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M CROCHANNEL REACTORS FOR CATALYTI C OXI DATI VE DEHYDROGENATION 5 FIELD OF
THE | NVENVO@BI1Td3686 pr esent invention relates to the productcerusos/1hefi nic
hydr ocar bons by oxidative dehydrogenation. Mre particularly, this
invention relates to catal ytic oxidative dehydrogenation of hydrocarbons
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20  requires the input of large amounts of heat to drive the endothermic gas phase cracking
reaction. Because of the equilibrium limitations, steam cracking must be carried out at
low pressures typically 1 atmosphere or less and requires cooling and compression of the
product stream to effect separation and recovery of the olefins produced.

Conventional catalytic dehydrogenation has similar disadvantages, including the

25  need for high reaction temperatures (e.g., 550 to over 700°C depending on the feedstock),
the deactivation of the catalyst by coke formation, and the consequent need for
continuous or periodic catalyst regeneration at frequent intervals throughout the process.
In addition, there are thermodynamic limitations in conventional dehydrogenation. These
thermodynamic limitations are due to the fact that conversion in conventional

30  dehydrogenation processes are equilibrium limited, and require high temperature and low
pressure to achieve high single pass yields. As a result of these substantial drawbacks, the
petroleum industry has sought a solution to the demand for olefinic hydrocarbons in the

use of autothermal cracking and oxidative dehydrogenation methods.
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I n aut ot hermal cracking, oxygen or air is added to the feed and partially
conbusts part of the feed in situ generating the high tenperatures required
to t her meWwby3ao@ek t he remaining feedstock. In sone vari &ofrgsas/oai@l yst i s
used to support conbustion with the catalyst being in the formof a fixed
bed or a fluidized or spouted bed. Fixed beds are 5 preferred to reduce
catalyst attrition. In sone cases hydrogen is co-fed with the feedstock
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passed over the fixed bed catalyst directly to produce olefin product. Typically, the

hydrocarbon is a saturated hydrocarbon such as ethane or a mixture of saturated
hydrocarbons. The hydrocarbon may be gaseous or liquid at ambient temperature and
pressure but is typically gaseous.

25 An example of an alkene which can be formed via an oxidative dehydrogenation
process, is ethylene. The latter process is aitractive for many reasons. For example,
compared to thermal cracking, high ethane conversion can be achieved at moderate
temperatures (300-1000°C) by catalytic oxidative dehydogenation. Unlike thermal
cracking and catalytic dehydrogenation, catalytic ODH is exothermic, requiring no

30 additional heat, beyond feed pre-heat, to sustain reaction. Furthermore, in contrast to
catalytic dehydrogenation, catalyst deactivation by coke formation should be minimal in

ODH because of the presence of oxygen in the reactor feed. Other alkanes can similarly
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be oxi datively dehydrogenated. Although there are no reported commerci al
ODH processes operating at the present tinme, there is a high |evel of
comer ci awoioaties3est . Activity has focused on ethane, propangsanth2isobut ane
ODH, and patents to sane have issued. Representative of these 5 patents are
the followng US patents, all of which are herein incorporated by
reference: US-4,524,236; US-5,162,578; US-5,593,935; US-5,997, 826;

US- 6, 313,,063; US-1 géhz 1, 37?' US- 6, 239, 325; US-6, 235, 678; US-6, 130, 183;

US- 6, 355, BRXHPIVENYEO8T ™41 | ndustrial interest has stiml ated
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and 0oxygegs (1598 K48 (s 26997; 8863,593,935U18-5, I0aseatUNG,31 40682 4iS- 236 M Cai n
describes a process for the |ow tenperature catalytic ox gehydrogenatl on
of et hane6,28L, ¥8hi/SemB %3R5 ad3pRE%S dJSand3 S BBk Hﬁiq’{b%t ﬁga é of a catal yst
cont ai ni ng#@ﬂ\{/ Nb/ Sb and an additional elenent. There have been different
appr oache 0~ addi ng oxygen to the ODH reaction. 20 Lodeng et al, in U S
Patent No. 5, 98Tys82f imest hisstisuiateiorastigatipny intooswesetalsly aog mghgdger

par af {15, 1.0, OLSLINS e @ SCHEIIAdSBGLAL ADBL SRME N> al | east Lhree

zones [0 altgeved\ppifarmag Fogenati on process zone, an oxygen admi xi ng
zone, and @elgatogénatibe oDatkaiad. IUSH, I35 repolte highrotvesidnl (iaPy) ehdligky in t he

adm xi ng zone |is _higher than_in the cat st nes,. o ks .S, Pat ent
No. 4, 739SeiSEaviyy (3,7&V‘g2@@%?‘?(69%&%&%”5@%&?@%5@ 1§egde°s][1 ) 5d1}1]'lrtllﬂ%1%ﬂ5r ocess for
catal yti Cetﬁﬁ{eﬁﬁgggé@fewmahélm 2f353%hytihefaddek, Ofes hegemhdvathigh . in U S
Patent No. 6,515,146 discl oses a rea%tor in vg%i chefgf%&gn I into a 7 mm
i nner  di aietsls &y co-dsdingydrogn Vidkthe by Facerbim fedseok FBENEM §%ANY i nto t he
catal yst Beg,hehd within the tubes. No nmention is made of the useful of
this appro’ac?i |3' ODH. Beretta et al. in "Production of olefins via

oxi dative dehyhirldgePritrt dio. 4524, 23hMcSaingiascaibes 1gogess ORHietow FMPIAHYE | nes, "
Cat al ysi s _Tod - . b el fe@liride &t (1£1:303/ Fe- Cr
cat al yst Fﬁ%éy\ﬁé’&xg%é?@?o%@%&%ﬂl é’?%‘ﬁ%%%gr ??%/%ea?gggﬁé%wmout ggat al yst showed
no proof tkahlyttvennigaa/VySb/Sbend s Hiditedaltelemane sel ective oxi dation of

ethane to 3 W:)Tge?f/e gv% %eGn i&r{eﬁ{s&t%%%olﬁ&%%% adding oxygen to the ODH reaction.

20  Lodeng et al. in U.S. Patent No. 5,997,826 describes a process for converting C3 and C4
paraffins to olefins by a sequential reactor that contains at least three zones, a catalytic
dehydrogenation process zone, an oxygen admixing zone,and a catalytic oxidation zone,
wherein the flow velocity in the admixing zone is higher than in the catalyst zones. Ward
in U.S. Patent No. 4,739,124 discloses mixing oxygen between stages.

25 In a process for catalytic selective oxidation of a hydrocarbon, Perregaard et al. in
U.S. Patent No. 6,515,146 discloses a reactor in which oxygen flows into a 7 mm inner
diameter tube through the porous alumina tube walls and into the catalyst bed held within
the tubes. No mention is made of the useful of this approach in ODH.

Beretta et al. in “Production of olefins via oxidative dehydrogenation of light

30 paraffins at short contact times,” Catalysis Today, 64 pp103-111 (2001) reported testing

of a Pt/Al,O5/Fe-Cr catalyst in an annular reactor. Comparative tests without catalyst

showed no proof that the Pt catalyst contributed to the selective oxidation of ethane to
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et hene; however, there was strong proof "that the catal yst was active in
non-sel ective oxidation reactions, and that gas-phase oxidative pyrolysis
was a faswopsoesss with very high ethene selectivities." Poa/od/hne

concl uded that the Pt-containing catalyst seened to be mainly active in
the total oxidation of ethane to CO . 5 Several workers have descri bed

oxi dati ve dehydrogenation in catalyst nonoliths positioned in conventional
reactors. .See,. U S ‘ , 2230 nemekled®vd65, 543. They
do not suageéls?th(f eé’erﬂgg}eg?gsr%rgﬁp(ﬁs?r?#s%hﬁagt%%%rﬂ (%t%a%%gl reactors or any

ni cr ochanaeiiatipd vantiagesd ths geopipsy @ddative pymiysiatiasn st PrPesseHithEeYr eact or s,

m cr ochanne eact ors .have _ bee 10 f.o di ents;
however , %@LE ﬁ?fasfgﬁﬁlvétl??at efg{ﬂo{fecan%hédrj?%ceh}ag?l Srﬁ)g_g{%%? ﬁétcﬁlﬁ%%%eﬁg%dﬁel react or
di d not i pHeQNEnlpastivenimeeaal csidtiod ef dlianeto @,. i n "Conparative Studies of

t he Oxidative Dehydrogenation of Propane in M crq-Channel s Reactor Mdul e
and Fi ked- Bed Fael Brer SpRAagef ORI A o B LS 50185 190
(2001)  conatimtesh dofsdntibihl fdactoRHéNUS. PaeritoSoameh,seeactansdwad a VOx/ A1203
catalyst. To 15 mnimze tenperature gradients, the cltat al }/st was dil uted

wi th quar 6:26%.543% Theit dognog sugees themse of HORGIEhsdn pPAFRTPmF! {RAPSY AY yse of

m cr o- chapn dule allowed isothermal operation at all reaction
condi ti on%lﬁb%%&gg%@%tﬁégboncl. uded that the "mcro-channel' reactor nodul e
and fixed bed Aeemtmredshowmvapipmek fined kadyeactss, sugracheare FSAEiors h28EbIRs under

i sot hermal. _condi tions, " L.t ens) IS 8aN16H bed REHERERRI NS a need
for ng\[}v o)fﬁu&gfcl’ %}181’“%93 ?/rﬁég%ljé?%@%gﬁwgg%a{e%% ,r cat alggt?i?; S %t gm;, and

met hods t Batmiabhave révcgh dolom engdorpeaformanice pteiefflde etial:ip %Oléﬁféﬁlvﬁhat t he
yield of the. desired. ol.efin i.s nmaxim [/ ! Xl Safiliee side
react i onsts%dées Hf WF&X&‘%EYG g@?’ﬁm&?aﬁlgﬂggg%p%n% ?ggﬁ%&égh gﬁg%'sslr{?act ?%tr(\is nay

i ncl ude t kgl EQBYBESRERLDS Seldidstin Sgfivy Srionmrand Batalysiy, ppl&FHAME00Nt 0 car bon

oxi des (CO 25 and/or .and/ or _conyersi on of. desi.red t alkene into
car bon oxcefedicted @%1WWWE‘F@?¥WWC%’8? HY (f:]dS 4166%%gaﬁ3§gﬁgnt ific

L ter gkur gyinihis (PepdRiREEe tHeheaBi wiatdived wiitlyetgenatid ofl:9.&et i on in

m crochannels did not differ fromthe reaction q 3l cqnv ntiqnal fi xed bed
reactors epdestenegehihat e ‘ésﬁﬁﬁlnt‘“é?rﬁ]éar“&?lﬁi"eéf’toﬁiﬁﬁ‘é{e f‘ﬁ’“(?ﬁé%ﬁ "¥he fact that
m crochanygl,, ARPRLALS:dHoHGREAR! The ARIR @KIGRING HdMcGaRuER! | onal

equi pnent Rere appeared to be no reason to conduct oxidative

dehydr ogemedcion moidnie 4nd/ix0ded 0HSRESIRETIDSTINLER T same By HaHEl YAfFar at us.

Despite tqg()%hegringl%grllj({igglsgg background, we proceeded to test

20 Despite extensive research, there remains a need for new oxidative
dehydrogenation catalysts, catalytic systems, and methods that achieve high conversion at
high selectivity, such that the yield of the desired olefin is maximized, and extraneous
oxidative side reactions are minimized. Such extraneous oxidative side reactions may
include the conversion of starting hydrocarbon, e.g., alkane, into carbon oxides (CO

25  and/or CO,), and/or conversion of desired product alkene into carbon oxides.

SUMMARY OF THE INVENTION

According to the scientific literature, the performance of the oxidative
dehydrogenation reaction in microchannels did not differ from the reaction in
30  conventional fixed bed reactors operating at the same temperature. Thus, in view of the
fact that microchannel apparatus is genetally more expensive than conventional

equipment, there appeared to be no reason to conduct oxidative dehydrogenation in
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oxi dati ve dehydrogenation reactions in mcrochannel reactors. Surprisingly,
we found that conducting the oxidative dehydrogenation reaction in

m cr ocharwelo3ap3ss at us produced significantly superior r@€muss3/aiconpared
to the sanme reaction in larger, nore 5 conventionally-sized apparatus. In
one aspect, the invention provides a nethod for catal ytic oxidative
dehydrogenati on of a gaseous hydrocarbon, conprising: flowng a

hydr ocar bon- cont ai ni ui.d .and. . JcBdRd & witcr ochannel ;
wher ei n a{mﬁlé‘f}éqn?@tapﬁ’%ﬂﬁ?' ?se@?% © tﬁ‘llg (r%lsg %‘%Qg%ﬁ gglfa 8% rgﬁr)lar%lgl;@ Es}C_Jecact ing the
hydr ocar Qi dedidibfahafidrieactimngint thiercsaneleeasfors Sypainingyowe Fovpi e

m crochannel, in_ a tenperature range. of 335 tq . t wat er and at
| east oﬁbatéEPWé‘ﬁTé‘lgeFHﬂP’Sgata’F lkyélﬁ%%eg%}?a IPERSVAY '%glgatgn?lr? 8gr§f[ﬁ§nadj acent heat

exchanger,, o hloq DERHGHEAS SuRABOEIRAL Sompagdlito i seerpesetbn infoganmenj acent heat
exchanger by (a) cooling the mcrochannel by flowi ng a coolant fluid
(whi ch cowhventienadlyrsizgé B2t r eam) t hrough an adj acent cool i ng chanmber to

convectively qgnge }ﬁg&t,_rtﬁ@ﬁﬁf&ﬁi'an BiFARS harnel forkbtalybl okblat@nduct ing a
si mul t aneous endotherm c reaction in adjacent channeld(rs to renove heat, or

(c) perf odeliydrggenativanda gebrongeydrorathon OBWESIBEAHTENE & JYIRGAER0B: ap) v

mi crochannel (s), ot ' o 20 2knite @kt healin beyanst i fiatenpr ovi ded
by convec‘fqn{[f‘i}m‘%\ge%%l&)%&c%%%%eqfﬁgﬁaegjngggm&channel. s). 1N agotlh%r aspect, the
i nvent i oninpROMiceteBarmelyedabiing thehydredasioptcontaininsdhid s thouge) ¥ ¥§-nat i on of
a gaseous, hydrocarbon, .conprisjng. f| qwu r = ah@M1&dshi ng fluid
and al&ouindke BT RIAER 1 %{%‘pgrajfﬁr%rag%%%g%; ﬁ)\gﬂ%ﬁ%&?ﬁo@%@%ﬁq{rgl yst s present
in the m grOmhaoRe)or afiaib] 41g réhevitiybbatinardpedjacorihedt wkehgngerdid and t he

source of oxygen, in the m crochanpel, in a. tenper [ . gf 335 to
1000C, t oPei¥iRd fRpmERy batt 1§ BROYCGLREY aagBRa é%aé %%hg%r By @Eg"ﬁ%g and

quenchi nggthe  StaaTb) AbwRE AdobRht heaplictgeduliEbewreaaamn sixmm) dootghi ni ng

fluid and the source of oxygen. In a fur{)tger asoglec.t ghe 1i nv(xégti on provides

a net hod foadissantapylinechasberde PRy eciiehy AP dgeiratt ﬁr_“8‘f°° P95 &0Us hydr ocar bon,

compri st n géndhh%%dagﬁnﬁ%ﬂ&q{sgﬁ&ﬁ%ﬂk SRbR{nHdRPert lchirtieigd) o Rnoehexd cof oXxygen
afnel;

into a m croc el; erein a catalyst is present 30 in té;l](e m cr ochannel ;
reacting (d)eetiyhingrephaenchenge iniadiapayt PhanndGhRepierARly SuerPER B 5% gen, in the

o= ) BERE OR T it ot eyt o, and o
f eedi ng oxyjgent chahele m crochannel at multiple points along the channel
In another aspect, the invention provides a method for catalytic oxidative
20 dehydrogenation of a gaseous hydrocarbon, comprising: flowing a hydrocarbon-
containing fluid and a source of oxygen into a microchannel; wherein a catalyst is present
in the microchannel;
reacting the hydrocarbon-containing fluid and the source of oxygen, in the microchannel,
in a temperature range of 335 to 1000°C, to form water and at least one alkene and/or
25 aralkene; and quenching the stream formed after reacting the hydrocarbon-containing
fluid and the source of oxygen.
In a further aspect, the invention provides a method for catalytic oxidative
dehydrogenation of a gaseous hydrocarbon, comprising: flowing a hydrocarbon-
containing fluid and a source of oxygen into a microchannel; wherein a catalyst is present
30 in the microchannel;
reacting the hydrocarbon-containing fluid and the source of oxygen, in the microchannel,

in a temperature range of 335 to 1000°C, to form water and at least one alkene and/or
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| ength. I n another aspect, the invention provides a nethod for catal ytic
oxi dative dehydrogenation of a gaseous hydrocarbon, conprising: flowng a
hydr ocar bwo 03/1038¢ ai ni ng fluid and a source of oxygen int@ca/usogi@thannel ;
wherein a catalyst is present in the mcrochannel; reacting the

hydr ocar bon-containing fluid and the source of oxygen, in the m crochannel,
in a tenperature range of 335 to 1000C, to formwater and at | east one

al kene and _aral kene: r LeR dostEdl et eandedd by

superi or @ @ %%?%4%%‘%‘“%2’?%%?%%“% fag%g?%raﬂsll e? i such t%gt, as conpared to
a reacti gipgmonducted under the same conditions (react ant feed conposition,
oxi dant d| | uent, ratio f. fe d/ oxl went  level as

cl ose as praCF‘la(‘?%‘F%‘;)Spe%’otﬁ? glg?n o rovgd%?éé%hﬂrog?&%g{a?t%?ﬁbﬂéd t enperat ure,
catal yst gegrResdtioh@na gﬁﬁéoﬁsclfyajocanbom cdmﬁrlmg |ﬂnveng ghedreqagiongquart z tube with

no active cooling and pre- xed hy rocarb L&, no
st aged oxpefaipig, ﬂutqq@draégmc'eg ?f‘fyg%é IP}%ch Tgleéx ﬁjlg%ﬁd%&t(t)ar%%& g?}eﬁor e of the

fol | ow nqnth% icrdbhadhell €ast 20%rel ative higher ratio of selectivities of
CO C2i or (b) an at |east 10%relatiy %}gher conver emlcgoc %%gf ocar bon;

or (c) ameating @a@ydrmmqremw%g HArig et t ?‘9? B Yroxgedy i F an at | east
10%rel atly £9451 1% 1 bY0°E Oto T Water andlat [t onsalhénclaediet  10%
relative ”P(%?empe n%%lbty of car bor(: di oxide. By "relati V@‘&HI S nmeant in

conpar i smﬂalkemeidmd vqmemrt seid midod fseharasieniast 8y S‘i‘He“Ph‘é’n??fSIH’é’tsﬁ Y a quartz
t ube produ 10% ver Whhllsﬁn@&) iB%s hi gher
o ghyeni: oih S S oBnfles B fabfbf QMGG e o

rel at ers fromODH t rougham)nollthlna
convent i opabtafteast @impobidbn, weidet, dibteninetiesefped/ grigangdlncat GHRANEEY resul ts.

I n contrast persons ar ari ski obREaMesd d, in |ight
of the telﬁ‘éqlliﬂh%}%se%ﬁ’mlcﬂ?atdb#? éé{t’tlﬁne Bregsgf) Qat&lgért%ﬁa hﬁ%g rm?’eaeté\ﬁan routine
exper i mentafdoQfort ed i@ﬁﬂ)tlhfayl 03¢tn trmbi charﬁfﬁemnelrtatubﬂg’ﬂb@n@i?tﬂe@ﬁ@hn@@n%bt ain the

cl ai med enhanced results aspect,, _the.ifyv Lv.des a
met hod ofprmlmdthydéqc?ba%ﬁ%?’%%éﬁég e L S R %‘%(E)"Ié{é(r?’ s n%cé)rrprl si ng:

flow '?191 ?b‘?t"s V\g Srhlﬁ&e%@ﬁfe%lmvﬂﬂg fdayérﬂht@daét E‘V&mwtmemgbér raxryfden into a
m crocC anne ereln an oxidative dehy rQ gen%%| on cat al drogé’t% esent in

the i cr osdtiviges off GAEQLe (Plva 3 {eastd A B3RV RIA LS Y Ti the source

Of oxygen | 0106 0% P&l 1&Gf&eﬁlﬁn&qaﬁéﬂuteeasta@geremlvaoo to 1000C,
to form wd é)ranatofagtem?‘e%gat%@ﬁ% y’le cene and/ or_ aral kene: erein the

hydr ocar bﬁighér@alpastlx&mo alefig; Ioa@éamt 1%&%1@@??@“"6 JEeT WHEEITh OG8Nt , i f
present, consti s.0..25 _or ug@&g@%ﬂeggm efifthetal fluid 6
VO 03/ 10698%i9p gy eSrEt i1 éO%ptaﬁ??’élE%E‘gtqhe m orochannel

20 methodina qualtz tube produced a 10% conversion, an 11% conversion would be 10%
higher relative conversion. This method differs from ODH through a monolith ina
conventional reactor that would not necessarily produce enhanced results. In contrast,
persons ordinarily skilled in this technology would, in light of the teachings set forth
herein, be able through no more than routine experimentation to identify suitable

25  operating conditions to obtain the claimed enhanced results.

In another aspect, the invention provides a method of oxidatively dehydrogenating
a gaseous hydrocarbon, comprising: flowing a hydrocarbon-containing fluid and a source
of oxygen into a microchannel; wherein an oxidative dehydrogenation catalyst is present
in the microchannel; reacting the hydrocarbon-containing fluid and the source of oxygen,
30 in the microchannel, in a temperature range of 300 to 1000°C, to form water and at least
one alkene and/or aralkene; wherein the hydrocarbon comprises an alkane or aralkane,

and wherein diluent, if present, constitutes 0.25 or less, as a volume fraction, of total fluid
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In a further aspect, the invention provides a nethod of oxidatively
dehydrogenati ng a gaseous hydrocarbon, conprising: flowing a

hydr ocar bwo-0s0038 ni ng fluid and a source of oxygen i ntoPaTrSes/o2h@nnel ;
wherein an oxi dative dehydrogenation 5 catalyst is present in the

m crochannel ; reacting the hydrocarbon-containing fluid and the source of
oxygen, in the mcrochannel, in a tenperature range of 300 to 1000C, to
form water and at Ieasca1 one al kene and/ or arallcene; wherein the

hydr ocar BoW tHepy P BLTAHY MYy ane or aral kane, and wherein at |east 10% of
t he hydr ocar bgn, fi,fh&QBEet, iRdnietianpralilenemethotidfoxidatindikene; and wherein
total hydrocarbon feed flow through the.m crochannel | t .8 LHSV of
about 32 dehrydepgenatiag 2 ZpigoBs kfXﬁiF‘tcﬁ’%PgéglﬁBﬁl?g‘tTFH%WIP%\%e?ﬁ(%rf)%a?lbogrcge%%é@ a met hod
of oxi datﬂiu][\?edklx 2 sHEHY §F £98aRhIc R GRGAE B hbydncadaovy, debpiipgenstiang:  f | owi ng

a hydrocarbon-containing” fluid and a source of. oxygen.i 1.cr ochannel ;
wher eisn aaalystisipiesansindbhipinreshamst F‘?ﬁ‘ﬁtmgb‘g? 5?{‘1?8?”1?%“ g"c%“én nﬁ“?% dh%eg

m crochannel ; | BHEERE &% PRATERAREkIAENGE Fobus t00ard t¢ feem15 source
of oxygeﬁ?urlcéno%%ggrﬁ’gggé annel, in a ?Tgrrper ature range of 300 to 1000C, to

form  watverer andatdeast emsikens enddoriecaleengsdresnin Hie Ay ROABOORFPILFEH Phe

hydrocarbaon conprises_ an . al. oAb EhKR 8 bR eidd tahn dlkast  10% of
t he hydr & ‘&P%@%?lkan&?ﬁnve‘?l%eg%ggtggagﬁfoaﬁéene g;tgcr)lc(;i/or aral kene; and wherein

di | uent, anf/opsekent andwhatintiotlidyd®cgborieed Bew thraughihe wiciepBaelsgt | on,  of
total fluid flow through the m crochannel, and wherein total hydrocarbon
feed Y0 fAlSY RF B 10YH4 FS W Er ochannel is at a LHSV of about 1 or greater.
The inventi onal sQiRf Apbdase averiohetbvaks oxicthatliof exigatelyy dr ogenat i ng a

gaseous hydrocarbon wth reduced gas phase,reacti Rbdgif0: flow ng
a hydr oc atebphogenaied %SWSW@FPEW%CO&“E‘SWC%O%P & 8;}(1 %}é?\aﬂlgo(r?lltrgghaa rlrﬁrggr ochannel ;

wher ei n aﬂhi?éﬁcpﬂ LY of BEINAHAYE Rfdrb@BNn A vtleyst ar Gxitivs deftydiogettaien
m crochannel ; and wherei'n” the hydrocarbon 25 cont ai nitngipf hlliliid% %ng t he
source of caoskysyisprases ic thetipwehanhelogrciips fip HYErGHROT AR H'“ “The cat al yst

such that precatal yst. - L fBiniaSemmPati® rRigelo@ 360 tol 100§/ EL todommt her
aspect® t% r%ﬁ@%ﬁ%@ﬁn%%g%l%gg a method of oxidativel y deh%drogenati ng a

gaseous hysieomdrbastwit Hkeredudodargiiency hereinthalidrerdLon CORTEithg: 1 owi ng

a hydrocarpon-contai nin | ui d 2 dRkarB¥Y 8@bBnieRtOtoanmieh®channel ;
30 wher ei #Xapg %%} P‘?’\?’g‘ggﬁéﬁrﬁﬁlr%%g%étaol/gb(r%lt%gﬁal y%t i s prrlesent in the

mi cr ochanglsr agilebne e Meticreir ditnesipifipiesed, qonsiteser @291 IPSPeisGc@MB¥N - cont ai ni ng
(hen moaSere Ghdarnar dnvara RuhbrersRate e Dy Rt b Tozlo. o
and the PEGakLBhYShe GRR6@Ghnd isha DHSVIE abyud i oc grelien- cont ai ning fluid or the
source of The invention also provides a method of oxidatively dehydrogenating a gaseous
hydrocarbon with reduced gas phase reactions, comprising: flowing a hydrocarbon-
containing fluid and a source of oxygen into a microchannel; wherein an oxidative
dehydrogenation catalyst is present in the microchannel; and wherein the hydrocarbon-
25 containing fluid and the source of oxygen are combined immediately before contacting
the catalyst such that precatalyst contact time is 150 ms or less.
In yet another aspect, the invention provides a method of oxidatively
dehydrogenating a gaseous hydrocarbon with reduced gas phase reactions, comprising:
flowing a hydrocarbon-containing fluid and a source of oxygen into a microchannel;
30 wherein an oxidative dehydrogenation catalyst is present in the microchannel; and
wherein the combined pressure of hydrocarbon-containing fluid and the source of oxygen

in a feed stream is at least 10 atmospheres (when measured under standard conditions)
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oxygen at a tenperature of 300 Cor nore is 15 ins or |less. In another
aspect, the invention provides a nethod of oxidatively dehydrogenating a
gaseous hyoreaessbon, conprising: flow ng a hydrocarbon- corcaiusosngs2io ui d and
a source 5 of oxygen into a reaction chanber; wherein an oxidative
dehydrogenation catalyst is present in the reaction chanber; wherein the
oxi dati ve dehydrogenation catal yst conprises an oxide catal yst conprising
My, V and Mo, wherein the nol of 0.5 to 2
react i nganche Wé%t%%rc%tﬁ“é’giﬁozﬂﬁ é‘of;’frg?‘ﬂcoma i %glu@%aiﬁgg(ﬂr?pgfiygen in the
reaction, y]g% n GNAIRBEratukOofl 900 NT Win6Fe 1§lmﬁm§brlem8t one al kene and/ or

ar al kene. another aspect, the invention
oxi datively Hemyteorseeritthngvarting aroxidss fJH’ﬁt }flrfff &%tvglg%a rogts??%t: annel

reaction Chs%gt?selfydrﬁgt%oﬁ‘rbomﬁﬁhg at ﬂd(ﬁn@@h}’&ib%&ﬂ@ddn@ﬁhtﬂg’iﬁhﬁﬁyﬁa ghugposed in
the ni cr 8&AAANel react | on n%oer and 15 conpri si n an_oxygen channel

adj acent of@xy@amdttcmtmd&maghmbert\éléﬁé@néﬁoﬁﬁﬁﬁﬁé@l}é‘ﬁ ¢ @Béﬁ?tag’é by an oxygen
channel wal | erein a tf?éic?pd emtiehasfiedt wall form
passagewdys rBért é‘??c{]?te&%(nto%ﬁﬁecrh%nne aaﬁgég%}g%actl on chanber. | n anot her
aspect, chﬁphm!ellilbmd@cqmaﬂmtlcdemsamdﬁg,a‘t’Q@M@rwhﬁwléé]ﬁ ft}@ﬁrf"‘“‘d%fﬂ\{lﬂr ogenating a
hydr ocar bon, ri a mcrochannel reaction chanber; and an 20

oxi dat i vés #d r&tggeg‘étﬁ)a{]‘i%gn catal yst disposed in the m crochannel reaction
chanber 6QARS ins @5d0BRb@Ecdnbnifipillidubdie bonemsof cxyse. indhq jeaqiiont e cat al yst ;

or b) a porous insert; or c) a catalyst wall coating conprising a first

| ayerl0f orche@b¥et ween a reaction 25 chamber wall and a second | ayer;

wherein ttg'?orfne\@e%ﬂa‘ﬁﬁaPl'éQéﬂBﬁ‘éalmkhmd/éﬂdtﬁkenel ayer and second | ayer have
di fferent conpositions, wherein the first %ﬁ§{orfx a. t hickness of at

|l east 0.1 ni cﬂmmt@rgspeﬁtbﬂ@ ingienti Gy DERY§es FPPaT ey ometers. In a
further a R BhpMbiAes ﬁl&&ﬂl@tﬁﬂél feactimyshanbedomdaxi dat i vel y
30 dehydr%’g 859" trk'?gaa{}E});d(?%)dt:bgr onB co%pah si ng: e|iactton chanber,; and an
oxi dat i veox1dhﬁhydlafmgmgettaltlom caaly s ignesed ﬂstb@%oqfﬁmt Eeapton PR i ber -
wherein the systemis cha Bctapldbdatiich ABhbatiahy such that
when pr opRETERE B SELGHEE %ﬁ%dﬁéﬁgéﬁdﬁqs VO 03/ 106386 PCT/ US03/ 16210 a
1: 1 rati osepirgtell B¢ ah bXy@eh bmnneiataﬂh whercihaptybwesabroggh saidsvyaen eenaglq o cat al yst
t enper at ur e

