar. (5 FeHetoR ZoHE VoI GHIE GEYra at8Y thaH P13
cm'; preferablyrgreatersthan2i®dn 4 sintsommeiehisbaintenes fe'chi™to
200 empi,some embodiments 1.8 cm’ to 50 cm’; and in some
erirgbodiments 2 cm'to 30 cm'. 10 For purposes of the present invention, a
"system' is.a comb ti%a%§9£paratus and fluids in the apparatus. In

in
some prafered embodiments. a sgstem may further be described b

; j ieally \ reactors h Tous seelinns for
properties SUEHAZPIESEEPEtTan PBFSHGE oW FRIE S AIdIOF Teactivity
characteristicsiciany of the apparatus described herein may also be
described asia sysienmthay includes:ppe orimone fluigsoirrthaclapparatus.
15,Brief Desgyiption.afthe Rrawings-&igs: 14 pndchB/sshemativalhy) nd
|Fll_ust;%%g%p&g{%ﬁgﬁgtgﬁ&%@{tm g){qqgg@diect!onsf f;)r staglnt_g a rzacta;i.

Ig. schematically nus r? (S35 oxygeq Si?gmg IQ 0.a reda})c IOQ% @D@n .
. 3 sehentatically 1linsirates a$tged adgityon reactor formed oy joinn assefhiblies,
20 Fig. 2B shew& S pidt comparmg a reaction for producing VAM with
(solid Iejeeeisarobh (HaSRaE Tiay S a 4 dHtisH OFY Féactant. Fig. 3
schematicallyiliustranésy Stejees acditon’ resiershaBEhTEE LY BiRRTG vt co-
subasserahliesant and process reaction flow.
Fig. 5a shows heat flux and Fig. 5b shows temperature a5 a function of distance for single
phase convective heat transfer in a microchannel configuration without staging.
Fig. 6 schematically illustrates a cross-section of a reactor with adjacent partial boiling
heat exchange.
30 Fig. 7 shows calculated temperature profiles along the rcactor iength using different heat
removal schemes. (mass flow rate on the process side is 146.2 Kg/m2 5, T = 160 °0),
Fig. 8 shows temperature profiles along the centetline of the catalyst bed caleulated under
four contact time levels with single phase hcat convection as the heat removal method. Partial
boiling heat removal at 250 ms is also illustrated. Tu, (process) = 180 °C; T, (cooling) = 180 °C; V
35 {cooling) = 0.3 m/s.

Fig. & shows thermocouple placement in the test reactors,
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The reactor subassembly (HL) contains catalyst and heat exchange
chaqnels. Fig. 4 schematically illustrates a section of a microchannel
ma{r&zp@@@giﬁg unit, with co- 25 current coolant and procesggeaghigiRiozoTi4
flow. Fig. 5a shows heat flux and Fig. 5b shows temperature as a function
of di;tance for single phase convective heat transfer in a microchannel
configuration without staging. Fig. 6 schematically illustrates a
cross-section of a reactor with adjacent partial boiling heat exchange. 30
Fig. 7 shows; caloutated-temperaturerprofileseiong the Feipletoraehgtis and
usingsglifferent heat wiempyat sehemesi¢mass flow rate on the process

side is 146,2 Kg/m2 s, T 160, G)Eige & SOWR temperaliia profilesalong

the centerllﬁ% of the catalyst bed calculated under four con '
with $fifgie PhEse RExt %’8% S%Gcﬂsgh é‘évaﬁw%deﬁseaél% removal metr:?(:jt. tg;?ﬂijvels
béiling heaFirertobarsate st ss AlEAMS At EH " (SPeRE4E LT85 c.
T(cookng)yra180 C¥s:35(eoblifig) <0/Sim3.[Eig 9 sh i thermocouple
placement i theskes! feastorancb/\(D.2006/052616 FOTHIS2O05/639714
Fig. 10,shows, theceffest Qf.lemperature Quiberperformance of Catalyst 1
Chows the Ren Bl LT re e e e Lt ow
pressure (é‘%)é?g*j"é‘ﬁcf’fﬁﬁf&c‘tcf’éﬁﬂi‘:’lgt{ljr%g%(g%oﬁf’scf%' Wéﬁ%t}( gsstea%i%.t ‘%}V\I/:ig.
12 shéffesctheserfoiinance of Catalyst 1 as a function of contact time (I
/space velocity) at 140 C and 95 psig with a 6:3:1 C2:Acid:02 fend. 02
was fed A AlksFighioh Jrvhawsdmepariesmance of Catalyst | as a function
of corl'ga%[étlpggs(llspace velocity) at 150 C and 91 psig with a 6:3:1

Ciacid02 foeq, g vias fed sl ridsdd, staws e elfechotcaatast
ime on catalyst performance at fast flow rates. 10 Flg.c 1}51;@?19\:‘{}%% the
If

effectBTTRRIRG E2OS°HARD RSEIOINARTR ST E5talyst 2 at two  different

contactitinfes.Detitedriresdipticrarpesrae Efso difffetits Hme conet
Apparaiis i1 Thednveationhoarlpkavidedintreasbuedpbieity pet WPty 2
increaging he-numhesoh, lepaaiing wniks pegseactorunite/oTepeatingianit
COPEeR A RGN shannekin themmal conact.aithaihieat exehangetd i
and cou debe, f%e%grig S!%hca}nlg%g[ of reaction channel_s in thermal contact
with a f%i”)?e%? eat exchange channels. Repeating units, cqntbe %tacke to
increase caPacity a8 ‘SHETEA AT L CBRAGHFAon TS Fapeating Unit 1S &
single tutfeatFhenumiyer oblapeutii-uiperadly coolant microchannels) to be disposed
adjacent to a process channel. The process can be run in known apparatus, preferably
75 microchannel apparatus such as apparatus in which layers of process channcls (preferably af teast
3) alternate with layers of coolant channels (preferably at lcast 4). For example, 3 altcrnating,
interleaved layers would comprise layers in the order coclant : reaction : coolant : reaction :
coolant : reaction. Typically, flow into and/or out of some or all of a piuratity of coolant and/or
cndothermic reaction channcls passes through a manifold or manifolds that combines or distributes
10 the finid fow. In preferred embodiments, microchannels are arranged in narelle! arrays of planar
microchannels; preferably a layer comprising a parallel array of planar microchannels s adjacent
with another fayer comprising a parallel array of planar microchannels where the adjacent layers
exchange heat.
The height and/or width of a reaction channe! {wall-to-wall, not counting catalyst) is
35 preferably 17 mm or less, preferably 10 mm or less, preferably 5 mm or less, and mere preferably

2 mm or legs, and in some embodiments 50 to 1000 pm, and in some embodiments 0.05 to 2 mn.
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20 connected together is preferably three or more, in some embodiments
three to one thousand, and in some embodiments at least one hundred.
Fotvepnoikng demperature of exothermic reactions, it is desisghledandozo714
heat exchanger (preferably one or more coolant channels, preferably
coolant microchannels) to be disposed adjacent to a process channel.
The process can be run in known apparatus, preferably 25 microchannel
apparatus such as apparatus in which layers of process channels
(prefdrabhy atfoadtrBalternateswiitiehayers skdooianteian neis. @ fcfersbly
at leasted)icomexample r3radtertatingristerieavediayers wotldoomprise
|ayef%é€1m% @FQE&&Q@B@%@%@&MS@%@AMH rRaeHonRws GRAIAMK: channels
feact'ﬁm Typicall W'Qmwe N0, ANG/QLQML, &%Iaiseocmﬁm%(e@'mmrmuramsafme

coolant argld for endothermic reactlopmE rA Eﬁssef through a manifold
&s”

or malfifids AT ESABIALS SFdid oW Ih prefarred
emboiferRs ﬁfﬁﬂﬁtﬁ"&ﬁﬁﬁﬁéiﬁ bepis %{ﬂ%m@aéaﬂfﬁﬂf}%frrﬁl %ﬂ%@gﬂwﬁiﬁﬁ%ﬁ“
microeh@annelsspreferaohescdalyer comprisingetparatichardy Gfslaname!s.
microchannelsvisiadjacent: with-anathar dayenicempsising 1a paraliet-aray

of pIaa%m@%h%&@&wh&m&hmﬁdamragrlayﬁaseq@m@g,eﬁﬁats {THGan 2

height and/or width of g SReIoR.hanneh R IBUAl LUSAUHIND 1 enes

catalysf) re erably 1/ mm or less, preferably 10 mm or IeJ%s doth
preferably 5 h"nﬁ‘”“&ﬁé%@ Qh&prﬁcgf‘éﬁﬁr@éﬁ?aﬁla "SI G 16887 M h AR
embotRERE Bt THOT T SAdH SO PRy etHBBUMARHES e‘fo‘s Loianiniv | AR
WO 2606/052615 (RGHI SROSS03BP1Y chrsomeiprafened embodimentsyus
a reactignichanne! issegulaner isregslasyitshape;mnaicugngraperation; in a
wherein 9pe.QLIE.of é%%@@%éemﬂéfﬁﬁ xm@&fmpﬁt@m@%@{s Bmicrochannel
Chemlcq {) g%&? Smf% %}rafm%cg! I;zto IE%EI% Sc)atolcql'ljsr§ ec?ﬁi%ltma contact with a
significant’ art, as fluid fows throu ixed channels avm
surfacfé"’ﬂ@%‘ﬁﬁi“ﬁ% ratisEoP1o Y r‘ﬁ%’ré Gy 85%“%&%’?3 %f"’é PaliAg) regton)
internafitsurfaceiarea el caticwdntimfeterdfciarieiras il Yohdhiesa e
the punpeses-oidhisrgefinition;osurfasefareanand~oluine aterdetérmingd bulk
OElotheﬂb@%!g&f Baminalinarnal:channel dinnRRSIORS XCHIS Ve 0k-Stifaterca

area ephangels,sugh as cafalysts Pt ss%aleesitxsmprtmmm%wal@e%y

such channels Heght and Wg‘ygl Of()aS%O e:tlhgr er n%pnd La:'ir tofta Teaction

directiBFBERASW HH SEMED lpe?erre embodiments, the porflon 0
reactiGHERafTRF (it %Wh?ﬁ%“é‘?@&&%ﬁe‘zone or zones is less than 2 10
meters, more preferaiiydess thdrminndtdepemdstiiraore preferaisiydess
than 0.5 meteki lengihur The wataly st.eags filliapaberass-sectionief@is. In one
reactiqp.(far.V. &Mad@nm!oxagaadmﬁrm ractionshanneldafowsthraughy e

Cata'y?t[? % o?ng Q&prxaa eort' %J tE%&mm&%ﬂmg@tﬁumg&&nﬁ and 8. The

channe ow- he use O low- 3/ catal yst con Vguratlon can create
:

an adv%fﬁ‘fﬁb%ﬁ%‘“%f)é&i’ty?if}r‘}é%é%r@ r%ﬁ“?&réﬁé‘fr‘?é‘ PR S Wy = U The
catalyseesnfiginatioh PoBS PrefeiabIy e 1S w B0l ‘ijﬁﬂ‘ g’éﬁm* tubes 4.
adjacerititogha Eatalystinser oy anthinsayerd ofcdetatystthaticontactsfgably phral
MICroGRANBRkns, such as at least 2 or at least 10, Fig. !B shows an embodiment with 2 porous section
near the connection 12,
Microchanncl apparatus can be made by known processes and can be made by processes
such as stamping, partial cteching, and spot welding features to backings. To make hermetic seals

35 between layers in the reactor, diffusion bonding, braising and/or seam welding can be used.



wall (preferably a microchannel wall that contacts the catalyst is in direct
thermal contact with a coolant channel). The term "bulk now path" refers
to s amenspath (contiguous bulk now region) within a reactiporoiramher7i4
A contiguous bulk flow region allows rapid gas flow through a reaction
chamber without large pressure drops. In preferred embodiments there is
laminar flow in the bulk 20 flow region. Bulk flow regions within each
reaction channel preferably have a cross-sectional area of 5x10sto | x
10a mr, mor& praferg S1e168°f © TE Rt hE bR R PagTages can
preferdsiyreehisnisecartdast’Besr more b eefrabirge:80%srof ditdel 1) thieer
internadsucicpagrofavréactitineghabnelyeed?) derossksectionTod aagaghong
channgh.dp-amme ambedipaentss 2 siatic mixe! isidispesed-alianinietite a

re@cn%egh@ami @é 1%&@%@91 mg@cwcrzg g&@avm%lﬁ ,hmn%qmr }‘40%%?

between ad gcent nnels. one bq.qu %a ve emb Imepe X

reactants can enter th EFS%?W SLloraoblsfénsectlohqsc ﬁgﬁgéoedd alongy {ﬁm% Sgth of
a procBYERHAHIAN PigsAaR eIl JUHENTAE MR fralte s ents i panle
reactdps"gANd 8! BHSI Y e torgTehn eonteirr Sealeds seutiory Tl idothiagi. to
are pressuitizegodntharedctant(sutly s DejrEhied poreusceetiens areach of
preferablysestions.of siietednetal alengdhadengihaf metal tubes 4. 30