11 form passageways between the oxygen channel and the reaction chamber.
In another aspect, the invention provides apparatus for oxidatively
dehydrogenating a hydrocarbon, comprising: a microchannel reaction chamber; and an
20  oxidative dehydrogenation catalyst disposed in the microchannel reaction chamber
comprises one of the following forms:
a) a particulate catalyst; or
b) a porous insert; or
¢) a catalyst wall coating comprising a first layer formed between a reaction’
25 chamber wall and a second layer; wherein the reaction chamber wall, first
layer and second layer have different compositions, wherein the first layer has
a thickness of at least 0.1 micrometers, more preferably at least 1.0
micrometers.
In a further aspect, the invention provides a catalytic system for oxidatively
30 dehydrogenating a hydrocarbon, comprising: a reaction chamber; and an oxidative
dehydrogenation catalyst disposed in the reaction chamber; wherein the system is

characterizable by a catalytic activity such that when propane and O,, with no diluents, in
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of 580 C, there is a propane conversion of at |east 30% and an olefin yield
of at least 20% As exenplified in the aspect above, any of the systens
and net howe 06am3sé n sone 5 cases, be characterized in comCuSD3/oa210M t h
properties such as conversion, yield and/or selectivity. These properties
can be selected fromany of the values in the descriptions of preferred
enbodi nents or fromthe data in the Exanples section. Advantages provi ded

by vari oug g Q?é@lﬁﬁto@lfle et SR FIRS@RE atial 1 STV @ﬁBm&ach’cal@hﬂiﬁlﬁp@ﬁt&reor nor e of
the foll owﬁ%dcre atively high | evels of alkan ar al kane('s)

conversi opf htheyls is@piepanegPR%prsiaR of aklens £% aaﬁa% 811‘??%1?’? dk‘gﬁfs]f & relatively
low sel egd 0/LV|ty to by-products, such as carbon nonoxide or carbon dioxide;
and the abili ty to conduct oxidative dehydrogenati on without diluents
added to eithehs ewmphﬁectimahmﬂsmct ahnve, angioh by systems #ndgnathrady P4k Hgso&enor e

effici ? nlt H%Q%P% gkhrg:r)ac% Ghal %&mn%@%cﬁ&g}@@l&%@.@%oﬂierswﬁey@fd%ﬁ@/%? of the

presen FREEe: XI'm za I ntercontact of the source
of oxygenseldédieityithe@qaoiectivs cmtda selveted &oal apg tof thmtvelupsib theadederiptiopsdin zat i on

of honogeno S ase un e eas tio h as those which convert
starting H"r‘?g?‘i? Bﬁbg‘gﬁi‘?{‘sﬂﬁl rdﬁga n g éﬁmﬁ’gersls%cilglges (CO .). Further

advant ages whi gvdiigeasiovidal Hy()/ahbﬁ oiitod schessof tife prbsenanmém mayivent i on

i nclude the possibility of&ﬁ 0Gess | mﬁ&pgﬁj {) ca1 ?rh C%SI ti onal ODH and
aut ot her rrficlugo ogs Ry R 31 e fllowdngs relptiyghghig 'e(W peEr %rn oper at ed under
condi fj0n at%ikaﬁ@@)%ﬁ%rsﬂﬁ hrdtHi @ selee@vifi 16 WRBhe(§)WAGRY A IkORLD)] @Bﬁve{lﬁ v prevent
expl osi ons), Wwhi the process of the present _inyention ‘&e oper at ed,

if desir eéeleQ!ilﬁﬁEFO bvbl?fédli% &8 ia%%ar‘é‘,%‘rfﬁi”’th&?é’r rahen Hgxts 36?1 1Y Py oughput
By combi ni.fgy cab@labd &eh?h%%&%ﬁmﬁﬁoﬁﬁfﬂueﬁgl 2A8&Yb eh@%&he&%&f'@ﬂ@@ﬂﬁ: it is

possi bl e o operate at oxy%en ratios that would conventionally lead to
hi gh 25 teaiplesta{thumoadmglameQflc@léq?’@épplvp%oyted%ﬂueby renovi ng heat rapidly

through heat e@ﬁqe?‘gcgf%nta S ol?gfe rﬂE cgfé%tf t}{eeiﬁrpsgf’i‘tl 111%?5'{9@:1%(16 Lh&ihieARaLat ure in

the catalytic annel’s rel-ative I'n sone enbodi nents
bel ow 1300 G terosntixe bbie 6ARE, ofoxydwa) mmhﬁﬁ@@)bon arhiihe mﬁa&yaﬁmtqmgl ged.ectivity to

desired olefin cts. The inventiv proces d very nearly
in a ther %PWZEE‘@HP BYMQEERAS SHHRIAST WSt ewﬁere C"Sl(rmesr gehgggsdthg&%lﬁée}?% oxi dat i on
cheni stry c¥@feyt si@id adRbobes hydlecdﬂlﬁmttoeﬁhsmmdesl(@m)he cracki ng reactions,

t hus m ni m2| ng the need to renove or ad Iar% nt s o{mvﬁﬁg%to t he

react or . urthy B tapRs TY ISP 45 to RHEEh s directly
adj acent mettﬁ@ﬁosﬁbi{@ f pPRBATAkRIHidaVBn. mﬂéﬁbﬁal@DH and autothermal

20  cracking processes of the prior art are often operated under condition of reactant dilution
to prevent runaway reactions (and prevent explosions), while the process of the present
invention can be operated, if desired, under more intensive conditions leading to greater
throughput. By combining catalytic microchannel and adjacent heat exchangers it is
possible to operate at feed/oxygen ratios that would conventionally lead to high

25  temperatures and loss of selectivity, but by removing heat rapidly through heat exchange
with the heat removal channels, the temperature in the catalytic channels can be kept
relatively low (in some embodiments below 700°C, or below 600°C, or below 500°C),
thus maximizing selectivity to desired olefin products. The inventive process can be
operated very nearly in a thermally neutral mode, wherein the heat released by the

30 oxidation chemistry very nearly matches the heat consumed in the cracking reactions,

thus minimizing the need to remove or add large amounts of heat to the reactor.



chanbers; this wall may vary in thickness; however, "adjacent" chanbers are
not separated by an intervening chanber that would interfere wth heat
transfer wetmaesss¢ he 5 chanbers. By "including"” is neant PCTarsps/ieing”,

however, it will be understood that the terns "consists of' or "consists
essentially of', may alternatively be used in place of "conprising" or
"including" to describe nore limted aspects of the invention. "Integrated"

nmeans all the conponents are within the sane structure wherein the 10
exhaust GlgeA\A¥ e directly connected to the reaction chanbers. Liquid
hour 'y space «X@},06irt Medds dS¥tyi sdjacken suvbdhdvasedi sopraterewPiBUIES 9bl unet ri
flow and the reaction chamber vol une. Reaction ehamher. yohyme is defined as
the voldambes; this pel deyyaphizihigme ng?%evgﬁt %fb%lcgflt iQs present and the
tenperatyre J.§ b?h‘]ﬁ 'te(i'{/é?l'fﬁg{ Shambir@iknt otlddesifele og@rast tonsferbepreenihe React i on
chanber VBT TRe 1§ the wall-to-wall volume 15 and includes catal yst vol une
(i ncludidsgmpase vol unme, and, if present, interstitial volune), and, if
present, the yol.une.of.: keodh atfywelerPR IS b iidetsgiod drat thy t he
catal yst. Forﬁ/y d’%ﬂ‘g%g glggta%ﬁto% ol?‘}wim;%o,but ene, a "s%fgi ci.en&l (?v]ofhi gh"
t eNper at afds Wohdisté Yot Abdnyistyessantialls 8% may BYRIEAINEY 0 USKGP PRERY'dr ogenat i on of
propane, typically at |east gho {Riited QspeS@bEMb AlventloiSY, GHSV (h-1),
defi ned #SMPHFTEetY in?:Chfq%b%Nt?g‘%g&%eflﬁ%gsl ofe_hilpgr ocar bon 2ovgm /[ h) per vol urme
catal yst (n )«picgrafat gishmtidhasthpbhents dre withindhe/ e By VY NSRBI t hat
relates the volume of quant i of lh the gas phase to the
vol urte oﬁﬁ@hﬁzg%ﬂsr@fecﬂj?ﬁ%(‘E?}me%‘?dt%ﬁ}éerféecgl ngfs?a%g)ersi'qui d (230 for propane).
This factor tples oQtipses 0uBdityt(DESH) fsfdefisnidmsidmn thaBQHEHERRSTIBf t he
hydrocarbon in 1iquid and gas phase. Contact ti I: Filpt ed as
3600/ GHS¥IpWwyadd thearistiny c}eﬁ%beh&f&ma?-%ﬁﬁ%%ﬁ a%?er "%@rﬁlgé’?s:%eﬁg’é. Contact time is
def i ned le}l'%{c]e%f\c{gl'O%E& Rlndehendieasdiy R Bbenher t tinpeatutsyis suficiently] umet ri ¢
ate of the iti

feed fl oW reactant conposition. The valungtric.f Jlowrate
is the siynfofddiéropyrdtiorrasen. R@@Png?n ¢ rrVé’I‘E'l(‘es‘)s enwm_r‘lf 'evgalunvl% gu?n oxi dant now

rate(s) taken as if th & velum, NP ereatniristenfitid@olmnd).a pressure
of 1 &t mFBHHEiESs C'aﬁwst(tag@%ﬁél\r%ﬁhg%@géa% cont ai ni ng g hygr?cartblt(}),n["Fé:ran al so be
ternmed "anbydhesaithhevoldfiesf s bekilowanth or patht HEOUEB Y BY TSV e Pr esent

i nvention, these ter an th £ By 58RMRill alfgbehtyleaat sel ect ed
portion t‘i‘?@Y‘E%%ef‘até%’togﬁﬁoﬁgte%e’F e%cfﬁg%}%fyc 1‘%?:%%?% oo ClDII?r}‘thi i s” oxi dati ve

dehydr ogepghi 00 °C, b0 IMNGaEs3AAAi63 8ETREHL IBHSIIYED Iegst abagitte? Her'fal cracking" is

(r))e(ln‘g\a/‘;: V?@&%%qﬁ&zggéﬁmh-l ,idggneﬁ%gggl{lx%guimfﬁme oPGad hp@bcdigat 1 nput to or

20  (ml/h) per volume catalyst (ml), is calculated and then it is divided by a factor that relates

the volume of a quantity of the feed in the gas phase to the volume of the same quantity

of the feed as a liquid (230 for propane). This factor takes into account the difference in

the density of the hydrocarbon in liquid and gas phase.
Contact time is calculated as 3600/GHSV (hydrocarbon) and has dimensions of

95 seconds. Contact time is defined by the volume of the reaction chamber divided by the

volumetric feed flow rate of the reactant composition. The volumetric feed flow rate is
the sum of the hydrocarbon inlet flow rate(s) and the inlet oxidant flow rate(s) taken as
if they were gasses at a temperature of 0°C and a pressure of 1 atmosphere. |

“A reactant stream containing a hydrocarbon” can also be termed “a hydrocarbon

30  stream,” and, in the context of the present invention, these terms mean the entire gas
stream (not merely a selected portion thereof) entering a reaction chamber(s).

«ODH” is oxidative dehydrogenation.
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"Thermal |y neutral™ neans a process in which the difference between the

ent hal py of the product m xture | eaving the reactor zone and the

ent hal pi e®0®B/10d386 r eactants 5 entering the reactor zone (iPeElusds/ngi1®xi dant
and diluent) is less than 25% (in sone enbodinents 10% or |less and in sone
enbodi ments 5% or | ess) of the conmbined reactant enthalpies. In sone
enbodi nents, the nethods described herein are thermally neutral.

Definitions Q{fgﬁ@tﬁgﬁ%{ %rgékgr?g?%f% %&iggﬁé}ﬁﬁﬁ)g%%gn RBIc8 rddwirdd indBalfop! | ows.

"Percent con nol’es“of carbon in the organic
conpound{§hettheathgpul & slebycabfienalicsystém. g., nol es of carbon in the al kane)

that are consuned, based on the noles of L& HeRees Rledn@b@gni C
conmpound(s) federpally u?@aﬁ‘??ﬂs.apr?gg?sc%m%wggﬁge@ |\7%1ty" refers t%@t he nol es

of car bogeinp pidABetRRIRSeSvifEihgreactat kmpepd foentbalplsaskile wactetie nol es of
carbon consuned. "Percent_ yield" refers.to fth of on in the
desiréd pntedngthe¢ seactor gong (inclyding H@?aﬁta?‘i@h’eﬁéésgagg%a%%é’ ?ﬁ%%% of carbon fed.

For react] an::m.xt Ypes, flss Sida86me dibdaiBeA 4 of loby) bate comlbined eectprtoduct s are
et hene, propene, and but enes, respectively, . Percent, selectivity and

percent yhibhigicare sbms eubasiments: Ersrmethes's gpspabed hin fR AR "8 sipl e, a

reaction mxtyre cont g B! B aRited 8XRANR i) Arelas MlloBvsetaames: t hat
results in a ﬁfl%lgﬁ%stoaﬂnﬂ?éx&gfpéncon a?ni %g 1 nole hexane, 1 nole ethene, 0.5

mol e hexedgversonTatiers tOGR nemeh of caBomiy] the FepeprmRyaiE &Ge a 57% car bon
conversion wth a mol .C)/ . T Yo S64sBmbd, Bhdel oh €heol ef i Ns

(37. 5% hélﬁéﬁé?geﬁ?ég%%%?}%%"ef@rﬁé&@%%1%3673%23@42.S8% yield of olefins (21.4
% hexene 16 & carbod ¥ e e t@anid dorBpdimé(shied &) the BRAEF “DESORFEFHIOY OF THE

DRAWNGS Fig. IAillustrates a cross-fl ow.niGr dror ODH. ODH
cat al yst gefegsrio theameles ¢ 408y | e?ﬁ?@“%?%&g%k%%ﬁ%?gggg Og?feﬁlté(?ésa coating, an

i nsert abl g4 &lcbnQmef OPRIceRyidhBGERE to fRuatEsHf cArbonol tamdesooliprddeni@lr nat i vel y

be oriented as co-flow or counter-flow, T cool ant gas stream
a |liquid (sterekenederneddaged on giemelgs %P@B?ﬁ?af‘ir,feaéﬁ%‘h%@@%% fta%ﬁlége’l i quid, or
an endot her m | QR SUGIRSs 4:85ETH ROperk] ghd bhBnéssreapestivedyrat i ¢

il usf;r atli’rgﬁgngf}?‘ﬁ%&vs"t@h;ou%ﬁ a réacti onﬂghanber. .30 Fi g}sﬁl .Zﬁ and 2B are
schemat i cPdrbdntistactivitomms! psfeentyiddd prsbatd on £aPaR- TP FHYPEREWi*thg  t he process

and heat exchange chan ifih PPMroleE bffexadfhurd 136018 ERasCha redlte
i |l ust rat‘?"&ﬁ’é’%o leiaﬁtfoeglglg e%@og%éét or desi gns showi ng the %/\?}8 3/ 106386

11
PCT/ US03/ {h6256ducpmbaes somuiting é atoleleshzm d acdbhethens) &5 woteegist ed flow.
Figs. 4A and 4 e schemati C i sty | i Tl =19 hE@EMEROr designs
e Spenif SESRESISEL b LR ks prat gorast

with A REReRange n process streans.
20  mol C) = 75% selectivity to olefins (37.5% hexene, 12.5% propene, 25% ethene) and

42.8% yield of olefins (21.4 % hexene yield, 7.1% propene, 14.3 % ethene).

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A illustrates a cross-flow microchannel reactor for ODH. ODH catalysts can
25  be placed in the process channels as either a coating, an insertable felt or foam, or packed
powders. A coolant could alternatively be oriented as co-flow or counter-flow. The
coolant could be a gas stream, a liquid stream such as hot oil or molten salt, a phase
change liquid, or an endothermic reaction such as reforming.
Fig. 1B is a schematic illustration of flow through a reaction chamber.
30 Figs. 2A and 2B are schematic illustrations of integrated reactor designs showing

the process and heat exchange channels and flows.

Figs. 3A — 3C are schematic illustrations of integrated reactor designs showing the
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Figs. 5A and 5B are schematic illustrations of integrated reactor designs
that are 5 "nunbered up" to achieve greater capacity. Figs. 6 and 7

il lustratwomated3gsi s testing devices described in the Examprasoyeeto on.
DESCRI PTI ON OF THE | NVENTI ON The invention includes a nethod for catal ytic
oxi dati ve dehydrogenation of a 10 hydrocarbon. In this nmethod, a

hydr ocar bon-containing m xture (the mxture is or contains a fluid and may

be honpbgeneous aqr heteroggneo I L&, containing sone coll oidal

i quid oﬁ‘rﬁiﬂs%%‘%ﬂ’(??t e§‘8ﬁlqnﬁg§‘§??eilfc‘ﬁ{ﬂg gtsn{)B?é?poms past and/or through a

catal yst nmatggd ah .anfnBhessaldnyatit hiéustriticng pBintegradadirpactar jesigeBis.  The mixture
conprises a source of ox&)gen and at StImeasst one hydrocarbon; in preferred
enbodi metseeperatife hepk FHEANSS TEIEER PYTS ST At Poduced i nmedi ately before the

cat al yst Zonefigsf. sWiRisB abd@héreaie ibistratiing by stegrawereatoridasigns that&kfed f ashi on.
A portion of the at |east one hydrocarbon reacts to format |east one

al kene atwideredral keasbicshgredeifgPid¥n of the source of oxygen reacts to form
water. Opti oy, RO AMEILsiS tek@dcoRBs dscritepiidihy Eqaeplehvedido preserve
products andO@g%jg an?ttj?lﬁ]ser reaf:/ti on to undesirable products. Quenching can
be achi eved using integral 20 m crochannel quench/heat exchanger to renove
heat in j ﬂ%ﬂESmR% enchannel's through which the product is

fl ow ng.%&%@%ﬁ;ﬁge can bé\hlget ween t he product, stream. ang t he feed
stream |n anuhkdiarersiohdciuderd methpdfogeaiplytic exifatlye drEFRdoBY i xi ng t he

hot product strea ith a .cold el | Hhord @lieRuIreRer ature. The
quendh f fysrgeashen- ﬂ]btg‘qsé%%}boélh%#%qrééawogicég? {n?%lr é{xgrrpl e, excess. |ow

t enper at Yf a5t £aMd%hd ¢ GaH@nsiché@s dbhdigrdganceusi®n cxainie Ce21898a | i qui d t hat

evaporates and cool s the product, stream hy. r. DL/ Bl ALEAEatheat of
evapor at isome Follsidal H@mﬁé{"PEFSc?ﬂﬁ@{d%‘Wc g‘f‘ﬁSB m Egiaﬁ glgtfl u?ds %rg attractive

for use in’iﬁté}ﬁm fg,liaglly t@&gjxhﬁaisiem@lyfgaseogaﬁihpImasteremoomiaetsg,so‘@'%@% they are
relatively easily separated fromthe_prqduct ..m xt ur e, ukddyent i on

di scl osewxyrntodst fest oneteydenerRa;iiy Brefars APBGURSoR o)?y-gggfiane s) 30 and/or
aral | gane(s). to . likadiBRets: crhethirhekadboentssine The a

hydro]C';ar Bétﬁgdfl%ﬁ?/dlglé%e%%%?gﬁf?%ane oa?ﬁar al l?ane of C2 #‘g tolcz,p. eExarrpl es of

al kane i nedgdd exshibhak eortipn offhne, least ensthyraPen reptt WAB™L 'FSHWEr al kanes

i ncluding up to,C20 .line gp&gceadflgg reatid tV\RBr3:146386
PCT/ US03/ 465 04/ @8y ?néas?g%?sar gﬁgtﬁe I ncl udey%?ﬁyl benzene; exanpl es of

al | cene fQptidnhRy, Bitrposet ofeanitisbe japidbsnquicnehel HoPratE S AL AR SR opy I ene and

al so al kadi enes such as but adi ene; Al kaneiddrediude styrene.
Pr ef er r edfUEREFFACEED BYY ?&F%SB?@S%% Cgir%g%gge ilg)fegfﬁk}gnes, %?eéf% abli/ C2- C10

al | canes, i sQRRNguenBRAAGERhargthanenovetheyt ih edizesnechasiele theacts ik anes

through which the product is flowing. Heat exchange can be between the product stream

and the feed stream. In another embodiment, the quench can be achieved by mixing the
hot produci'c stream with a cold fluid to rapidly reduce temperature. The quench fluid can
be condensible fluids, for example, excess low temperature steam or a condensible

25  hydrocarbon injected as a liquid that evaporates and cools the product stream by
absorbing latent heat of evaporation from the hot product stream. Condensible fluids are
attractive for use in commercial applications for gas-phase products, since they are

relatively easily separated from the product mixture.

This invention discloses methods for the oxidative dehydrogenation of alkane(s)
30  and/or aralkane(s) to alkene(s), alkadiene(s) and/or aralkene(s). The hydrocarbon may be
any alkane or aralkane of C; up to Cyo. Examples of alkane include ethane, propane,

isobutane or butane or higher alkanes including up to Cyo linear and branched alkanes;
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5 such as could be used for maki ng detergent al cohols. The al kanes can be

| i near, branched and cyclic. Hydrocarbons can be obtai ned comercially
ei t her i rwpws@aodis¢ m or in m xtures. Hydrocarbons can al seChasd®rdzved from
ot her reactions, and the output of these reactions used with or w thout an
intervening purification step. Systens of the invention can be descri bed
as including apparatus and/or catalyst in conbination with 10 reactants

and/ or products.. By "includingy js n " L StoPie pulpovedfatis it will be
under st oB’éPn%HieétOf&Wi}/‘aB‘? mphy e%tggpr%ﬂzé%égﬁ%?ﬁ&l%s%g ' E:Il(l)r X cggg&st s essentially
of ', My inahi@rinaideiyenbeprumaehetand diss alicediencarsuch a butpdiene; FHFWESTof t he

invention. Additiognally, a of t individ )N such as et hane,
for exanplakeneingluge EVEPA) F{}glﬁeéi %P@E@ﬁ?ﬂ?yﬁl rocgr'ltgg%lseagg??%g%ﬁ%%ﬁt y (based on
carbon at,0mg),iy 0F.-CRf alk88$ isobae, Gfopaie, blasst cthflbenzare, o00Ci8kangs i ty. The
source of oyxgen is preferably a gas ¢ iﬁ%ﬁ qg rg\/ib%il%gar”% Gy ar oxygen,
whi chSrra)%uQimwelﬁﬁémlMif?fénﬁ%‘llge‘?ﬁfﬁr&erm@ﬁ% A5 “Oc¥igen ( is preferred
over ai Mand r!:(ﬁc.i @y&éﬁi&ﬁg@ﬂ%@%me%%ﬁerciﬂ@ eQRsr M2puraform drar t he 02: di | uent
ratio) enter ng a reaction chanber is one or greate nor e (Rrefgrably at
% C{]’fhg(gﬁtgt thea

| east 3, mairuirest Hydrogaroas panedisorbgisiervagk frqng LT Tpeftions ap Yenbodr nent's, the
hydrocar bon/ 'Oxsnggcgwft}le)wirt}iotuican-n&r\;elﬂﬁlgfp%ﬁﬂcﬁoﬁfst@ﬁam Bydt@ns2ofGheor nore, in
HER S 8 and 3, |

sone enbddi® ween 3, I n some enmbodi ments 1,8 or | ess, in some
enmbodi Menf&nBobcmrbeniesceibedarincudiog smperaals anbpr Halest BAEPEHR Wik ene t he

ethane: H2 feed ratio is ef.er A OwbRr, ki will ter ef er abl 'y
1: 0. 210 o TgacEpng any EPTOB?Cé#?gya chﬁa%}gﬁe#g%fﬁgggﬁg and the 25 ethane: 02 feed

rati o shauieksio8@Biataryrof tHeaerartgensits®or ‘wodsists esprnEfldr &1 H2Y1: 0. 2 to 1: 0.8

and nost preferably 1:0,25.to 1:0. ependi - abliv rgact i on
sel ect i vialieBgtivghybe g & desgipe m%ﬁ“%@%%%%ﬁ M;t ?%g%hﬁgy&%%‘?\%ﬂl% ad?l uent's

such as nifkogeniduiRbhbRntsRidaIas v for eR@plemby@@XeraBlydapfestit ibr esent in

the reactant feed, is preferably present |n team C ioof 5 or
| ess, nora lgaste08s pusity (Raseg o1 easlaon alopps i?’f%k’ﬁ%%g{%’b ! ﬂ%‘ﬁ‘?’g%rz%io u/é)rre % or

| ess. The_total diluents to dehydrogenatabl e hydrocarbons nolar ratio is

15 ACLy.
preferabl% .1 or less, nore preferably 2:1 or |ess, eferably | ess than
50 vol ume % rifiesoprediayainis P@&abllégWﬁaB@Jkl %‘églﬁ%ﬁ/‘% blé?(}f‘é/ﬁrb t han 20

vol ume % djl yents in j ANk ySBaE LRI Oxy3Bs (0 isspereraidedainent s, | ess
than 2 on"LlCA)m&?'ICB%Vﬁ?%r}ﬂlﬁerlgglrgre pr e?éerred en%%di greznts, t he hydrqcarbons in

the r eact aitin psdferesdrendodinghts) thaOb:Nz Batipdpr the Omgjl@nbyagp}ﬁné%}nﬁ azeacfigl <t 90 ol
2T SRS U SSAERRR, SRR Bl BB o ey vy o
20  In some embodiments, the hydrocarbon/oxygen (O2) ratio in the feed preferably is 2.0 or
more, in some embodiments between 1 and 3, in some embodiments 1.8 or less, in some
embodiments 2.5 or more.
For autothermal ODH of ethane to ethylene the ethane:H, feed ratio is preferably
in the range 1:0 to 1:1, preferably 1:0.2 to 1:0.6, most preferably 1:0.25 to 1:0.5, and the
25 ethane:02 feed ratio should remain in the range 1:0.1 to 1:1, preferably 1:0.2 to 1:0.8 and
most preferably 1:0.25 to 1:0.5 depending on the overall reaction selectivities and
conversion.
The reactant stream may contain diluents such as nitrogen, methane, water vapor,
CO, and CO,. Steam, if present in the reactant feed, is preferably present in a steam:C
30 ratio of 5 or less, more preferably 1 or less, and in some embodiments 2 volume % or

less. The total diluents to dehydrogenatable hydrocarbons molar ratio is preferably 5:1 or

Jess, more preferably 2:1 or less, preferably less than 50 volume %, more preferably less
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5 except H2. In order to enhance selectivity, optional hydrogen may be
co-fed wwth the starting hydrocarbon. The hydrogen nmay be fed froma
separ at e Wowsaes3s¢ produced in the ODH reaction and recy®CediSod/m2s®me
enbodi nents, there is no H2 in the reactant stream in sonme enbodi nents
there is a 0 to 5 H2:'hydrocarbon ratio on a nolar basis. M crochannel
reactors are characterized by the presence of at |east one reaction 10

channel having a (vval | -t o-wal ot .counti é%gi&l FHolininfeRsd on of 2.0 nm
(prefer amnﬂowl@n%éﬁ}luwsméé’%moé R a%gnlg nts 50 to 500 m Both

hei ght and %MW dﬂﬁé%ts REJRRNEEHEPEmBdirhdnes, thehgdorabonsfin ik swciaThe hei ght
and/ or Wi'dt t

e reaction m crochannel R er.a | ess, and
mor e pr efreambteyat leash 1ol Pe $ro1q PrstarvlEH L %t()é)én?lfé rae%{rééﬂ %d?rc%%n%er falls
within the C'a Si.calge Ole2fd BniBBkaaN@B Rabjon dbheinkBoddwath of t he
reactio pE‘W&?ﬁ’n RS Ifl% fdcsghti? I%nger Preferably, the ,‘Jy(? gﬁphof t he
reactg onexc@manblerordes tcgetréattoerseltmamtyalopélﬁilal RBHesHy Bee8riy T v e range of 1
to 25 cm_ Typjc , féaﬁrﬁ@ﬂ AaeGbavsel pradeedimfithned by
react i ons&HE% OPS g@&mﬁ{,gé areoug erably made of a hard materi al

¢1c

such as @pgekadtios an(aﬂacydlamnlrMmeCén@bﬂwnE %ﬂos}tl@élthe TERCOh AR Mor e

preferably, the reacti chanbe al | B8 b 8t BhsiSt ai nl ess steel or
20 |ncon@lSOWﬁ|eE’IL?°‘ih§1’3’éfﬁ a%agﬁagﬁ%@ %%8%5%#%?”& conduct i vi ty. The reactors

can be made {y. RQwMel fEBIhQ AR, chandtetireddy i peeher ifebicatiigbeicAels are made

by amnating interleaved shinms, wher [ £aeRt i on
channel sclameellhmflég b 59N h ROSIPHES °&§ SQ %ge %ﬁ Egg%%ﬁangg A "shint

is a thi oﬁ@s@%dtnl['?Jm@é?ﬁﬂo@ﬁﬁénks%d”taso&'pmdBomdlelgbir@ét\’edtfllatﬂN channel s or