AItho%QFggﬂaﬁéyLglg}trg;gﬁ‘gglgt&qglpressurlzed sealed section 10, there

are prefera X lural sue sectlons sych as at least 2 or at Ieast 10. Fig
cet'l e can ucc i stainiess stegl reaciors W!ﬂt'l o5 without ba 1or coitﬁzgs
IB shows an € iment a porous section near the connection

|v||cro&%ﬁf8|f%wf§fﬂ%ﬁ%5b‘é%&(ﬂé@ﬁva&dwwmeé%éé%ﬁa’ Exffrgated by
made By priocesses! soghiassstanping spettiat-etohingirard sspotwwelding,
features-io backingscitotmakeharmeticsealsd3bbriveendayersia the
reactosmdiffusion.kaen gmgm.ar@igmgdm/@ra&%may@lg ing canReitisash s
WO 299@!95%9&§g511QJte!§%99 e/noc%% gi' ciﬂd lL!n%ng‘ilq%m?% Or§/a(fla}zoap gs can

designed t disassembled and rep eatln sub-assemblies can
separfad fﬁ%cr%%“ Ohe dhotRe a“'laﬁ%bﬁﬁ? éc“rﬁoéﬁ B AR ISGEREr or seam
weldet®fhe latter case, the perimeter weld would need to be removed
tadisassenmtentheiomnit: Teeuse oftre peatingrsebassenblieshispaduction of
advantagesustaesigndeatureibecausaitalioms fan the caialystoomntaining
5 reaciakseclionsdobesafubiahed.as,siaplsndiscreta witsWithQut,,
having,{0,ake secial, acoammadationsifonthe saging %%S@EBP

This feature also aids in the cleaning and” mainténance ?’ld#e entire fu
scale P3O Gltﬂ&rés%s'i‘g@m“ﬁ“f“éﬁi&éﬁ“ﬁ’éﬁi‘ﬁ%‘é%“ﬁb‘ﬁéfffé"f“?ﬁ FE(E S e
inéreaSepTaRt-capHeit) sSiisrassemblrescan rses diifite prares!vioaim,
membrafyebmaterial, rete:tdo stedistribite proguct froma first.subassembly
that isithenadded tea secand subasserohlyEaeh 8 LA4hes: layer preferably

subasgemblies,may, be fabricaied,h m%%m@a%%eﬁ@m; m?é@r%%ﬁmm
Barrier caq:%nl?% }jPT%ggnal rote;h ion V|n tat/e can bhezﬁgroduced

g {H; Pd. Fort
stalnl 55 Stedl reac tors, wi arrier coatln
catalysts, this weight pclccnt refers to the cnmc layer or rim that contams a substantial amount of

onlts at dSt YErs Or rim type
catalyst {i.e., catalyst that will have a significant impact on reactivity); it is not an arbitrarily
selected portion of a thin layer or rim,
One process for making Pd/Au catalysts typically includes the steps of impregnating the
support with agueous solutions of water-soluble salts of palladium and gold; reacting the
35 impregnated water-soluble saltg with an appropriate alkaline compound e.g., sodium hydroxide, to

precipitate (often called fixing) the metailic clements as water-insoluble compounds, e.g. the
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to protect reaction channel walls. If banner coating or coatings are used,
they may be deposited by physical or chemical vapor deposition, or from
solwdonmwmseesh coating. In some embodiments, a |5 barrier BOtisIY 039714
selected from alumina, titania, silica, and combinations thereof. In one
embodiment, material protection is provided by directly depositing a layer

of alumina from a gas containing hydrogen, water, hydrogen chloride and
aluminum trichloride. Wall coatings can protect reactor walls, but they can
also bediseks fenmadhering satalysitwallcoatings.@atalystsd@@dhetherwise
inventignsan employ Any.efthesaialyst.enmpasitionsiknawnnforihe
prOdu:%I'n v iQA’L \y @%@&!@Q!&a%@%ﬁ%@ ’Jﬁ%ﬁt‘:&%% hfycagamélqmga&mﬁg an alkali

catalysttsa Ig ' %z?- S‘ s}/mlg pg?e Jt;]ood UCtlonantatv ario: smoéqjc:;iiacqg\{vnm aslcp oc%sss
of cat&RatS Tor e Braatiction of VAM &e described. for example. in'U.S.

pats. NUS= PASIEU7 73 7757542 15 o, 5%6643%43"%8 SgTiBeed e

6 022ssazagng@f@%ﬁa@@@mammmwissﬂatvancéwmfm%?éﬁﬁ%farfp@rdﬂéash%?f@ih
by reference By eferredecatblysis 2 gompriseuBa Au;, randdiniscmmesphere after
embogdilgRiSPRiassikpacaiala (OAe) 1The catalysts alsespreferablyat.
Contam %e!%ﬁreﬂﬁtém ﬂgﬂ% Qz(c?g@ieacpzlyal@ 1@&@&10%@&%%;1%@&&9%@ soluble

S|I|ca alumlna titanic or zirconia, more referablyilrcopla Th catal st
in acetic acid rfxajr Stu ed to m rc uite sup orl malerna simtlar sugges ot 1$z en

(preferalshy 3 ca ayer) omprises more than 2 Weﬁg
%Uﬂ'}

Pd, mbre Pﬁf@fé%ﬁ@?%%% é’ét“fffz\fﬂ%‘iﬁoﬁ“fjrf‘%‘hfgeesﬁm‘bfi&%ﬁ‘@ﬂ‘fé’“@ 8

than 10wk Pebbeitdeirrsbmeécenrbbtiintdtitsodeisnzt™t2 wi% Pd. For thin
layers or rintjped3acatalystsqdhis wsight pencenthefers 1oithecentire
layer @rmrrimtm@tacaqmmsL@,ﬁwes&amialaam@watdg&msaky%éiq@ pi6@lalysiher
thﬁt will have & i @Hfé ANtImBAck AN JSRSHVIL I is: @rqm @cﬁglgaauyy bas &

selected’ portion of a th|n Iayer or rim. On ne process for m%mg

catalyg‘fgktyﬁl fgﬁ Ihoqo s xmﬂ%érg&%naspi erab 460#81.% mor, X SUF? in t%e 1arhc of 50
aqueotagogmmf@wéf walnéwg@&ﬁsﬁé\@sﬂt%rfﬁ%fﬂ&eﬁdm el @&ra fPecting 1000
the 35uimpregnratedweten solitbiecgalts:gbith @nvapgropriate alkaline
compound ex@eseslidaniaye imxideytoa{r ecipitateipften caledfixiagpthene
mglta"-tGr %L@%@%r@a%n‘é@%ﬂﬂ?@|MD!>§1&Q£H QPLH@Q&@;@HQOED@] %ﬂ\/é(Q]d of the reaction
2006008012 A hRRA0RIORA ol desi Wasing D e 1 v

support ma eral to remove un-fixed compounds and to otherwise cleans
the cafijt Bf 5HY PStaRGEPEHEOHEE h@“éﬁ%’}e&m LSRR ST ©
insolubiexesipEds with a typical reductant such as hydrogen, ethylene
or hydrazinghanchadding annadkadinmetabidompong suckrasdootsssitm or
sodiur-asriaie. Vatiaussmadifications:te. this. basie: prgeasscihavedeenn
Sugge%@g Rk examplendth ase RASHLNQ, MP&K%&%t&QHVQSﬁJC%M

suggest% m%'gsstl%tgartlan of the rE)alla um. be%ﬂca%lrta en a

al H g t {
reductlon sfreem aisfgcl)catpl min C§‘m Wébéc 5 d lc,ﬂ?ﬂoﬁgflﬂr?ge

or al. é’d‘éQb%%%%@él‘?ﬁﬁlﬂfd“fﬁ%“‘éu‘ﬁbB‘rf‘?ﬁ”ﬁhﬁ%ﬁfaf@&‘i&é’ﬁ@‘%?ffﬁd%ﬂﬁéaré AUfter
impregradiorowitlibotiryallddiden einekgolonssitse bs USd Paeritneyst such as
5,466,602y aparizos @t ahtalyst costed on a fin or fins), or screen mesh disposed adjacent to a

heat transfer wall (icaving a bulk fiow path adjacent to the catalyst).

The highest number of catalyst sites per unit volume is envisioned for 8 powder catalyst or
other flow-through structure such as a microporous packed bed of pellets or a foam. Howcver, the
corresponding pressure drop per unit length will also be lrighest for the flow through structurcs, At

15 acentact time of 250 ms, the expected pressure drop per length for a powder catalyst ranges



suggested that salts of palladium and gold that are hydroxyl-, halide- and
barium-free and soluble to in acetic acid may be used to impregnate the
suportamesnial. A similar suggestion is made in U.S. PaterntdNaus2005/039714
4,902,823, i.e. use of halide- and sulfur-free salts and complexes of
palladium soluble in unsubstiruted carboxylic acids having two to ten
carbons. Preferred catalysts are of the rim or thin layer type in which the
active metals'are distributed in a thin rim or thin layer of material; thicker
layerseaf-activermetals produgendgighve hdspropoidiontof shtesirabladgide
produgts, JheJimes thintayel:@nsmal paricle)ydypicatlyhrasia thickness

of 50 to 1000 m!&ﬁ%? melers () mpg%f.%@blylﬂ%lmmm@g&)@ae,f@@msmm@

range of 50 to 200 pm. For sm % artlcl .? tgylnxgctglg Nesses
ear,
less tHARTHEES ’\‘}éibeef r‘faﬁagf(g’mwléq % cr(r)1usocra 5SS Chve metals an’

be dls}ﬁ@@eﬁ‘mfﬁ&@‘}‘fétﬁ‘fﬁ%pﬁﬁﬁi‘é‘fb%“%“ %ﬁfgegﬁ?ﬁo[alf’ﬁsé“n s thétatalyst

has adgraded motivity-rmeoneseid BEa FeReioR 7o s oo rEAe Sr6! a

reactigi:ehaneghrdethecthersendofithecresastionmand foriotieraedyof the
feaCtiﬁmst&!a@m@)zﬁummJ thecatalystactidtyiscreasesalong the length
of a zone O{ Chrgpg!le cue@ em!}%dlm@qmea‘thg Jﬁﬁ&&%@@&@i@n%ﬂﬁ?{é@(iéﬂ 0

that heat is generated more e ual along the | ngth of the zone o .. of solid
cHanrf@hti 2&"&“& Hhositio n%%a %/adét cohventional forms such as

powdete uHeFfumdrdn t‘i? BaRHR o8 REh SLREE B A T Bore ST E !
Examplesofistitable cataljstsupporaincrieioTen s ANVERIRISEETS:
foam, ifivrseteesmmncsh. gauze, honeycomb, or other porous structure. In
some preferggd. embodimenis.dhessatalyalisiaicatabdicwallaoatingee viny!

(typically a wgﬁ’!a%g%&)lt%ae"?@} L@sgmagmapmiae{mu rwalls Theflow ks m
reaCtantS ma rou h the Cata|¥5t as I on (QVI Qc%t%alsa% aorat% Of 6&}1){ ene

powdé?mfc?éeﬁﬁ“?%ﬁ“B"dQ%ﬁtzseerccﬁoW OF R éoaé ants mrgF also be around or
‘by' a eatalysit SaERCRE SO Ry SR SR G A GO8% f&%ﬁ&fﬁ%ﬂ%é‘t‘e" 6% a
fin or fing)ror soreen meskndishosedradjabeht tordshibarranaferiganene In
(leaving.a hulkdews-pathadjacentiadhe: patalyst) Fhe bighest numberok
C%Ba'y%é!&%%y% it yelume.is envisiangdofera peweern catalyst or oather

o NEougn SHENITE, SUCAR @ MUCLARAIQHS Pack st Reth ol RAUIA AL fone
foam. Fiowever, the correspondln pressure dro%] er un| length \gll" also

be hlg’r‘?ég‘t"‘f(ﬁfcfﬂ@dfféinH’? RSP E A P I S B tac 1'ler]ﬁn of S50 m:
the expedtedt prossre didp ﬁﬁé? Pe‘n@IFPfﬁr%fﬁ%‘iﬂfd]é‘?r%é‘f&‘I?’é‘taP&’h‘Qééeaiﬁn
WO 2Q06/0526 L3RG T 52005088 Rk cbet@een 0. Lutybadtae1D htvn/inee
depengling, upon;thersize of particles, their shape, corresponding void

volumes for ;I'OA’XV%(&C%P%E%QQ IEREAIEand RIS auR Afdhe deastotsl
zone. lrrlogc?sre]:ge aref rr?fgcmg]g)lmcnm F a stt d;)igs(%q !:¥c§ ll tlﬂﬁ%@ﬂij&%&gm gl;%ng%ed

in a processc of Inter-stage mixing of reactantsfa [ liquid or.
gaseoﬁ%s‘tﬁféwg’c“l|‘F@rb‘>9téﬁlﬂ’é:r%r°fﬂ%tﬂ¥oﬁﬁér i 5 0GR m ylene, acetic
acid, orrcpjmasélum1eﬁcétdt’e0>ln?f§ﬁ¢¥é$é}|f?éc?‘é?ﬁbodlment orlflces are

30 In preferred embodiments, a reactant is slaged through plural {preforably at least 3)
openings into a reaction channel, Sec, for example, Fig. 2A. Any combination of cthylene, oxygen
or acetic acid can be staged into the process channel. For example, acetic actd or a mixture of
acctic acid and oxygen can be added through plural orifices along the fength of a process channel
containing a catmlyst and flowing cthylene.

35 Staging of a reactant or reactants can provide improved temperaturc control. Tight

temperature range in reactors helps maintain high product selectivity znd increasc the catalyst
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disposed in between catalyst zones so that there is mixing but no, or
substantially no, catalyzed reaction in regions between

catalystwesiaining zones. An example of this is schematicallycitustoat@go7i4
in Fig. 2A in which a catalyst 22 is disposed between mixing zones 24. In
some preferred embodiments, a reactor of the present invention

comprises at least 10 10 cubic centimeters (cc), more preferably at least
20, and still more preferably at least 100 cc of solid catalyst (preferably in
the foeramof. adixe cebeto Fhissarhcant oloatalystdiean fenin Bedifrgethe roactor
ChanP[@L Hutibisrpdch:o ;s nere:can beustispeised.overplunakieadtioncton
zones, ¢ al?étehea%Cd??!a%@@ncqmﬁc%@ﬁksm L RIReesS &Sonitob AdvaRIages: in Figure

possesse present |nvent|o nglude the ability to safely.praduce
vinyl %Téﬁé‘%(a é“"ihgfseﬂéec fiohs that utlize hig coﬁcgﬁtrgt;gns of reactants in

néar SOREHITRRStIE RO HRtat Fﬁe‘%‘ﬁﬁ@‘w“é B BRI SIS T ™
processfortheprodictiontahyvingbaebts Har a4l ‘658%’ éfﬁ?l@h@ g™
oxygen in thegaacioneisds nonhiessthrdughdinza reactid rezomne irtiorector
prefe rﬁt?!}‘rﬂui »thlﬁ%gthg GLIGBOUE A T8AL R R ZRNE sanChSiihBAONehe reactor inlet.

preferaidy i 1RcoJc%géaaﬁ(%H@mmgamug& 20l aSOME.pERLRIeLktan,
embo iments, the process for. the production of vdn}yan%etate has,aratio.of

atetic’ '?Btgaéltacté’“é%mégﬁqof & _dme%gesn foUgNOUL & reaction zone: mor
preferBIsIg et 6f &*idePqé‘sféagﬂﬁfdhfg‘ﬁ%mca‘%’éﬁ%ft RS ERe R e P
preferabiyiarratiovtef @G conteas troulhoue- BYSHBHORC F5fie b FrSBRE!es
prefersedambodimants; ihecrelativeiamounts ofneactan & iarsoirs three: dimgee

of ethyle Qf‘%n%ﬁfﬁ?&'&@?&d wiEHOXYQeR len@g%Kle@W@ r&sdich.olBusemesprefened,

the 02 concgmtra n in a reaction channel is at least 8%, in some
Ortion € rcaciion mﬂe

embodiments at least 16%, and in some embgdlmqnts in t‘hrgogargg%n 2.9
9 to 20'7 (by"iBH! R SRR B B REAER GO IS Tower heed | £
recyclifigeepwie r!i’a’r@tﬂ%‘%ﬁ\‘?@ﬁ%@ﬁ'a‘lc‘rﬁ?itf’é@ge%“ﬂ‘ﬁ”ﬁ ‘ﬁ?%fEWE‘HVEIy’ o
embodiienipfia steadystatkleaitioncthes rativofgasevs deydeng's 1o
fresh feed jsiasstham 1l wmare pieterably 61l igedassostilmibre) do not
pugferably ik, OcIefs, mare %ﬁ@a@mmﬂmralmn@mpmatcmatem%wsz

plural ?pre’?erébfmes feast ) openlngs INto a reactlon chan el. S e
exampRes Sli“i'&r“QA‘gKﬁvgﬁﬁsﬁﬁfﬁﬁfﬁ'ﬁzﬁe@tﬁw HE ok GER"OF af:c}:Me2 E%&%ﬁ%
be stagedintotheprocassielanheriigr éxgdifpte, acetic acid or a mixture
of acetic acithard0xygencanbe-addedc through pheraticnificbsraksng the
length-gf.aprecass sharnel, cpatainipgsaeaialyst asdlpwingsethylene: 35
Stag'”% oA e QLR ACIRIRGAD im.saw% impioved IRIMPQELIE porform
contro %ht tﬂe&mn eﬁgtsure ange égﬁgeactgg épggmg %nggmg&,pm%gm

selectlvcty Increase e ca a St ﬁW

PCT/UB&B@%WW*ﬁ*fé%ﬂé“r%?ﬁ%@%ﬁ&é‘%? ﬁ%‘%?aéfﬁ i FRUEN S
are prehaixdel ard sfereksnteritkieci plettofabies redexgrivll scale reactor is constructed

30 consisting of multiple rcactor sub-assemblies scparated by staging sub-assemblies. This atlows for

oxvgen and/or other streams to be mixed into the main reactant strcam immedizately prior o and/for
immediately foliowing the catalyst sections of the reactor. The reactor section sub-assembly can be
greatly simplified due to the absence of mixing geometry and aliows for the inclusion of heat
cxchange channcls that can be located on both sides of any/ali of the reactant channels. Likewise,
35 the staging section sub-assembly can be simplified due to the absence of any cataiyst channels and

can therefore be designed to allow for multiple streams to be simultancously mixed. Fig. 3 shows
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The maximum temperature is observed at a certain location which is
determined by the reaction rate and the heat transfer feature of the
catglyshirehas exemplified by the dashed curve in Figure 2BeFhe.s8l0714
curve is the temperature profile for an equal bed size, overall feed rate

and 5 temperature but with three distinct feed locations within the reactor
bed. Staging can reduce the temperature rise within a reactor as
compared to the temperature rise for a pre-mixed feed. Staging also

provi@lg}és&ngra%g means:af a@@ﬁ%@x@iﬂ&mﬁt@ﬁ@&@faﬁﬁs’%ﬂ@ ASuikthe: reactan.
zone. Thus, without staging, the concentr. e feactants, Qcimilar
et R S SR

reactiA¥dtES are increased. This depletes the reactants, 10 such that the
concentratidrgeetifadticsaTHIICHEH"ERE PR RSE RSN AHHTHE Pe BEIRSH A4S
is ssloywack sFhiecoverdlhréactionirate: isthel enveradgeoi-the ncheriernthibrates
throughgutdherkeactinrene b thesmeajnrity afthe edctignedeuis earty
on in the zone.. By.ataging the.feedsdhe seactioncales can.be maderaied

at the IDiet and ncTeased (el dow i (eaction zangs Tisallows.
more efnecuv u§e OF alﬂ o '[?16 catal){s_t,, while avoiding hawrgg% exce Sl&{gﬁic

reactibPeBEEtF YRt AHYHEFIRUIT 1% DBIFIEH BY e teattion Zone, In Some
preferted-embbditerits psfagitgoteirs By InjEetHg e B Mo e a¢tants
throughuphdrahopenings:dn angontinuclisypsio dess:t manmaeainad ftioprity value
reactapts.nay alternatively. ofaddiienally, he added into manifold
regifons ((jhe 1%%%499&%@;) M &Q%%‘&Kﬁgé%%@&@%ﬁ im}(_)s@@m@_ stage acetic
preferred embodiments, the mixing areas adjacent the ion s

(orific&y §E Rot'S0"cBrtain cléfgrmsgt\fﬁlﬁﬁé? \lyn#(,)srcl)j }%qeu t[t)hrozg}bﬁé% R@LQ%&%} !
effibodifarts’ areort ALY 5ot eS8 AigAhEl AUl ¢4 éafféifsﬁgF‘é%f xing
Zonescahtenaativey twithot daiys tied mEimie rearhtnbe SHes 1S BreR S HE TRt
2 mixing.zones altpsmating withrat edstRirddctionizomes Jorl pitthigi cas the geak
“continuous: channel is@-channgl thatdeesnetiiowintea manteldiapd:al

back into the channel, A preferred configuration.for. makind ving seatate.s
schen?éaﬁsé]éﬁIyﬁl?ug‘%?g%%’ﬁt%Fi .163 25 This ,onfjguratio%!ﬁ@g!g&%ﬁo%gm koo

reBeaftPEUb LS EBTEL e VAT Such'SUb assembly can be describe

as thetrerieisrseetidianer g tas ot asd Atthin i SRS ERag s
needed o perdpimadhey\¢AM wedctiony e oot sl ASIeRBN Can e
describeg asitheislaging sectinr:aned thus: hasndxygenicna/orotiaerd = it goes,
streamsg ipiected{mixed: nia.the.maindaactantsstreams hhiscaniguration
allows for these sub-assemblies. 9 b, altermated suchhakaluhscale
reﬁctoﬁ‘gccéhstru.cte_ consisting of multiple re_ac'g?r Slfb-asse blie
separ e By AR AY B A S B S ThIS Ao S 13r By r%aﬁﬂglnr%?g?eo'ther
streanmdteonietpats e ot el v el e e BRI FREHISRRY PHBE 18O
and/orstiphmediately follawingvtifdioatatystsdctionsofithe redetopermaed from
reactof,sectian subasse Mahycambe. greatlyisimplified due to the
ahgence of mixing. geomelry.and: afows forthe InClusion@fheak in e reaction
eXChange Chgnnielistth% %ari]nbe loc%%t{)edgﬂggs l?g) &I;] 5§E}dﬂ%sil'('i) sfa%@){é%ucﬂ!mmsewo to
reactafteHaTHalL. LiKéwise, 35 the staging section sub-assembly can be
simpliffdf s fﬂ‘éeéﬁgﬁjﬁw%fOﬁr‘fﬂf‘%ﬁ’é‘h}g@f BRERRSID fgfn nave s contact time

of 500 ms or tess in a reaction zone or zones; or 0Xygen can have a contact time of 560 ms or less,
or a mixture of ethylenc and acetic acid have a contact tme of 500 ms or less in a reaction zane,
15 ete. The contact times are much less than in conventional reactors, The speed of the reaction can

also be described in terms of linear velocity and/or space velocity.
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can therefore be designed to allow for multiple streams to be
simultaneously mixed. Fig. 3 shows 12 WO 2006/052615
PGHoU®m20664039714 two such streams (02 & acetic acid) beingosixedss7i4
into the reactant stream in stages and it should be understood that many
different streams can be mixed together with the reactant stream in a
similar configuration. The reaction kinetics and reaction heat can be
considered to determine the number of feed 5 points and locations. The
flow rate throughpeackiehopgeningliseortolide bytiersive Aid Bhifeedfhe
the oyifice, Mixingefficiencyean @sadieneonsideredimselecting thecorifice
shape. For the case.of-ralalvshRackadshedsaisarlbeiinieclien:naiats, no
paCkIn IS Preferren%ogéze?%nafy ﬁlee cgdtgfre agnestc!’(l)gslgtr}:tg l O?a]:%t?ct agifd,ec)éxez%ﬁv&qgim&ygen.

unmixed reatants to the catalyst. In some preferred embo jiments, the

lehgth BPtHE BRSO 85 B RER T e So tht e st fe st
abouti8otimes thexbydraeitol dulidnieter ot EHEh AR SpreferaiIgscrially
appraximately-thechafidoteristicsmixingdergthsimemidrdiehanrely s8ince
the gaRsize issmalkinmmicreshamiglgs the-tatalamidngilengthisia medest
yaluesucq}gnpared 'Fo the overall chan_nel .Iength dimgnsions: While oxygen
is showhas the distriputed species in Figure 2A, it is possible to stage,

. . . bt 1]
dletic acid WHRSFNIROU BXgen This option would allow for production

of VinYlHEtA B thehDseB datioR Bradmiire BraEIEHS Bhe deste

acid ianividickrthe thariad Presstiver-of acetic acid when calculated on the
basis of thertatatdiaed ta.the reactprlexesedsthedeévnpointprebseneipfe
acetic acid abihe reagion.lemperaty estasneasUresatinedinlats ofthe .
reaction 2ene b alleiaielu, e, neak dPMRRIAIIE WD H1eRiRFessn:
channefy: y distributin tﬁnrough ut the bq]d, tt} acetic acid partial, -
pressttE i BEREPHGR S &%%atrﬁ%x?oélécc i0n rate torward while keeping
its partialipressuradow 20 e olgh T avsitrkBrde HdstioM i THE RS, As
aceticascidis:gonsued ydistibution: pontskee)d ‘the Parthapregstiraverase
high- ths Rresance af liopid agetic.acithwonid bengeletenous to:thereSlts
and Gould desiiny, the.artiviteeldhe catalysindy Rrefepied imbodjments of
the invention in which acetic acid is added via staged addition to a
proce8S thannel, the acetic acid is converted as it goes, and more is fed
such that th iR SRR FERH AP R S S PORATRG ?3% &dew point
pressurateBridwevakctacalis Be dEus R S AEHFARPLEHEETED i rguess
reaction.zene:hepsause thepartial hpressurecdfaceticiaeil rehysisdelow
the dew.Roinat allkeinis.aleng.dheseastionrechanneat.nAlthough:stagedvity

addition is preferred; it is, helieved.hat aRiecesschannsloauld onerate.
without staging, but instead havmlgaaf_low of liqui aC?t'FaQ&QOAELE%Qmion fow.

reactiSH S8R RSP IS LEh i ated fiom u?ﬁéwggfgig/éiei]ﬁcrcé[) erably by a vapor
permeable HiérRARR! 36! ﬂ‘?%?@‘fécffé‘?isﬁ?é‘t’ﬁé‘ﬁ@'?gﬁv’%(ﬁﬂ%iIbB‘fY?ﬁéfW eron
reactantsthiave: shovteontacttimesimthetrsactivrczotie Prefarapfy e
759 inggin some embadinentisaite 500itns, sinsome enbodinentssIse
to sufficient o remove the reaction heat in a micro configuration. The reason is the available heat
transfer surface arca per unit reactor volume is much greater in micro-channe! reactors than that in
a conventional packed-bed reactor,
If single phase convective heat transfer and surface area are sufficient to remove the reaction heat,
35 several parameters should be used to optimize the heat removal in the heat exchange channels, The

cooling flow rate can be increased to enhance the heat remaoval capability. The cooling chunncl gap

i4



500 ms, and in some embodiments 100 to 400 ins. For example, ethylene
can have a contact time of 500 ms or less in a reaction zone or zones; or
OXYE§ RoGakkRigye a contact time of 500 ins or less, or a mixtykerRfs2005/039714
ethylene and acetic acid have a contact time of 500 ins or less in a

reaction zone, 35 etc. The contact times are much less than in

conventional reactors. The speed of the reaction can also he described in
terms of linear velocity and/or space velocity. 13 WO 2006/052615
PCTIYSR005/032414, dnsomepneferied embodimantsitineasvelacity (or

mass flow fate) of the. gas, threughuthe.rerctiouzane.isAreatenatihe
outlet of the reaction zone than.it is at the inlet fo,the reaction zane. (.4
While co-current process and coolant am How 1§ shown i1 these txam cr oW
because some oxygen °5d0ed 10 the feed in a staged manner along the
reactdﬁqéﬁ@‘fﬂﬁmfﬁ“b%é‘Wa?ﬁﬁents the feed streams consist only of
acetic acid, lethsfterEsardititsyier s FPeeTie BBEtnTarteddy o pass
compenenismay:alse hepresentcforexamplediyéntgastichsas nitnegess
water ¥apQr.andearbandioxidensemecmbotimenta;othen gases that

are esgentially. inert {0 he reaction.conditigns, may alse-be emplayeadsip,
some embodlments he ox en con talnlr(lig strgggrp contmn&!ga,gdtgﬁp