PAYS
pat hs. 2 'Inf‘lnle reactors preferably i ncI e crochannel
react i onpaipaxmmllles to thm dirention opflei al heryiedt a@& g"&%ﬁt&ﬁe%ag{é&r{:nhange

m crochannel Gh@ nfhepeet blyrmﬁidr(bﬂschavrhn@ s may
cont ai n, n?f‘f)rPS@Z% ﬁﬁjééé]%g})lz(t)ﬁm%éé& 1000 (k;e?ﬁrmrae c Rreferred

enbodi NERLS,thd rleectiam chetea fatle wsthiar the elessic ysdnitiqn Bg?‘ 511‘Tr%‘i 13’%{}6 ays of planar

i i crochannel s rind Regedpicsabh@nnehs contain
f 1 owilAg éﬁlgﬁe%ftt%ﬁacéﬁﬁfg coo%leaﬁfﬁu?&a@mﬁo{aﬁnﬂ i ﬁgrt]g exa,lrs%lt¥ of this
et

type of kpowherhiLasdi@rthaiSiadih,anore prdfdléolpmetb@rwg@ R SR TR hose of the

m croconponent sheet ar Chl ect,u ar.i | wal@MHeSo wallsaddi nate with
mi cr ochawr@sgﬂheﬁéﬁ%fﬁ@%ﬁ ?fﬁdﬁi‘té“eﬁ é%at%‘t'lg%"h% 236 and 14 WD 03/ 106386

PCT/ USO33)19£%11191|¥ 0238 192 818 makietal Qichrane eerazdwaantlaglégsqdmﬂ?h auch@astesl Phi s type
ar cni

react tecture for the pose of t 4 on include
t hel r 1 elmoriekgre prafgeblhdbg feé‘ﬁ’d’nr?‘ﬁ ef?"'&ﬁ%ﬁugrc orﬂgl%s%%?&&hle%s%‘é&g% lity to

saf el oper al ﬁwtﬁ 0, R%tB% a‘ﬁﬁ hb€ oHQl&ermheroh&&umqn\iEretmayM$ candgerdden  vessel s
av

for 1'C e to take into account the poss f, expl osion for
by known methods, and in some preferred embodlments emacl'lebby 1a1 Ynafl g

interleaved shims, where shims designed for reaction channels are interleaved with shims

designed for heat exchange. A “shim” is a thin flat sheet that optionally has voids to

create flow channels or paths.
25 The reactors preferably include a plurality of microchannel reaction channels

and/or a plurality of adjacent heat exchange microchannels. The plurality of microchannel

reaction channels may contain, for example, 2, 10, 100, 1000 or more channels. In

preferred embodimerits, the microchannels are arranged in parallel arrays of planar

microchannels. During operation, the heat exchange microchannels contain flowing

30  heating and/or cooling fluids. Non-limiting examples of this type of known reactor usable

in the present invention include those of the microcomponent sheet architecture variety

(for example, a laminate with microchannels) exemplified in US Patents 6,200,536 and

14



5 m xtures of oxygen and hydrocarbon, this is advantageously |less of a
possibility in the process of the present invention. Furthernore, use of

m cr ocharwelo3neses ors can achi eve better tenperature conPCoIUSOandtiorai nt ai n
a relatively nore isothermal profile, conpared to architectures of the
prior art. This, in turn, advantageously |leads to | essened peak
tenperatures and | essened coki ng of the hydrocarbon starting materi al

and/ or desire 0.product,. 1o BERES AR eor alchRechaé e gheunsel ecti ve
hormgene%?%&’s%ﬁ gnee g‘éatni%ac%\rél\%rnltgeg H?% t o’ carbon oxi des. An_exanpl e of

M cr ochapigbse 6AES Presdiaindumion islidealrinreltyelOBFEcibsaHnE FHsS tEpostef gure 1A
Cool ant m crochannels (typically.?2 or | ) 118 ' 0 rdaich
ni cr ochartRs) anddbcalEn 1 gﬁper%témr%png):slvii reeggﬁe‘:%. H@Ee&vcvg e%%glt ween the channel s

is 15 pr 9@s§§1€@rbﬁ—l,'ﬂh’ibh%avé gs8ke iftoactduavihopossibditant explyiobdorori ented in a
co-current ow, counter-current f]ow, or crllc))ﬁs-s%?;rlrgsgﬁoiﬁtg,gﬂvyheThe | engt h
of the prodessof dugenardpeiocsragn. tHesAVAEAgRYEH “B it *B°¥Vpital range is 1 to
about 10 {ro%gs@%?thg %r Qe Shvertid BirtheF6re NGk ghinicedchiuiie] repetas essachizannel  may

al so be gny val ue, Put a typi cal _ran?e, is 0.1 inches t 1about e ol nches

(0. 25 t 0 batfer cemperabare bordtol, taheé mainiiR 8 &° %We]é'é%ﬂr%ﬁf)thslﬁﬂrfiﬂ PeS e F ur t her

subdi vi ded B%Q%UIW %}Jl%heo f;af{o%lsl‘t.etlh@ lﬁpﬁl%'a@\?alnﬁtgeo-ﬁ@l? 1R 1Bgedid psalbchannel s i s

dependenlarcth‘ mzing " hedt transfer and and minin zi ng .mechani cal
St r esses terfrahitedmdeserre coldopafthehydewsrtyn skEMSORP R RYTGRE™ s the cl ose

coupling of an_endothermc reacti IBaeMnefiscophaanel . The
pl ace‘r‘?entPfQﬁuCTaHo\éi‘ﬁd’(‘??1ﬁt§Flﬁ1er3mrerSeaa58tr?d§lﬁé {s?rﬁsclﬁagg a s%glgm Sf%f gr nng reaction

next to tBgi.exRides WicarboPbkideact i on al lows 25 for the highest rate of heat

transfer. A typical heat flux for convective. i 1% &owhi£r ochannel
reactor is onAnfaapplyef Mo ?@l%eé‘ﬁﬁr% %ar?ﬁlé%@glcfﬁrggl)orll of a si mil taneous

endot herff!i%.%ré?ﬁ?@&&&thﬁcr@&lﬁﬁﬁ&kﬁ(tﬁﬂcaﬂlyprmedlemaxe adjendatwi 4 | enabl e a typi cal
heat fl ux roughly an order of mfeg§| tere @\\ngv%e&tﬂgc Qnyegt i ve cooling
heat f | uxmicochinmplitpsciieni chashee@dRRX 1SHal "0 V8w Bt “gdh "appar at Us of some
enbod]rent s, g, { A6 A0 IRERbwioUSMsk Gy bBolidrkadsh nabeuiré TBivg. 1B, The

vi ews “shofifi i n -t el}lgures are representatjv

fe exarrgs: %g agld S l%gl d not be
under st oogbubter-birrent flavher icrosepirteahilovs Bholersl of e AoGes BOWEEHTSI NS a bul k
flow path 4. The reaction e 1ol BoHahiRaes @ th 28 cH). dEife Hejphl 6f O

03/ 106380 P Ras e BT R o agﬂlgnber Wl 1S 6 and 6. The internal

di mensi onpkcdsh etiaghl ynalylsbive an silembuet Htypieal range s Bekesde aopblhetal wall to

the surface of the tal int 0 j B8Sfud@br subdicidedle t he
t hi cknessinghesgphyd @x%rg?férgl gﬁ&oﬁﬁﬁggﬁg%@?ﬁ@n%g%??rgggl coolri,sﬁg ,clharrber 10 is
adj acept byan BLALE SSHhceRaRRE The spating of kibusnnes Bdlchradertngothaférthas fins 11

havi ng a . _
heat transfer and and minimizing mechanical stresses.

An alternate microchannel design for ODH reactions is the close coupling of an

endothermic reaction in an adjacent microchannel. The placement of an endothermic

reaction such as a steam reforming reaction next to the exothermic ODH reaction allows

95 for the highest rate of heat transfer. A typical heat flux for convective cooling in a
microchannel reactor is on the order of 1-5 W/cm2. The incorporation of a simultaneous
endothermic reaction to provide an improved heat sink will enable a typical heat flux of
roughly an order of magnitude above the convective cooling heat flux.

A simplified representational view of an apparatus of some embodiments of the

30  present invention is illustrated in Fig. 1B. The views shown in the figures are
representative examples and should not be understood to limit the invention. A process

channel 2 contains a bulk flow path 4. The reaction chamber is defined on two sides by
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5 thickness d interleaved with heating channels 14 and a gap 12 between the
fins and the <channel wall 6. In preferred enbodi nents, the distance

bet ween fwo3aosor the thickness of the cooling chanber PCI/UBOIMG210M0r €
preferably 1 mmor less. The illustrated enbodinent is cross-flow,

however, co-flow and counter-flow may al so be enployed. In sone preferred
enbodi nents, an endotherm c reaction is occurring in the cooling 10
channel ; however, a cpo = I i o & B tefan@ifionel y be used.
In some re@#%ﬁhai‘%ﬁ‘i‘é’gl?st%@dc%g‘gme(n?%g%lhl%g%{o%g{@hg@g?\(i ded intop several parts,
for exanplgf606@RSméal will toliBe sunface oftthacnetekin it pPpsing Wall A6 R ow t o

tailor the tenperature profi in.,a, proces / inofc@imB¢a0® e, steam or
t he ret unelugerhe thiskness Oéawl‘%telflféeér(ﬁoéglﬂwa&f% oﬁ’ﬁq%%ﬁ%ﬁghng relai on 7 to provide

a prehea&d'%%% 3BeE BERhAeT TheiRsReaRaittorcbanbadas fikolk haingagh 15 region 9
to remove'fieat fromthe oxi dative dehi%ﬂr %%]ena&%%gwregrg@%iﬁggaﬁ&h@ reaction
chanber (hickpss digerlaved wish ey hanpels Hhand s 5P A PRI V3T 15 i s present),
and a col.d fluj | QA degiRRisk3cd Suthesartal ahdier thethidkiness. Anot her
schematiEl‘afl?ﬁlt‘ﬁvgpga{%pg%ﬁ%%d% cr osf%ecti on of an 'gt ﬁ@rtat ed reactor design
is illusthateing ahaﬁibgriszmnnﬁtnﬁl@a’éftf@lfﬁ‘?WQ%QFﬂef%; 7 OEEFB%h) and oxygen
source flows. into the . 20.in HW £ Bohdid&low Rby alsd B¢ svagloyadrimcess
channel , e‘ﬁ}é%dé‘@%ntf%ﬁr%ﬁﬁé}?wahﬁw%‘%%’ﬁ%%e(ﬁdﬁt hgn _frl ows |}r,1 the reverse direction
in the rgslhg%eﬂaﬁapaﬁsod@hanmh endithefrhie reaghien isop@uTing HALE P % hsfer 1 ui d
flows into the inlet (Fluid A i.nlet) of ~\;e|1§a15gs,j gl 18 bandel , passes
t hr odgh ghannel; Raveveraa 4OLRAT PR Stf%n]tﬁggﬁrag\gl%%%e ditection in the return
heat tra@ﬁl})@&im@ﬁéﬂﬁ@é%ﬁhﬁ cliaSnbetESE diled intto savatak partshior eXASIREIEEI9BY i on of t he
S

heat transter channel with the reaction cha 1 on L Qfesk he process
channel . 9} 18 atoprltleyariogs ﬂﬁ*ﬁ%‘i‘ﬁ]ﬁaﬁ?vf tottﬁ‘éorr?ﬂzeatgltnp%gﬁge}g%%rlggps Tocated in the

return process 06l d Rare Sorttiocat eODHaaram henld fiowthroygh oser to the
u-turn t ﬁg?ﬁmf%hgg%g ;lte)étéshg@g}ﬁg{ t heﬁor eactant stream fl Om‘tﬂx%uél{" ough the
forward pegeeb® protidempih@bzans; wanselierBic PRESSS SAPHBISEES 8t r eam (whi ch
could be ternpgd the "ex e oxidati Shasiehctphieankctiond the reaction
chanbér) .Te%‘}ngtoer‘@f"éer%%P@?Iﬁ?heem%%ﬁe el gﬂgger 30 fluid is an endothernic
reacti on GhHBRM bdtedn sfAE pwcésn chanpeltimivhish ceialptdnt BB 146 %cat ed i n
the return heat trangf er.%(iﬂatnnel Cilﬁléq'&()%r?a 27 | ocated near the u-turn
opposite g eyghrqugh £qst cRERBET in I'ch case the endothernmi c reaction
streamin the fQmepideRga iliral6 6B &66386i0RCT AUSEBABZEF OEHH Fer channel

29 is preheated by the ODH chanber (the ar f1dSs @fedes herm c
reacti on idlasteatofdn FigndAah r@ﬁ@%ﬁ%?ﬁi@'#"@%@? ]‘i%g‘ﬁlﬁ@g%%?é génad exhaust stream

Thi's {ype, of i 6Aet0.)deSisHkaidpresReainid yastesiraih e uvites etthen fRtsur n end 24
SRR, h'e eh& i engg o i etll & ’Icu\lfr(lal r%cgsgglgrlrslél.rAtCthsdaﬁe ir;[ler,]%theétttraﬁﬂ& expand when
t he devi cq thereverseofmcten @ihe return p

fluid flows into the inlet (Fluid A inlet) of a heat transfer channel, passes through a u-

=

—

turmn. and then flows in the reverse direction in the return heat transfer channel. It is
desirable to match the coolest portion of the heat transfer channel with the reaction

25 chamber portion of the process channel. In a preferred embodiment, the reaction chamber

is located in the return process channel in an area 23 located near the u-turn (closer to the
u-turn than the outlet) so that the reactant stream flowing through the forward process

channel 25 is warmed by the return process stream (which could be termed the “exhaust”

(i.e., the product stream) and the reaction chamber). More preferably, the heat transfer

30  fluid is an endothermic reaction stream that reacts in a catalyst-containing portion located
in the return heat transfer channel in an area 27 located near the u-turn opposite the ODH

reaction chamber; in which case the endothermic reaction stream in the forward heat
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5 mani fol ds can be connected at the inlet end (i.e., the cold end). As is
true of all the reactor designs described herein, the illustrated reactor
can be stwoladod3ss i ncrease reactor capacity; for exanpl e PChruses/of214 he
illustrated reactors can be stacked in a single integrated device to have
si x layers: heat exchange : process : heat exchange : process : heat
exchange: process; preferably with all the inlets and outlets |ocated on

one side of the 10 device, e@ﬁa@(ﬁﬁ%ﬁDgﬁgﬁﬁ& %e%{gi%ef@etﬂ Sis the u-turns

connect trensfr shangeled A PigheRt mani fo ded. An alternative
desi gn, Ql?dolﬂeﬁﬁhlc@éacb{o@@h\{aafﬁt aﬂﬁﬁi@dﬁmémﬁ@ea@ttqn@ncmﬁ@nd exleusistebyas i s

adj usted so that the reaction is rly therpall } Ludes the
heat excHhisgwe Oé@ﬁtﬁéﬂ@lgfhlﬁ%ﬁpé‘égliy Slfaé’gec‘f’lb? gua%mte%%?\l% ﬁ?e)s(}genbodl ment

the channg A)%s éfaﬁv@%hnéﬂ%ﬂ‘m@’k@ &b BYMEE @eﬁil Sdbdnad vhfeattheede&fcamge opérammmel s but are
prefer abl® y ‘arrange

as stacks of drocarb fe fe nd product
channel s manifgiéatanryg cohmested at ﬂléﬂﬂetﬁﬁ‘i/ fliepffllé'? Cofqnei?& SRR ﬁy%gr nat :g%ce&dem gn is
illustrated i b Elhbid} e BOGEIIEd Abincrédseataetor di sposed
bet ween @8?%&3?185061 %dn%eflh%%ié&ga eration of this device is. anal oggus Wi th

the 20 reagkiy; fofexkingle tBile ofthe dblstratﬂi reraois £ saThertin fethele PREFEs pect i ve

catal ysts are | ocate 0 c3hrabd :leat exchange
channel s d@?"et@é‘aﬁe‘eﬂf‘?yﬁg ]EFaP XrCIr% g\é,aﬁzﬁgg ﬁ&&?}ﬁcgg%at glr ysts are depl cted as

parti al | yexfahkd: Bﬂ)c@sscpxefeﬁabﬂi}eﬁ?ith alhthe finlets pn(bwéls@ legatedweiong sdepf theat al yst s

could be, for exanp i Cc_inser t hebitad | a
cr osslOsecdevien Ianeanﬁfeﬁrég %‘ﬁ’%’\‘ﬁ?‘f&l (us'%ur%S ﬁa&ﬂ?ﬁ%ﬁg&gﬁ packed bed).

ODH cat al o? bnLegbae@bly 25 conprise a vvaII coatl ng. Reactor designs

illustrating the dlstrlbutedflowco cet |IIu 3A- 3C.
In di stri but edwnfdliewative desieBmeaisHaly gfgn gor RES™ a %Eelgrgtthzz %ﬁggﬁirﬂ)e Fig.

3A il ustra fhefrhdl tneﬁtl“al dtcuftsuhehdd) exchangs through a
first chaﬁﬁéPS%%tH%Eﬁi%gﬁanweﬁﬁs chalﬁnel J a_sec nd channel 36 into
whi ch feeaﬁml‘ells,undreésmg:teactdr @p@quek@hlsemb%mP@éE% dnnsls e 8Qhar at e channel 37
and then flows i arr aiﬁsLﬂtaeﬁs&B al ong the
| engt oflnfeﬁéye§%£‘6ﬁlag %%Clr}]le#ge ﬂ%&g%%{épﬁn%%ﬁ?ﬂﬁnt sﬁl@t he first. . channel
cont ai ns Rydechboh ifaed, elglaydfeod embrrpdiet @@mlyﬁpeﬁﬁ’@ﬂh@%}mmﬁml a hydrocar bon
17 WO 03/106386 PCT/US03/16210 and oxidant flows into the channel. In sone
enbodi menti®es-t he second channel contains an endothermc catal yst (not
shown) and ei t&ﬁﬁlte@néﬂi‘ﬁ@ﬁé&ﬁ?ﬁbﬂms@ﬁemF0g<|2BamwhithW§mqli‘?@ﬂeﬂsﬂé? P&t of the

I

second channel (Fluid A v% ti BBy noLheier eact ant
fl ows i ntispased bﬁtWESDcﬁ‘iﬁ’i‘ﬁi%Fha(np‘?l @b‘fr%foé’t%}%hls Tows t%%ough apertures 38
into t Qe ?eggtgf bt 1&12% except in preferred embodiments the respective catalysts are located in

the forward process 30, 31 and heat exchange channels 32, 33 near the u-turns. Although

=

the catalysts are depicted as partially filling a cross-section of a process channel (such
catalysts could be, for example, catalytic inserts), ODH catalysts could fill a cross-section
of a process channel (such as, for example, a packed bed). ODH catalysts preferably

25 comprise a wall coating.

Reactor designs illustrating the distributed flow concept are illustrated in Figs.
3A-3C. In distributed flow, a secondary fluid enters into a reaction chamber. Fig. 3A
illustrates a device in which ;;1 first fluid (Fluid B) flows through a first channel 35.
Adjacent to this channel is a second channel 36 into which feeds Fluid A. Fluid C enters

30 the reactor in a separate channel 37 and then flows in a distributed fashion through
apertures 38 along the length of the second channel. In some embodiments, the first

channel contains a oxidative dehydrogenation catalyst (not shown) and a hydrocarbon

17



5 reaction chanber where an endotherm c reaction occurs, in sone

enboi dnents there is an endotherm c catalyst on wall 301 and the

endot her MO 08a@sB6 on occurs at or near the wall separati mrgTtuse3/id2net and
second channels. This controls the rate of endotherm c reaction and

mat ches the heat generation rate with the heat required to drive the
endotherm c reaction. Any thermal profile can be tailored. 10

Al ternatively, a_heat sfer fluid ol ahhe first
channel . andrpxidegihiovsy aio etﬁ &lfmé‘?lrb%5?%%+§A%%t§}}?e§sg§bngﬁgﬁﬁgI 35 contains an
endot her gi pakahidl¥slys{(Aeshowhnd kitlend hlfdlmcaﬂbcm @entoaidae fows édeihener ni ¢

m xture. A reactant (hydrocar et (Fluid
A I nlet ivetpf thegeaond ghappsl (EW&P‘gE%}EtSWER} Ptﬁ °¢ %rgl(? d’H %\%/{gJH E§/c%{rl'aﬂt(r)fglgéevﬂéat| on)
catal yst .10, 18 G nGAenaRl). aﬁ@ﬂole@fbulgydpmm”SBGmt() ﬁmmmtbﬁrmyc 15

cont ai ni ng an oxl enters into the third, channe Jme%s%}%’% h,Fluid C
Inlet) i teattimwahaiheravhes at nidpiheradc AN ORCYH DS PHS Ahnel for a

control | ed, reacti g €01 SR Ln@bindhsc reb@RB oS a:tfbam‘mthe watl t hi s case,
a secondﬁ?‘%?ﬂ?efmc }gyﬁ{wﬁpou the second channe %e Al ternatively, a

(hydr ocasgmaning &acﬁraratndsetqoeénha@ml%rTblStcﬁméﬂ@We raie PenAoRTRE i e an

oxi dant enters, Fl Itk drRaetd @rotakanber in a
distri bu@%‘gnlﬁtﬁgﬁltﬁ%gefgg?ﬁfag%a %ﬁ%ﬁgl\[@?t urcglér Thé secondary fluid can be
reacti ve résHelh Aay tikimabirdfiletchn by tagoredhonr eacti ve diluent. A nonreactive

di l uent can quench the re ctl 0 fi¥ough kitd fhsiCmnee ef f ecti ve
in rab)l dI y quéﬁéﬁ?ﬁ&%a#’@ Eﬁrﬂ%ﬁl&g&r‘%a i ve£%23|%ur%s aresl | lustrated in

Fi gs. gﬁg P?e@rfe'a WMboGimehisOMs fiesachanscl 38 omitaios dreehdathemniv eatdgeMUescri bed in

Fi g. 2 an 3A. Channel s have been.illustrat annel s but
it shoul ckh@@n)ra@d&}h@ Beqriphgn F‘Pf@ei@ﬁ’élﬁ MUK a o EE] n? gl?amf %gctn{érgg{s]ﬂgﬁch as

catal ysts, Jni¢ magh%ﬁtﬂéqﬂﬁ{ (Pﬁﬁ@@/l%ﬁat omﬁﬂwlnmmmdlréacmvbsa(omtwd | ustr at ed
desi gns assu ypical situation in

dehydr ogedaydrogeneiien) tatalyst is theseeond epangel 3I§V\w ]PY‘QO(E i %R/mn?l Yon al so

D s Do Sadnf) Aol B AT37 I(ﬁlrdi@abfhb@t:aﬂlee it flotvaat 2 i s,

ermc but sufficient oxidati 02 ﬁ“uolyﬁi to supply
j ust  enougkriBRed@aliioh mtcdthle\seponhdladmiy?@trad@éﬁ@ﬁdé?ﬁcP%@fqr3}’? g ke up for
heat | oss to the envi.raonne hiGeBRkeR¥E BRRAR channel s can
opt i onal | {aBien &hFpRsh-P Scarsﬁ’ assg%ldétjg%ogl ent's, S oxi dat i ve dehydr ogenat i on

occurs t oaARGnaKESNk (}%de(fchtbbﬂ)‘tbadtamt fteam catetShinGeEIvids 386! WEiPABS03/ 16210

significant ef fect on the over tions
dont | gonerideneesar Y ErEieEa D RS T Por e P ey AR

dehydrg geﬂl%dtgﬁ B &@%9 N$e 86dndRy fitie caIeHSB/ﬂeﬁ@WB'&illbh ad am axfirlast) @bk e, heat needs
0

to be’added process channel and .t provi ded,
for exanp hweefcnmﬁ@ehbﬁ rfqngqagpw(e&ﬂuggg aatrﬁg]re tﬁ? Eeg%t%ono A )cgfalé%g)nﬁfry

fluid can be effective in rapidly quenching a reaction.

Alternative designs are illustrated in Figs. 3B and 3C in which flows can be

controlled as have been described in Fig. 2 and Fig. 3A. Channels have been illustrated as

25  open channels but it should be recognized that the channels may contain features such as
catalysts, microchannel grooves, and/or support ribs. The illustrated designs assume the
typical situation in which the oxidative dehydrogenation reaction is exothermic; however,
the invention also includes embodiments in which the reaction is heat-balanced, that is,
neither exothermic or endothermic but sufficient oxidation occurs to supply just enough

30 heat to drive the dehydrogenation reactions and make up for heat loss to the environment.
In this case the heat exchange channels can optionally be eliminated. In some

embodiments, oxidative dehydrogenation occurs to an extent sufficient to have a
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5 adj acent heat exchange channel. Another way to integrate heat exchange in
an integrated reactor is illustrated schematically in Figs. 4A and 4B. In
thi s enbowlormenosss@ first reactant stream (Fluid A, cont CRIUSQ3/86210

hydr ocarbon and oxidant) flows in a first direction (dashed arrow 47)
through a first process channel 41 while a second reactant stream (Fluid
A2, containing a 10 hydrocarbon and oxidant) flows in an opposite direction
(dashed arraow 46). i.n S leactidaabioeXghenge i s provided
to both [3’%1?18?;}e%fﬁcatr?ﬁglfes&’\%%gq%{lﬁ&é%?%eoﬁinﬁg@ cross-fl ow heat exchange
channel 43fickpefeartahake upfor@BHose taltyestehydrogeastiqnsregitiopoddde thGj t hi n each
process channel 41, 42 on the proces L jigcent the
heat exEREHRGEEH Hhthlélcaieohefabpef%&ator 5 gg%el%gﬁ ﬂ%ﬁ?ﬂ%@ %ACS\/% s’? ﬁ%%b§§3ﬁ11%r ocess
channel . ,Cat.ah$h peRled Sop@iamplealion athet tid(@dxothemnyreastion) a@f the wal | s of
t he process channel. In cases where a reaction occurs in the heat exchange
channél s agdjaeent htay sxchargp Céﬁﬁriegnal |y be placed in these channels. The hot
product st reagkl‘éeﬁielt WRGolil8ahR Ak ieehas AR Intésatedmeadtimis 8hytrajedenched by
thermal transfer wth the 1nconm ng reactant ream@i tthe ﬁ%‘id%e“t process
channel . schiemeiticallyiis Fiest 44 ard b dn i RrdbodiRFRE AABS SrasRBE Y AR SRS ‘8" as

separated by. a c | S:A0SRws RPYBMEdirectibn Glagisl drrbe 43ppr eciat ed t hat
t he procecé)%t%g’ﬁngnan I SO%?:%S%gmgbeﬁpogi tiwgned cl oser tg@e%cal} ot her. in the

r ecuper atthongizofiesspiotese chanhtladl zdwle 8 seeed ecacthe SHPYR 84U rrafiE¥nE &y o

adj acent, that _is he.z ““ﬁ A LI B YRENEReH) iexedampe channel ).
Assi gl nghydfoé?faf’%é%&soxtl%aélggﬁ) ?Vé\({ﬁl 0 ﬂtﬁsé%g?ﬂlegl t(o flow vm'_ﬁil_n each channel and
hei ght  asyrbdigs @Rsndli Heactichmeetdmoviis! tpdeipaneticssdhapnclsyis FORCTHHEt h t he

process channel s and {he heat excha ch | Leing the
remai ni ngereRsTHONSheghexe ?ngF§EW%1f4§r$r8§%t%Wa? lsfEItB %%i ?a(ta%gstt ﬁm’g‘fs %e‘g%:ﬂﬁ)s rocess
channel b‘gﬁ% chBFBbceldUhagnel 41183 on BRMEodessathenmbivyll 101 isiadieent bAgest t han the
wi dth of t

e heat' exchange channel ; and,. pref erabl h t zone of
the firstexshange skanapldnfam 3 gachpn chambet %(H?‘P&F‘%Pr?‘“ﬁ”és éshgnr%eﬁ‘.ﬁ:g%&féﬂ&gxs t he
quench_or * Lo 2. 0f ortaN& 8RGANS oPhepRSSss chdimalnEl casamdertixe ver sa.
Prefe?‘?ﬂbl?ﬁt%?ﬂg}%ecﬁa%ﬁgo?%%g pr eheat gonepof each ]Eﬁo;es%%f) hapber is

g ERERYe"

pr ef er abl yaatonloeast indhe heshgrchange eavpply  Gaialy sty GpL: channel ;

simlarly, th ngth nch1z200eof cRabh: Biasedselyhastred i s

pr ef er abl §}‘a&?§?'(Lérigg()tapsrgéﬁ%%%mgg%t%ﬁ%tvvi dtﬁ o% t he heat exchange channel. It
can readi b%/thbﬁgamﬁﬁﬁivagetge inkarhing heactagt mlomtbe%ggmb@quﬁsg wingo10
capacity of this t Vi ce..C g Bhacdehaghiup to any
desired h@b"gﬂ]ﬂ“%t‘?dﬁgﬁﬁg% 2 ?%6“%’2%{8%5% aegsg% gpr?d brocess channels: in
some epbogdisaRes: Sowévet,eASibuld behpreatied tBitgld proess erandietaldifdosiionst egr at ed

reactors can be "nunbered up" to obtai reat er I mati c
i | | ust r at FYOPErGP eash OlehIndBRFCRACER OB FO%® Qteac & ot gst%lgeggﬁlgggo\rél%siség%ﬁ%

are adjacent, that is, the zones without an intervening heat exchange channel). Assigning

al

length as the direction parallel to flow within each channel and height as the one direction
that is perpendicular to flow in both the process channels and the heat exchange channel,

95 and width being the remaining dimension, it is preferred that the length of each process
channel be at least three times, more preferably 10 times longer than the width of the heat
exchange channel; and, preferably, the preheat zone of the first process channel is of
substantially the same length as the quench or “exhaust” zone of the second process
channel, and vice versa. Preferably, the length of the preheat zone of each process

30 chamber is preferably at least as long as the width of the heat exchange channel;
similarly, the length of the quench zone of each process chamber is preferably at least as

long as the width of the heat exchange channel. It can readily be appreciated that the
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5 sheets is shown in Fig. 5A. In a device forned by |am nating these three
sheets, a first fluid (such as a heated fluid) flows into inlet 53 through
the firstwend/10d386 d sheets and exits via outlet 55 whil ePeTArSo¥&R$0 St r eam
57 (for exanple, containing a hydrocarbon) flows through the second sheet.
In this figure, the dark regions indicate a solid material, while the
white areas indicate areas for fluid flow (such as could be forned by
etching). Fl.ow_1Q occu thr QNG 18 anyl Gesfred kidight wiithcr ease
capaci t ySePRHROE 1%‘?'1”81‘)%‘?5}?%%0% evrelﬁjeésre%g&tgrs (see Fig. SB%}]‘?fgn be

mani f ol dgeands AR eadhetkdmg etdiess chinnels:sn seivapinbRAEBEMS gtdeas i@t enper at ur e
of the product stream as rapidl ) i WiBtdine cat al yst
section of th%leﬁﬁsefglﬂ%%ﬁ@}adpqrgg%?aofdfe(%apg)lr%ec(p/ﬂeﬁ? %@%ﬁg?@ t)ndesi rabl e

reacti Ongrgglfer éalﬂgci@/l afisnatid Nivstrdtdpiot ac epldded view dfnctok afthregifepbtilng. " An 15

i nt egr at or sSeparate heat exchapger can be.us t reaction
pr odukt ssheedd shagnimEig ddwR 2X8HFY ﬂgn%wgla?“ﬁ@“%g%ﬁ tgrﬁgﬁges%{baﬁlgﬁ pl ace. For

exanpl e, ﬂnl%gﬁucm? ﬁ&&é@ﬁ oA i#Baaki Bhehgme First andbisd feowandotitint
channel s ¢t&a raplé y cool

t he product stream .In ?lo%e apl?eiggrsed

enmbodi meRrtasutlét s Wiekta freess stivem 57 SQTeRmPls EHRNEL A PYHEFEYFUYD a react ant
streamin a m.crochannel GEL reldid SndiaeNenlill Rgteiahytilocar bon
stream t Pu@éﬁe %Orbé;Shgﬁb%gg%g t%&ﬂgezyaerg})genat ed. The Pf;;gat %Loomthe
product  Sid i e ilicatesmeds dordkitilow (sugh #acoulirbedAast 8 LIRS EX i on.