90% (8K sbMESbOGIHER §S PRiris Used as the oimweelﬁmsu y. 10
THtal pretet; P@f%?ﬁ?if?‘&’é{h”ﬁéaﬁéﬁﬁ‘éﬁj Sihst AP F‘ﬁﬁ% ‘8"8‘ht f”‘” both,
or averagediHiiougtUEE EReH o ARSI SSHIEE OIS o
the rapge.ef bio-20:hakysome enboeimentspiritherarige B Gro B Gaely
Tem PeiatULe ﬂﬂrg%ﬁe@lﬁﬂ zone isprelerably.atdeast 138::Gyinisame

embOd"peﬂ]t%n 2H1 gsgngfcgﬁgb% I\%zﬂ’sog %ﬂ/ﬁéﬂﬁl@uﬁ%@ﬁl!ﬁ@ﬁ@ﬁ 75%. Per

140-2 in some embodime

S
oiboaBE TR OFARRS AR aE b e oRsbles aﬂgigfﬁf“%‘“
reacticrtepaneltwans et ﬁf/‘ie‘;ﬁ%ﬁ‘%‘j/é"dfrﬂ‘?éq‘éﬂ&ﬁ BER YRR 1%
channek{@ratdeastb0%:oftveclengttof & rdactdonZone)vaiedhFTesy
than 104 «morepreierainiynb.6:.or less;this isnrrgontrastonithy properties of the

Convemjgnal Ieaciors dhattypicallnhave hotispetsdhatareidioio 15 C
her than the a er%%g temperature of the catalyst bed. In preferred

onvective bo in

iments, tem erature over a% Ieaﬁ ?90/ 0 0 thtengolit%nr}]1 mngl (9091& g,
channel (adj%i‘ﬁgh?TB“éi’Fébﬁ‘f 180 ERANREI VANES By more

varle by less't

preferatiseSh@ngis-| esacyteiy Srasias bty Ebi‘i‘tff?l“’f@ﬁfﬁé‘i‘%ﬁ‘&‘?‘é“r‘?§8"?ﬂ”ﬁﬁ‘8" of
reactoplsEhe-temperatureisednsideoiienchabictorsfof VoM ploddctone ks He
detrimgntal gffechionithe desiredpraduct-seleativity andreduce s:catalysts

“f% In pr x%f‘%@?%ﬁ@p@gﬁﬂeﬁ@ab ralisdiemaves Rrovgh-adiacenkheat 160 °«

eXchanger 25 microdhanrels, [ e{mg groehamng: 5‘%%?@8%%9%9&45@&9%@%
asubsziarﬁlasl olumetric pro UC'[IVI'[ vantage overah ceXl con gntlona

shell afieredBé fe%‘fi‘i?“‘l‘—ﬁ’@ﬁr@%’%Hg’ﬁ%tt?ééﬁf} AR & LRI o & "

mierochenrnelinatrixirépeating unit, with co-current coolant and process
reaction flowrhe VAM producing reaction relcase heat into the packed bed and then the heat conducts

30 through the channel walls to the surface on the coolant side, where the coolant vaporizes. The
coolant used in this calculated example is water. Af the beginning of the catalyst bed, the reactants
arc at the nghest concentration level and the reaction rate is at the maximum. This leads to the
asymmetrical temperature profile along the catalyst bed. Accordingly, the heat flux profilc on the
channel wall ias the temperature peak near the inlet of the reactor.

35 A temperature hot spot ncar the beginning of the catalyst bed is detrimental to the

selcctivity of the desired product -VAM and the product yield. Also, the catalyst lift time will be

15



In conventional shell and tube reactors for VAM production, partial boiling
of water on the shell side of the reactor is applied to remove the reaction
heqls Thedeswts in Figure 5a and 30 Figure 5b show that undgneestaimnyTia
operating conditions single phase convective heat transfer is sufficient to
remove the reaction heat in a micro configuration. The reason is the
available heat transfer surface area per unit reactor volume is much
greater in micro-channel reactors than that in a conventional packed-bed
reac"%r!!n@&@igl%ﬂﬂ%ﬁﬁ cepyactiveratiransierand surfaceareda@se hermal

sufficlent 6, 1eMOxs, e JEaalian faat..3R SAYerAL RatamalgLsishauld be
used 10 optimize the heat removla in the heat exchange channels, Ihe.. 1
coolirPASIPFAE LEA B IErEAEEa40 ehhance the heat removal ca bility.
The coutirtpchaRmergapy 14 W@)%@Sfﬁ"é%‘éi‘%‘%ﬁ%é%b%)ﬁé@‘?ﬁ“ 3
anothierperameterdor desigrnhewdrd theothesivad Heigt kot Tapabnity!

Decreasing:the::hygravlic diameteroftherchafirelhelpdiscrdase the
convective faat fransfer. cagilicint - Mbiiegarcunieniqroeess: ancoaolant

Tow A2 365 AT T e B B e e e
i5 2 1 gap on
proce@ég?ﬁ%‘ﬁfﬁ?%ﬂbg‘%‘ﬁ%fa% ersad by ?E)etrhme{gsss 1qcon\/lgcrs?(%n oc Cr%;%gtgnts

atid pér peess setaclititied W°prbiees: By sbﬁ\”‘dﬁ%@“ RIE5hESRPoh & Single
traverseiofiateactioncharined (Doighsoiie embodintents ighPe is fareer. At
reactiomn ze08)without tesyelingi.Gfeotrseiihes iwentive mathoes! ortiod. the

(and QIE%@A’%GJD&&RQ@JE&@Q WtR gy gcyalecstep; however, a unique and

unexpec ed aspe a'(fttexpgilz\r)evt%gy r?boﬂmsg Q'QQ)& g\é@'}%@@@gﬁ%l&pl@gié{y@@rg@rably
excellent product selectivity that are obtained without a recycle step, 'The,

inVientiBRCEAh S SaHa PRTRS & 5FESrE oY cc%c(f)eﬁ“\/‘lee}gﬁg]ril Sandior
selectiiteyditherindivigeidlty or in any combination. Per pass conversion
of diowygendalse«walledidoxygen”) is preferably at least 30%, more
preferably 60%nStilhsnara prafarabiy. atleast: 80%inandyetnmergsnt from one

prefergbly fﬂnkgq gQ‘V%Jgnl@pJﬂmﬁmmdﬂmmﬁ 20k EBNGe. IR SONBirabe 1o keep

embodiments 55-95%, and in some embaodiments; 507 2%, f€ kP RASRacro
cofvel BN ST B IERe i Sroterably ZF %g§¥ln 550, more p eferzi\t;1 ly at least
11%'!1:__)‘8/05 sired

30%, &fi ﬂ*f%é*fﬂ@%‘iﬁﬁbﬁ]ﬁfé‘i’ﬁé%ﬁ)‘@u‘f 548 S5 fectivity to
carboniigioxide is preferably less than 15% (based on how much of the
ethylene is qopyestadtocarhomdicxide smdraqrefe sy feddtHaa10%0,
and in,some, embadimentsabauiaite, L0 The conversiomramticseeotivity:

prospe”'F oL the m'pcvoeg@mg)mas;@&d%mcba@g%rfj\g@qefr%m@m@gg@mteaam
the xamples section below. 20 Convective b0|I I0g (:00“515(?C Pf’f‘r@'é‘zlq%%!ﬂgzt .

heat tr%lﬁ?féjiﬂ’céﬁmﬂ 8 g8 Shedot iRy T AcatatSs monomer ( jon

in mickerishianfets) A lﬂ%ﬂﬁﬁléféa‘ é‘ﬁﬁrﬁbﬂ‘é"@ﬁ&%‘&%ﬁmrﬁri%’rg)c r&%

made withiadconibiivationgfinplateshiaving eross-sectional dimension

0.020 inch thigknessx @brirghividtasxdinck d&rgths Thdold is in distributing flow.

30 It is the ratio of the difference between the maximurn and minimum rate of connecting channel
flow divided by the maximum rate. For systems of connecting channels with constant channel
dimensions it is often desired to achicve equal mass flow rale per chanscl. The equation for this
case is shown below, and is defined as Q.
"

0 = Il = Pl 100%
m

EIELY
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gap on the reaction side is 0.04 inch and on the coolant side is 0.04 inch.
On the reaction side, a 25 mixture of ethylene (C2H4), acid gas
(CH3Ghasakbsand oxygen (02) are fed at temperature 160 C @ighREGESIES1 4
8 atm. The micro-channel is packed with micro-pellet catalyst with the void
fraction around 0.4. A schematic cross-sectional illustration of a reactor
with adjacent partial boiling heat exchange is shown in Fig. 6. The VAM
producing reaction release heat into the packed bed and then the heat
condygtsy Q. Jreughthe.chanpelwallstothersurface on the coolant side,
where the coolant vaporizes. The coolant used in this calculated example
is watts: KEtHS DRGIRHINGBItHE CYEREDEY! Hie reactants are at the
highest epncepinationd evghandnthe geaotio diratgds atsthieniaxiritailcThis

leads; to,the u@é)/mm@tmalf&%pﬁ rabldresprefile. alangdhereataiyst dbeds! w
Agcordingly cﬁqht‘? hes artcéhle'r ~refile.Qn the..channelwal has dhetenperaiure

b
peak near the inlet of the reactor. 35 A temperature hot spot near the

beginfiity SfthEEAtHlyst bed is detrimental to the selectivity of the
desired product -VAM and the QerAj@Q the catalyst lift time will
be 15 WO 2006/052615 PCT/US2008/039714 shortened due to the high
temperatues;, itds.desirablerto @perate dha\oAM reastor-atihatisasthermal
condition, qr, temperatireqyayiatiomalong the 5@%&9&@%\@4%@@%%%
range. In Fi gure 7, temperatyre, /gjrgglles alo agrmlgo Emﬁﬂ%nab’éﬁ

véonodg“ﬁ"é&‘fgr%’ﬁ%c\l/g Eehdmes are cbmpared. It shows thaf t "
tempéiatlire RaHAtoHAInY dHE Fe U T F(QJ GRS RUEATIEh ?e‘?wvxl/ rgﬁrf)eé)rtlla
boilingeSris Eppliedito remleveomh@m@ﬂ%ﬁam&vﬂa&%%@@fﬁfigﬁEﬂ&ﬁﬁij' on the
partiabheailingdneat-remexal is: thatohighiyrattiveceatad ystoan theoust floto

give temperaiure prefiles withouldaoespikescFigura-8ishowstheor 95% of
tempegat“fﬁe\BfPﬂL%ﬂ@e'%a A mﬁg Qﬁmt«aw@fsg@m g@@wm@m@w@a

under our contact time levels with si ha% heat co gglprg y-gﬁ
F b rald et
heat rEIBVAIRMEIRGE. FHE '§5 1S bigisE o‘% 151 ool gﬁcaghénn%v 1is'0.04 inc

The \/\Féll%ﬁlé’kﬁ@éﬁ’liéce‘ﬂzﬁﬁhéﬁ éﬁ@%ﬁéﬂcﬁé{hﬁ& fij‘é‘p“’on”fﬁ‘?ﬂ‘é%ﬂ&m

side ise@:@4dnch also. The coolant flow stream has the average velocity of
0.3 migaMpder lower contact time, or larger throughput, the temperature
risg in,the cataﬁégtgqgjeé%jarger At 250 ins contact time on the process

side, 'aaaft'a&abs%ugp IBe0eies ALASABMANALTIEIAT Mfior o ractr
temperature rise in '[ e cata IS less than ne a er

alye

to partial BBAFRYTHE EBB%F?@‘%ﬁqéﬁ‘ﬁe StagiRg of réggfgﬁféh ‘bretera fo 155
combihretiryvifhr iviglieng Hesedieat @%@ﬁ%ﬁ@@’cd‘éﬁpﬁé} ‘HrhamEctive technlque
to avoid hot spots and effectively manage temperature. Micro-to-macro

manifald QRGNS INSAMEeeMbasizgnis:dhgsinvention requires distributing

at leasf.one reactant fiom PR.LHRANG! IRtRASeCORHRdiRINNgIGhanRet 492

Wherea?droe 988(3:tc|c? e cr:edktlg] g E lQDCgerlpAa%(]t‘ é% 91%5'1@9!;‘? ztec%plég%gy Typicaliy 0.336 g of
catalyst was loaded nto the 40-gap reactor. Cooling was provided by circulating mineral il in 2
countercurrent stream on either side of the catalyst zone.

30

The reactors can be run under nearly isothermal conditions with high heat generation and removal.
Typical temperature profiles of the wall along the catalyst bed (points 1A through SA in Figurc 9)

show temperature pradients of 1 °C or less.