Anot her form of ench is t rapid. . i L bibckEACsAnvBL-1dv8UCh as

r eactlant W%Hﬁt‘r%‘%ﬂéﬂﬁﬁrﬁ%?ﬁ ﬁc\)/ﬁlp%%slﬁ%g%s%ct 81%{10t cp{)roduét stream this
coul d be .. ReFORFBY FighsB) dah bonghifddecgasd bpiraed togethelt et s | ocated in a reaction

chanmber, or in or near a  reaction chanmb tl et o .oBtiLnally with the
aid of a statilids ﬁ‘i‘é@é‘iag"s"tuﬁW%th?mﬁeﬁuﬁe?ﬁ%eg%hﬁggﬁ%?r erg% f|c"§’:ap6. In several

of the e hods .A0d.daaGhd QiR SkadBotiEsmiddbantibreasiss, o prRYCHEHEST on

products "are qui ckly quenched. Thus, the reac{qiéon zZQ cl osely and

b
i nt egr al lundeditablk sehciiprstyt shetpledins. ARG SOLBIgL® FEHE, r%%%%r%tn i ve or other)

to quj Ckliﬁ%ecrgpeld ot Qefpara'ﬂ?l?e%{ éx@ﬁ‘dngér)gah'B@u@fitt@dfluehﬂﬁhbemﬁmprbducbe| ow 300 C or
by rale d & ng W th secondary, 30 cool er ga e

( stream |nt e%rtﬁgouq of
M cr ochanmelinhian dewohamdz ones)theyeadtion ipt pkaigpce; B FmlpSH U5t lre at a
rate greater than 1 C per ml]1 s BV 64 bhsiaie wydkangemn. nesi dence
time; nord agratar 8%%%?1’ %Pss;ﬂowa%oéﬁg?g%?%s t hanﬁ%?cc; perelrﬁn' | 1i second of
average heate &M @HAHABE HPGT[S0Rhe prtct sEsEhisigater¥dr 4&HCe™t i ne. In
sonme preferred enhodi nen the te . Of B cRHOS &tm thitlcg@am
decr easesSt{??mI’%fnl?FB?}@nﬁéz?aéF’é%fl%eg’g@h}%%{egtu%aiH}Jra?orce pr ef elrnabI; 300 C
Wi t hi By 50 HibkdguSREURBRIr6FERted. THE Bed frefrethafyioguct Gtrens epuideisorbediesd Ry (t hat

o after passi g e ough 1 ey DOk EeA0t 0 U ropft ol in S0 aBAROTI Nt 1

(such as reactant feed) or a non-reactive gas into the hot product stream; this could be

accomplished through a gas inlet or inlets located in a reaction chamber, or in or near a
reaction chamber outlet, and, optionally with the aid of a static mixer structure within the
25  downstream pipe.

In several of the methods and reaction systems described herein, the reaction
products are quickly quenched. Thus, the reaction zone may be closely and integrally
linked with a heat exchange zone (either recuperative or other) to quickly cool the
reaction mixture after the reactor to below 300 °C or by rapid mixing with secondary,

30  cooler gas stream. Integrated microchannel heat exchanger(s) preferably cool the reaction
mixture at a rate greater than 1 °C per millisecond of average heat exchanger residence

time; more preferably, at a rate greater than 5 °C per millisecond of average heat
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5 Tenperatures in reaction mcrochannels can be neasured with

t hernmocoupl es. In sone enbodi nents of the inventive reactor or nethod, the
react or (wooggodseed) is configured to send the product stPearasoina@i@ second
reactor or recycle the product streamback into the sane reactor. There
may be intervening separation steps to renove desired products or

undesi red conponents or separate hydrogen or a reactant or reactants. 10 In

sonme preferred enhodi nents, ' I S; dist WhirbbMtht pocsanme
i nt egrat %’E?E‘a%meé g t‘frﬁélsndggﬁlgﬁ%g‘g%ég%ﬁbg%ﬁ%ebi caﬁff’ﬂ)e t he deEI?rC d al kene or

| S|
aryl al ke ddereBes bg ep@makrepteferabiy 200eng sdllmere mﬁ%ﬁh@ﬁ&cm@ r eact ed

hydrocar bon portion of the ct trean I PEod R ream
cont ai ni ﬁglhéqcélﬁc}?s(méhémﬁ?lﬁ%ﬁ%& & eéﬁiagmc%@%%’ %%égés\nﬁg hogféh 5 furt her
separ at i QB ;8880 E§RJShe aksofRlenBblietents 1l ansets $66 nisnkiviblygl @h leyl08mison. 1 n

al kylation, (typically) olefins are .reacted, w i es to form hi gher
br anc hed Taiokemes i FRCHINGHCTORRANAFE A RATRPEIES M rtt}] egﬁ?%lrlglgg e as conponents

of gasoline. i@(&%ﬁf‘e L he dfeadst ackneaiitaknsor dr aptstighereatthe(opmotiodt st ream i s
especially suited as an al kyl ati on feedstock since the uct's i ncl ude

ro
C3- C5 ol &f comfigwed tonssod thepraskict srean it secorr 1RGSR P Sﬁéerpprr%(g “enbodi nent s,

wal I's of the yeactl TABQ/ 1y deM8FveniSip kdpaktion aépsaorittves and
mani f ol d§%r836’?1ﬁaésgtnét8%f%osg{h%g&rgéggcti on ghgnnel S a?e coated with a assi vation

| ayer. Passiedatddantsof usdesifalcesppreisde sersets BEEegeB AT SN FRHEPYF i n pi pi ng
| eadi ng to, and/or especi.all .pl.ng : ' MeRemE gagkdt@n chanber may
reducd cdRSHYe PH Hreﬁ(?ﬁlg%‘}r’%lg%tiy’\?eéag%ﬁagédtc?)glgﬁér?%a‘ggtﬂ?ons and m ght enhance

ti me- on- sfc(RaM he aésrepation 2y pRaky itheadesion! akeae iongylabkagewll kfi  f er ent

conposition than the underlyin terial. ' Srvatd-Qccoat i ngs
i ncl ude sepatipdEPHhe HQ?W&S%@@%“@GSW?@&? §§ E?Hﬁplgnogl,pog[@coni alzr titania,

chrom a, S%g&lgecygfé@up Il nmetals (alkaline earths) and rare earth netals,

atom c nunbers “57-71. |t has been_unexpect ed] i sco silica
coating denpngt prated S‘@%ﬁﬁé?qn@#nm%‘é‘F@bSﬁ“éi%P‘if’nX%rﬁ%laa %3estc\é§g§qsae E\?rh{h ﬁgt

passi ¥ati Al A Skaiold€ 1 RAASHAAb! QflerGRRcsBgineldlnd allgBiioptin olirglatign, be
catal yti c supports or could be dense coati ngs t r ot (ft asanﬁ]ﬁi%flly' ng
metal  wa(typicaRgselbfatdroragehvithigalkanss Beorr @hﬁfﬁ’fﬁﬁ%ﬁfﬁlﬁ “aVsol = or a fine

particulate coating . Ef1826€xasSlincaPmbicakt ydsalok noreahs or
physi cal Qfg?ﬂ?rn“ﬁ%%‘gé?lgﬁ%%egfo‘g‘%sgggl%\%%%s/,106 586 PCT/ usosé 16€l 10

el ect r ochggbsale, tie pasluttisamm bresgehighyraliteg 28 pbalylaton fe SPFME of these
techniques. It is _believ that s ch undesired gas phase

unsel ect i PO ’&ﬁlﬂlfl%ﬁgié'l‘ﬁ% ?aﬁl&rl%nggré\te?tgﬁggg#%nt s, filler material 17 such
as cep@ni ¢ fi bgremepefgtaacatodintntst walsrod getreastioe Hannds aidiPrdPeh spaces’

wthint h(saurga%g‘scgflcgrrl]du(i:trs] %rrllc{] I%Lni}‘o?&tcbnge% eldr‘ggth% 9§a%ﬁ‘6d %nne\fpa{fé goa% with a

passivation layer. Passivation of surfaces inside the reaction chamber and/or in piping
leading to, and/or especially piping leading from the reaction chamber may reduce coking
and nonselective oxidation reactions and might enhance time-on-stream performance.

25 Passivation coatings have a different composition than the underlying material. Suitable
passivation coatings include a refractory oxide such as silica, alumina, zirconia, titania,
chromia, ceria, Group 1l metals (alkaline earths) and rare earth metals, atomic numbers
57-71. It has been unexpectedly discovered that a silica coating demonstrated superior
selectivity compared to an alumina passivation layer. The passivation coating could,

30  optionally, be catalytic supports or could be dense coatings to protect an underlying metal
wall. Passivation coatings can be made by applying a sol, or a fine particulate coating

onto 2 metal surface, or applied by chemical or physical vapor deposition or
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5 occupi ed by hot gas. The filler quenches gas phase reactions and thus

i nproves selectivity. The reaction channel contains an oxidative

dehydr ogewetoaos3sat al yst. Suitable catalyst structures wPCRiUsoy/he10 eacti on
channel include porous catalyst materials, nonoliths, washcoats, pellets,
and powders. The catal yst can conprise a high surface area 10 support and
an overlying layer or |ayers conprising a catalytically active nmetal or

netals. In sonme preferred , SbiRa6Hs P thekStegiR@fued Iy an
adj acent eléﬁf?&?%?%dfposi‘t@&t?rﬁgﬁmgl %Rr%’% R some enbodi ments, an adj acent

heat exchanpess tﬂ}lbltaslﬁffﬁées qaemp]i iisdesiredagas phask ymelwh@toxmyo%ﬁh‘&r SRS Uct ur es

such as porous cataly t mono SactRgl l ets, and
powder s. el}}BOdFﬁéntééilﬁF Wﬁee ﬁﬁ“‘i’cats iV at eerrJ|1%F pla%%ﬁtg(ﬁg% ocess of the present
I nvent i ofy, | 9e1MRbpenPhdek Whﬁrthyreh¢tmhhﬁﬂnalnﬂatn®.ylngrwpd:raltdm waylddBf ective prior

art ODH catafyst Among the catal yticgall ctive of the present
i nventi oncapisdibbidosgscHie Bl gegH e@@?&é’l“ %?C mnsa R 11t(le‘@()%sse., t hose

conpri si ngegg e netals, preferably catalyst rraterl aI s conprising at |east
one net alf Sel et ed fromthe group consistin 1talb[e and Ru. Also

anmong 20 t he Tht shgtianchiingl eeptaing an l?ﬁldé‘i“ieaﬂegg%‘?geflﬁtéonﬁla@%g{?ill nvention are

the so-cal |l r Sholud:6R caRysapridlse at | east one
oxi de or cb%@étpﬁtfgfe of“%%tﬂ%}%&l P%lé%ed ?rétl)\%rt he lr)youp C Slﬁétl n% of Li,

Mo, V, NinonShthsStashdras, fletsMpd PM’YdeINI Theatalygigcan C?léPrése avg 4 (such as

Sm, and m xtures thereof. The RLIRL 440e meal & y&ils.may
cont ain &¥EREG BAAP °¥Y @hetrgrlaﬁer Cglﬁprﬁ}l%giéa@éggr 331 kal i ne eart h pronot ers,

or 25 metialsnspehnaE eMYodifgnts,ale SactioRisfooteddy a8 agipent endgeMial s i ncl ude

alumna, silica, other netal i des SO I S| ApdrisRf ractory
mat eri al §ea®2&ﬁ¥ﬁa€§a@fm§8ﬁ‘?‘ée‘§ﬁ?‘ﬁgﬁ?%aﬂg§? e1%%‘Qt%ltjcorrp glc%liﬁ}gns glrgg descri bed

in US  FaLemfsmiPsay &n%&@stﬁl%&r@rsddﬁas%%usBﬁalyst@mtaialssmn@éhﬁ be, for
exanpl e, Vanadi a di spersed on alum na, or platinumon alumna. Catalysts
can al so WwashevatrobtlistspendatovdrSper sed on a netal oxide layer that is coated

g\r/er Sgl (fsgfth r?gtxrél ‘ﬁ@:ﬁﬁ/ a%ﬂ@émé‘tgnﬂrof%%%c@@ of ieREsettdpasiiti onpt a metal foam

netal). In sone refer]ﬁg nlbt ment,@lé catal yst is
di sposed léﬁnmﬂmazguinyed aﬁﬁ/DaDmCMS B FSRCHYRDTIB At RNA P Pli‘% of a
(r:nr gggcg 22?"1%%}4108%3' E éve 339 %%?tf&[és&aﬁw&lﬁgﬂ-ﬂe thERe- c@l@édahgfﬁfel‘f@mtﬁe Il up a

gacton cHannel (a fl owthroug catal rk r only
occupy a padlydigneothotd@nprisiag nstde tietats, mfefeaabﬂié%?&lﬁ’séﬁla@ﬁélﬁ T r(SF by) . I n

a flow by catalyst confi |on ap& Yl QWS RLNABo Smdngl. O 1 M gap
adj acent fegstane psabsrlecis] g‘é’ Slgmupgﬁfslsﬂlagg)/@?t of “catal yst that contacts the

m cr 095'anﬂﬁ'caﬁﬁ@‘tﬂ:al(y‘-ﬁ:ﬁﬁ@ﬁﬁtenals of the present invention are the so- -called low-
temperature catalysts, which may comprise at least one oxide or phosphate of a metal
selected from the group consisting of Li, Mo, V, Nb, Sb, Sn, Zr, Cr, Mg, Mn, Ni, Co, Ce,

rare-earth metals (such as Sm), and mixtures thereof. The low or high temperature

catalyst may contain additional components such as alkalai or alkaline earth promoters, or

25 metals such as Cu, Ag, or Sn. Preferred support materials include alumina, silica, other
metal oxides, mesoporous materials and refractory materials. Examples of some suitable
catalyst compositions are described in U.S. Patents Nos. 6,130,183 and 5,997,826.
Catalysts can be, for example, vanadia dispersed on alumina, or platinum on alumina.
Catalysts can also be a noble metal dispersed on 2 metal oxide layer that is coated over

30  (such as by wash coating or chemical vapor deposition) a metal foam or metal felt
(nonwoven metal). In some preferred embodiments, catalyst is disposed (such as by

CVD or wash coating) on a wall or walls of a microchannel.
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5 enbodi nents, the mcrochannel wall that contacts the catalyst is in
direct thermal contact wth a heat exchanger, typically, in these

enbodi mrerwe,03a0d3e@t ed fluid or exotherm c reaction proce®PSTAiSORaI€CONt act s
t he opposite side of the wall that contacts the catalyst). In enbodinents,
the reaction channel contains a porous catalyst material that defines at

| east a portion of at |least one wall of a bulk flow path. In this preferred

10 enbodi ment, the surf%:\]’reH of the cat akéﬁ%trea‘éﬁédéi'ﬁﬁwﬂ A&Askope wal | of a

bul k flow patHhe eRbELH Pc?hcr?sﬁée °ktur 6 passes. During operation, the
m xture I;Atg}qﬁ) ! Guﬁymeporﬂmrwf@mmebquopaﬁamct@bnn ohangshiflaptoydi #h t he
cat al yst

e term’ bulkflow at rs.to e ti guous
bul k f I owflowdivomaialygi ¢omfauaion. 8@6&5‘? Ffé 1Y %%%O?R %é&&u%&nﬁ?{ f1 ow

region al !igﬁ\?lngeqp&rdd tHi@ Saylel %aﬁaﬁl}’s@ﬂh@ﬁboﬁﬂa&s freagitiooimnod awrble(in Smmhout | ar ge
pressure drops In pre erre

b ts t th
bul k 6l ownbergm@mts tBinjerdchagel W@bﬁatrfgnﬁlﬂfnt? ef?afé&e{fg} ) ‘i&etcfatg] e %‘Iﬁ‘kag ' the

pref er abl [9&S Lse@h®8digent, a)%e&@d&uid&)rkxa&hérﬁnc? m, nore
pref erabl thba tl% ]% gér tfﬁﬁgﬁflom Se, and teﬂe maxi nmum di stgep%?gqlf romthe

ni d- st r eagactifn Iﬁrbeesbuteamfdomaptpmer@pp@ﬂp aide of thefyall tRhgonHckyt ¥ ess t han
0.6 mn. The P oéigrllé) \{V%F] %a gfér%ﬁ{ ﬁxg EaR4iNs £RUTBIS BR1AE mhieAdthad% nore
e

preferably 30" I nternal volume of the reaction
chanber, definedlat Ieb@ 2QbAISS 0ﬁﬁdéas‘omne(yfalltdﬁ e bpkkeflow reth. dmisRseferred n sone

pref erred enbodi ments, the cat . insert that
can bé i sedediagnt thesuy %ﬁeof t?d'g &eﬁ a?[é&ﬁ OQﬁgraﬁléf HHRFI8HDa

eac annel 1 n a si ngI e pl ece,
pr ef er ablyy hhewnRR fRUSxfufsSREdes. lmlrﬁlgb@damcm, fhietmiwfuterflawsghiobgl B8 hannel with a

width of less than 2 mm_ I n songe. _enbodi t " occupi es
at | east m@sachingels pAvbans b SRR HEE ﬂ&tcafag'ﬁg%‘i%hﬁoﬁ}ﬁk Fﬁ? &]%Hglr gés%éségééﬁl onal

area of %gg}lmgétﬁ g&‘iﬂ s IR ﬂ%@'%%’l&{) vAHOME Fe@bton &mab@ratAactcylsguqus bul§ coating

(such as mat er i hin a m theﬁ ‘ reaction channel or
channel s.flov fegmn@ilgws;alpdlgﬂsﬂowﬁlf@‘i‘ghéh@ repgfjon-c B‘B’P 3'% ArgS {n.e% refers to a

porous. maf er i av. Rl H[E?nﬁ)ef Boviia 1Rk W eegine Batiaidw 30 to
95% of> t HE°kS ?gpre?gregl%&bg%&%@ér s vol ume. At Ieast 20% &g@rgg%preferabl y

at | east 2g¥hs @fthml’eecmmcaom ahahselpmf@rablvhﬁ‘mﬁecw% SESBYSER P in the

si ze (di anet ),ran 0 €[0 afsemadfdm the3 to 200
m crons, ]aﬁdgEfr} 111“” %’?%%éﬁgb? p}imt) o&l%d%%ﬁg@ﬁﬁre vol uqr’%%pz

03/ 1063861n%C§E£eh&§Q>3/tﬁb6321mmovapmh ﬂsdess trgindemui preferablytlpss ihagGed HEadh

Mercury porisinmetry sum n |caI t6Y009f off MBeP9HIRS) and
ni t rogen ﬂ%é@%@qsﬁfﬁfer&ly F%ml?g??&ﬂ% Crunr0 v i 6%?@@%%&%9& and n?t rogen

adsorpgi o&té}ﬁg vERIRI8 IR RERiIdN &}ﬁﬁibaﬂ B ghevrbds-saeion 0f thepeactien ¢hBERS}: bei ng nor e

accurate neasuring | arge pore sjzes . (larger..than ni t roaen
adsor pti on norka some pre erred e?nbo iments, the catalyst is provided as ap%pougmser@ﬁl% g

can be inserted into (or removed from) each channel in a single piece; preferably the
porous insert is sized to fit within a microchannel with a width of less than 2 mm. In some
embodiments, the porous catalyst occupies at least 60%, in some embodiments at least

25 90%, of a cross-sectional area of a microchannel. In another embodiment, the catalyst is
a coating (such as a washcoat) of material within a microchannel reaction channel or
channels.

A "porous catalyst material" (or “porous catalyst”) refers to a porous material

having a pore volume of 5 to 98%, more preferably 30 to 95% of the total porous

30 material's volume. At least 20% (more preferably at least 50%) of the material's pore
volume is composed of pores in the size (diameter) range of 0.1 to 300 microns, more

preferably 0.3 to 200 microns, and still more preferably 1 to 100 microns. Pore volume
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5 accurate for small pores (less than 50 nm. Pore sizes in the range of
about 0.1 to 300 mcrons enable nolecules to diffuse nolecularly through
t he mat erwealog/1eq38@r nost gas phase catal ysis conditi ons. PCRAISPH QUG
material can itself be a catalyst, but nore preferably the porous materi al
conprises a netal, ceramic or conposite support having a |ayer or |ayers
of a catalyst material or materials deposited thereon. The porosity can be

10 geometrical L. (riietgiglllt?gn 2 ﬁe&u?ed%?%é&@&%o@d’im&w @bdudlingdd@fligdrsdal uct ure, or
g y

por osi t y AP BEC GedRet ri ca torfuous or random Preferably the support
I's a foapesmétal ofalic fooarndosiregen adsoTitionc disad Krotn| BGEHY POFFINGHEERt , are

preferably al so porous. The average S ; gLiagabrdf the
cat al yst nftpesp pdspratign W&?@Pgﬁwta?qn%ﬁh&%&%‘ﬁ%&lt Cg&?\?grgqgﬂsgypolrg si ze of the

support . ,Ihg.auRnadrng lLgspaeszdsilaidee theadahysend Iange@s&ﬂsqut@pio@é@ upon the
15 support preferably ranges froqm10-9 in t0 .10-7 | d by N2
adsor pt i @acurte For sl PRgt K .thai%’égé’mé*r Bpre i § P n%ee&;sa?&ggﬁ \a/%?gﬁe % of the
total porg.vak tiBie Sol&RMHR s atusf molpailel thiduiite siapeialsande ot 6-9 in to
10"7 min di amet er. Diffusion within these SEZJ I é)to]é,ets tinpor% he catal yst

| ayer (s) pbssetopissisicpyditionsdSBaporAusTaRterial carita Op 9 CPRYSHRIEST es col 1i de with

the walls of 61 ES RS8N In¥tat, Baamitd dr Bompdsse sgmert hheisga nol ecul es.
20 At a ﬁé?gﬁlta%&ﬁ%e?%ﬁt enqggranber hei ght aor the chanber width is.about 2 mn

or |ess, lagcher hembes cadysymatesiplprmerishdepesitedihgran derPRESY @PSs- sect i onal

area. |In sone . preferred. LOBIY Sopatdlfl forOgSeRes bt phadityatigdeconpri ses a
por ou¥ caﬁe&’fﬂ?g’tc%lie%?l?rzflgllg%E&QQn op?:rr?a%r ea@EMeFe theﬂgorous cat al yst

material @oaupicalty Gt o Eiiah. Rbferablyghe supseit isiadRyP 16f8 8" XA where” t he open

area occupies 5%to 95% of the cr - [ | ga. ThduRreSpee preferred
enbodi nen‘ie&mlf'hg?‘%‘ﬁl Shlagssifpie eélg%{fe th%%g@{l?s o gfo ar ea occﬁp?es a

cont i guoug, AkERnRhvEage) 308 ctalyd layel()'i2 preerabinsrotllve thap thefagerpgsdPEirbodi ment s,

the catal yst occupies_greater than 98% of the cr - ' area. |If
necessar ys$izg Wéh%%lpﬁqr?sTheéygrP%?%or%ﬁﬁesﬁgf{?eé’éghétﬁaeé@f%ﬁ g&e%??lllée the catal yst

with an k&@ﬁ%f&&bl?f&h%és%n[ erfug el 1 0Thih ek rbsirdddyyechdeorptoom with BEE cat al yst .
Typi ca rg}é neration 30 oxidants are (pxygttran 0{ air. C‘@Esficlo sggsed%?n be

r ef ur bi shedthad.t Mord rrefenblysatipast TERARES GrPTae taiat BT YSUBS S SPPRSASE i ng or
coating the cat tahdd oFh bW 1157 addididnia] Dafisionevithid theseashmll potes addi tion
to the reg%rfs?%lrgﬁémé{%r%}é%fznel ), additional featur egﬁ)iuc aﬂ .§4 é&)

03/ 106386inR6T t4i508 162 as typicallok hedserein ngfurs Sherehy i applsrities °HESS "% changer s
may be present. crochann hangs” 8- RporE@Ed. ed. An integrated
or separ afei@ af Bﬂrgﬁrgng?ee%eé]rq&ﬁ%%sedl to quggsn%%a_? he reaction products,

cool i pg t hem davepsiapitekeythe nicetehbeiglac thesharhkes Widik SribptacB™% leShr event

{ ﬁ{,ég? r Vg?lgec%lialgngeqlhgig £an ttlileoc@gmgér Jil8 LEEL L Dfss-deltich A ReL TPQHeTENt S Of the

preferred embodiments, the cross-sectional area comprises a porous catalyst material and
an open area, where the porous catalyst material occupies 5% to 95% of thg Cross-
sectional area and where the open area occupies 5% to 95% of the cross-sectional area. In
25  some preferred embodiments, the open area in the cross-sectional area occupies a
contiguous area of 5 x 108 to 1 x 102 m?. In other preferred embodiments, the catalyst
occupies greater than 98% of the cross-sectional area.
If necessary, the catalyst systems can be regenerated by treating the catalyst with
an oxidant to oxidize reduced materials formed on or in the catalyst. Typical regeneration
30 oxidants are oxygen or air. Catalysts can be refurbished after irreversible reduction of
activity by impregnating or coating the catalyst in situ with additional active materials.

In addition to the reaction microchannel(s), additional features such as
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5 reactor or nethod, the reactor (or nethod) is configured to send the
product streaminto a second reactor or recycle the product stream back
into the wam/10@38ct or. Adj acent heat transfer m crochann@C3/usn3bd2e0
tenperature in the reaction channel to be controlled to pronote selective
ODH and m nim ze unsel ective reactions in the gas phase that increase wth
tenperature. The heat exchange fluids can be gases or liquids and may

i nclude 10 st6: 1ok h&yln‘f]cr hﬂ&he@éxﬁWgeﬁthem@m keabchexehbege fluids -
t he system can Imze have a phase change | t he, heat Exchanger

In sone mxelfaﬁgesremte@rdﬁmhdnénursegratndwlt jepArete H%FX@ﬁ%%ﬁﬂ qua?%'i"squﬁ?
i nterl eaved w th AP oflif EAGH Q% Jl%ﬁ&%%%&tiﬁmﬁsta@eﬁapmwo at least 10
é?tloflgmgi’lgs Per § Pﬁ

heat excH3h eave | east 10 reacti on m crochannel
| ayers, Vid?@Jeﬁt ﬂﬂﬁﬁér uﬁmhalﬂgmactﬁcmyef meateénsélpsmm %@boﬁyﬂﬁlﬁﬁm}"ﬁh%ﬂw‘i“ﬁv%r | ess.

15 Many ot her opti ons exi st desi tor. For
exanplb, rgactesopRehed.dherrAdPT &,’éﬁle%’gg% b c?nh re8 %(r)lﬁ;ﬂge gmpﬂﬁgmg?gguct

channel , @R, RXYRER of RBFLIe BB arYIatt stredm badato Ithe ams lrerapioe /stitsontinveint , a

cool ant gas flows in adjacent mcroc agnel S. B Ft ngléontgo%?{ll on chanber
The fl ow trnsfsowicserhamngls sable FaPeraiye i the BacHoE IFT SO 5F ow. Cof | ow may
be pref er%ﬁﬁ% n%%el?&%v@'dbﬁ%ﬁﬁﬁﬁfz@%ﬁseﬁ@ﬁ&e ffeitdﬁ&nsl A thdyes bRk tini ingreade a 20

reaction process reaction wl | (Bﬁ%eat est a he front of
the reactwihtenphaer Thahereexekanet Brds carhs 2ats o7 B eaf’i‘firn%ﬁé °n an

altern te m crocha 108 e@ihhin R Flu Y.OBA &ﬁﬁcaﬁtbé the ODH
react ibn Sotip &q%gl%?aggqgg%pa?g%ﬂé\%uen?l allllgs |unto th?drear%w n m xture. The

stagi ng ceptintizedac bane a phaseghangstie ﬂ@éwt@éghang%ﬂ@&@ﬁleﬂ’#éer{?éé’ 1§‘r‘?ﬁ’i 1 orifices
or jets wt one devic oaEange1Offoral t er nat e
spar gi ng ngElgPe heartheéq}:agﬁ? Elg?r ggf?tggéagéﬁ it [t%MchHQnE’Eﬁ (fo

r rtron o xygen to partial oxidation
react i onsexaaipth, sfient f0 bat bxchagedaydry mtatlehyed voden daepidf reacigitt i ons, has been

denonstrated in t?ﬁﬁ%%’éyr??t#rggﬁ(cTonko\r/]%e(%p?re?érﬁaﬁ@ed a]gg&zz,m}gqp@gsgs and

Cox, 199emier or gani'c Menbrane Reactors: a
Di strijputed Fogg &pa ﬁ61’ﬂ; J}(Qaf fol?ﬂ{etdeﬁlgn@(aﬂa:toohmrﬂb@@@oloﬁsl‘ exaigplend cal

Engi neeri ng Sci ence 789-806) for tri ut ed f menbr ane
reactors. p@@@ﬁgé@nés’(lf@’éhe ﬁ’db?qqab‘ﬁqua @“ﬂap’a’d% ﬁ %falg%g?eed) | ower s

the |ocal pxygen Raf il Alimpleetditneand chblug gﬁﬁﬂ@ifﬂntahﬁcendﬁmro@dmp@srt i al
oxi dation 'reaction over the conpeti ng and undesi reg} conbun%cfgn reaction. 25
WD 03/ 10638the PO td89®h B! th How ehiseolaaimay PHE RSO A ST Hg resul ts

demonst rat e o bi éo v‘ffﬁ&%g ?fefe?x%ﬁ‘t@ﬁbt&ﬁ'ﬁ?e' %r@altest Keaegli @nse beblipimgtaiged addition
may al so Ic?r%t atures | evel i ng oxygen concentration through

t he react Ir@lau‘i'rmhﬁmbémf the pmcpsseea@tlpleﬂ'ﬂbbﬁiﬁﬁwﬁﬁtt from oggie éia‘g‘mn channel (or
channel s) cﬁg{lgelr e%ere reactants are most concentrated.

In an alternate microchannel embodiment, the air or oxygen used for the ODH
reaction could be staged or fed sequentially into the reaction mixture. The staging could
occur in separate devices, through the use of small orifices or jets within one device, or

25 from a microporous membrane or alternate sparging sheet. The controlled addition of
oxygen to partial oxidation reactions, and specifically oxidative dehydrogenation
reactions, has been demonstrated in the literature (Tonkovich, Zilka, Jimenz, Roberts, and
Cox, 1996, “Experimental Investigations of Inorganic Membrane Reactors: a Distributed
Feed Approach for Partial Oxidation Reactions”, Chemical Engineering Science, 51(5),

30  789-806) for distributed feed membrane reactors. Staged oxygen addition (i.e.,
distributed oxygen feed) lowers the local oxygen partial pressure and thus favors the

desired partial oxidation reaction over the competing and undesired combustion reaction.
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5 oxygen source that is distributed over a Iength of th i

m crochannel (s). In sonme preferred enbodi mentg, oxi dan'ta ;ﬁ?gﬁlsog reaction
chanber awormnessshan 3 points along the chanber |ength. POTASI#16210

enbodi ments where a reaction chanber is defined by plural walls (typicall

four), there are oxidant inlets on one, or nore than one, wall of the Y
reaction chanber. The inlets need not be uniformy di stribut ed al ong the

| ength of the 10 reaction, ch er i.1.L GF i
S, pr oLEFREE SREA T TOE B Lo R o B e r & i e

such as by g.Ri ¢hoahaaneditich xey akbtmitipsal : : i
: Bl _ pealstepperaiuess by 14vabegPBS Wi t h t h
reaction m cro_chztannel .. Mxi {19% is preferably conducted l?g;ore reacti gn but
?ggct)ieoﬁ@?n@ng?wéﬁn mazghﬁjb;e%%e'such as by a mixer disposed within a
_ CIORRMNe ferr nksS algtjfeaditchaineBfor Lhanndls)earriss @ssure of th
reacti on. Forﬂ’bett r econony, ressure.should b ' o I son
pr e; ersr gfbxggdncsdlimethtﬂsi,s distribyg Péleor&f 13’%%"@%%@‘5‘?@“ 1@1{;{0‘?‘1'&%}81'?1&%3){ ﬁ@%ﬁg " o Ir 2 SO
Feact ant P SRl SR e B o). 1 af pater that
Ce. | pressure o iluents),.is
ﬁ; sz . gg roﬁ?@b@ﬁ@ﬂgﬂlb Lysogreeatbedintentarvieres §CtipR é%aéf&heéls&f:ﬁ‘i‘%?ebyfpé‘%éle gth g[l | él " gg .
Ceesur e W?ﬁfs?%@%ﬁggtgyéotﬂér@%t CP‘@{%&aﬁt Lie o?%'ﬁ!e,%hﬁy‘ré/ﬁlhn o) waDBEthenbodi ment s,
gro w ‘ TS ar or less. |In sone enmbodi ments, pressure
dr Pnso;re qg?rf:lg% glfanrrretﬁ?qmgﬁnéetﬁgieﬂmowml 1farm1§§€$trib<b¢ﬁd g ibedensth t%e bar or |ess,
, . 5, r |ess. rocar bon oxydehyd [ [
?ggg?tﬁ gdeﬁtioﬁﬁlafggieqm ;,E?Pb%"bsﬁ’to&?d§58mma§m§%’or | ess, i% co%v;g??gﬁgi e
. Se 4:0fckBE BABGRMENE tipriggseabo(s) dnil ghrgenspess pe dyxeds
than 1 atm 2 atmor nore, result in sharp reductiong E{i‘bsel ectivit g{gatﬁre
desired aikkenky amicarcppmele r%ﬁ%ﬁ?@?@@ opdntpgial Wit HETeation ™! he reac%/ant

m xture iélicir&%gr_?n@ls xinP & prifta8RSdohducedd befat rea@loadstcantbh abndusted
] . J h
rel ease per unit vo ung, Fhcr eases proportional | he rat :shg?t

. . . . . h : 1 | %
vari ous odirdatréaction ek b s mixee fispesed ithif a’tr??éu?rh%’fcé%czqg%le%ar tial pressures

of the reacti ase JE‘M . ; i : .
“ﬁqg ahiPlS 185t BE SRSMFSOFIGERASL F or Better e@mudR] i onal
the | btal heat %1r e?gasle I ncreasglg and, due to the Ilim teog %t aabi [ :;ag; o
Rt

t he convepicsarahouléac taatively highbvesmetnseferred qebodispastsy HIETHE Yhus'it is

not possible t erat e _conyenti agt ' ; i
space vel 6@??59?0 I%I%t PO pé?fgrca%@natrt\!aegaﬁgg%bfrhssg{nﬁg?etrf\?&yﬁ%;\hlgggﬁﬁg%\r/gls gng\g on

i rsS gl i, sy Sy O s 00 1,
at hi gh cowersiesRly H9aH ﬂfﬂ‘@s%ﬁ'r %’gssﬁg%"f}ﬁe(h%ggq S?“n’**lh'&? ﬁgﬁ%&rm gﬁ v St s
ﬁ‘?g ”‘Epg ¢ g{)rg%c? @R ke @bAvatahe:. &t mmﬂiaﬁﬁtsyﬁbﬂﬁetih ts rgqc@a}g/séﬂ hagg_rﬁ 10?5588 ’
1, ObO,pooo ldss. 1Inysor?1£: %glgc?drimgr?tgr})re}sggré 9190% tl?r-o&gh & gea&g{, Sr Rl'i(ﬁlfgﬁ Lablyo0r eater than
channel, is 2 bar or less, an insome embodiments 0.5 bar or less.
Hydrocarbon oxydehydrogenation is conducted at modest pressure, about 1 atm or
less, in conventional reactors. Attempts to increase the pressure to higher pressures,
25  greater than 1 atm, 2 atm or more, result in sharp reductions in selectivity to the desired
alkene or arylalkene products. As the pressure of the reactant mixture is increased the
intensity of heat release, that is the heat release per unit volume, increases proportionally,
and the rates of various oxidation reactions increase with the increased partial pressures
of the reacting gases. Thus as pressure increases in a conventional reactor the local heat
30 release increases and, due to the limited capability of the conventional reactor to remove

heat, the temperature rises. Thus it is not possible to operate conventional reactors at high

pressures and high space velocity. With microchannel reactors the high heat removal
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5 it is possible to get good yields of useful products in m crochannel
reactors. Hydrocarbon to oxygen ratios in oxidative dehydrogenation

reacti onswerog/16a3Rg ect to |imtations for various reasonsPCVIUSIHIER$0
cont ai ni ng oxygen and hydrocarbons can be explosive. |Indeed, consideration
of explosive limts are an inportant facet of safe plant and process
design. Explosive limts becone narrower, i.e., nore limting in terns of
the 10 acceptabl e ox n to hydr.ocar L Qres A5 RCE £ elbdgae@ses. The
nar r ower aPReHYIIaSES tﬁéﬁgsﬁ’é?tﬁlrﬁ%ng‘wrnse%ﬁ%%ea@% gher %r g%gure dggn prevent
safe opegtﬁf cBRvORicREAERSEE 6t 1agh inglrsiopriis pressuraviabevs CrramnPereBlct or s

provi de the opportunity to operate in regine .. p that10eow se be
consi derelabvglﬁ@@ﬂaém@i!]@“tHe@%i)yo@oyleelq %ﬁiaflg ar(fsivqlg%g?sir%%tsﬂ% I'n the

M CrOChanne)orok SAELBL1eAfk1 0008 heTjhd mb@pusfexably gtaatee $hanfl,08% ek | and

hydr ocar boh™are dvailable within 15 any one connecltrea%torrsegl on, for exanple
one chanitet possibletihaet seadbyislls ghuseill Brofpcts digREhd ¥ %r onagat e among
separate chanpe 4 [ &ios iEkidHtNe B&yargemifion hactiing pochidediel
reactors are gérﬁg?aér&'t%ra&éegﬁsroioéal | ed quench di aneters o& nany, oxygen /
hydr ocar hohmitaroxs for estiovAtreadonse Mt terasCOFEARIDE PHESHTEHEA GRS EY " he r adi cal
chain reactions _that cau . |sRB $in ik GrelBliboadnethednyof cdaplant W th the
devi ce wEKPLOSTE) P’rﬁeﬁcgtp?rhsbdsega%ﬁﬁ)ég% ﬁdss or 20 Ifel_angg. Fl ame arrestors work on
this pringiplogess Hesi@DEplosing Bmichmomeharowet, iies TRERENENG it FmIY e a¢
pressures above 1 atm ef erably ab . gL endrRfelimabloytabove 5

at | asl0 r?ﬁ%e&’tabkéf‘é%e&tfﬁl}%m%e%onfﬁ %ft r\\‘/ém%k‘% lﬁ‘f’éaﬁe oxygen to h dr ocar bon vol unme
ratios, eyeRsiviMehitidbthi@eppisasicuepevent saompeition vépionesses bRighen t o
hydrocarbon ratios greater than .0.2:1, greater el hadinf@t er than
0.5: 1, evmessyeddiceqcharpghregetars Pwvfdﬁéllﬁc’pai)‘lgﬂ%tﬁtt%O%e%%@%glv%et _hgut {%gxpl osi ve
reactio ”Sothe?&ﬁé Bt LEdidhRAREEAL dle8o EaNgeR lnfit ddeidproossh thf mickrshinnek ent

i nvention 1nclude:

a tenperature rangi ng fﬁigr’&SS to 10006 £
pr ef er abl yadk@@aRBOGGMakPlyRe BERESS o PR FBH LSBT %B00™t'0 about 700.
Preferably, durin i ahdhn6l, & thitheplosiaiedry stt eaprdietine adj acent
react Hon %‘ﬁé’ﬁ%&?m\%%??%gﬁhffg?eﬁgﬁ%g% t han 10t C. ;13,8 Gag rhourl¥1 space
vel oci ty {oGHWatoimotpscharve shinpels Furtherare fer@pgsiops PRRGEPP8H, oooh" 1 to

10, 000, 000h-1 based.on react V. : kv e B drgcagmdnal yst) (hr)
to 10, 000%BBers Al Sf%’é%ltc( @eé%t" %Fegsqtg%#gﬁﬁaﬁgl{eﬁé%f?ﬁ%ry psr/éef er)éyedC mbodi nent s,

GHSV i s afiln@as it d@fenEhORAd0 68 @6eeETawsEsheaaiicnl chay: FOeHRs YUt | east
10,000 m feed/ (g catalyst)(hr): r 3 bl Akt f0sid@2r000 h-' or at
| east 10000dBIR aﬁﬁé@ﬁﬂ%edé}a’tcaf@?gﬂqgﬁ% ;E)JV%S@f)%ﬁeﬁ?lg%téﬂb ?afl least 500, 000
h-1 Orzgat ﬂhﬁ@éharr{e%%st&@%mm fheedihgpleana) D tin mimeckapels BistpyLlato | east
1,000,000 h-1 or at least 1, Ooofe?&?yéﬂoveE%‘%E’Iéo‘i’eﬁr%%e?el&ﬂt?owglnn,

work at pressures above 1 atm, pre

most preferably above 10 atm with high oxygen to hydrocarbon volume ratios, even

within the explosive or flammable regimes, oxygen to hydrocarbon ratios greater than
0.2:1, greater than 0.3:1, greater than 0.5:1, even greater than 1:1, without diluents and
25 without explosive reactions.

Preferred temperature ranges of the process of the present invention include: a
temperature ranging from 335 to 1000°C, more preferably 500-900 C, and in some
embodiments about 500 to about 700. Preferably, during operation, temperature of the
catalyst and the adjacent reaction chamber wall differ by less than 10 °C.

30 Gas hourly space velocity (GHSV) of the inventive methods preferably range
from 1,0000™ to 10,000,000h™ based on reactor volume, or 1,000 ml feed/(g catalyst)(hr)
to 10,000,000 ml feed/(g catalyst)(hr). In other preferred embodiments, GHSV is at least

27



5 Liquid hourly space velocity (LHSV) is preferably at |east as fast as the
exanples, &e.g., at least 4 h-1; nore preferably at |least 16 h-1; nore

pr ef er ablwoat/10@86t 64 h-'; nore preferably at |east 127PRTAISOLZoam@Ct
times in the reaction chanber (the catal yst zone) preferably are in the
range of 0.001 to 5 s, nore preferably Il ess than 500 ns, nore preferably

| ess than 100 ns, and still nore preferably | ess than about 70 ns. As shown
in 10 the foll,owi ng Ex es.secti . Bl QuUnd.obhah as cont act
time dec]foég)@@sl,ortahléa“t@gg(} mifeg&f%ca%%’espgﬁ?’%ﬁrggﬂgiwﬁi 1‘|;or opane ODH conduct ed
in a mcpoehanneb sy RN fded/(E btalyshie® nofre siofidbly Brleade¥ 08N gT Pritfshne

selectivity. Wien the C3:02 rati.o S ,2: el i k1
t enper af $1000Rx! f@@(&?%ﬁ“é&@ﬁfp’?ﬁeﬁab\ggﬁ 1?%%%@@3?68?% (ﬁg{sgg%%’gm%’g?(gl olefin

yi el d i”%@@@&%ﬂ/s‘i 21% at 1470 ns contact tine to 30.6%at 367ns contact
time. \Wen p p) ne ODH was conduct ed in@ﬁ m.cr Csht%s:}%ﬂ e%%a@1Q: 02 ratio
of 2:4 and t Heiquiddoedsspapnyehecity SaeY e Breacaly 2564 E% At al'yst bed
tenperature was. approxi nmtel v 60046 14 Pt;dhore prefritly yiledstod g meases from

29. 3% at e'ﬁ‘:’)@%%“%@ntlg&éﬂtegﬁfne Fo. 33. 1% at 82 ns coO @%ct ]é{itrgg and to 37.8%
at 61ms. pleforilehieasetlTeih Sditreiiines Enipe BFHRY L2HAEALR CPRE e sum cont act

tines in the 20 precatal ab-abyStsszpmeoand, ke quench zone is
preferabPV?efatg%ﬁrSﬁla%grraqggéz?'06%%5’Igllragefﬂe%r abl S)/SISlSSSO ms_or

| ess, nore
pr ef er ablyyrR@ly 1es tham d0Gsink,|ahd stilt @oysmedferpbity|gsh Gon gRout 4P msetg%sfcﬁo‘r’ﬁé“ anount of

heat that can be transferred thro abAhdi Rihe HBRedREN RS S
reactlioonﬂlf?t"f&%‘ﬁ@lng1EF‘i‘)‘H]i§1 S §pERR &iéﬁ‘ﬁﬁg’%@ ?Asﬁg%%aﬁi%gt {'on of t heia net hod of heat

t ransf er tothYiefindRel8 YR 6dsi fveprbgat ODHactsfledted ingrmigrogkannel eypHinithe 3 heat
exchange channel” to a dehydrogenation react| C(B‘%LTB bhgn,@pgrunt of heat
(as def i reag ohstabigrs §e°ﬁ’éﬁm§a{?£g‘%@ Sgt‘??tbvfltyr@(e: llthgnQB'c an‘gévraswal |"area that is
adj acent ptrc%e%snﬁle FHpeBUCNRRIRINIC b sl Bt peldehparataregreasSd b teahelelip r ansf er

fluid is*preterably at least 1 WcnR and e to a - cn2. For a
|i qui d headld tncesassddront 215 @t W@@Si%nfeﬁﬁwct?ni%é%aég&ﬁ %%?ﬁ?ﬁ‘?f?éﬁ%%?er heat

transfer fl uxe;[ﬁ]&%aé&nﬁ%g&ﬁ}{%%i&oaﬁgn@ya Caxgeaafi¢ &: Ahnd thasbegss W cn? t o
or

about 130 RYRPRY, conduct i ve heat transfer from an aﬁeﬁé&%m g, ' eaction,
f

much hi ghglkt keabeatod w7 € pahefabyst baddemperaifratt e PG ™ Uy range

from about 10 Wcn2 to abo Q i Thes & sefd, negh haogest the 28 WO
03/ 106386°1¢'€9I71%6%’3F338?1fg°mz§e'%%’a?%ﬁlgésg%gag for steady-state operation and

aver age oy@ho thevat 6ame@f a process reaction chanber wall that is adjacent

to a heat exchanger; or, in a reactor w t iRk Em CHaRaSs in(th®r e t han
two channel s) ,n@frieredrempedisirap R Oygrge%&%l&gkfh%f dgh%dr ogenation reaction

chambei s gdiaaeRtodombRathlysvohengand glencinzoak ks firferablyalnisens of IeSper at i on.

more preferably 500 ms or less, more preferably 200 ms, and still more preferably100 ms

or less.
The amount of heat that can be transferred through a plane separating the process

seaction chamber from a heat exchanger is a function of the method of heat transfer. For

25 convective heat transfer from a hot fluid in a heat exchange channel to a dehydrogenation

reaction chamber, the amount of heat (as defined as Watts per square cim of reaction
chamber wall area that is adjacent to the heat exchanger) transferred for a gaseous heat
transfer fluid is preferably at least 1 W/em? and may be up to about 15 W/cn’. For a
liquid heat transfer fluid used in convective heat transfer, higher heat transfer fluxes are

30 achievable and may range from at least 1 W/em? to about 30 W/em®. For conductive heat

transfer from an exothermic reaction, much higher rates of heat transfer are attainable and

heat flux may range from about 10 W/em? to about 100 W/em?. These defined ranges of

28



5 Preferably, selectivity to carbon oxides (on a carbon atombasis) is |ess
than 40% nore preferably less than 20% (in sone enbodi nents, in the range
of 20% ami033j19638d even nore preferably | ess than 5% | mCirass3/pred er r ed
enbodi ments, selectivity to carbon dioxide (on a carbon atombasis) is

| ess than 40% nore preferably less than 20% (in sonme enbodi ments, in the
range of 20% and 5%, and even nore preferably less than 5% 10 The CQO CQ2

ratio is indicative of the efficienc DI a6 l-nmibmat | 0S
i ndi cat ehecahﬁ‘ﬂxeéi‘SFgf@Wt%élg SE?FF’a‘?P&fa%%?ndyafvg{ag% gﬂg?rwas ?go;cgsusrrred 1prl marily for
combusti gy pkiyAl Gl aGhGANRIa He@t&&tl&hgm%olam m;aqm@rbzv@ whliiplchamFig CO to C2

ratios in excess of those predicte articul ar gas
mi xture (morethes twophappelp), 2% HET3EE JEY eatr%aﬁ%g?' % %)e\?v&}to e tenperature

at Wi Chod el KBl Al gl %ﬁlﬁﬂ@uhzﬁﬁheb\ﬂecspetdl@nf or mat i on of Q0. For
exarrpIeV\l)h he'ratio of C3 to 02 is 2:1 and t eli 1sls9[h§§§b%e's 10
psi g the tenphﬁﬁﬂrabﬂses‘elﬁctm&ca@néﬁﬂieiﬁ?%a OB S? ati o at equi librium

i's approxi nat e | D Sind GRRARRM & thive: goasm%ms%) g0 is
strongl y &Y %abg'qg%;ﬁfe?ar%rr%\g nlgén&r(l:s For a gi ven i xt i ven

t. a
oper at i NgvaIRas tpfeéeralﬁg 1@@)&@32% tlps P&f@%dﬁ‘é@ofhﬁn‘“‘&ts CFH” t8c??‘f§ﬂn nel reactor

when t he t enper at ur bel o t QAP e th@f 2 qs
t her mody q4 Q@g?rfi‘lc g%a?c %aS1§1%1Q?S§hpreT/§rI%&@ ple é%e?st 2. 4@&h mor e

pr ef er ablsyme effBodimetts, imrtkeaeef 20%bhd/5%), @mie‘csm 1@?@Wefﬁ6%bé‘/ b?Sé’f‘aélr%| y 10: 1.
At equal peal %@% 85?@ at ur es élgggge o% MBS }p&q é'@b'}iﬁéérbyes@%vﬁiﬁfub@ed by the

gramslOof tar RUP 5P e Br opy!iene) produced unit vol une of
reacti on ;chamb@ht Z9edd @@ﬁinb@emablb&smmasd whatonpond psimaghy 8T channel where

catalyst Is present either as flowb I {yglﬁg is greater
in a m croomhasties) IntapigrochengeldERRAE \éeh at%%gfé(‘%’ﬁtéﬁhgs%‘%%atl n the

exanpl es, X\{gEQf hbe i€ Q%qﬁﬂibﬂuﬁn ‘ﬁﬁ?ehe]paiilcﬁlml gasheixpealn quest@nw@@at ure was
about 625C the productivity of the nicrochan %fb{? gr eat-er, ghan that of a
quartz t ubercbgtomtemperetuny is §Flow e temBTafHEL A" ‘% HOEPTANY ~of > a i cr ochannel

reactor per fo d“vnﬁhﬁrf&%ﬂ@ﬂ SEcEP of Btinthld Whénge talﬂsbadeeo (bE1s]251 gidm / hr or
pr ef efabl i

nore preferably 60. g/ m. /[hr ﬁx L rr%)
preferabltheﬂompgs/smréisrqumgrtbﬁr‘@mp@rﬁtuW P‘i‘fje(ﬁ(t)?sarﬁ%ad tiVi%ty is 15 to

about 150 g/m./hr.. 29 WD 03/ 1.0 forhAtibher a@age of et hane
ODH, at eYPHIOTLPF ARPEOTE ﬁ%@r%t%ﬁ(‘;})ggog%é H@%ﬁ%ﬁ w?y as defined by the

grai ns of s{casgehvosddty therprfodynamiespl e et hyI ene) produced per unit nmass of

catal yst of catalyst per hour is £RGhRlinddhae in a
conventi onal rio4@iEben MIHE £15E© pe[ram%zprérsa r%%%\%@s 101 the oxidant was

air ang the avehRpRHEFRRIMhe fetipa@Bire is below that where the formation of CO is
thermodynamically favorable and is preferably at least 2.4:1 or more preferably 2.76:1 or
more preferably 4.6:1 or even more preferably 10:1.
At equal peak temperatures the volumetric productivity as defined by the grams of
target olefin (for example propylene) produced per unit volume of reaction chamber
25 (reaction chamber is that portion of a channel where catalyst is present either as flow-by
or flow-through) per hour is greater in a microchannel than in a conventional reactor. As
shown in the examples, when the C3 to O2 ratio was 1:1 and the peak temperature was
about 625°C the productivity of the microchannel is greater than that of a quartz tube by a
factor of 1.9. Volumetric productivity of a microchannel reactor performing propane
30 ODH could in one instance be 15 g/ml/hr or preferably 30 g/ml/hr or more preferably 60

g/ml/hr or even more preferably 120 g/ml/hr or more, in some embodiments productivity

is 15 to about 150 g/ml/hr.
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5 close to 650C the productivity of the m crochannel was found to be
greater than that of a quartz tube by a factor of 7.4. Productivity of a
m cr ocharwelo3neses or perform ng ethane ODH is preferablyPat/useasi21®270
g/g/hr or nore preferably at | east 600 g/g/hr or nore preferably 1200

g/ g/ hr or even nore preferably at |east 2400 g/ g/ hr. Once oxidant has been
m xed with the hydrocarbon the potential exists for 10 unwant ed oxi dations
to occur (i.e. the product] he, ihopeebdtiony ef the oxi dant
into the hydﬁBgéercﬁﬁqgo seg}agggg?logge\ﬂ%%@%%%@jeﬂﬁt ups%r eam of the catal yst
(as Was JHABEDLY thelefinsithryd oteifior(foc et ctdpred produesd EBHASES) has the
potential to reduce these reactions es | gassesr.are at or
near r eaestalyhof eiPET AERIONT Fgﬁﬁﬁgtﬂimlcﬁgczl?%%k g%é?/g?&gogﬁé}ggt ti me based on
the vol ugg.DalweeR dNGib Was10: Dabdxidint whi dhardhes DxigairmPEBEDHEaAct s t he

hydr ocar bon and the point at which the catal yst ,starts.i nekerably less
t han 5 156losmto 6p0%6F G prodBetVity ok de PHCFACABNG VA Ou%%?oe&pélgaft%?}éagltgjtl ess than 40

ms or even pone ¥ PrE&stibiRAeT abfichRhanfblieedcadrperfarmingitidnet he
undesi raBTaﬁg%bﬁbbgg{f?‘%ﬁ{%?act i ons 1plir%a‘(@)@cfeed are de nt,on the total
EEE R

pressur eom'Hfspirefmabla%liaqjﬂé@g/aﬂ’éoﬂ@%ipﬁ‘ﬁe@&lyiah _ e of reaction in
addi tion e%%@ﬂi%@/%?&%%ﬁ%fe p?é'felfaﬁl? O¥hdanto gamti al pressure that also

i ncr ease8™ Y o 1's fixed and the total pressure is increased.
These undesi r @hbeotiéachisirsn mwed bith theriydrogagon BRACEAS! PR vities to the

desirable olefps .paji ntained /if .t . i gld BOSS TYE BjdcBordéf theast 10
atin And UpNaniedetidaions Oﬁc?rﬁl'?'ﬁhgr}’g?%u?{éﬁ(gil yst zong is | ess than 15 s or

pr ef er abl,y;dh@Ssto thé@Rrkafbonsiram @pvies pars) gushimsiredne gkthe FEMYS (B W or even

nmore preferably | ess than ms. 25 Undesi.r I pe m nim zed
and t he geheiithePPHeg @Hrqcﬁgma@fﬁ?tébﬁegﬁé?me@?%gagﬁg?%giﬁ?lggéﬁc in a anot her

enbodi meng ..t he & s lpeblif bndiRseiNes ajest ai nehemsdtion Gerateratern (40AE)- Lont act

tine in t{lle pre-catal yst” zone is less than 7.5 f Less than
4.0 ns orpre-nwalgstspribelitiag Basqdendhe Wi‘l"‘fn?ltjﬁwﬁeﬁl By ﬁ%?;%ééﬁtﬁaggvglcgﬁ%%%ﬁgbl y less

than 0.5 me. | erbRdh TR whishdisdatadiat eartseia ptefepatdy osarthise mi ni ni zed
and t}fe chpt&c: iﬂ%ﬁ ?%og%gnthe dit)asi rable 30 o| efins mai nt ai ned j)f t he total
Hessdiany e

i nl et presOuisoripsefatblydess thag(> sus9F BREF RUpisTab T3'ne pre-catal yst
zone is les n 4.0 .ins or preferably less than 2.0 ns or nore preferably
| ess tha?’fef'isf’f%{]yﬁlgssgl?anef\f)ens'rrore preferably |ess than Oé,cﬁq? gs (iOtV\D

03/ 106386 PCT/1us0akd 424 lch thnendesirablerrombuFips FACBIPS PR A BEHBTH 0T n a

single pass) is preferably 10% or hi r, eseRh-8t 6f @Mtvn absaditiod0% or
hi gher, n@?@tﬁrpé‘?séWSM@ lllf%%%s%drprﬁﬁs%%ée%?ﬁ \}%{rlﬁgfﬁosfeer prefer arl;%i{?cSQ%, or hi gher.