20 the adjacent streams separate until the point(s) of mixing, the
distribution of the fluids from macro scale fluid channels to the unit's
migyachaselssshould be designed to achieve the desired flower/usagosmozoria
distribution. It is possible for one reactant stream to use a large macro
scale manifold to connect a relatively larger stream to relatively smaller,
multiple, parallel microchannels. The direction of an 25 inlet flow in a
macro scale manifold can be aligned parallel, perpendicular or some
intermediate abhgierivitiialegard to the direction of the connecting channels
(connecting channels may connect a header to a footer). Typically, one or
more [eaGiaRLEIeaNS uses a macro-to- micro (M2M) manifold for
distribution within a mggro hannel uglt 91? ;I)tyelln ex factor

atalf/f'; sysfen consists of va ica QI pre 1cat he dacl ng a reactor
measure of OW e eCtIVG a manifol IS In |str|but| L?] 30 1tis the ratio
o] e8
mr

of he HIFEPSFCEBENHCEA THE A ML =B TR TSte BrEEoRHE

connecttlng
channépdaevirdividedm By thieeriamtitetiPateor systems of connecting
channels witheceonstant channeh direasionsiit isi oftencdesiiedoto: achieve
equal wass fionnraierpen shanaelkllhe equationifos this.case: isngovhream

below, and js,defingd asiQ o QKR WReS A8 WO 20061002615,
PCTIUS§005/039€14 LW, [kg/sec] = maximum connecting channel mass

flow rate rn[kg/sec| = minimum connecting channel mass flow rate For
cases%?‘i‘@ﬁ‘f?ﬁé‘?’é”ﬁ'f’é varying connecting channel dimensions it is often
desired thatrthe..regid eRee bR GORRGIHME: MR QOIYOE MASSHiX Caldsts 1
have %‘5‘&%9& ¥%E'§£h%@ J&%m&!&%@@&h%: oém%tl%ﬂl}‘?\ldﬁ%mlﬂ}?&i&h%{ Gked
duty ol gL eBeraion s sianed. Lor hose.cases e define & aualpy
index factol %23@ i % Where o Dhase ﬁux rate.

cdées(\‘}\?r?e%‘f %‘“IF%H@SE:BH%%“{W@ RO MRS %%“é“‘if‘f‘é @éﬁ?@“&?ﬁ§§‘“§‘é‘dﬁ8ﬁél”””
area, thisstpuatiorfor@s sietplifies’ to @it evepeslity itidex TattefyVesdien
range @fiied gonnerting thanselilow raies swithn0% deing gertect loading of
distribyéi@gh X00%0shawing stagnatipn.(neflowiatieast.enechaniel

and v %ﬁgat,g,vger,m%g)g.% Indicating Qa%f&%%g 19w IR S&VErSe Qf 8 e 1o the

desired flow d Irec |on? in at least one ¢ hanniel. In this |nvent|on , and Q2
arze de]@duétai atal sda%dnhﬁ:]i the Cﬁialhst Wits gg c{a(t:é(l)%p%g)é%]s%z t{’ﬁ ecam lts were

throug‘ﬁ“ﬂ%’é%rﬁ‘l‘é‘&ﬁﬁ@ PHaTERS: ﬁ*i’é%‘iﬂié@t‘@ﬂtﬁw EffkrireYa! aréf Higtfound in the
counted:f, theiflowithroughethbdgestiiananets. iSinothneedé ddordceos pt tiopamce

95% Ofder as the shell thickness in an cggshell catalyst, Catalysts [ and 2 can be sxpected to give
similar performance té that would be obtained on catalysts prepared on ather, non-powdered
15 support siructures.

The reactor was charged with 1.2 cc of the catalyst and a charge of 0.3 cc of silica
impregnated with 40 g per liter of KOAc in the region immediately before the catalyst. The
catalyst 15 held in place by a small piece of FeCrAlY foam and gquartz wool.

Testing Pracedure

30 All infet and outlet streamn temperatures were measured using type K thermocouples
placed in the connecting tubes to the reactor systerm approximately 2 to 5 em from the inlet or
outlet of the reactor. Pressure transducers were added to cach of the inlet and outlet streams at
similar locations. Thermocouples were also installed in thermocouple poris on the outer surface of
the reactor system along the length of the mixer and reactor sections.

35 The reactant feed Brooks 5850e series mass flow contrellers, HPLC single piston acetic

acid pump, NoShok pressure transducers model 1001301127 and 1003001127, Omega latching
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15 the net flow through the connecting channels. By selection of
appropriate M2M designs for microchannel reactors, quality index factors
forgreantantfeyvs can be below 20%. See Fitzgerald et al., & iRasesdsoris
Application Ser. No. 10/695,400, now U.S. Pat. No. , incorporated herein
by reference. EXAMPLES 20 1., Reactor Design A device was designed
that included an internal mixing zone and facility to monitor the reactor

wall temperature at 10 different locations. The device was also fitted with
meansifptiftieducirga heatttransterifiuid alomgthe tengthvof thiemebaction
Z0ne c!&@:c@%{@gﬁicﬁpm %3251 TR ILRE IO S NRFR-COMSIE SR awilticoror (FID)
rectangular catalyshonss ol 4Snehes. ana 0.5 ineheswide: 0,04

inche® tall and 1.5 inches Jon 0.5 inches 0
(V0|uﬁ-}%‘§rﬁ: NGHF Céh (Haﬁd st 9 prt}{x? grstai %Ig rgii\géa or, Ql%& ga’%q]g@_[]@gjmy Fio

react6rlipEEpetivels Cﬁ*g?p@iiséﬁgﬂ Geﬁiﬁdﬁyo?‘%%&é‘i%?%s (RG] ﬂ‘“f‘”‘iﬁ yrere
40-gapliteactoiyGoblingwas phovidethy eiddfatify Ritkret@rsilom 4roo
countgecui epksireanon eithersisecofithebgataly Stizone. 30 Tire peadtors
can bgaéﬁHthl E‘Q% %@H&o@@@@&m@émm@ﬁﬁ@a&wmmgfk:h&&h@aaemtm gas
and removal.  1ypica peIReRIte Riefiles of thewallalangdag.cafalyshe,

bed (Chomn S ]Apfhroug Figure 9) show temperature gradients of | C
oWlesg*df?‘Wd‘%ﬁé8¥d§%15 PCT/US2005/039714 2. Experimental
Installation/Seartep STHE Catalyst et S Bm e As g RFsire of ~150 psig using
vaporizer/preheater ieprehiatthecrebitlaritsn & reiaetorh termparatiie v
controlliegiby adscircyiating oil bath, a microchannel heat exchanger to
cool the progygts ;ﬁtmge@ dualchi L&agpvgm;ehw SEPRAIRREYSIRM.ENG 3
reactor was supported.ina, yertiea! Rosiion, AN RS RaGKed W18 M. now

ahd ﬁ%ﬁfmwoo Ao e cata ystin place, an | enough catal szgcgofll

1.0 méh Pefore et ’l@‘f’l@‘{f\"lU‘fﬁé‘ﬂ%ﬁFﬁhe&f e e %{esma portion o
catalystseppott impregnatéty WWfﬁh‘t@%"liﬁﬂCéé@tﬁT@“\MS ribgbsé?}ﬁécaciﬂ?é
the chapael. (SatalysthRreparationEwa catabysts wirecermpleyetefgestic acid to
Condup’/@%(ﬁh&ﬁ@%ﬁol@cﬂ@@ﬁiﬁ@ {he:inventeninatalystis kamnei 2 weker, 312W
pr,%par ectn 1 el Jp&éﬁgesl%\ﬁlﬂ:g &9@%&&%&5@% avaiahle.siicaakeaiaa cr.

particles (Catalyst 1) or zirconia (Catalyst 2) to give | Ihe I ;;thlg
of 80 th*12 ?ﬁf)cp;é’ﬁ%gcfaﬁt "BdAET §2%a i of g:at e stﬁﬁ%%%%?n? of Pd?

JA(OH YRS ittt A éfﬁaa?qij’éfﬁﬁg 4 t%h‘%‘i & U o e o

10.5°C. Then the reactant flows were initiated. Ethylene was slowly turm:d up o the run plan

flowrate while the process side nitrogen was adjusted to the tracer flowrate. Then acetic acid was
25 initiated to the run plan flowrate. After the system was siable at the proper temperature and

pressure, exygen was siowly turned on while the oxygen gide nitrogen was slowly tumed off,

In the first tests the products collected in the cokd traps were analyzed by GC Vinyl
acetate monomer was identified as the primary product in the liquid in an amount appropriate for
the temperature of the trap and vapaor pressure of vinyl acetate that was vented along with the

30 gascous effiuents. Carbon balances between 95 and 105% were obtained by complete analysis of
the liquid and gascous products. in further experiments the yield of vinyl acetate was obtaincd by
subtracting the amount of CO2 measured in the gaseous products from the amount of ethylene
converted, assuming that one molecule of vinyl acetate was formed from every ethylene converted
to viny! acetate and that two molecuies of COZ were formed from cvery moiccule of ethylenc

35 converted to CO2. Oxygen conversion was measured by subtracting the amount of oxygen

measured in the products from the oxygen fed to the reactor.
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using the incipient wetness method, the Pd-contaning support was dried

at 110 C for 5 It and then calcined in air at 350 C for 2 It, Sufficient

KARE »sRIien was added to give an An loading of 28.0 g/l gf-gatadysdiiSor14
dried at 110 C for 5 It and then reduced at 150 C under 5% C2H4 for 4 It
(other reducing gases such as 1% C3H4 or 4% H, may be used). KOAc

(40 gll) was added to the 20 reduced catalyst and then the catalyst was
dried at 100 C for 5 h. While these catalysts were prepared as "all
throug%‘-out" ca‘fﬁﬂ%“ts, the concentrations of metals are typical of that

found in the ACtfigirofcaraiyticaty actideciale rofieg gshetbeatalysis. Sinae

the size:obthe pasticlesisoktheisamenordenasitheshelhighness i @re,
eggSh@M‘Eﬁaﬁ&Lﬁi@%ﬁ Q‘m %&%zéc?tﬂmqs,%s@@ﬁl@?eﬁ%?ﬁ%‘?&ﬁ?dQIN‘EM%' rlnalrlza and a short

pesformance o thatmayld.he.qhtained on catalysts prepared on other,
non-powdered 25 sup ort structures, hoev'ﬁé%toara\llx? SeRArgEa with 1l cc

of the glgctlésfﬁlosntagﬁn A charge 5Fys ﬁfét}bcf?(giﬁ%%{ RGP BTy per
liter of REIAL F LA GO hprediately aforbarre: tatlyest:Thes matddystis
held inpléesihrdishsall pieedesfFaGrihYifoaincandhGuanzwoed «hastiRghar
Proceduri 30vAllhntataneoxtlet stream temperatures were measured
using type Pﬁnthlﬁrm%mﬂl@%d@!@&%&%ﬂl%@QFB%%!;QQHMQS etc:(?cctf:rs}se o ?ﬁﬁggg

system,2pREQXIMaE, 2.19.5 6m from the inlet or outlet of the reactor.
Pressg%g traﬁgé u%e%%év%érey% r&é@%}é{;}bﬁ of the aisn%f’ At olirer Sirdanig:

at similar focations, THEMEESTEE e St iistahee fitrsitdébupleda
ports Gff tHEBIE STipfack o tetesetorsysfeme alongrthdlengtheof trehish
mixer gingrreactoicsettionsr@sihereactantiieed Bioaks.ba50:seHiRS
mass flowi agnirelens;ddil. CiRgle Rision a6eUs 1Afld PURRNARRPK. .