The | gyel 40§ a@%’é}?@ﬁlﬂént%ﬁkl@dﬂidahtparﬁabpmﬁr’@dt airogaieasesgf the (GeRPE0 1S 1 t he
a

case ere hore n one val uabl e ;al kene _¢an Q. rablv at
| east 109%ixed and the total pressu:ceais glcreased. lThese un&esnaﬂﬁug rega{oq? gan Heﬁmﬁfnﬁﬁ&i y

and the selectivities to the desirable olefins maintained if the total inlet pressure is at least
10 atm and the contact time in the pre-catalyst zone is less than 15 ms or preferably less
than 7.5 ms or more preferably less than 4.0 ms or even more preferably less than 1 ms.
95 Undesirable reactions can be minimized and the selectivities to the desirable olefins
maintained if in a another embodiment the total inlet pressure is at least 20 atm and the
contact time in the pre-catalyst zone is less than 7.5 ms or preferably less than 4.0 ms or

more preferably less than 2.0 ms or even more preferably less than 0.5 ms. In another

embodiment, undesirable reactions can be minimized and the selectivities to the desirable

30 olefins maintained if the total inlet pressure is at least 30 atm and the contact time in the
pre-catalyst zone is less than 4.0 ms or preferably less than 2.0 ms or more preferably less

than 1.0 ms or even more preferably less than 0.25 ms.
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5 preferably at |east 20% preferably at |east 40% and in sone enbodi nents
10 to about 60% The yield of product alkene or al kenes and/or aral kene in
nol % perwoyshes3se preferably greater than 10% and nor e PpmafSes adaiiy
greater than 20% The total yield of product al kene or al kenes and/ or
aral kene(s), in ml 9% is preferably greater than 50% nore preferably
greater than 75% and nost preferably greater than 85% The specified 10
| evel s of conygy %I'Q%t céﬂvﬁsf&n%@ﬁlycﬁ&la%h'(ﬂﬂatsfi’qwé)ds hrefetabtieross aod as

ude a

exenplary and'in val ues such as yield Eeor cycle of at |east 15%
at | east hafdh, netcprefesablyedtouid% entighsr. sunpiefgablntq’s onljehetiYen Pffges and

condi tions ca&?,%%f urhiisg t}%l[ THQQ@%%B&Q@‘@%@&W% £ £B6& Préivch& préaserpl es and

the i nvemtioh Ude I"”"ranges” an imum | evel s of conversions, etc.
descri bedn taea@iwherd nofethal ae vanatils illseredan baformedsis nefereblytat lgstdA

 beds i@t nerd doissha _ AIESEBSTREANE e
Cuper for Traeml el P peReRly PG T AT ARaR YRR RNEA Il | L

e i'niten I's disclosure be
broadl y igpte e fleRfbipRodubicdlikie odkaes pid@nsliche iuneons dyekd s (and

ranges) of conditions and results. en_conver shd r. r than 90%
great er tiefarablyogreaigs dqangd Vs %‘?déﬁ?fle}’re%%@&g’éwef ﬁjﬁlﬁaggoo (:egtr)lta elagfzo i eved with

gas flow ﬂr@&tf%‘?alf&fnegﬁ SRELRS ab 1@ hraiRer@QR)) iNmol %, Brpecftebly gRitet Han 50%0, 000 h-1
and even greater than 1, 0

, h-1 1n an fxidative g:y,ﬂ}f?gsﬁention
process imora priferld iseeaive thap d306+ B MAEhPRET3Hles e P diAn b d Y40 "t he
present 1 VGntdBNHa%e JRECHAIESAREY Sfbuld be Widtdstoob@s aRmaTeNindinclidtose

e ar

skill it many changes and nodifi cati ons ma%rbemae W t hout

depar t i ngalfvahwes vk & wieddypdr oyeld of at fegsttp Yaaidpash3Pacts as YHLABHEAGEDE ¢l ai ns

are 25 therefo i nt ended AV I ShRNRARY vandefRdid oG | ons as
fall vvith"i‘sr}%ttﬁégn{"r P ISP Cogl%lgéscz%%geo the Invention. EXAMVPLES

DESCRI PTI Mnfes REVKHEES/ caorTinclodeghai nengehandmniainpine éevele of $NCTSIORe CiCer m
"pel l et" does not

S have. its usual ani.. . i-al: aning of a
m cr ochanfgsfrited dRereigy Ié’ﬁﬂl?f’ SpYjEod ¢ eé%urnlgg teeagﬁg]aél?%%@ﬁ%nﬁ%%% n\?{f'?we
m croghangehe %eg&ﬁ%ga%kéﬁdea neRie wilbsive egbetior pswts iaodit &ahérelorciohdedg on 31 WO
03/ 106386 PCT/ US03/ 16210 bhoth sides of thg %%r.otcegsf%grg]%q@%ﬁe(gn@nd use
pre- m xedthrebissliscipgire oppropfly geprsted 9 aielide JETRAFR G FFom 2. B8 (91 cm) | ong
pi ece of Qanggioﬁc’lmgitﬁhmndlr&gggpel TM 625 bar stock wusing a conbination of
wi re EDM pFunge EDM conventional machi nin nd | di ng. . Each device
contai ned 3 mi Oxymshapmysrsions of greaserdha Wm%@??éﬁﬁ&ﬁ%ﬁ&%&%&a etween 2 5
0011 10 1 01 CEORNRIIAIctn b RS b bRk o0 oReaianos wpepar al el i

alternatif . o '
20  than 100,000 h-1 and even greater than 1,000,000 h-1 in an oxidative dehydrogenation

process in a microchannel reactor.
While preferred embodiments of the present invention have been described, it will
be apparent to those skilled in the art that many changes and modifications may be made |

without departing from the invention in its broader aspects. The appended claims are

25 therefore intended to cover all such changes and modifications as fall within the true

spirit and scope of the invention.

EXAMPLES
DESCRIPTION OF DEVICES

30 Throughout the Examples section, the term “pellet” does not have its usual
meaning, but takes a special meaning of a microchannel testing apparatus as described

here. The “ODH v1” microchannel test pellets were designed to provide active cooling on
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pl anes 0. 040" (0.10 mm) apart. The process channel in each device had the
di mensi ons 0. 020" x0. 300" x2. 65" (0.050 x 0.762 x 6.73 cm. Each cooling
channel a0 oshes3seli nensi ons 0. 020" x0. 400" x2. 038" (0.050 xPLTABOX1RIAL7 Cm).
The cooling mcrochannels were fornmed by first opening the channel for the
entire length of the device, 2.8" (7.1 10 cn), and were then isolated from
the process channel in the header and footer region by the insertion of

pl ugs that bsequent g@&'hﬂ\?ﬁs@ tb_infeRkRae Th DU vegdeisng 1 ow

| engt h o% b‘{eﬁﬂgﬁﬁg’fo es?&é%ﬁxcgl% P 17 cm  Access to the cooling
channel s wyasfabadbital fred2.8t (7 hen) 1nh$ple@rni Odét' I(le? cighlgonst ™6 bpeYie%t by

machi ning a 0.43" dianeter nor. OhinB¥iagd Rbigilee pellet the
dept h sufdfingp&ppLPgt r%é{‘ﬂre% RFeEed oo ?l %manemségut notn%t he

react ant .gafddvidelbdhiaed 8 mi@bchaheeld e\pro:ce35| mwicpemnndeandwiclrdgetvgen 2
Therinowel | s for thernocoupl es I‘OVI ded a o the inlet
face of tcﬁ@hnggw@%g%mlﬁ%scﬁ%f@ \Aﬁ{yoar]ilg hptnels %%%)ga(}ggélﬁp tek{?eﬁ%m dant

header a’])‘i'anfef@b%" (0.10@urYdparY. The pﬁ%bis&hﬁnﬂéﬁh&a(ﬁhﬂtvm il fhedimensient enent  and
passi vation

ayers and wi t hout heat ”e}%f ment _or h%nslj gghlon | ayers. 20
The ODH \ﬂ@ZOb?é]3(19t'X?(@%é0ﬁ$‘b7&9§627’j6\Xé§ B Aeng §haRPe SR 86t i ve cool i ng on
one  face,o nsEo%?O%EG‘&@QB@QQ%ES%O\S@kH0@5:3W&lﬁ)lerhkheolﬁ@pﬂetobhanhdm nt roduce
t he oxi da intot reactant in the process nicr channeég,\/{galcopposed jets

j ust upstwaamrmedahyﬁtseomtnalt%qhameéﬁqﬁlthei%@rq1ﬁ“%h%Cet‘F MEe tant stream
enterlngt e reacti.on.z Ein b & alB B ofeaRipicmalyed from a
pi ece'f qr&cﬁrﬁewefﬁ/f}g&'fo%geﬁ%;ggﬁgg%l&rﬁgﬁ%g of wire EDM 25 |§| unge EDM
convent i omalnseraeNbNplogs tmrdveveaduUsaqgentWhear@mldacmn pdgea fifas refedng H9%ed by
cutting a 0.80 mde ek&lasi N the bottom
of the pengteet 6‘711"1 %@r‘ﬁ? end o cgssfé(% hg%(h gh%%d of 't he pel | et

cl osest t@ot&ﬁ@ R alelet dnd ouﬂé’t&ﬂdsﬁﬁ‘fﬂhd‘[&dietdﬂ matvhmmgtd (é"lr3"silétj@et@"fh0iehe pel | et .

The cool ant channel was forned_wh e 41 19 mm tenon is
i nserted lll@‘@aitﬁ@heénﬁﬁ%ﬁ?ﬁeqftlﬂmle\ﬁg%d@ﬂbsfgﬁ%?ﬁ 00?5 %%ngéﬁég?ﬁ%%é 81 cm. The
cool arp% / p&&ﬁﬁe’?éb%?t ths rletdd 6 AeMlishb e oftid @tvmambmuﬂédah Fio6ts for the

cool ant are provided at each end of the tenan i.a 1 cm t hr ough
hol es. ThE&happwsinigr @ﬁsﬂg@ﬁuﬂl%st‘%erW@dF%?%?f“Bfob e%fgff @ mm di amet er

through 32 V\pmq?iij 31891%% gn %@Eo%’%%és%@ 2iBe okhﬂlarﬁiheédér &ﬂdl&“obt@lp Taé ODitev.pi ece. The

first twoPhor ave elr centres located on a |ljne 1. 82 cm downst r eam of
t he inl et péleevae dmlyigthertiraatemsatndgiagheyagen {apers Al VikouE hepy fregment i ko | e
The center of the third hole is located 1.35 cm downstream fromthe inlet
face on tH%SSW?&(inglﬁye&ént er line of the device. The final 2 holes have their
centreg | ocat e'dhs)@DaN::ptﬂleﬂ(s&Hﬁgureﬂ)d@&/@@tgnéhﬁmaBﬁwtaﬁé/elcﬁP]&g‘F’aﬁf‘é and 1.96

mto eac rt]acg Iog t%e (I)r];crtoc anne \éé \(;veell as to)ﬂa\?‘el the g%ta@ 'Ey to introduce the oxidant into the

reactant in the process microchannel via opposed jets just upstream from the catalyst

resulting in a well mixed reactant stream entering the reaction zone. The body of the
pellet was fabricated from a piece of Inconel™ 617 using a combination of wire EDM,

25  plunge EDM, conventional machining and welding. The coolant channel was formed by
cuiting a 0.80 cm deep by 0.76 cm wide by 3.81 cm long pocket in the bottom of the
pellet 5.71 mm from one end of the pellet. The end of the pellet closest to the pocket is
then defined as the outlet side of the pellet. The coolant channel was formed when a
second piece with a 7.19 mm tenon is inserted leaving a channel that was 0.076 cm x 0.76

30 cmx3.81 cm . The coolant/process web is 0.126 cm thick. Inlet and outlet ports for the
coolant are provided at each end of the tenon piece via 0.175 cm through holes.

The opposing oxygen jets were formed by putting 5 0.51 mm diameter through
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line. The oxidant header was formed froma washtub type header that was
fitted over the area containing the jets and welded in place. Wl ding on a
pl ate seavedstb@sopen face. Thermowel I's for thernpcoupl esPagrisoprave ded at
locations 0.73, 1.84, 3.11, and 4.22 cmfromthe outlet face of the ’
process m crochannel on the face opposite of the 10 oxi dant header and
footer. Prior to use the ODHv. 2 devices were cl eaned by sonication for 20
M n in heyxalen meabhlof tad hiewedhdfirsi tWwEioks bavd theiP @irbiNGGatebin lingrl @21 20

m nutes. After the cleanin ste t he device ected, to. h
treat rrentcnpdwméﬁmeé@émf%%?@ aﬁﬁl Samina fo ??éléfld‘\fl\aéa? ﬁfé}ﬁ K a‘f”l"i‘eceglhr? fe gces of the

devi ce t 2@; ‘f{?ﬂgeglﬁa?%f thé ﬁﬂrd%ie Mdched NS5 c&@ob&ﬁ%ﬁfﬁodﬂﬁﬂﬁﬂ@t&ﬁ&bﬂﬂ&hmr e

passi vat al um na sol -coat (D spal 14N4-25 Thi s one hy
forcing thsalabnied lime of tle deview ubfte fingb2 h‘é&%ltaé(ﬁfheirr?%%esﬁ%fe qn 2ding iﬁgh the

reactant i 61 0ChannCl 139 Ml 1 OeREAMEGLL LAOLOKe B dintdirt he sol to

remai i no™ ASWESFEE TR 15 M e ST aces Excess sol was then
renmoved UBhdThdbtidayaedpuwgdornsdrimeam Whmmhigpet hﬂa@qxgw wae fftedeahe inl et

and, to ensure the }&Pgé?g@g‘ﬁ??:ﬁ“‘%ﬁmgﬁ’v%gg%ﬁggl e§1|e gtogg}efa%sly t hr ough

t he oxi dafff? PHERS evi c i°Ci ne heating to

igggcat S L alt ?ﬁm&ﬁél}{ﬂf&r tﬁ&rﬁload)dpdmlwdre provmeq/atscbo@mys)o Bnd-3¢) t'Behl meht ed to
an e ere for Table 1 Heat, Tre

For COH vAIBemiETs aoutr FESb AP E B H B oA R or B Y5 a  Corment & -

Rat e ¢, Ti PRgMAGIN stiaphier & 1 Arbient 0 200 SCCM N2 as needed devi ce 3x

and replenish N2 84 SCCMH2 & 4 hr N2 fl ows vi.a bu o 900C 3.5C/ m n

200 SCCM N2 15Pmidrrio whetthe GREY- théﬁléeS@Y@eéea%dtW R %r&r “émélb THhold - 1

SLPM N2 3
a8l w‘éd%?%eémﬁ% 5097 1RQY, SEEWh N2 28%hinites. hifesthe cBardfHOC Hol d 200
SCCM Ai r Ek&. SLPM for 10 min 6 25C 3,5C min. 200 SCCM Ai r 4hr 38

mn 33 \QepBlelioeis8daPapjetied 8y Hegptrgniment protocol (see Table 1).
After heat treatment, the surfaces of the device that come into contact with the

15  reactant hydrocarbons were passivated with an alumina sol-coat (Dispal 14N4-25). This
was done by forcing the alumina sol through the reactant inlet tubing, through the
reactant microchannel and into the product footer and allowing the sol to remain in
contact with the surfaces for 15 min. Excess sol was then removed using nitrogen purge
stream flowing through the reactant inlet and, to ensure the jets di(i not become blocked,

20  simultaneously through the oxidant inlet. After coating the device was calcined by
heating to 200°C at a rate of 1°C/min (to allow it to dry slowly) and then heated to
1000°C and held there for 1 hour.

Table 1 Heat Treatment Protocol employed for ODH v2 pellets
Step Temperature Ramp Flow/Atmospher Tetal Comments
Rate e Time
Vacuum chamber &
1 Ambient 0 200 SCCM/N, | asneeded | device 3x and replenish
N»
84 SCCM/H; & .
2 s00°c | 35eCmin | 2008CoMM, | (FE | D Lons v b
with H,O vapour P
3 900°C hold ~ 1 SLPM/N, 30 min
4 1000°C 3.5°C/min | 200 SCCM/N, 29 min
5 1000°C Hold | 200SCCM/Air | 1hr | Al @ISERMforfust
10 min
6 25°C 3.5°C/min | 200 SCCM/Air | %
38 min
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Two versions of the' ODH v3' mcrochannel test pellets were fabricated from
1.27 cmdi aneter Inconel 617 rod via a conbination plunge and wi re EDM and
convent i owelo3/1e@shi ni ng. I n ODH v3a the process channel wasTfusoiretiby
cutting a 0.51 x 9.5 mn 5 axial slot in a 5.09 cmlong piece of the rod
material. In ODH v3b the process channel was forned by cutting a 0.89 x
9.4 mmaxial slot in a 5.09 cmlong piece of the rod material. In both
versions, a 1.85 cmlong by 4.8 nm deep pocket was then cut on either side
of the process%v&@é’é?%? ghﬁsobﬁ%' RfrochaR] et elngd wereMabrhered fo@r Mal | s of

t he process anne the outside of the pellet. 10 ODH v3a/b pellets
wer e heaterh ldeateedhfcolhdléw g Vihecqmrianasien plunge EPQHY%G EDMgnd gpnvgptignal ¢ eat | ng a
sol -coat of .al.um ey forcing
the alunPAGUERY f(?%) spa?%ﬁk&%%%ﬁﬁgﬁ%ﬁéﬁ%rggggg?hgﬁ‘gﬁﬂnd al | owi ng the
sol tos remmloltma5:0)91¢radmlgm1¢chOfﬂnercsimﬁalcﬁéslrf@DHIébﬁhmeﬁ&@ﬁn@bat| ng the

devi ces were, cal ci ned. by [ﬁff dy and then
heating t 82668 4 g dxlf;l e 3’%1"11 gOQ%gg Qéiilé%l rfpgéecreaaoﬁ}l?g of 1 hour.
The ODH v3aieRgl e botWasrsiofs adsfdnt bhg by t4l’8mm®bmpnqha ves |then@at oremidher

subequently with a silica s coat 5| | ica al um na
coat on t fide eiithe Prpagss ganpelh %a\%avin@r}oé é’fI}ef) ]il%o ét%r%ge'?ed sol ution

of NaOH f anﬁ&\éﬁ&{:ﬂeot]@}d%%fthe elidtowed by cl eanl ng t he net al surface W th
acetone. The bare Inconel 617 pellet was th&? a[tag% ilica sol
(hydr 80 ysed te@DHeﬁWpeB@tws@.heﬁfctéﬁa@ et Pﬁ’“&&é@ 2t ’1%‘? to gel
for 48h i lilﬁx{i'iﬁ@()v% o8 dﬂShﬁeR@HeetThwastdaﬁ@bi mréihetedri ed at
80C for ﬁ eﬁ(glfgla%l (fgg&‘a cl nat?ﬂt’)ne(fornat |aon of glass). at 1000C for 3h.

Tabl e 2. bckaaimaTspbmlmht@F'r -dDdieto Itheanipriess edrted pndatioins thiesql & Emamdp

&1 Ao B SB0 SRR S AR ooy aaee ShRE: ﬁég*jéﬁ?%ﬁd e s e &

4 hr Nz f koY@ °Qiata htdoddl1e€/min bind then KOO B. 19096 witRabolddmerantie Psakni n heat

t ape 60C with H2 vao 3 3.5C/ mn
500" SN RESEE AL bI50GE PR Sge oAl T ﬂl%nié‘%jfg%%%r first
10 mn  Guikghendly HhH silicd Q61 DRICIWD fAirn thdsiliGBond, the alumma coat on the ODH

v3a pellet was removed by sonication in saturated solution of NaOH for several hours,

followed by cleaning the metal surface with acetone. The bare Inconel 617 pellet was
then dip-coated with a silica sol (hydrolysed tetraethyl orthosilicate (TEOS) with HNOs)

20  and left to gel for 48h in air at room temperature. The pellet was then further dried at
80°C for 1h followed by calcination (formation of glass) at 1000°C for 3h.

Table 2. Heat Treatment Protocol employed for ODH v3 Pellets
Total
Step Temperature Ramp Rate Flow/Atmosphere Time Comments
. as Vacuum chamber &
L Ambient 0 200 SCCM/N, needed | device 3x and replenish N,
. 84 SCCM/H, & 4 hr N, flows via bubbler with
2 900°C 3.5°C/min 290 SCCM/N, 15 min heat tape @ 60°C
with H,O vapor .
3 900°C hold ~ 1 SLPM/N, 30 min
4 1000°C 3.5°C/min 200 SCCM/N, 29 min
. Air @ 1SLPM for first 10
5 1000°C Hold 200 SCCM/Air 10 hr min
. . 4hr
6 25°C 3.5°C/min 200 SCCM/Air 38 min

Inconel 625 tubes (0.25" nominal O.D., LD. 0.188") were employed in the ethane
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I nconel 625 tubes (0.25" nomnal OD., |I.D. 0.188") were enployed in the

et hane 34 WO 03/106386 PCT/US03/ 16210 ODH testing. Prior to use these

t ubes werwohgaoss t o 1000C i n stagnant air and held at thiPSTiGSopenad ure for
4 hours. Scale was renpved via sonication. Exanple 1 - Propane Oxidative
Dehydr ogenation in Conventional and M crochannel 5 Reactors The ODH
catalyst used in all the testing of this exanple was an My-V-0 catalyst
cont ai hi NG9 %#MGP[O%Q b ¥ XpeY2 Ratatitd NoomeC fragsranas Mf n9QmR/ g.

Catal yst was pelleted . to a size between 250-400m (pressed to 5 tons,
ground anthisiespertuss for ¢ heurs.dSesle wep remaradi VihenigAiP™: hen pre-treated prior to
reaction at 500C in 40nml/ mn 02 for I h. In 10 Table 3, "quartz" refers to a
1 cminner diameter quartz tube containing the packed catalyst. The

exot her m cEixampkafl ~tIrepane &xidative Mely dfagehatine dn Bpneentipreal ﬁlmi:MaﬂmCéa%ehced at the
bot t om_of catal yst bed. For safety reasons, at the beginning of the
reactlén l%‘?f‘ 89en was i ntroduced into the feed mmcking ODH in air

(02: N2=1: 4) . LaheODHi datalysstsepiv a;bth&ﬁesmqufthih@camﬁlwaﬂamMg VolOlckielystout

Stop, oo ansgbeSogr e s bbb iolRh SR Siusal BTOE At T on.

stream qulah&e&oléfsfz@%n&fm M\ﬂl)ogﬁa GRR¥ANS b Ehs agashrﬁalna@fevaﬂ dfg/then the a M cro
channel Péllet C3:0 1, ODH vi_Device Quartz 9.1 C]i)H

Bl ank Tutsi@smd*framm%am ﬁlewm-twedmarrtpzeapwt 59@4§\}n\%)’eﬁ}7ﬂm0mf°ﬂ B3 62 157

62 C3 on., 4*913 9 qgﬁ?nﬁ Ao té 3Bt/ Qb Oconfaiking B Rdegne Yield (%

21.6 1%09\‘%1%3 naflé% %’r 2 YR %luwzel e e s 22 1 18, 5

43. 6 31.00aays1se|ect|wty %30 o 36.8 50.7 42.7 45.3 22.1 27.6 CO CO2Ratio
1.02 1.19 1.57

. . . .11 @Z ﬁhg2 3 66.4
61.2 36.9 39. 9%%?’%“1%%“?}%"%? fé‘e ?i?g&)‘%‘% fgﬁ&%e%é’syfgﬂ?% “g’ ‘ga"l 40°6. 1
Sel ecti vi thpttbd o€Be Yatdlysilbe? B séﬂty@ea%&sSatZl& ®gibBin2 of thedeacBeh agtdgeiity to CH4
0
é) g ? 3 > va'as]fntg'o%ucedjir(l)to E‘?heltged m1rmck1ng 8?)|Pfl%ta{r\fbt Xlzt 4)%]’[%16 1n0a SerQVige 0.11.210

15 way, the diluent was pulled out (ratios of 1:3, 1:2 and 1:1) until it was completely

removed. At each step, GC analysis of the reaction effluent was done after 5 min time-on-

stream.

Table 3 Effect of LHSV on Conversion and Selectivity in the a Microchannel Pellet
C;:0,=1:1, ODH vl
. Quartz | ODH | Quartz { ODH | ODH | ODH Blank
Device Tube v1* Tube v1* v1¥* v1* | Quartz tube
LHSV (v/v//hr) 4 4 32 32 62 157 62
C3 Conversion (%) 49.2 55.0 38.7 48.0 | 433 79.9 57.6
Propylene Yield (%) 21.6 16.9 15.0 11.5 9.7 13.0 13.5
Olefin Yield (%) 30.9 29.0 18.6 22.1 18.5 43.6 31.0
CO, Selectivity (%) 30.0 36.8 50.7 42.7 | 453 22.1 27.6
CO/CO, Ratio 1.02 1.19 1.57 1.11 1.37 4.55 6.90
0O, Conversion (%) 66.8 67.3 72.3 66.4 61.2 36.9 39.9
Selectivity to CO; (%) 14.8 16.8 19.7 20.2 19.1 4.0 6.1
Selectivity to CO (%) 15.1 20.0 31.0 225 | 262 18.2 21.4
Selectivity to CHy (%) 6.6 9.5 1.1 10.0 10.9 19.7 16.9
Selectivity to C;Hg (%) 0.6 0.9 0.1 1.2 1.0 3.6 1.7
Selecuv“-"(f/c’)Pr"pylene 439 | 308 | 389 | 239 | 225 | 163 234
0
Selectivity to Ethylene (%) |© 18.9 21.9 9.2 222 | 203 38.3 - 30.5
Catalyst Bed Temp (°C) 540 540 636 540 | 542%*% | 512 538
"was not heat treated or given surface coating prior to operation

90  The results in Table 3 above at a C3:02 ratio of 1 and an inlet gas temperature of 540 °C,
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Sel ectivity to Propylene 43.9 30.8 38.9 23.9 22.5 16.3 23.4 Selectivity to
Ethyl ne (% , 18.9 21.9 9.2 22.2 20.3 38.3 30.5 Catalyst Bed Tenp M 1
540 540 o686 034®38612** 512 538 was not heat treated or gi Pem/Gsos/iace
coating prior to operation 20 The results in Table 3 above at a C3:02 ratio
of 1 and an inlet gas tenperature of 540 C, 35 WO 03/106386 PCT/US03/16210
show that at the | owest LHSV=4 conversion in the m crochannel device is

hi gher t h%%\\EvE}Lal?_g\}fl%fégv(g%ttﬁ—fbﬂ%oﬁb@&ox?ﬂﬁﬁ@ﬁﬂor@h@ﬁdepd&/ﬁ&|1§111F§er@{31ﬂIﬂﬁ*Xi mat el y

t he sanme erature in the conventional reactor rises to
636 C V\hlﬁ)@dﬂaétaztndlthattoheranmteﬁn&femmepprommnﬁlyrtbe sames A LBSYF32:4tee t he better

heat renoval properties o [.OC e r
t enper at JF]é‘P‘?ri”FulteH’é t%°8?¥?8h3?1alrﬂéﬁacmﬁz%srle\slgofés%%oF Wlﬁ%t% ﬁétrn?nthg }%Qggﬂr?ﬁfg? i s higher

and ol efjcpa¥i 8 doics dak sPthbbgheheat AtmdvklPropettisr of ﬂleumeronha@ndclﬁﬁﬁ%l devi ce

there is a slight terrper ture to 512 C, .whil n and
ol efi rf yithp @Weh@ﬁ@ﬁ@é‘r%% %‘F‘ﬁ“&l CONSFSHE P thel tof %ﬁeﬁ? E:ég%% %ut ( hi gher

LHSV) it M {E:le@@s ngqggﬁe@qAﬁLhasvi em@rﬂ&iruircﬁ)chamall dbwca dreesise shght i n t he
m cr ochanne

he tenp eraturefalls slig t expect ed
t hat conv@m&;m@fﬁr@vdsm@ F131°C whide th Fc‘l’ﬂvﬁﬁ@P aﬁllgl\e/t‘ 5%138?3%5@?82&3%%1%5 Pt does
here.  Thig. 54y g{ 1# ?ﬁé?%r&@g‘ﬁ%tghigﬁ@ 1988 St Whal be bepedied tackmpaeturdevi ce s

operating In a er ent e to the conventjon nd produci ng
unexpect edbyid icglase/iue e oficroghapigl thedpraparatare fat lsssggliltg’ i(td‘f O“F‘ﬁaj%‘ﬂ? ‘ons were

conduct ed_at L O3 &l iLLHQV} ndlick inoadagk 45t dsedhat. about 545
C at \%ir y?’W@Ctgga%teco\r}g%rgg]?ﬁ\@gq%l%\o 1§he auartz tube and the catal yst-

cont ai ni NYhiek@padharend! indicatet tat the mlwma@eh‘frm’ icedheperaipaine SHEGAt conver si on

remai ned at . | ess tha % % unti |
di l uent w&€%® ‘?/%03"?%]?11%501’(% E‘id &d%?&ﬂ&\r}ﬁﬁﬁeﬁ%%%ﬂl}] Mlgg%{/eg???gsne@]quirped to 45%

whi | e proprpgs.sel ectivity fell to 23% and ethyl ene selectivity rose from

about 7% to about 28% In the cat chanpgl reactor,
at LHSVs of 4,A Gefﬁﬁfﬁcu%ﬁ’\?@rqﬂ‘g# ag{)a% Pose 2dl(?glof%t)} gla F? tgnﬂlabout 50%

when dil ugny, uast 58MeVR a0 sbiUeSreloGﬂéﬁ&Sl&b ‘Ibﬂankqutzstmhltmnm ca@b'@hpam ed
by a substantial increase in et hé ene s%eectl Vi i
€

nodest  desert@aioe niigrochsreg yiagive 18 woeyhydropa ﬁgﬁo%vﬁgséon 1rell\]?%1 %/G?aﬁg the

catal yst- Ganhal foodgH rﬁé&éﬁ@ éé?&%lmy bEAGHTIY% @il iBYS wad refovél @ad,32, the
hydrocarbon conversi o

total yield of olefins 25 i ificantly
when di | udr), azxMwheane@VﬁnS@dest? 4%% mhﬂvg{gﬂpgn%eﬁ@}lﬁ%}) éﬁfﬂ/\% % ﬁ‘ginef fect of
C3:02 rat Ie%ylerrle Eeﬁ‘&n%yc rro%; ﬁ%@ggutrﬁ/aﬁtag&t% I’d the cﬁﬁyst—contammg
70  microchannel reactor, at LHSVs of 4, 6 and 32, conversion also rose dramatically to
about 50% when diluent was removed and this increase in conversion was accompanied
by a substantial increase in ethylene selectivity and in some cases, a modest descrease n
propylene selectivity. In each case involving the catalyst-containing microchannel
reactor, at LHSVs of 4, 6 and 32, the hydrocarbon conversion and total yield of olefins
25  improved significantly when diluent was removed from the system.

Table 4 below shows the effect of C3:02 ratio in the microchannel reactor ODH v1.
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WO 03/106386 PCT/ US03/16210 TABLE 4 LHSV=32, ODH vl'k C3:02 2 1 0.5 3
Conversion % 43.8 48.0 28.8 Propylene Yield %19.0 11.5 9.8 Aefin Yield %
30.6 22. IW0O®39063&0, , Selectivity (% 19.2 42.7 61.5 CO CeETRs03/06220 78 1. 12
0.92 02 Conversion (% 65.3 66.4 38.5 Selectivity to C02 %5.1 20.2 32.1
Selectivity to CO %14.1 22.5 29.4 Selectivity to CHa %9.8 10.0 0.7
Selectivity to C2H6 1.2 1.2 0.1 Selectivity to Propylene 43.5 23.9 33.9

(% Sel ectivity to Eth lene %26.4 22.2 3.9 Catalyst Bed Tenp C 538 540 544

was not heat treated or given surf At LHSV=32
there islan optinmum at C3: 02TABIE 4LENESE QI B oy gpene vield—and—tqt al
ol of i n yleld ar &k m zed. and_cabon onides ale i mimred-Chs—oxggen i
the. feeuls. iRGonsesnen Bt b br oporb Ao ald land B orefi o ZSbd ol of f
dr amat | chl LProrntenedisld Caliy ok | o1 ngldGi nee it worid—be—edpectett i th
02 in the f o Olefin deld) o) a kY t 1306 il he %;_e_éﬂjfpc"tcl‘d.y”d} W nmor e
A} = T CTTCT O vvouT A S .
bel i eved |t h&0FFERVEY G m wed *figd t-here v*fﬁlbe—mdmsl ;hase
conbust i pn_reSIGUREGecur b i ng—ahibae—of—|he—catayst—tiat—tggdt
OO i (e [ g agopd "of fthe oaledl yot_tihat Rat 10 a2
A A ) P W U A A=A %L %2 o1
e Y-S ST A X oL/ A WU A= AL bl OO~ 10,4 1) C3H8 + 502
oxygen i h_t BaecHURAO & Ty PSSt 0502 ="C3ph PG AS T8g amoynt of
lenve MoiLe. SaesivitytoCHbA 2T ) L1798 7 F P T oAbl - T b arjl and
| eave mope JiRe S phen avar tggtefor CBH Tesul tMg T THYeT T3r bon
un ; ld Slelgl‘lgﬁilul P{_(;)WC{eﬁea -JI aeST 1 €U 0Ol ITTIIr C pl’ Oauct s|. I VI ew of these
Cgfa)ége(r:a:,; P ”t’f(% "pre 20 #-xed feeds, vB-oul d lexpectt hat jas t he
LHSVS) _S’él@étvitﬂzfoétfluféngﬁ%)‘ T ERgly, g er Ijnear veflocitees (hilgher
V\KU|Céta.§lsctBé§§:g},%y(obj) eduCe gaS phase T eagjyl ons 544
*was not heat treated or given surface coating prior to operation

At LHSV=32 there is an optimum at C3:02 = 2:1 where both propene yield and total
olefin yield are maximized and carbon oxides are minimized. As oxygen in the feed

5 increases both propene yield and total olefin yield fall off dramatically. This is surprising
since it would be expected that with more O2 in the feed (C3:02 = 0.5) there would be
more ODH. However, it is believed that with a pre-mixed feed, there will be undesirable
gas phase combustion reactions occurring ahead of the catalyst that lead to CO2
formation. This reaction consumes more oxygen than ODH.

10
(1) C3H8 + 502 =3CO02 + 4H20

Versus
15 (2) C3H8 + 0.502 = C3H6 + H20

As the amount of oxygen in the feed decreases, the rate of reaction 1 will also fall and
leave more time and oxygen available for ODH resulting in lower carbon oxides and
higher yields of desired olefinic products. In view of these unexpected results, with pre-

90  mixed feeds, we would expect that as the C3:02 ratio falls (more O2 in feed), higher
linear velocities (higher LHSVs) would be needed to reduce gas phase reactions

occurring before the catalyst bed and optimise conversion to useful products.

Table 5 shows the differences between the quartz reactor and the microchannel reactor
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occurring before the catal yst bed and optim se conversion to useful
products. Table 5 shows the differences between the quartz reactor and the
m cr ocharwelonesss or 37 WO 03/ 106386 PCT/ US03/ 16210 ODHPEI/tsb3/142¢0 opt i mum
C3:02 ratio of 2:1 identified in Table 3 above. Table 5 Conparison of LHSV
Effects in a Mcrochannel Pellet ODH vl and a Quartz Tube 03:02=2.:1
Device Quartz CDHv1 * TQ ube ODHv1 * ODHvl LHSV v/v//hr 8 8 32 32 157 C3
Conver si oppRHvA%t theDptiBuR CHOF %tid o 9:19denRfiepinl Tehie S¥ibevel % 12.1 13.6 12.3
19.0 13.0 Aefin Yield %14.0 21.0 14.2 30.6 43.6 CO, Selectivity %41.6
32.8 46.6 19.2 22.1 COCQRRatio 1.32 1.17 1.71 2.76 4.55 02 Conversion (%
79.5 78. 8 735 Bomuath of LIS IE26d M b Micrb@arse¥Pelle: DDEDy 1knd 4 Qlaftz Zulk. 1] 4. 0
gelge(itla,v ty to CO (% 23.7 17.7 2¢.6,34.1 18.2 Selectivity to CHf % 2.1

. . 8197 SelectiVjigud T2Ho %.0]2 2 0.1 3.6 ectivity t
Propyl enp 12.1 Pgi® 12.3 19. Gua. ( Qgﬁéétivi%beto Ef v’ﬁéne P%%L' 19. 7y6.8
25.4 38. B Catgwek/Bed Tem C H49 [5388583|5383512 | wad2 not| heldf treated or
gi ven sulTaqs Gaaddieldedri of txs.coperatien The2radbl e abéve showd.Ot hat
conver si PN pREJIGRSAEd Bb) hi ghen.lLHSV (13Kor 1 er 128nt dct 1%i0ne) 18.0Thils is
agai n an| unexpgatedd pesul t| Asiost dt edlabove nélnallly ¥eénvelr si“df i ncr eases
with deCreas,8gedikSM Q) onperdioont|acB28i me) . 46hA tHe elanplies 24 Table 5 we
bel i eve {hat cbammg@efeous pasl.phase riddctilond.7are lal sh’bocclur i¥g ahead of
t he cat alystoamaerdi@aei)ng 1 o 7%%rilnat’B8n of Jda¥hon oxisdes TB69e reacti ons
consune Noreloagygencorzm ODH. 1710 (|1) 163H8 |+ 962 = [30051+ A2 OVersus (2)
C3HB + 04 50ReleetiGBHHCO (HRO | 15235 HSV7iTncrea$ld. 1l neHr! vel od®y ilncreases
and resi (enssectivityeo CH. (#he gas2phasle @head ofl4he lcat 88yst dnlr?,ﬂ;m es. This

reduces I ealetdtty b @8:E@8en| i n02he exabhl es préHucilng 12 3.6
Sele"““ty(‘}/o)l)mpylene | 121 13.6 123 19.0 13.0
0
Selectivity to Ethylene (%) 7.7 19.7 6.9 26.4 38.3
Catalyst Bed Temp (°C) 549 538 583 538 512

*was not heat treated or given surface coating prior to operation

The table above shows that conversion increases at higher LHSV (shorter contact time).

3 5 This is again an unexpected result. As stated above normally conversion increases with
decreasing LHSV (longer contact time). In the examples in Table 5 we believe that
homogeneous gas phase reactions are also occurring ahead of the catalyst zone leading to

formation of carbon oxides. These reactions consume more oxygen than ODH.

10 (1) C3H8+ 502 =3C02 + 4H20
Versus

(2) C3H8 +0.502 = C3H6 + H20

15
As LHSV increases, linear velocity increases and residence time in the gas phase

ahead of the catalyst decreases. This reduces reaction 1 as seen in the examples producing
less carbon oxides and leaving more oxygen for the ODH reaction resulting in a higher
conversion as shown. Going from LHSV=8 to LHSV=32 in the microchannel reactor

20  ODH vl, the temperature remains constant, selectivity to propylene and ethylene both
increase substantially while the selectivity to COx decreases substantially. This contrasts

with the quartz fixed bed where the temperature rises, olefin selectivity falls and COx
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| ess carbon oxides and | eaving nore oxygen for the ODH reaction resulting
in a higher conversion as showmn. Going fromLHSV=8 to LHSV=32 in the

m cr ocharwelo3neses or 20 ODH vl, the tenperature renai ns cEAFIENS/16210
selectivity to propyl ene and ethyl ene both increase substantially while
the selectivity to COx decreases substantially. This contrasts wth the
quartz fixed bed where the tenperature rises, olefin selectivity falls and
COx 38 WDOrigk3/ 106386 PCT/U803/16210 ri ses. The overall effect is that at

LHSV=32 the olefin yield fr mt 1 grach r.eac is.more than twce
that of the cohVeherdfd eCtrlé Eﬁsg)ﬁ&g}ftoi yl?_liiér\? geiméﬁmcgam ether C3: 02
ratio of %eaémrﬁm@&éﬁﬂaﬁkwkbmat&tt@é coab-@fiibhal Yéaelotl Tharataet LHSVaaseh even hi gher
in 5 the mcrochannel reactor without having a |arge increase jn

t enper at ubhoTLR2 o of 11, shavethaidhs il @ﬁ@%b”@@t‘ia@@e geeaisven Mgt it ons and
lead tg h't}&hﬁhro\éhzﬁl!ngﬁe&ftor%fhgﬁmla%g d@ggd fﬁcre@seciﬁfb‘x‘rﬁiaﬁahﬂ@ﬁ/hlcﬁ Qagidor. To
investigate the effect of surface coatings on ODH reaction tests were
run Wit himreasd tha uasetbciid gag ahaso srretibngiped k@@mﬁn@er yighle pHrasbonpridgSE at

vari ous LHSXS Shﬂ %&%aneratures The results are shown in Table 6. Table
6 Effect of:§7 ace Ireatment & LHSV on Conversion and Selectivity in a

M crochannel P&b lietstigdteQRe effe2t df smtTEIeIcv&BmgSum fha XD H reagtiongerts wra & | i ca Al u

5 5 50 306y FEPLsToR wlifiyal rﬁaf(t%s O D D B T Y50 1 16 1

21.1 41@-5t§x§)efhtur5’§.(1}hb’kd§ﬁl€saﬁ‘tﬁiodfn(lﬁ/ﬁ"alﬁee 2.4 5.2 855.58.5 14.3 15.2
Aefin Yield (% 76872657875987248174CO Selectivity(%
58. 3 63. 82.1 65.3 63 4 631 58 628 0 43 5 CO-CoRr-—0-—71-% 066 0.75

1.18 1.37 1. 582§ Fiipcim§Surfasy frep ;1662 ‘%&ﬁ@ 9 Céﬁve%%ﬁs%étl%wﬁao 85/5 82. 2
54.6 50. 6711 766 Selectivit ot : : : 11 26.6
23.0 9.0 1168 Sel-eeti I tq r@xc ‘T”Ob V33% 0 Ao L. 97 0 a4 o aq o 35. 6

19.0 26.7 Ssueeh rhdngnit 0 QA" Rty g LSE)‘TUC”/QB“"; 04 o0t 9.8 1

(
gonag 4 d min mma\ Aol N

1 1 \/ o [ T~ VA

Sel ect i virby—+pnEEHE 02037040 % O 5207 57 659 P 157 [ 157
C3 Conversion (%) 196 | 24.7 | 14.8 17.0 241 | 161 | 211 | 405 | 32.0
Propylene Yield (%) 59 | 82 | 24 | 52 | 85 | 55 8.5 143 | 152
Olefin Yield (%) 76 1 87 | 26 | 57 | 87 | 59 | 8.7 | 248 | 17.4
CO, Selectivity (%) 533 | 63.8 | 82.1 | 653 | 63.4 | 63.1 | 58.6 | 280 | 43.5
CO/CO, 071 | 121 | 0.66 | 075 | 1.18 | 137 | 1.55 | 2.11 | 1.59

Ratio

0O, Conversion (%) 90.6 | 86.8 1 92.0 | 855 | 82.2 | 546 | 50.6 | 71.1 | 76.6
Selectivity to CO, (%) 33.9 {289 |49.6 [ 374 29.1 | 266} 23.0 | 9.0 | 168
Selectivity to CO (%) 243|349 3252793431365 356 | 19.0 | 26.7
Selectivity to CH4 (%) 28 10710307 ]02]04] 02 9.2 2.1
Selectivity to C,Hg (%) 0210101 ]01]01]01] 01 1.6 0.0

Selectivity to Propylene (%) | 59 | 82 | 24 | 52 | 85 | 5.5 | 85 143 | 152
Selectivity to Ethylene (%) | 88 | 2.3 | 1.3 [ 31 | 10 ! 1.9 1.1 26.1 7.1
Catalyst Bed Temp (°C) 537 | 539 | 499 | 541 | 542 | 552 | 546 | 599 | 631

Comparing examples in Table 6 at the same LHSV and temperature it can be seen that the
silica coating has a beneficial effect compared to alumina. In these non-optimised
15  experiments, the silica coating gives higher conversions, higher propene selectivity,

higher total olefin yields and lower CO2 and methane at all LHSVs.

Example 2 — Propane Oxidative Dehydrogenation in Conventional and Microchannel
Reactors

20 The catalyst in this example is the same that was used in Example 1, except that 5
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Selectivity to Propylene (%9 5.9 8.2 2.4 5.2 85 5.5 8.5 14.3 15.2
Selectivity to Ethylene (%9 8.8 2.3 1.3 3.1 1.0 1.9 1.1 26.1 7.1 Catalyst
Bed Tenp WO93/106380 499 541 542 552 546 599 631 Conpari ng @xargshess2i; Tabl e
6 at the sane LHSV and tenperature it can be seen that the silica coating
has a beneficial effect conpared to alumna. In these non-optimsed 15
experiments, the silica coating gives higher conversions, higher propene
selectivit 0 Egt@ @gtgcak rlt%%e@mmﬁ&t hane at all
LHSVs. %ﬁ‘i‘t/h %a%&gd%‘léasoiﬁg&a#%%g o rogenatl on in Conventional and

M cr ochanme:lrochaeabdmcs: CZIDHWaéC Ua"f@ﬂey'ébel‘i)‘ﬁ) aodiie 2 exEPARIEC IS5t et BBe t hat was

used in cept, .t 0 46210 wei ght %
MO was Eﬁ@g% gé%% gﬁﬁ%ga}m 9@%1%"{?) nggr%%é%et gﬁg&tﬁ}gﬁéﬂﬁé&(rt ested in the
i cr ochanggktagiely ¢ewakting cofiparnd iﬁetbd: eatalydsof Bw)mmél whishavag elipiesitli ve test

y | Lz bl be, thi
et ol yst | Heviarees Satun atiegieh febdr (£ fnl e il bl et e o be TN S

cat al yst @fweEyaiRinenck offHiChtal@sinal thé)sﬂnzﬂB:’t éﬂme&r fumnrE tthk&rfged bedi lamrer quartz
tube reactor (Ain Table 7) . The {)esul ts show t.hat .de nneef eac | ower
per f or man8e caRlysiué perémsyg%l AP OER T R AT EP S‘%

SEVRS ube fixed

bed react gy vi henLahidlisfer Mttt 2PREAAFedEn hlchalysietied ZCdrtiaging Bamtl@rs when run
in aiicrochannel reactor. ODH v2 at the sane terrpera,tures'gé%)ehl asured in

the cat al yistwsiiead forcamgsaneicaiglyss ia e recroshiaig! Fe3riar: By erfifR S al yst in
the mgro A% DA%y EREieldiD s Y aphbene

sel ect1§V| Q%?lg?%sggeﬁﬁlﬁfn%agﬁgﬂﬁﬁ%@stgﬁ% and ?Jpgw egg yield f@sh 85% hi gher.
Nor nal |y Nonnadlydabxxdatmsa@xﬁlpmhe schestiziey todhe dasirgd prodydh fallg aS9ERSiBR oduct
falls as convers i ncre faspite a very
| ar ge i ncPEEEES] ergg%‘?vrgsruétls %?&?t%latt eIﬁ ter%%lr'%lg aﬁ%%?aggﬁe&\gg%%m selectivity to

propene oflistofiahhe rdaytol,.s8R6tKéth teprépde ohlyrfatiinel 8% Quartz Tubes vs. the ODH
v2 Pellet LHSV = 32, C3:02=1:1 A Quartz Tube B. Qjartz Tube C.

M crochannel 10mm- D —A4mm+-D vH-ee—-No—bBi vgu binder v2 C3
Conver si on—{(94 387 5ble7  Bgforgan gx%ﬁg\%g%eﬁ’?_’% h b?%&?gﬂe_ +6—6—18—5-0 efin
vield % 18-6-11-9-21-9—02 A'v lartz Tube \ i 7 B Qu;rtz%be C?Microchannel
10mm L.D. 4mm 1LD. Device
No binder +5% MgO binder ODH v2
C3 Conversion (%) 38.7 22.7 44.0
Propylene Yield (%) 15.1 10.0 18.5
Olefin Yield (%) 18.6 11.9 21.9
0O, Conversion (%) 72.3 36.5 99.9
Selectivity to CO, (%) 19.7 23.8 25.5
Selectivity to CO (%) 31.0 23.0 20.6
Selectivity to CH, (%) 1.1 3.5 3.6
Selectivity to CoHg (%) 0.1 0.1 0.5
Selectivity to Propylene (%) 38.9 44.0 42.1
Selectivity to Ethylene (%) 9.2 8.3 7.7
Inlet Gas Temperature . 540°C 540°C 623°C
Catalyst Bed Temperature® 636°C 627°C 628°C
*The temperature in the outlet side of the catalyst bed in the tube A, the tube wall temperature at
the bottom of the catalyst bed in the tube B or the average web temperature in the ODH v2 pellet

15

Similar tests were conducted for a C3:02 feed ratio of 2:1 and results are shown in Table
8 below. Test A in Table § is for the catalyst from Example 1 (no MgO binder) tested in a
10mm I.D. quartz tube. Test B is the same catalyst testecd in the ODH v1 microchannel
reactor. Test C is the catalyst with 5% MgO binder tested in the ODH v2 microreactor.

90  As shown in Table 5 above, comparing A and B shows that the unbound catalyst

performs better in a microchannel reactor than a quartz tube fixed bed reactor in terms of
40



Selective to C02 % 19.7 23.8 25.5 Selectivity to CO (% 31.0 23.0 20.6
Selectivity to CH4 % 1.1 3.5 3.6 Selectivity to CH6 %0.1 0.1 0.5

Sel ecti viwg oiBoodsopyl ene (%9 38.9 44.0 42.1 Selectivity PoTHShyiene (299
9.2 8.3 7.7 Inlet Gas Tenperature 540C 540C 623C Cat al yst Bed Tenper at ur e*
636C 627C 628C *The tenperature in the outlet side of the catalyst bed in
the tube A the tube wall tenperature at the bottom of the catalyst bed in
the tube B Qbshhan@YefifgReMekhid 8 oPAYN tAsubhehd Bmbéietuftdideyia thefitedtbed 15 Simi | ar
tests were conducted for a C3:02 feed ratio of 2:1 and resylts are shown in
Table 8 GOItoW3 *Tand mighthe Paiskied & ingrepss CoRYEESIULEOINIEE 14 thg HHER lPei 1 (no
MyO bi ndey ' L ; GMAh whBRb dB3idglehe TeAME

cat al yst {%%t%lg?&%%n&l?ﬁglpe%%@ms%r#fc():@gghanngelghatnirdéelzcc):tor. Test gC is the

cat al yst GishbwSatvhOrdsalya drat sdess eetivenn ¢ fiseddpH reapton{aspediag & §sts AZ0dAs shown
in Table §.ahove onpari.ng. A an ﬁQ?’Pﬁ t st
perfor?ns gé?ﬁgt}iepﬁg%v%&a%h%egg Ear 8ﬁqor|l'%gac or Cét ﬁ%ﬁnggggﬁgggy{&%gﬁjf}?%d bed
react or i Bpdr@diat approxihihtdl¥rhe 34 OE38Gst PETwBOButeE 1 fixedped Ak on and ol ef i ns
yield. This is even though t.e ratur.e ri o i ed (A by 43
C and m gFPPn‘f?éS@klﬁé‘}&“eaae“[g%' %6%1538%5&%goncvag?oéliogfld%ggrlrg%l%%ﬁb}{%3%6 ecpm' crochannel
react ors wheheyitlaes ieRRRH dY WIB% oserilk fgxvedl ong the channel to within 2 or

3 degrees. Test C shows that the catalyst that is less active in a fixed
bed reactar (according to tests A and-5

B—inr_Tahl-e—Z-above)—achteves a
superi or |per far mnpqu%}izéa‘ze_ﬁj)ﬁ%% 1arty. Tybe =-.,‘ ORHE Y2 Ps i%'f - ~) e
appr oxi Ly sEEBE T Fenpérdt tre—as—the—ftxed—bed (A .
Conver si j)n is increased by 7 8o TS | igg\aicf?ggﬁ?eéon (]ggweleocg]n%?r educed by
33% and |olefins yield is incrg)é“g’% by 119%Guer the| fixed, d. Tapl e 8
Per f or manee—of Cuartz Fubes—vs: oﬁ]ﬁc CBHrv2—Fe; ]iget CHSV = 49%41, C3T02= 2:1 A
Quart z Tybe—8 CHVEFBFAknel—€M griochaniret— gD Devi Ty £DH VT| Devi ce
CDH v2  No—BEHleRe ..ﬁ{% “neer—+5% Jf0-€3—Convergion t%’??ﬂwm 4
f 2 1034 14 o .
Propyl eng gzﬁon'\_:mgsion o’ T X 65.3 98.7
Selectivity to CO, (%) 17.2 5.1 11.5
Selectivity to CO (%) 294 14.1 14.7
Selectivity to CH4 (%) 1.4 9.8 8.4
Selectivity to CoHe (%) 0.1 1.2 1.0
Selectivity to Propylene (%) 44.9 43.5 40.0
Selectivity to Ethylene (%) 6.9 26.4 24.3
Inlet Gas Temperature 540°C 540°C 580°C
Catalyst Bed Temperature® 583°C 538°C . 577°C
*The temperature in the outlet side of the catalyst bed in the tube A, the tube wall temperature at
the bottom of the catalyst bed in the ODH v1 or the average web temperature in the ODH v2
pellet .

10 ‘
In Table 9 a comparison is made between the performance of the quartz tube (unbound

catalyst) and the microchannel pellet ODH v2 (+5% MgO binder). In this case two
differences can be seen between the performance of the quartz tube and the microchannel
device. Comparison runs were selected such that the average bed temperatures in the

15 microchannel device were as close as possible to the bed temperature in the quartz tube.
The first difference to note is that the microchannel device has its optimal yield of olefins
at a C3:02 ratio of 2:1 while the optimal yield for the quartz tube is at a C3:02 ratio of
1:1. The location of the optimal yield in the microchannel device is also supported by
data reported in Table 4 above. The second difference is that the microchannel device is

20  able to produce a higher yields of both propylene and total olefins at both C3:02 of 1:1
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Aefin Yield (%9 14.2 30.6 31.1 02 Conversion (% 79.4 65.3 98.7
Selectivity to CO2 % 17.2 5.1 11.5 Selectivity to CO (% 29.4 14.1 14.7
Sel ecti viwDm3/@h860 1.4 9.8 8.4 Selectivity to C2H6 % 0. 1 PCTAISEI/065210
Selectivity to Propylene (%9 44.9 43.5 40.0 Selectivity to Ethylene (%
6.9 26.4 24.3 Inlet Gas Tenperature 540C 540C 580C Cat al yst Bed
Tenper at ure* 583C 538C 577C *The tenperature in the outlet side of the
catal yst | E@é 18y cﬁg@?atl baBBseAo idohRrrhal@enathé qiaemmer abialyet betl tentpisetyet t om of t he
catal yst bed in the vl or the average web tenperature in the ODH v2

pel | et 10| In Table 9 a corrpari son i s made between the performance of the
quartz tiabe \uu%wé@a cataryst) apo,the m rocligoneb:ipel llet ODH v2 (+5% MyO
b:c ndﬁr).hu nmthis case Two  diiffghengespgan |berpee bpHween t he perfornmance
o] It e q d'doﬁve-rsﬁrb‘ﬁ%f?ﬂa hok B9 M CTechannel4o devi g4 Qonp@g i son runs were

Ze ect ed Eéiébtmﬂ%PPo'Bﬁerﬁ*(‘%f age hed flemper atjuresoin tke3 13 m crochannel

evi ce WeTe &5, ClASFeidp,PO0SSI Dl £5.£ 0 |t hes.ped t enperjat 18.€ ijn the quartz tube.
The firstHhfi GLENERARy 0] € [ S4dhat] thes microchannek2.fleviice has its

opti mal et o Qilaofgf(ves af [a {8 04 rat9 o jof 1221 whed.2 the optimal yield
for the guarfz GiPRmbeade a (3isb@cr gt ispzef | 1s40°C Thesebwcafion of the

opti mal yiehd ibdMenfakoc nanwetcddviengd s| aksT sumsit ed by data
reported te 4 above. The second difference is that the m crochannel
device is 20 able to produce a higher yields_ of oth pr Ien d total

ol ef i ns aTathothshoss 0 influencelof teppepgyug Dp fireebe ng‘%@‘ﬁ‘e 2:1 by
operating cl.o t | -

t enper % LU0 &du%e%?lq}n%l%%%ﬁ%g@ﬂ xjeéfct&%HtVB %sﬂ;lg e b%%dﬁg&%%%&t\?z%gﬁsgﬁg% 2
Conver si 06f 350 nitlispames &@8iea 041401@1 @? ﬂ@W@@da C3Sé4 tsed 1alp 0f Ll o TR opyl ene %

38.9 42.1 44,9 39.
Sel ect i vi t%" %Sligwihaﬁg’ gp%fgg'es%%étgd ﬁl‘&éeﬁ% %lée?% Og/g\;l% %eﬁoge :e&%t@dwo;f "

above 540°C in order to obtain 31gn1ﬁcant conversion and yields of both C3 and C2

olefins. At C3:02 = 1:1, the highest yield seen here is at the highest temperature tested,

10 ie.650°C.
Table 10. Influence of Temperature in the Microchannel Pellet ODH v2
CT=250ms, C3:0,=1:1
Conversion of Propane (%) 22.8 39.2 44.0 50.0
Selectivity to Propylene (%) 37.3 42.3 42.1 38.8
Propylene Yield (%) 8.5 - 16.6 18.5 19.4
Total Olefin Selectivity (%) 39.0 46.1 49.5 51.8
Olefin Yield (%) 8.9 18.1 21.9 25.9
Inlet Gas Temperature 541°C 597°C 623°C 648°C
Catalyst Bed Temperature® 540°C 602°C 628°C 654°C
* The average web temperature in the ODH v2 pellet

Table 11 shows similar results for a C3:02 feed ratio of 2:1. The results show that the
temperature at which optimal olefins yield is obtained changes with the ratio of C3:02.

15  Here the highest yield is seen at 600 °C.
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Inl et Gas Tenperature 540C 623C 540C 560C Catal yst Bed Tenperature* 636C
628C 583C 595C Table 10 shows the influence of tenperature on the on the
per f or mrarwe 0dfiogssopane ODH 5 conducted in the inicrochanmeelr/usesaoi2or ODH v2

usi ng the bound catal yst at a contact tine

on total

gas flow and a C3:02 feed ratio of 1:1. The
the catal yst tested the tenperature of the device needs to be el evated
above 540C in order to obtain significant conversion and yields of both C3

of 250 mlliseconds cal cul at ed

results show that for

and C2 ef 1 NS, TAk 1&31n0dence JF Tempdriitre i tRd R ochanedl Belse@DHkh2re is at the
hi ghest [emperature tested, 0 -25ems65D,62:1Tabl e 10. Influence of Tenpe
ature infthe Mcrochannel [PelTet ODH v2 CT= 250 ns,/C3:02 = 1: 1 Conversion
of Propane %sdZa&msion. (%) 44.]10 50. @.8Sel eclti vity220 Praopyl end08 37.3142.3 42.1
38.8 PrppybPRpRentivadldd0 8.5 16.68.48.5 19.4 Tor@l A efin Saléctivitly % 39.0
46.1 49.5 5Togmamn@ha@f®) Yield (%9.8.9 18. 1 21284 25.9| | nl et23@as Tenperature
541C 597C 6230 648€%nt al y|st Beds.0enperjat ur e13.640C 602C 628€& 654C| * The
average Web ¢.armaeiadny® 1 n the GO v2 pellet9able 11 showd.Ginmlar results
for a C3| 0&dce@atytat0,0epf 2:1. The results sih@Wv that| the IB&8nperatiure at
whi ch opfT nediecaligfe 08 (%) €1 d i s _abBai ned| chang®bs witH the rla#i o of |C3: 02.
15 Here thesducghgsdCNi®@hd j s seetw at 600 C. 42 WO 03/ 1063868 PCT/ U$03/ 16210
Tabl e 11| Tsftwenea,Bf(%lenperature in the M dr%chanmmel Pel .2t v2 CT =
250 ns, (SsléRvisy t@Pibpyldhe Gonier si 6R3% 46. 8 42. 91.40. 3 [Propyl4fe Yielld % 18. 4
17.6 17. 7 sekdiefty o Biyehd (%8 29. 3 2524 23.4 COI82Yield (A 14.00 13 7 13.8 02
Conver si pn 16k GATeAp@Hur® 1D0. 0 598 ecti vity @8°C0OR (10/0) 49°4 16.9 18.9
Sel ect i Vi tdtalyer BoDTéfferabde*3| 15. 159554 Select@¥iGy td CH4 619/Q) 8.7 7.9 6.8

*The temperature in the outlet side of the catalyst bed in the LCIC tube, the tube wall

temperature at the bottom of the catalyst bed in the Velocys tube or the average web temperature

in the ODH v2 pellet

Table 12 shows similar results for a C3:02 feed ratio of 2.6:1. Here again the highest

yield of olefins is seen at 575 °C, a lower temperature than atthe feed ratios reported

5 above. It appears that the temperature at which 'optimal' yields are obtained increases

with decreasing C3:02 ratio.