pressuigdranagucersmadal;1001501127 and 100300 1127, Omega
latching 18 WOQ.2006/052615 PCTIU 2095/039714 relay controllers
P

model CNI 1653-C24, SWagSIOK Variaple-presatie PRIEFvAIvSa thiis
condultiity detdest (e} g 48 ERBRTAHE S h e Fgasan alysissfiadie
ionizatfoh detectst (FID) gaschrbrtaroyraphforiliquickanalysienetsiwerenly
ca@libratecaite vetikad fol properoperation. Flowrates were calibrated
against a primpasy: standagascaliRralor dhe JneGalk DEsM Riman,Flow »
Ca||bré%QEoNtﬁ'ﬂ£§1xW%§eQ§J@ﬁ'{§sge E‘cgizgf%@ggsda Qéﬁlggrcl g!%tll’p eyff) natli'c cid and
Pressyre transducers were calibrated using a .lu'i?_e pressute calibrato
model 7:f8,1006 Wit 5 FIORE" 70007 o1 0DBBE “ FHaSst @ AT RIRHRTCHS
were SAfIBPAEE ARG CertiEy By ENIGE o THETTE AR hio it dyrapks ias:
calibr&tear it eglibrativeriases blendedarol eerifigdvmydReaxair
Distribution Whe: The-kiDigasuGhramatagrapbowas CalRraed-With a0 nigher,
in-housginixadsselutionwhichyas.measyredyyolume, . 40.and double

checkpd R mass: THEseRCIRr ysiem. was, pressur tested by applying a
static pressyre of -150 prig using

taster flow rates were nvestigated using the same catalyst and feed ratios as in the
30 previous experiments, and a set temperature of 160 °C. When the contact times were varied from
3610 72 ms the oxygen conversions ranged from 16 1o 41% and the CO, selectivities from 5.1 1o
7.7 %. The 36 ms experiment was repeated at 178 °C, and the oxygen conversion increased from
16 to 25% while the CO- selectivily increased to from 5.1 to 7.6 %. These data are summarized in
Figure 14,
i3 A ZrQy supported catalyst (Catalyst 2) was tested for comparison to the Si0: supporied

catalyst. A [.261 g sample of catalyst was charged to an “80-gap™ reactor. Figure 15 summarizes
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nitrogen Fluid. If the leak rate did not exceed 0.5 psig in 15 minutes, then
the reactor system was considered ready for operation. Flowing nitrogen,
the,sysisYas pressurized to the run plan operating pressui;gla}gs%&lg.gn P
psig/min. The reactor was then heated at 5C/min to the run plan operating
temperature by the flow of hot oil, and the inlet and outlet lines of the
catalyst test system are heating using electrical heating tape to a

minimum of 140C to prevent acetic acid condensation. The gaseous

reactanis,, yRisally. @thl&%etm[mmg@mnmr@f peehonietkconaurantly

with the vaporization of acetic acid to 170-200¢ Tge%pgg[ggg Qr,gngt@pg{e
was & §7§”%ié&§ttta”?ﬁfssf}§e steel tu vgs\;\{/}rlgcﬁé% na 4 foo dé/g 0 electrical
5

resist4HtB hEdt14pe “BeRrs Gre ﬁcé%t s e?—:'mvchégjglc' ci’é?vte ingan
Omegaxcoittrol Icr. The oxygen or air reactant was not preheated prior to
entrance intecthe: ietigtor:- Fhewisnsyster: knoekowgt dreen ivasetieh Sarer
and opgratied & BGewhiledhe finakknockeout dremiag operated@tding o the
10.5G,, Lhen there; ﬁ&ﬁ@n&ﬂQWﬁs\Aé%&%ézmifé@!;%gmﬁ@aylmwaseskewly tened

up to the fun plan. lpwiale whils e, ALogess e Ailigaansas.adiysted

pditions i
to the tracer flowrate. TF n acetic acid was 25 initiated %ﬁhx > run. COaIammg

fIowrét%zzﬁft%‘?"fﬁrébW&é'ﬁ?W&%O%%ﬁf "Lt 18 proper temperature and
pressifre] eiegin Was SO et n Wﬁ%fiﬁéaﬁb%}’@éﬁh%@% L0 R
was slewdyrturnedooff.olinthi fasntebs thie gro Sutts Colkeetetidricter o
traps werenanaly 2edihy.@E:Vinyh acetate-menamesiwasddentified as thew.
p“maFXrBr% %L@: theliquidJo.anamevatapprentiateiar thetemperature
of the trap and vapor ’ pressure of vinyl acetate that was vented along with
the 36°§}Vaeése‘%1d§“é filents. Carbon balances between 95 and 105% were
obtained by'édfRprate &ﬁ‘éﬁ&?é‘i‘%hé‘fc"tﬁ‘é"i‘faﬁ{ié“%ﬁsa"%é'é“éigﬁtsde%n&ﬁ% s"n
furtheefexpermefits thenyielvofiving gt etateshng %ﬁéﬁ‘\%’a"ﬁﬁf wfptpect AR’
the ameunt @i Mmeasured in theigase Ous iprodusts dro vtk At i Bf
ethylepg,converted, assuming that one molecule of vinyl acetate was
formed from every ethylene converted to ¥iriyyacetatearid thataye
molecules of C02 were 68 from Eery mﬁl‘écule o?%@yleneﬁ%
acetic acid

converted to C02. Oxygegxggcqversmggcwas measured b,yq subtracting the
amount of oxygen mgasured-in the praductsipom the drygen fed’o the
reactor. 19 WO 2006/052615PCT/CS2D05/63%714 35'R5esults *series of
experiments were coF’é&iﬁ‘&f ‘to evahﬁ%ﬁz the @érforma%g of catlalgy,sts in
reactors to mea%ﬁepce@jimgggpce of t systgm,undeﬁalvarlety ofreaction

conditions (femperatuiery partial pressunes of-feds, contact time,;&tc.).
The results are pfovideghireTiables | aﬁél)Z altPy short?@:7 mma‘?ﬁ/{ some
of the resulté)Téﬂ?ggﬁ‘é%%ﬁ%%ggw The Qilta agégﬁ)rowd%cgw the tghigs and
discussion are w%g(nggd 1t@e,lg;@,;ellustratn(/@ of thekinds ofisesults obtained
from the present inventiorn4but nﬂltoalhdiBSUHS? afe preséﬁ@ed In \ﬂ@@N of the

( 3.36
results and descn&t{\;}%ﬁj&fﬁﬁ?fgﬁed Pigifeo @/ Sy 22 (0 " 8 7{,0
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workers skilled in the art can understand the benefits of the invention and
process conditions that would provide beneficial results. 10 In this series
of @xparimmessair was the source of oxygen and a large excess082005/639714
ethylene was used (ethylene:HOAe:oxygen 11:2.8:1 ). The pressure was
90 psig and the contact time was 580 ms. At 150 C the oxygen

conversion reached 76% and the CO2 selectivity was 13%. The data are
summarized in Figure 10. As can be seen from the figure, it was possible
to achléb® Yery high oxygen conversion while maintaining excellent
selectivity to desired products (below 10% 15 selectivity to carbon

dioxide) Ethylene Cdifitférsion low |ﬁﬂﬁ§$expéﬁﬁﬁ%t5 dﬂfé’?é“ﬁhe
large excess ‘of ethx],epe (etq%i@mgtgloxyrg&nﬂ)ll 1). (A similar §(§;n9f)
experiments was conducted at azmuch lovwses pressuresob psig, \Mtn the
same catalyst. Flguré‘fPI present8lthe resultésof theselfésts. Tha4.20
conversion,of oxygen dnd the %%(ectmty té“@OZ were:fhferior té’*tfﬁe high
pressure tests with a-#naximum 02 conversign of only,20 36% ﬁrgg the
CO2 selectivity alwayssabove 2086, Figuressd2 and 18present cesults of
the dependence of céfalyst per?c?r‘mance ohéontact t‘if’ﬁe for Céﬁa‘1 st 1.
The feed i |q these expariments {i4s a 6:3: ﬁgﬁlxture of éqhylene é&tlc acid
and oxygen, with the;exygen fed;as air. At 140 C and591 psig té@
maximum éxygen cofiversion was 61% withta 12.5%C0, seleetivity when
the contacti time was4§89 ins. At faster flow %tes (|OW}%IL 25 cor&éf:?t times)
the oxygen, conversigkcwas lowey;and the £O3 selecqufty was I%er
When the contact timesstudy wasoepeated. at 150 C the oxygens.e
conversions were higher, rangiij from 55t 94 %, al¥d the CO 5.6
selectivities ran ged dfrom 9 to 18%, as the contact time was increased
from 187 t0'689 ms. The data are presented in Figure 13. Still faster flow
rates were investigated using the same catalyst and feed ratios as in the
30 previougeexpekiménts, antacset tempsraturenfi 160 C. When the
contactCﬁFﬁe%‘}we?é‘%ﬂ%d ﬁ@?ﬁ” 36 téc}Y‘Q‘Yﬁs fiE°B%ygen conversions
ranged frajy) 16 to 419 and tijg CO3' Sglectivities fom 5.1 to 7.7 %. The
36 ms experimentavas repeated at 17014z, andihe oxygen conversion
mcrease?? ffom 1618°25% while the CO2 seledtiity increased to from 5.1
to 7.6 % Tiiese dd @ﬁ‘lre su r?rf rlzed7 /°F|gu ggi/ﬂ 35 A ZrO2 supported
catalyst é@ayﬁlyst 2) was tes@;ecfj1 for comp@nsoazt@/the SiO? supported
catalyst.sd 12261 gsample ofratalyst was charged to an "80-gap” reactor.
Figure 1§Oéuﬁnmarﬁé% 20 WE32006/082615 RPCTP/US2005/039714 the

results oigtﬁué perf d nce oﬁfg{ cataj)é,{} as 3 Lj tion of the
ethylene¢oxygen r@_y@yat twoys ﬁerentycg@ptactjims The oxygen

conversigireached.g@s muchsas 77% atithe lohiges contact time (440 ms)
with a 6/%2/i‘yethyle%9e3fé0|d/oi¥§én fee@ "Kﬂndeﬁﬂﬁé’se conditions the CO2

()

selectlw% Wﬁs 300 761% 7 9% 32 0%

76.6% 33.0% 44.77% 1.2% 18.7%
61.0% 30.2% 57.4% 7.9% 19.6%
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only 7.2%. 5 The data in Figs. 10-15 show that the increase in oxygen

conversion is more rapid (larger slope) than the increase in selectivity to

carbon dioxide when utilizing the system according to the invention.

Taken together, the results demonstrate superior results over a wide MCSLLP

range of reaction conditions. This result is surprising in light of the prior

art. For example, U.S. Patent No. 6,022,823 described experiments
VWoaligcetaimed isihch outer diameter tubular reactor containing 10 30 ml of

catalyst with a bed height of 3 inches. This configuration has a high heat

transfer surface area to reaction zone volume of 1.78 eni 1. Data

TprovidbdRinek PERRERS HANEAFEIRDr SHBRBRR; while it is possible to
achieyedyiginle were St SRR FINMEIAIBRsIRG aetacliviey-EaMAifHgWeaction

Further, their data shows that the selectivity to VA decreases dramatically
Z888%he oxygen conversion is increased. 15 Tables | and 2 provide further

examplessifg @it rabtareddRridampamssaigdheneifietincasssnodiianel;

invention in achieving high conversion of oxygen, ethylene and/or agetic

acid WhESRIMORFEURIP 2 ARG AP R HERKAS N OPR! Il M lred
aas ey sriaskyiy to C02. Table | Catalyst 2 Catalyst 2 Catalyst 2

ethylene seem 21.2 2]%@%1?5 acetié:yﬁéjd seem 11.81 t8 11.8 oxygen

seem¥sreE aEleagh il of (e EIRYIER% 1§ §oNveie B ROINERsig)

55.92\57:06i3 2t IBeat BB diapdnsthieone IRt B3cdnUenearta pred(ng, is

1487 1487 1487 Ethylene Conversion (%) 16.8% 14.1% 5.8% Ethylene
OO 0 R RIPTISEL 35 S TEH Eonversion (6) 03 396

83.7%Bé#ih Preygtiyraiecivityioy0d (Abd8Yiddda¥s06l0% di2ess;

o U P D e
3.36 B réip At ICashedSioof (g 2840 RADB% Sonverldd products; and
wherein the above-described conversions and selectivities are obtained in a
single pass through the reaction channel; and
wherein the reaction zone is adjacent to a heat exchanger; and further
wherein the reaction zone has a ratio of heat transfer surface area to reaction

zone volume of 1.6 cm™ or greater.

2. The method of claim 1 wherein the contact time of dioxygen in the

reaction zone is 500 ms or less.

3. The method of claim 1 wherein the catalyst comprises Pd.
4. The method of claim 3 wherein the catalyst further comprises Au.
5. The method of claim 1 wherein the reaction zone is a microchannel

reaction zone.

6. The method of claim 5 further comprising a step of removing heat into a

microchannel heat exchanger that is disposed adjacent to the reaction zone.
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WO 2006/052615 PCT/US2005/039714 Table 2 Contact CH3000H_ Bed

avg Nitrogen Catalyst Time C2H4:02 O, temp Tracer (N,) (ins) (mol/mol)
(mol/moq (C) (sccm) 1 425 5.21 3.34 150 22.23 1 346 3.81 2.46 150

24.20 1346 3.81 2.46 150 24.20 1 346 3.81 2.46 150 24.20 1279 74§SLLP
4.54 164 32.50 1 346 3.81 2.46 150 24.20 1 346 3.81 2.46 150 24.20 1

346 3.81 2.46 150 24.20 1 4255.21 3.34 151 22.23 14255.21 3.34 151
22.23 14255.21 3.34 151 22.23 14255.21 3.34 151 22.23 14255.21

73.34 Thb #elitsd btdaimi chadhishg h:é3stiéd o Salny R &tinto the
409.5.00 3.27 140 6.6 Table 2. Continued Oxygen Ethylene HOAc

rAENRENYBkn Conversio Conversio Conversio sclectivit selectivit n n
Ny to CO2y to CO2 (%0) (%) (%) (%) (%) 79.3% 31.7% 75.2% 8.1%
33.7% 79.0% 37.82/0 55,1% 5.8% 21.2% 79.3% 32.6% 47.0% 7.0%

821 9vd NPT S8 61238, BIR0E P RIS maR Jsel Eacrshnggireacted

feetiddoalR.iffto B¥e2¥alliolVichaifie?1.0% 80.1% 37.9% 55.2% 6.0%

21.5% 80.3% 34.2% 49.7% 6.2% 20.2%
9. The method of claim 1 wherein at least 40% of the ethylene and at least
70% of the acetic acid are converted to products.

10.  The method of claim 1 wherein the ethylene selectivity to carbon dioxide

is 15% or less.

11.  The method of claim 1 wherein the molar ratio of ethylene to dioxygen
entering the reaction channel is 6:1 or less, and the concentration of dioxygen is
at least 10% by mole, and the selectivity of ethylene to carbon dioxide is 15% or
less.

12.  The method of claim 1 wherein at least one of ethylene, acetic acid, and
dioxygen are added in a staged fashion into at least two points along the length
of the reaction channel.

13. The method of claim 1 wherein the reaction channel is a microchannel

having at least one dimension of 2 mm or less.

14.  The method of claim 13 comprising a plurality of reaction microchannels

arranged in a array of microchannels.

15.  The method of claim 14 wherein the array of microchannels is in thermal

contact with a plurality of adjacent heat exchange microchannels.

16.  The method of claim 1 wherein the reaction channel is cylindrical.
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82.4% 31.8% 76.0% 7.5% 30.2% 82.6% 32.0% 76.2% 7.8% 31.5%

82.4% 32.1% 76.4% 7.8% 31.7% 82.4% 30.3% 71.9% 8.1% 31.2% MCSLLP
81.2% 31.7% 75.6% 7.7% 31.4% 82.0% 32.0% 76.1% 7.9% 32.0%

76.6% 33.0% 44.7% 7.2% 18.7% 61.0% 30.2% 574% 7.9% 19.6% 5 22
MCSLLP What is claimed is: 1. A method of making vinyl acetate,

comprising: providing a reaction channel comprising a catalyst-containing
reaction 5 zone; passing ethylene, acetic acid and dioxygen into the

jreactignchaningly WhaLeh IhGIeiRvig e ReHE A EhaRdLiN%eeRIRAG K at

form vinyl acetate monomer; wherein at least 30% of the ethylene is
exshaeset angrbuthes vierpiaidin eastish asmehaseieiRlRonthaat fansfer

sGpRvRadAapedutin BoRERNALIRR OF Yraareakdr mongAter or carbon
dioxide; wherein the ethylene selectivity to carbon dioxide is 10% or less;

wherein at least 60% of the dioxygen is converted to products; and

1@hereimatirasbAQ0Ds ithe1agRBecasithis reRiviRfeebifenELsdRise BN Eoneat

wherein the above-described conversions and selectivities are obtained in

exchaReh 2 HEhgH Whe re iy 'eR5HABIZARE MR A iR tR o dirabihanster

steRRésRineeRbieiheaimxobanaeropng fusiHelo wherewrthe reaction
zone has a ratio of heat transfer surface area to reaction zone volume of

1.6 cm -1 or greater. 20 2. The method of claim 1 wherein the contact time

10f diofygemisttibd deeklionizboerpheMmS altdesatidgThieraibed kielaim

1 wherein the catalyst chPrises Pd. 25 . :
comprising, in order’ coolant. reaction: coolant: reaction: coolant: reaction.

20. The method of claim 19 wherein the reaction channel has a height of
0.05 to 2 mm.

21.  The method of claim 1 wherein the reaction channel has a surface-to-
volume ratio of at least 10 cm? of channel internal surface area per cubic

centimeter of internal channel volume.

22.  The method of claim 1 wherein the reaction channel comprises plural
porous sections disposed along the length of the reaction channei; and wherein

a reactant is added to the reaction channel through the porous sections.

23. The method of claim 22 wherein the reaction channel is atube in a
tubular reactor, and comprising a porous section on the periphery of the

channel near a connection with a tube sheet.

24.  The method of claim 1 wherein the catalyst comprises Au and more than
2wt % Pd.

25. The method of claim 24 wherein the catalyst comprises a silica, alumina,

silica-alumina, titania, or zirconia support.
25
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4. The method of claim 3 wherein the catalyst further comprises Au. 5.
The method of claim 1 wherein the reaction zone is a microchannel
reaction zone. 30 6. The method of claim 5 further comprising a step of
removing heat into a microchannel heat exchanger that is disposed
adjacent to the reaction zone. 23 MCSLLP 7. The method of claim 1 MCSLLP
comprising the step of staging dioxygen into the reaction channel. 5 8.
The method of claim 1 further comprising a step of recycling unreacted
feeds back into the reaction channel. 9. The method of claim 1 wherein at
26 .least uovefihd efticlaéne! avidesieledbe 7atal yittisecadutidaysid areim-type

nver, r . T thad qflggagmé vva gy the ethylene
Caté@ig\étﬁ}ﬁg @gggbﬂgrﬁ% %ig])é)[ e98|§ Z Er ceésg 11. Thé method of claim 1
wherein the molar ratio of ethylene to dioxygen 15 entering the reaction

channel is §;l1.qr ; C ian_of. ¢l ' %
27 e Il PSR AT HEreRteai IR ARNAER FRifud i
reatoMenestiiné cboknmoLsvinselivackennone ol wiseined seaataatid,

. . O ¢ twa.oaint
o8 PR SIS St ST b
sulyshentiailthea eattiyrash semeios heticesoraatdionadngsat least one

dimension of 2 mm or less. 25 14. The method of claim 13 comprising a
plurality of reaction microchannels arranged in a array of microchannels.

28.15. The method of claim 1axiregiithpeig e inidiosygemeitimthe
reat&%m% éﬁ%gﬁ)(g%ﬁ 'Htrge§glurality of adjacent heat exchange

microchannels. 16. The method of claim 1 wherein the reaction channel is
cylindrical. 24 MCSLLP

29. The method of claim 28 wherein the O, concentration in the reaction

channel is at least 8%.

30. The method of claim 28 wherein the ratio of gaseous recycle to fresh

feed is 1:1 or less.
31.  The method of claim 29 wherein the contact time is 500 ms or less,
32.  The method of claim 30 wherein dioxygen is added in the form of air.

33.  The method of claim 29 wherein the reaction channel has an inlet and

pressure at the inlet is in the range of 1 to 20 bar.

34.  The method of claim 1 wherein temperature in the reaction zone is at

least 130 °C. and the temperature over at least 50% of the length of the reaction
zone varies by less than 5 °C.

35.  The method of claim 34 wherein the temperature in the reaction zone is
in the range of 140-200 °C.
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17. The method of claim | wherein the reaction zone is adjacent to a heat
exchanger; and further wherein the reaction zone has a ratio of heat
transfer surface area to reaction zone volume of greater than 2.0 cm™. Gy g, Lp
18. The method of claim 1 wherein the reaction zone is adjacent to a heat
exchanger; and further wherein the reaction zone has a ratio of heat
transfer surface area to reaction zone volume of 1.6 cm-1 to 200 cm'. 10
369. THAEMREPE @ shdin4] (WS BEIRGS RRERTSERPMYEFERRS digagen is at
1S4 BEsiNg, in order: coolant: reaction: coolant: reaction: coolant: reaction.
20. The method of claim 19 wherein the reaction channel has a height of
0.05 to 2 mm. 15 21. The method of claim 1 wherein the reaction channel

3has a gyHagestPolVRIHRISY 3tifyPhsbisrstdiiRding channel internal

surface area per cubic_ centimeter of internal channel volume. 20 22. The

methdy Rf iR AR RN RS GRIRRIRIARG CaRpRiEOpIaaIngSrastion
z8@etions disposed along the length of the reaction channel; and wherein a

reactant is added to the reaction channel through_the Forous sections. 23.

The nRARBHSELHIE"S, ARG RAASRLEIRY SRBANE 8% TReonChapnel;

tubulagreastarhaNEhERINRIRING athglons Beaivygarihe Pariphriysobiethe
channel n_eargtconnection with a tutmjo? eet. 24. The method of claim 1

CRRETaH ARGt RS S5 gk ERE s dMR% 2 wt % Pd. 30 25. The

methoglrefreiainh@4wheied) deetiatalitbeenasioasen sdiset @dornainyl
silica-alumina, titani%, or irconia)f’s{#g)_port. 25 MCSLLP 26. The method of
AR MARPIT LA R G Qpigﬁ’ layer or rim-type catalyst, and

wherewhihveipasaliesitIBphise shat ithplehz Whdlhi do2itctht peibiodtsfs
CONRATEL LML A AL P G R ECTL QA aded trough
orificegvireizviberethgimnsedoctivity thaddhese dioridie@sblo% dpdtastially
no Ca%WéFean%??gth %%%eo?ugaeq[ i?lperz'ngr}(seséonverted to products;
wherein at least 20% of the oxygen is converted to products; and
wherein the selectivity to carbon dioxide is 15% or less; and
wherein the above-described conversions and selectivities are obtained
in a single pass through the reaction channel; and wherein the reaction zone is
adjacent to a heat exchanger; and further wherein the reaction zone has a ratio

of heat transfer surface area to reaction volume of greater than 2.0 om™.

38. The method of claim 37 wherein the contact time of ethylene in the

reaction zone is 500 ms or less.

39.  The method of claim 37 wherein the catalyst comprises Pd and further

comprises Au and potassium acetate.

40. The method of claim 37 wherein at least 60% of the dioxygen and at

least 40% of the acetic acid are converted to products.

41. The method of claim 37 wherein the reaction channel has at least one
27
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10 28. The method of claim 1 wherein the ethylene to dioxygen ratio in the
reaction channel is 4:1 or less. 29. The method of claim 28 wherein the 02
concentration in the reaction channel is at least 8%. 15 30. The method of
claim 28 wherein the ratio of gaseous recycle to fresh feed is 1:1 or Iq@@.SLLP
31. The method of claim 29 wherein the contact time is 500 ms or less.

20 32. The method of claim 30 wherein dioxygen is added in the form of

._air. 3%. &I‘l%mn%athog %f %I‘alm 29 wherein the reaction channel has an inlet

dimaenndgi(p))ressure At the RISt is in the range of 1 to 20 bar. 25 34. The method
of claim 1 wherein temperature in the reaction zone is at least 130 C. and

the temperatur least 50%.0f.the length of reacti n
42, T 8t S e RS LB TR AR -
tubtdeTpemtioe mntheosgpivngen®ious sketiangm dhe 40000y 26the

chagﬂaggf%lé% :?é%JﬁWer(?gqtﬁ&gig ack?lim3 Hv%}ﬁ_rein th_e per pass conversion of

loXygen is at leas 0. 37. A'method of making vinyl acetate,
comprising: 5 providing a reaction channel comprising a
cat - ind [ i [ e ' |

o e MR LR e BN S nBrEhs A,

thadidxyyéa 26:1 or less, and the concentration of dioxygen is at least 10%
by mole; 10 wherein the ethylene, acetic acid and dioxygen react to form
vinyl acetate monomer and carbon dioxide; wherein at least 95% of the

44 ethylérerteibixcohvieitadt fowretkiotéis caialysittedmpvisss adeemst 4 wt %
monomer or carbon dioxide; wherein the ethylene selectivity to carbon
dioxide is 10% or less; 15 wherein at least 30% of the ethylene is
converted to products;

45.  The method of claim 37 wherein the ratio of gaseous recycle to fresh

feed is 2:1 or less.

46.  The method of claim 37 wherein the reaction channel has an outlet and

pressure at the outlet is in the range of 1 to 20 bar.

47.  The method of claim 46 wherein temperature in the reaction zone is at
least 130 °C and the temperature over at least 50% of the length of the reaction

zone varies by less than 5 °C.

48. The method of claim 37 wherein the reaction channel has at least one

dimension of 10 mm or less.

49. A method of making vinyl acetate, comprising:
providing a reaction channel comprising a catalyst-containing reaction
Zonhe;
passing ethylene, acetic acid and dioxygen into the reaction channef;
wherein the ethylene, acetic acid and dioxygen react to form vinyl

acetale monomer;

wherein at least 30% of the ethylene is converted to products;
28
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wherein at least 20% of the oxygen is converted to products; and wherein
the selectivity to carbon dioxide is 15% or less; and wherein the MCSLLR
above-described conversions and selectivities are obtained in a single
pass through the reaction channel; and wherein the reaction zone is 20
adjacent to a heat exchanger; and further wherein the reaction zone has a
ratio of heat transfer surface area to reaction volume of greater than 2.0

cm-1Whgre hleash ¥ orcrlitha ehvens it issrrarersm o Riaguste is

céheereartionirgnadeadd mondessriadsor BRomesnod of claim 37
WhereiFI the cata mpris&s Pd and further comprises Au and

|
i e A S A A e T e

the dighygein andealsi30EasT tHYoRfdBa aeelistaskkamohayarieddstic acid
roducts. 41. The r@ethod of claim 37 wherein the reaction channel has at

a@&&%’ﬁ& tﬂ/lﬁrg Hﬁtsdiﬂ%sion of 17 mm or less. 42. The method of
claimwifiendiargie Hisoreadigoritisanhnehisgesivhe g doladnviteacioe abtined

._comprising a parous section on.the periphery of the 5 channel near a ,

N SRR GTPRITURE GHoloaHoR F R oS W E 5 i i al glzone is

adtcayd ttoaniprsesxtbangemana fhethat whardid.thé rebchom matkddasfa ratio

aim 41 wherein the catalyst comprises at least 4 wt %, Pd. 45. T% y

o e e R e e ot B Sl cieordg e

2:1 or less. 15 46. The method of claim 37 wherein the reaction channel

56}35 aﬁh%%ﬂt@@% dF ERai %&WR§r%‘f‘:%"ﬁ%éséé‘té?fﬁg%ﬂ%eo{ ot afRars 4I7§'83t 2
he method of claim 46 wherein Temperature 11 the reaction zoneis a
wichsPd30a whengio thenpatatyst fortbeackagrBe® Afithe length of the
reaction zone varies by less than 5 C. 48. The method of claim 37
wherein the reaction channel has at least one dimension of 10 mm or
5fess. The method of claim 49 comprising the step of staging ethylene into the

reaction channel.

52.  The method of claim 48 wherein at least 40% of the ethylene and at least

70% of the acetic acid are converted to products.

53. The method of claim 49 wherein the molar ratio of ethylene to dioxygen
entering the reaction channel is 6:1 or less, and the concentration of dioxygen is

at least 10% by mole.

54. The method of claim 49 wherein the catalyst is a thin layer or rim-type
catalyst, and wherein the catalyst comprises at least 10 wt % Pd.

55.  The method of claim 54 wherein catalyst is intermittently disposed in
reaction zones in a continuous reaction channel and wherein a reactant is
added through orifices in between reaction zones so that there is mixing but

substantially no catalyzed reaction between reaction zones.

56. The method of claim 55 wherein the ethylene to dioxygen ratio in the
29
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25 49. A method of making vinyl acetate, comprising: providing a reaction

channel comprising a catalyst-containing reaction zone; passing ethylene,

acetic acid and dioxygen into the reaction channel; 30 wherein the

ethylene, acetic acid and dioxygen react to form vinyl acetate monomé\{j;CSLLP

wherein at least 30% of the ethylene is converted to products; 28

MCSLI.P wherein at least 95% of the ethylene that is converted to
rgaotitehanoehiedcdan lessl acetate monomer or carbon dioxide;

wherein the ethylene selectivity to carbon dioxide is 10% or less; wherein

at least 60% of the oxygen and at least 40% of the acetic acid 5 are

Séonverhw megrod wislainy ShherareindhebBesadeseiatiabivihsiseaciion

chslardivities ussplmined in a single pass through the reaction channel
and wherein the reaction zone is adjacent to a heat exchanger; and

further wherein the reaction zone has a ratio of heat transfer surface area

58 reagHanhwone y Are1gief JeSmBreiA AR elislof Athplknkigdagihod of

claim 49 wherein the catalyst further comprises at least 2 wt % Pd and

agidtonygRNdS S IRAGE (erﬁ&iéﬁ‘ﬂi:gﬂ-The method of claim 49
comprising the step of staging ethylene into the 15 reaction channel. 52.
The method of claim 49 wherein at least 40% of the ethylene and at least

59005 dF HesifoadieRdyRieRad YNyl astaie EPMEE RASAKY thylene,
aeBHASIVRREEHIFREGER M6 PeicBBlY EMEnRlli QNYSRIN AUEFRZEHR channel

reaction channel is 6:1 or less, and the concentration of dioxygen is at

CRIBRI B8RP RISIBNSAEHEANGINNE G ERIANEY wherein the catalyst is a
thin |layeican §ihéyBehydsratabstcanddvasieiidhggeniayst aesnpsia®stto form

least 10 wt % Pd. 55. The method of claim 54 wherein catalyst is
Vi‘ﬁMrmittently disposed in reaction zones in a continuous reaction channel

and whreeératrRagtafibio Redetarauahiodise vRcPetaReBaWiIOthe basis
0 ?ﬁg %o%giteae%t?g rtehésrgn;&%gr le)>L<J<t;eecls the dewpoint pressure of acetic acid at
the reaction temperature;
wherein at least 30% of the ethylene is converted to products;
wherein at least 95% of the ethylene that is converted to products, is
converted to vinyl acetate monomer or carbon dioxide;
wherein the ethylene selectivity to carbon dioxide is 10% or less;
wherein at least 60% of the dioxygen is converted to products; and
wherein at least 40% of the acetic acid is converted to products; and
wherein the above-described conversions and selectivities are obtained
in a single pass through the reaction channel; and wherein the reaction zone is
adjacent to a heat exchanger; and further wherein the reaction zone has a ratio

of heat transfer surface area to reaction zone volume of greater than 2.0 cm™.

60. The process of claim 59 wherein the reaction zone is less than 2 meters

in length.

61.  The process of claim 59 wherein the reaction zone is a microchanne!

reaction zone.
30



10

15

20

25

30

30 substantially no catalyzed reaction between reaction zones. 56. The
method of claim 55 wherein the ethylene to dioxygen ratio in the 29
MCSLLP reaction channel is 4:1 or less. 57. The method of claim 56 g1 p
wherein the 02 concentration in the reaction channel is at least 8%. 5 58.
The method of claim 56 wherein the ratio of ethylene:acetic acid:dioxygen
is in the range of 6:3:1 and 2:2:1. 59. A process for the production of vinyl
acetate monomer, passing ethylene, 10 acetic acid, and dioxygen into a

6&?““%&?1?&%%@ %Pﬁfﬁ%%éﬁﬁﬁ%@%@% Oﬁ%gi?gﬁ@ RRALALZPNRo

containing a catalyst; reacting t e, acetlc acl loxygen over
theaeastinscloatongl. VAM; wherein the partial pressure of acetic acid when

calculated on the basis 15 of the total feed to the reactor exceeds the

dewpoint pressure of acetic acid at the reaction temperature; wherein at

Bfzast 30% l‘ﬁﬁﬂ‘i@@@f_yﬂf‘éﬁ@éﬁdﬂi@@é@l &bemwam@tiwné@hvm@atgtcﬁgwgen
eRIdRRSIRYFEEHG SERMETES 1P B RULCIENIS 11O RGHEBAHA NN bRERIHRen is

monomer or carbon dioxide; 20 wherein the ethylene selectivity to carbon
atilerricl &% i Bolesand HearaciviyidEhviene Wear§en diewaedacd % or
id@goroducts; and wherein at least 40% of the acetic acid is converted to

products; and wherein the above-described conversions and selectivities

are obtained in a single pass through the reaction channel; and wherein

6ie reaglanEeRR ist SR MMISoMPaeR! XM d4 Pe RNASiRiRer

the reaction zone has a ratio of heat transfer surface area to reaction

COBIIFEIARS IR REARIP BRI G Rhinto GoNide HiBpass hpal aelaanger that is
dvipecRin ligdeastipnRenaizIRssAhA8; anelens rdin el 38i81s Bhted in a

rocess of claim 59 wherein the reaction zone is a microchannel reaction
s I fgshion into at least two points along the length of the reaction channel.

85. The method of claim 62 wherein catalyst is intermittently disposed in
reaction zones in a continuous reaction channel and wherein a reactant is
added through orifices in between reaction zones so that there is mixing but

substantially no catalyzed reaction between reaction zones.

66. A process for the production of vinyl acetate monomer, passing ethylene,
acetic acid, and dioxygen into a reaction channel, wherein the reaction channel
comprises a reaction zone containing a catalyst;

reacting the ethylene, acetic acid, and dioxygen over the catalyst to form
VAM;

wherein at least one of ethylene, acetic acid, and dioxygen are added in

a staged fashion info at least two points aiong the length of the reaction
channel;

wherein at least 30% of the ethylene is convened to products;

wherein at least 95% of the ethylene that is converted to products, is
converted to vinyl acetate monomer or carbon dioxide;

wherein the ethylene selectivity to carbon dioxide is 10% or less;

wherein at least 60% of the dioxygen is convened to products; and
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MCSLLP 62. The method of claim 59 comprising the step of staging

acetic acid into the reaction channel. 5 63. The method of claim 59 MCSLLP

wherein the molar ratio of ethylene to dioxygen entering the reaction

channel is 6:1 or less, and the concentration of dioxygen is at least 10%

by mole, and the selectivity of ethylene to carbon dioxide is 15% or less.

10 64. The method of claim 59 wherein the catalyst comprises Pd and

furthewvicorapristigzaistdyo bf ehworireibeaidno @mierboh ampebtivats; and

excham%épna%% %‘;%R,%SS s%gfg(%g r%&t?v@%i% CBW& ‘%%rlléectf\lfi]ﬁjey%%eé tained

acetic'acidis added'1h’'a staged fashion into at least two points along the
inemgthglé these dutinrg blibareldtio65:HEme elctnddvdieiaimtbe veastisin zone is

catalystis i it ISpo ' | in i :
SRt B A R A R WAL AR T S TRIOHS has @ ra
obéisaidrarsdetisnrface aranttmrenctionszonene hueatabdantal oo .
catalyzed reaction between reaction zones. 20 66. A process for the
production of vinyl acetate monomer, passing ethylene, acetic acid, and
&dioxyderei pro cersaeficlrishdfhwiherkétdhetrramintisang BABANJOIApASEAN

ogjr{fg?%%%ﬁé? M EOPLRIRBY, AP YRY R grearlPg it 3 0vienss ReeHSRAlh zone

dioxygen over the catalystto form VAM; 25 wherein at least one of

teayibisca bt dit HiriréRsdjoReF@e-added in a staged fashion into at
least two points along the length of the reaction channel; wherein at least
30% of the ethylene is convened to products; wherein at least 95% of the
G&hylenberoeesseraiMSBrobeceln thesteastiosrrantisiayrigeghannel
rgRImeLREcarbon dioxide; wherein the ethylene selectivity to carbon
dioxide is 10% or less; wherein at least 60% of the dioxygen is convened
to products; and 31 MCSLLP wherein at least 40% of the acetic acid is

grpnveriad 1 aEeds GecRit WH IR ENe RBONG SRSATHRE ¢RIVEFSIARS aRE an

selectivities are obtained in a single pass throut%g the reaction channel;

et dhenarsan T 3bneligaadpesatey a1Hbs eudsbatiie spaction zone
tHhRThencining t63REAR Z8MenNAMA ratio

70.  The method of claim 66 wherein the molar ratio of ethylene to dioxygen
entering the reaction channel is 6:1 or less, and the concentration of dioxygen is

at least 10% by mole.

71.  The method of claim 66 wherein the catalyst is a thin layer or rim-type
catalyst, and wherein the catalyst comprises at least 4 wt % Pd.

72.  The method of claim 29 wherein the ratio of ethylene:acetic
acid:dioxygen is in the range of 6:3:1 and 2:2:1.

73.  The method of ¢laim 37 wherein the reaction zone is a microchannel

reaction zone.

74.  The method of claim 39 further comprising a step of removing heat into a

microchannel heat exchanger that is disposed adjacent to the reaction zone.
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5 of heat transfer surface area to reaction zone of greater than 2.0 cm-1.
67. The process of claim 66 wherein the reaction zone has an inlet and an

outlet and the linear velocity of gas is greater at the outlet of the reaction MCSLLE

zone than it is at the inlet to the reaction zone. 10 68. The process of
claim 66 wherein the reaction zone is a microchannel reaction zone. 69.
The process of claim 68 wherein the reaction zone has an inlet and an 15
outlet and the mass flow rate of gas is greater at the outlet of the reaction

one it the | [ 70. The methqd of claim
785w L LR 37 SRR Sl oL R e R e e e
reelielclkagiedr less, and the concentration of dioxygen is 20 at least

10% by mole. 71. The method of claim 66 wherein the catalyst is a thin

layer or rim-type catalyst, and wherein the catalyst comprises at least 4
7t % PhiezBethotiod plRithatP orbieindbavteseliothehaninebfs a microchannel

hSUMfQ?i@gg{i_gngcgqiﬁq%gﬁr&szi%meoqq@gg_ of 6:3:1 and 2:2:1. 73. The

method of claim 37 wherein the reaction zone is a microchannel reaction
zone. 30 74. The method of claim 39 further comprising a step of

7/emovifg %w&,d@i%W@B%%ﬁ%%ﬁm%ﬂW m%é%g%ﬁfgi@rﬂo%@annels

adjacent to the reaction zone. 32 MCSLLP /5. The metho
agamgedityanawa)y of RegRshaR8/gen into the reaction channel. 5 76.
The method of claim 49 wherein the reaction channel is a microchannel

having at least one dimension of 2 mm or less. 77. The method of claim
78 co&%ﬁﬁiﬁ}?@@él%&!ﬁ%ﬁ%&&mmm@@f@m@fmmﬁbaﬂnﬁiamsawﬁyermal

ORI QereaRIFale Jﬁa&ﬁﬁééﬂ?ﬁé%ﬁ' elaniRyé midetsiadhgarray of

microchannels is in thermal contact with a plurality of adjacent heat
exchange microchannels. 79. The method of claim 49 wherein the

7actligRZ oREt D aURERITFT A WBBtein the reaction zone is adjacent to a heat
exchanger; and further wherein the reaction zone has a ratio of heat transfer

surface area to reaction zone volume of greater than 2.0 cm™.

80.  The method of claim 49 wherein the reaction channel has a height of
0.05to 2 mm.

81.  The method of claim 49 wherein the reaction channel has a surface-fo-
volume ratio of at least 10 cm? of channel internal surface area per cubic

centimeter of internal channet! volume.

82.  The method of claim 49 wherein the reaction channel comprises plural
porous sections disposed along the length of the reaction channei; and wherein

a reactant is added to the reaction channel through the porous sections.

83.  The method of claim 49 wherein the reaction channel is a tube in a
tubular reactor, and comprising a porous section on the periphery of the

channel near a connection with a tube sheet.
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15 exchanger; and further wherein the reaction zone has a ratio of heat
transfer surface area to reaction zone volume of greater than 2.0 cm'. 80.j4¢ gL
The method of claim 49 wherein the reaction channel has a height of 0.05
to 2 mm. 20 81. The method of claim 49 wherein the reaction channel has
a surface-to- volume ratio of at least 10 cm2 of channel internal surface
area per cubic centimeter of internal channel volume. 25 82. The method
ofc im 49 he r ct| n chann Icom%ns lﬁral |
A el

“sect sfa‘% 8 aﬁcﬂ#@“ %”f?m“’b?ﬁn YL SR %Seer%ﬂr? a
rearcﬁ&niamﬂeadd ecbtmtmememmmmhemmwagh thieguonousreactiamisis83.
d Eethod of]p im 4?}”v¥here nréhetregcztlon ch%n el,i | %EUbenfﬁ)% 3%ut
adgGRLIAI IR BITSRE LhRS & porous Section rﬁ‘?h Deriphery ort
sulebtantielinear eatalyredtiemotitn HohesheebcBdMEBEEP 84. The
method of claim 66 wherein catalyst is intermittently disposed in reaction
zones in a continuous reaction channel and wherein a reactant is added
85throligle unéitte:sjiofaem:eehweacei‘mntemmsm thai ﬁh@reeia(md)rir@betis at
ooy i tally a9 catalyzed feaction befyieen FReion £ongs.d 824 T%action
od of clalm rein emperature |n € réaction zon IS a eas
zod@@@:am@yhesewmaﬁfe over at least 50% of the length of the reaction

zone varies by less than 5 C. 34
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