Table 12. Influence of Temperature in the Microchannel Pellet ODH v2

CT =250 ms, C3102 =2.6:1

575 625

C3 Conversion (%) 42.2 31.9

Propylene Yield (%) 18.3 15.6

Olefin Yield (%) 28.1 19.1

CO, Yield (%) 10.2 11.0

0, Conversion (%) 98.2 99.9

Selectivity to CO, (%) 13.8 19.3

Selectivity to CO (%) 104 15.3

Selectivity to CHy (%) 8.4 5.4

Selectivity to CyHs (%) 0.9 0.0

Selectivity to Propylene (%) 434 48.9

Selectivity to Ethylene (%) 23.2 111
Inlet Gas Temperature 578°C 623°C
Catalyst Bed Temperature*® 575°C 625°C

in the ODH v2 pellet

*The temperature in the outlet side of the catalyst bed in the LCIC tube, the tube wall
temperature at the bottom of the catalyst bed in the Velocys tube or the average web temperature

Table 13 shows the influence of C3:0- feed ratio at constant temperature in the
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Sel ecti vi

Selectivity to Ethylene (%9 23.2 18.2 14.0
647C Cat avps/1Bs86 Tenper at ure* 595C 624C 650C
outl et side of the catalyst bed in the LCIC tube,

to C2H6 % 1.1 0.9 0.9 Selectivity to Propylene %39.3 41.1 44.0

Inlet Gas Tenperature 596C 623C
*The t enperatarses/iar1d he
t he tube wall

tenperature at the bottom of the catalyst bed in the Vel ocys tube or the

average web tenperature

results fo cr&hagﬁel%ll@tm{ KAt WRerdthe Zonf

olefins is seen at 57

C,

reportedzmﬁﬂabﬁh@2rﬁﬂﬂaéﬁ@ﬁﬁ§iﬁﬁéﬁSﬁﬂﬁhﬁ

yi el ds ar.e

Influencénggg%g%p

C3: 2
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erature 1nt
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alwmrtmmmaune

e M crochanne

han.
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midiraidd
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in the ODH v2 pellet Table 12 shows simlar

edaturief e Agadchahied isfﬁeqhe)m;tantyi el d of

ed rati os
"optimal’

Qeﬁs ﬁ?pagithf@tgh@maiaxbine 12.

Pellet ODH v2 CT
Zn6helregigbob2b. C3 Conversion (% 42.2 31.9 Propyl ene Yleld (%

18.3 15.6 Oefin Yield (% 28.119.1 CO_ Yield (%10.2 11.0 02

Cbnver%l

250 ns,

% 10. 4 15 a\?t Jn u¢n,c¢ cS'f (37 0,2 i 'fQ,\’a,l];, be{ﬂs At 'I‘eﬂapé}%:t’&re ﬂ?tﬁeiMRrOEHalﬁel patet ©BHWYI|tY to CO
Sel ett | v byt HEb=R? C/RS=110- 11 SehECEAVI 1Y E0orbk (%) 0.9 0.0
Inl ot Gab.Jeemssionf Propa: %"1,2 “48pY Spfectpybly ¢ Ethylgne (%]23.2 11.1
{ ormoer at SRS PlopyRleqns) 04°C bgkflyst Bed Jenper atur e /pC 625C *The
tugg ra H-€ WLkaan%h(%r stqe of ;e caf alysqibed in the {£4 C tube, the
tube wal ek e S, 9 DOt UoRTOr TTTe cgs alysT [bed Tdhe Vel ocys
the i nfl rence. Qeoaeldon) S P & 2k I {he Opkyv2 pellTel jmble 13 shows
AR il R SR T LEEd T[ati g8t ConsTantgsenper 4t ur e gt he |43 WO
" Catalyst Bed Temperature* 628°C 624°C 625°C
*The average web temperature in the ODH v2 pellet
Table 14 below, shows the influence of contact time in the microchannel pellet ODH v2
at constant temperature. As in Table 5. above, the results also show a surprising trend in
that conversion increases as contact time over the catalyst decreases. This is opposite to
10  what might be expected in conventional systems where increasing contact time usually
results in an increased conversion. Here again we believe that homogeneous gas phase
reactions are also occurring ahead of the catalyst zone leading to formation of carbon
oxides. These reactions consume more oxygen than ODH.
15 (1) C3H8+ 502 =3CO02 +4H20
Versus
(2) C3H8 + 0.502 = C3H6 + H20
20
As contact time decreases, linear velocity increases and residence time in the gas phase
ahead of the catalyst decreases. This reduces reaction 1 as seen in the examples producing
less carbon oxides and leaving more oxygen for the ODH reaction resulting in a higher
conversion, lower COx and higher olefin yields as shown.
25
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m crochannel pellet ODH v2. Wen the tenperature of the m crochannel is

hel d constant and the C3:02 ratio is changed it can be seen that the
propyl enewgioaliess@l [ s with increasing C3:02 ratio but thatCrhmsos/o2ad ol efin
yiel d appears to pass through a maximum in the region of 2:1. 5 Table 13

| nfluence of C3:02 Ratio at Constant Temerature in the M crochannel Pell et
ODH v2 LHSV = 32 C3:02 = 1:1 C3:02 = 2:1 C3:02 = 2.6:1 Conversion of
Propane % 44.0 42.9 31.9 Selectivity to Propylene %42.1 41.1 48.9
Propylene Yield (9% 18.5 17.6 15.6 Total O efin Selectivity %49-8 59. 3

60.0 O efin Vi elatic(19)infend opGomacy Bime in the Microchpanef EglebPRHLYZ o 523C 623C
Cat al ySt Bed Tenmperature* 628C ﬁ?@foﬁ Z;Q"l * The—average—web—terms ture in
{he ODH 2 pBhbefimabis 14 hel @k shbus $he it uekle ofl corbbet— i me i
the ni cripchdBfepversisni() ODH w2573t chnst e AL o S PR
above, t hePees dhictTiniems)s How 2 ur prlsing> a3y Qirigé.;ﬁfne -
i ncr easeb_aBopieee Yigld @ne loverl&he chtal 3 delerealss— Fhi : :
10 what i ghlofin Yiskhi@dt ed | n cHvent | onald-syst m%l;ﬁ S o3 OpROSite 10
time usuhlly COSEER{%) i n apn inbrbasel comvbrsibr—Ler nerEgsT g cont act
that homgeribdisgzés (hase hggpasedeogyprspn: pgre ayai e byl i eve
ot L isctva it Gs (o s br ot fon ol —adon by qdd 2o o7t he
it Akl mps s ey TS FOA DA S T FAPIN P4 7 AN ol <> R A 7 Al e
e I et il e o 06 o) [ ot 298 = Yip2 +[HHey; vernsus (2)
i ncreases i EE OSSHE L | o i A hefras—RRase JZ;:ﬁ' TN LG A
dec[)eases: fﬂ?ﬁ%@ﬁ)@{?@é}ﬁn% chctisnr1 ad ses@din {he gé:@l;;f)l (a[slepfg%ﬁl:iyfl; | ess
Cc d-des and eavi-aa—Hore—exxveaetr—f 1 4y : .
h?[:]th O;éﬁ@%@r@uﬁthy.re\% ) Eox imyﬁﬂii.'e.%6'5”fei Al A a0 e
057 106386 b G amsssiiiy, ot S0 T YTOIsonCeT T VO BY SIM0. Ap 44 VO
0 106386 et pmiggtters | o feoaet [ tagsiece br GORcact | Ti g5l Tlhe

*The temperature i the ouffet side of the catalyst bed in the LCIC tube, the tube wall

temperature at the bottom of the catalyst bed in the Velocys tube or the average web temperature

in the ODH v2 pellet

Example 3 — Improved catalyst composition containing Mo

Mgs sMo; V10, (or 43.8wt%MgO; 21.7wt%V,0s and 34.4wt%MoO3; SA 31m?%/g)
and Mgy.7sMog. V10, (or 74.8wt%MgO; 21.7wt%V20s and 3 .SWt%MoOg) were prepared
and tested in the quartz reactor (LHSV=32, C;:0,=1:1). The results for Mo:V=0.1:1 show
similar results as the binary oxides with slightly increased selectivity to propene at the
expense of CO. Mo:V=1:1 catalyst gives significantly higher propane conversion and
comparable propene selectivity, meaning higher overall yield than Mg-V-O. COx
selectivity is nearly halved, whereas methane and especially ethylene are significantly

increased so that the total olefin yield is doubled. This leads to a much lower exotherm

than the conventional catalyst.
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C3: 02
47. 8 46.

2.0:1 Contact Tine (nms) 61 82 122 250 C3 Conversion (% 57.3 52.7

8 Precat.

Cntct Tinme (nms) 26 35 53 105 Propylene Yield (%9 18.2

19.2 18. 4W0834063&8 efin Yield % 37.8 33.1 32.1 29.3 COx Yipelrdisos/1621

10.1 13.0 02 Conversion (% 96.9 97.7 99.8 99.4 Selectivity to C2 %5, 6
Z.O 8.3 13.4 Selectivity to CO (% 13.6 14.8 12.8 14.3 Selectivity to CH4
% 12.6 13.1 10.2 8.7 Selectivity to CH6 %2.2 2.2 1.6 1.1 Selectivity to
Propylene 31.7 36.4 38.6 39.3 Selectivity to Ethylene (% 34.3 26.5 28.5

23.2 | ret—Gas—tenperature S0 v ike-m3@to Catalyst Bed Tenper at ure*
Sggci goth 599E-595€ FheTtenperature Tn the outlTef side off] the catjl yst
he—tC-C-tube;—thejtube wat|—tenperpture at |t tlo h
cat al yst| bed Inﬁ)é"ﬂg Vel ocyis Qudse of RREZaver el ?gm}fg?} atlr?g::? net he ODH
\I\//§4p§:\/|bit’ I’E‘>'<atrp e - %ov&b%at al y@?e copostti on ocovateai ni NGoabdd
i Vi O —(or 43 8W %V O, 21. /W IA/ARbvahtizavdo At B+V-SAVZ MY
My7. 75Mop. 1Vi OFapbit 74. 8wt %96@,’-%.%%/205 and 3. 5%&@3) V\g@_pgepa?gg
and test MM Mde rRGEAr t z rleactr (LHSVEB2, | C3:12=1:1) . 1:The |resiflt or
Mb: V=0. 1 T showc,:eym I ar rlesults ap the biparyloxides With slicghtl
i ncreasefl” SeheGhveWsidnY%h O pr opEsIe af t B0 ekpense ofl CO6.2vb: V=158 cat al yst
gi ves signi Plofadik vyeliogher| progxane| cobver si on 23Ad he
sel ecti v[Ty, omBaNidg“d)i ghefr owef al [ yi®?d {had0Bf-V-0 280 | sePdctivity is
near |y hal ves, subaitieasy) met hang.and| esgeti al |y 2éd hyl ened2gr e si g¥hGicantly
i ncreasef so tbaio, Rl total olléfinlyiédld is dotbl e TBils Ilkbaddbft o h much
| ower expt har,iGanvei@n%h he lconvxht i onab3.tat al y$B.7 45 W3I¥3/ 1 63882
PCT/ USO3[ T6RkBtvity abt@, (%5 ' V' 1%7' | | ODBkBa 2% Quardbd Quart¥uartz
Silica S|l i gdectivity to CO (%) 31.0 25.5 193 | 562 38.2°
Selectivity to CH4 (%) 1.1 1.2 8.8 0.2 0.8
Selectivity to C;Hg (%) 0.1 0.1 2.1 0.1 0.1
Selectivity( t/o Propylene 389 4.4 34.9 16.1 32.9
%) : : ' : :
Selectivity to Ethylene (%) 9.2 9.9 27.1 1.3 3.6
Catalyst Bed Temp (°C) 636 558 583 537 537

10

15

Example 4 - Ethane Oxidative Dehydrogenation in Conventional and Microchannel

Reactors

The ODH catalyst used in the testing for this examlple was a Smy03-Li-Cl/MgO catalyst

containing 5.2 wt% Smy03, 3.4 wit% Li, and 12.5wt% Cl supported on Mgo. The

powder catayst was pelletized, crushed and sieved into the size range 150 - 210 pm. The

powder form was found to have a surface area of 21 m%/g. Felt based catalysts were

prepared by ball milling the native mixed oxide the slurry coating on to the FeCrAlY

substrate. The surface area of the felt was found to be 81 m?/g. Prior to use the catalyst

was heated in are to 200°C at 1°C/min and then heated under air to the maximum reation

temperature at a rate of 5°C/min. All testing done on ethane ODH was performed using

air as the source of oxygen.

Studies of ethane ODH employing the catalysts described above were performed

in various devices, quartz tubes (ID 4 mm), Inconel 625 tubes (ID 4.8mm) and

microchannel pellets ODH v1 and ODH v3b under experimental conditions ranging from

C2:02 ratios of 2:1 to 10.1:1, contact times of 1016 ms to 20 ms and temperatures from

500°C and 800°C. Illustrative comparisons between the various devices are made in
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Devi ce Tube Tube Tube Coated Coated Catalyst My-V-O My- Mob-V- M- Mo- V-

My- Mo-V- Mg-MO-V- 0 0 0 O Mo:V Ratio VA 0.1:1 1:1 1:1 1: C3:02 11112
C3 ConverwDon/186388. 7 38.0 65.9 16.2 10.8 Propyl ene Yi el dPeraso916260 1 23. 0
2.4 3.6 defin Yield %18.6 19.9 40.9 2.8 3.9 CO, Selectivity %50.7 46.4
27.1 82.3 62.6 COCXR2 Ratio 1.6 1.2 2.5 2.1 1.6 2 Conversion %72.3 63.1
58.7 25.2 31.2 Selectivity to CO2 % 19.7 20.9 7.8 26.1 24.4 Selectivity
to CO (/0). 3 q 25 ? 19.3 56.2 38.2 Selectivity to CH4 % 1.1 1.2 8.8 0.2
0.8 selfa®let 14-£Y % t2H6 %0.1 0.1 2.1 0.1 0.1 " Sel ectivity to Propyl ene
38.9 42.4 34,%okBadscdbeveBe hebiilyicoyainingBoisy Rl 98Ty, W% 8745711 1 373 6
Catal yst Bed Tenp C 636 558 5 : +andEi@DH vOXi dat i ve
Dehydr ogetrapeoieradraedsh h ’?%H%fézgﬁ%e %ﬁgpgﬁgg%&eaﬁalﬁs%actors 5 Tgﬁ ODH

cat a: ySt USechohd 1 Bellce8dritaiging 0 Felt dah be ExnadimT ablawkls Ipcagrpseenhat ) pyo

catal yst  containing 5.2 wt% Sn203, 3.4 W % Li 4 UihotBUpport ed on
Myo. sThenclpaumiefcatehsbipaieasgdle ‘i?@YeIr%?rf FHoffhatte raa!gﬁeele g%%ﬁ?\%d into the size
range 150- 1{%5& &1T7ho% ROVEEY, répEdiv¥iRpankiahin th the nfierveraand meeplatddarea of 21 m

/g. Fel 116556 atal ysts were repare al I -fight 3 ngfd ve m xed
oxi de thebdﬂlS@P/«rgespmotmlﬂ@sGWP%e‘ftﬁéheﬁ%@?{Aﬁ%%@ng&g?tﬁ rllaet e?ﬁ‘}'léﬁ?a' sur {NZCE area
of the felt was ftou be: Bl Bé Gen RhbOhe t@ulise thhguagatubystonehas heat ed
in are t@‘pﬁﬁﬁﬁeﬁgs%%q?r#%mgﬁfgﬁt fen heat ed unde[] ﬁ”l t o the maxium reation
t enper at grsewed and thaOBHoRbEIEYiRe #re coppargde SR AFUABIE M et hane was
performed using. air th Qb BN B8 ResulBinp ¢h £67.4% seltdiate tiODH

enpl 89i nePx Hee ]%Q‘tc%lth}éa?%lecilérg%cr%?’gdggﬁe;bor\?e were perfor E}%V ari ous

15 in
devi ces, coMaE bambabs 16158 fr theyuartziteend 608% fap e GBI %H%%f and

m crochannel pellets ODH vl an feis QxPerIvIENoalpadrgi t i ons
rangi ng paditien thpoypal} cyshq 15%:‘”%3%{%8&.0%1, contact times of 1016 ms to 20

Ins and Y2 gPeh AlUfuasz fahO8Rd 19.5% in the ODH v3b device. . As was noted in example

in the case of propane ODH deep combustion competes with the ODH reaction reducing

15 the overall conversion of ethane. This is further supported by the observation that the

microcharmel has a greater conversion of ethane and yield of ethylene (19.5% and 15.0

%) where the CO/CO; ratio is 1.46 than the quartz tube (17.0% and 13.0%) where the

CO/CO, ratio is 0.42 (indicating that less oxygen was available for ODH).

Table 16 Ethane ODH Performance of Quartz Tubes vS. the OQH v3b Pellet
CT = 250 ms, C:0, = 10:1, SmyOs5 Catalyst, Air as Oxidant :
’ Microchannel
Blank Quartz Tube | IN625 Tube Device ODH
Quartz Tube | 4 mm ID 4.8 mm ID V3bEE
Catalyst Type None Powder Powder f;l;
C2 Conversion (%) 12.5 17 8.3 15.0
Ethylene Yield (%) 10.9 13.0 2.6 15.0
Olefin Yield (%) 10.9 13.2 2.6 99.4
0, Conversion (%) 0.89 100.0 100.0 - 5
Selectivity to CO, (%) 2.2 10.9 31.0 9-5
Selectivity to CO (%) 6.6 4.6 36.4 7.1
Selectivity to CHa (%) 4.1 5.8 1.6 0.0
Selectivity to Propane (%) 0.3 1.1 0.0 0.0
Selectivity to Propylene (%) 0.0 1.1 0.0 76. :
Selectivity to Ethylene (%) 86.8 76.6 31.00 652-0C
Inlet Gas Temperature 650°C 648°C 65 8°C e
Catalyst Bed Temperature™ 650°C 645°C | 650°C <
*The tube wall temperature at the bottom of the catalyst bed in the tube or the average €
temperature over the catalyst bed in the ODH v3b pellet
## nellet was sol coated with alumina
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500C and 800C. Illustrative conparisons between the various devices are
made in 46 WO 03/106386 PCT/ US03/16210 Tables 16, 17 and 18. A conparison
bet ween awoOlBaedssq cont ai ni ng no catal yst) quartz tube, a ®CatusSoy/u2e0 with
powder ed catal yst, an Inconel 625 tube with powdered catal yst and an ODH
v3b mcrochannel test pellet containing a felt can be found in Table 16.
It can be seen that th 5 inclusion of catalyst increase the conversion of °
et hane and selectivity to ethylene in both quartz tube (17.0% and 13. 0%
respectively)_ and the iQ.t ' RAsd ODERGhSkctddlR IkYnel &RTtbES 0%
respecti vel y)Thﬁéerl?g%etﬁroggw{ﬂgrf&%%ﬁ%fdg%Eﬁﬁélz. 5% and 10. 9% respect jvel y). The
i mpor t ang@ b S e echass tesatellen iscmobraieddy dRRaResEHE F‘é@gﬁt g of the
quartz tube, Inconel 625 e eanémel aomes ed. The
resul ts $aBLeEeRE fEﬂ"FﬂF}’éélﬁ‘@dn&%?%%ﬁﬁgtl%ggﬁ%tﬁﬁgb?@g?g&te that the surface

pr ooy es, camhustdephEese DD ebimicackinddesier acteing alporvsrsianok @ onpared to

15.5% for the quartz blank and 16.0% f or..the @1 ; h&R1 ddice addi tion
the over aid selsvinutoetiiene bui ¥ FRFoFpate e60415n(r(j:§1r‘13e %@?ﬁgg& 8°3% as conpar ed

to 17. Ot%ér%o?mwﬁlu Bz i tRE TrRBsk! 695 B%6.i n the ODH v3b device.. As was noted
in exarrp?e In the case of propane ODH deep conbustion conpetes with the
ODH reaction reducing 15 the overall conversion B&-I,lﬁ e}'ga”c_ ThisT11s furt her
support ed by the obbék\laﬁthmﬁQ%W@@beﬁ{?v%@%‘@ﬁ”e, ec‘%iﬁ a—greater
conversion of et M2, Gi@l7- 5k Sgelafaialyst ondigliyras Ceidinr o

Yy AHERE— 19 -5%and 1Dy oddnwier e the
COCX®R fatio is 1.46 than flyesauwar |z tub “g(lejf .maﬁm&&#-mgﬁe t he
C o S . evic eEhic
COCO2 natio is 0.42 (indicating th }1%5 »0Xygen was avai lght*e flor ODH).
Tabl e 16_Et hane CDH Dﬂrfcrnancge Qat-t2 bes—vs: Phiie; ODH V3RgPelTet CT =
250 s, |02: QQatelyst@ynd dantl MPAYSERanne 138 ank—e beyTTe (O fuarf z Tube 4
nun 1D I[D veatfonvaigndfi) st | TypdS-lene + Fci'l' €2\-Comygr st o % 1265 7]8.3 19.5
Et hyl en YiEﬁhy&PnP%eldl@@g 30 5’f 61565 CrEfim oAerd(% {£0.9 [13.2 2.6 1
@ Convdrsi Qelindidd B89 100, ¢-Loo— oo ¢ SetECtiyjoly T C089.86 2. P 10.9
31.0 6.5 SuGmyegmip o log P8 6 46 St g o3 58
Selectivity to CO3’ (%) 05.5 0 . 16.2
Selectivity to CO (%) 3.7 5.7 61.6 6
Selectivity to CH4 (%) 0.2 1.2 0.6 0-0
Selectivity to Propane (%) 0.0 0.0 0.0 .
Selectivity to Propylene 0.0 0.0 0.0 0.0
(%)
Selectivitz/ O/t(; Ethylene 30.6 17.1 1.5 40.7
[ o B
Inlet Gas Temperature 608°C 601°C 657°C 649°C
Catalyst Beq 589°C 600°C 641°C 645°C
Temperature™®

*The temperature in the outlet side of the catalyst bed in the LCIC tube, the tube wall |
temperature at the bottom of the catalyst bed in the Velocys tube or the average externa
temperature over the catalyst bed in the ODHv3bpellet

™ pellet was sol coated with alumina

10 It was desired to not only demonstrate the inherent ability of a microchannel to be
operated in a close to isothermal manner and thereby improve selectivity in ODH but to
demonstrate as well the ability to apply active cooling adjecent to the channel containing
the catalyst and thereby maintain more closely control the reaction conditions. This was
attempted in a ODH v1 pellet by operating with and without coolant air flowing in the

15 cooling channels, the results can be seen in Table 18.

From the data it appears that when columns 2 and 3 of Table 18 are compared that
the appliaction of active cooling did little to influence the outcome of the ODH reaction.

In addition to what is reported here data was collected under several conditions with
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Selectivity to CH4 % 4.1 5.8 1.6 7.1 Selectivit
i vi . . . y to Propane 0.3 1.1 0.0 0.0
Selectivity to Propylene %90.0 1.1 0.0 0.0 Sel ectivitypto Et hyl ene (%
86.8 76. owWwBD3M06886 9 I nl et Gas Tenperature 650C 648C 658C ®62@S03/14244 al yst
Bed Tenperature* 650C 645C 650 C 647C *The tube wall tenperature at the
bottom of the catalyst bed in the tube or the average external tenperature
o?/er.the catalyst bed in the ODH v3b pellet ** pellet was sol coated with
alumi na 470 A3CH00PR0-REHUSIGLARAN in Jin:ssens ighibdnt imThoddsevaper f or mance
et han nconel 625 tubes and ODH v3b m crqchannel test
{)ﬁl I Stts InSted$ﬁgtrasbrfmaﬂeswddatvarsgmegéﬁtaé]éOflﬁﬂ%Péﬁi‘?aPHhPam@ be seen from
e data in, Ta 7 that 5 tubes 5
per f or necffoﬁlép(gtc@rtﬁ? ’f’?ﬁ‘fmfl%as%%g {)doﬁa%@haﬁ%gq}%%w t(1:ﬁeS rb:éﬁ&?l g ;e@ng of
conver si gp&f ileiande 2bslaseisatbution featuce wasmppirecliblocked whgsleki mat el y 645C

t he ODH v3b m crochannel e

Lube. S ratsoalany Pl Eoeoerrigs bt Fed W TElaP B hIRcbPge, NS0T 025
02 = B

Sy C%ggﬁgbnvhﬂétlﬁ@%g@% Tubhldﬁﬁloﬁﬂib toolaAit thaasel@djademto thikgalpthannel 1N625

e Device 617 Devi ce **
Ea:] al yst, Type Woriderreemt Tpgwhéle ]I'§e1st W@MF&?C%&%C?H@%%% %ngzg 5
thyl ene Y&sg tggé‘g&ggurgd Qeaﬁ te?np@%’a@e ofd @fatth e @bth th&JonveriioR oDethand at® 02
Conver si on % 00.0799.0 Selectivity %65 6 0 36.3 38.8
Sel ect i vigelectdityCO e &enn@qasai gl oth 159@?%@&%%@?‘6”‘@%3 S35 0.6 4.3

g egeg (i)VI %gtfnte g?r&‘?%? rlieelrfé(;_:lﬁﬁ%s @' p8’ptngesoand§@1|e@d:vti:l't})'/lb?)t y.84 BmEy. Opyl ene 0.0 0.0
TABLE 18: Ethane ODH Quartz tube vs. ODH v1 (alumina sol coated) with and without
Cooling
CT = 20 ms, C»:0, = 10:1, Sm,0O; Catalyst, Air as Oxidant

Quartz Tube ODH vl ODH vl
1 Felt, No Cooling 1Felt, 2200 SCCM
C2 Conversion (%) 7.7 14.4 14.7
Ethylene Yield (%) 59 10.9 11.2
Olefin Yield (%) 6.0 10.9 11.2
0, Conveérsion (%) 75.1 N/A N/A
Selectivity to CO, (%) 16.2 6.7 - 6.7
Selectivity to CO (%) 1.4 11.1 10.7
Selectivity to CH4 (%) 3.5 5.5 54
Selectivity to Propane (%) 1.6 1.2 1.1
Selectivity to Propylene (%) 1.3 0.0 0.0
Selectivity to Ethylene (%) 76.1 75.5 76.1
Inlet Gas Temperature 618°C 669°C 665°C
Catalyst Bed Temperature* 678°C 671°C 668°C
*The tube wall temperature at the bottom of the catalyst bed in the tube or the average external
temperature over the catalyst bed in the ODH v3b pellet

15
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Inl et Gas Tenperature 608C 601C 657C 649C Cat al yst Bed 589C 600C 641C 645C
Tenperature* *The tenperature in the outlet side of the catalyst bed in the
LCI C t ubewotobaodssbe wal | tenperature at the bottom of thecraisas/yeto bed in
the Vel ocys tube or the average external tenperature over the catal yst bed
in the ODHv3bpellet ** pellet was sot coated with alumna 10 It was desired
to not only denonstrate the inherent ability of a m crochannel to be

operated in a close to isothernal (Eemgf\%r and thereby inprove selectivity in
ODH but to denobnstrate as well thé"ability to apply active cooling

adj ecent to the channel containing the catalyst and thereby maintain nore

closely control the reaction conditions. This e diskn a ODH vl
pel | et~ by. opeAandthng afioxidatiigly %gi"ﬂ'%ﬁna%al & O“aﬁ%?ﬁaéﬂvﬁg’h%&?pﬁ the 15 cooling

channel s R SHoL o 8hiling B8R dhd a Sakbeof By sdirimmathierodanacli t appears
t hat mherqo%gﬁ%uar}ﬁ/g 2 a%d 3 of Table 18 are conpared that the appliaction of
active codkieigp citadyst istpresenttinthe #EFQekERet he out cone of the ODH reaction. In
addition to.what .| r er ey datdnyesir&fbegdeedn tirdeaicroskangelal

condi ti oﬁ%aCng%e%der%@%%/c%g%gB% EéT/ US03/ 16210 cool ant air flow ng at 2200
and 5900 iﬁ@eafﬁpaﬁdnémngébfwawwqﬁkﬁsi gnificant influence was noted on the
sel ectivities and conversion Gt influence of the application of
cool i ng 6?1f‘tr’l’?é”artga?8€?1blﬁasg\%nse ke %andt/(?race "% fabrication error nade in this
series Ofyiesh thePOlidoedibon domptisshin phencocrakmegind KM i on feature was

conpl etely bl ocked when the 5 cool ant dnmddigelpl ocki ng
| ead 100 d2khe h%ﬁrpifqunﬁomnb%%“h“g”gﬁﬁiSOg%%{bﬁgkﬁgkgg{egﬁﬁgﬁﬁ| d by- Egss t he

portions ik t hesaak aRtaehanad thadiraaritst cotchiéneiatlal ypstor lghat i s appar ent

fromTable 18 Is that when a m crochannel deyi i | ose to the
measur ed (ppeyeeeisged @fQ}P‘ém&FO@a‘Eﬂ?g?ttn%uq?ﬁB BOIBtStaE)%F Irﬁ% C@%ﬁ%g%ggg’n&of et hane

and = sel g cﬁ ééi}’d;}l%/ hfg)?es@ﬁth%hﬁﬂ&e@@.% biegseaseehansdfridibs, of merldmikllows by

approxiri sane 10 factor, conversion being increased by 1.87

ti mes andihsekkdteimitiockenhsl. 1. 84 tinmes. TABLE 18: Ethane ODH Quartz tube vs.
ODH vl (alum na sol coated) wth and without Cooling CT = 20 ns, C2:02

=10: 11° SnP™B Catalyst, Air as Oxidant Quartz Tube ODH v. | ODH v | 1 Felt,

No Cool i ng 1Fettte, mARAFSEEM, WReren theeediyshis 9p pxigatiyg dghygzoggnation

catalyst.

3. The method of any of the preceding claims, wherein the catalyst comprises a

20  coating on a wall of the microchannel.

t

4. The method of any of the preceding claims, wherein the catalyst is a porous insert.
5. The method of claim 4, wherein the porous insert comprises a felt.
25 |
6. The method of any of the preceding claims, wherein the catalyst comprises at least
one element selected from the group consisting of Pt, Pd, Rh, Ir and Ru.
7. The method of claim 6, wherein the catalyst comprises Pt.
30 ‘
8 The method of any of the preceding claims, wherein the catalyst comprises at least

one oxide or phosphate of a metal selected from the group consisting of Mo, V, Nb, Sb,
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Et hylene Yield (%9 5.9 10.9 11.2 Aefin Yield (% 6.0 10.9 11.2 O
Conversion (%9 75.1 YA NA Selectivity to COZ %16.2 6.7 6.7 Selectivity
to CO (%wW0.04/146B8d. 10.7 Selectivity to CH4 % 3.5 5.5 5. 4p6aluseyiazicy to
Propane (% 1.6 1.2 1.1 Selectivi to Propylene % 1.3 0.0 0.0 Selectivity
to Ethylene (% 76.1 75.5 76.1 Inlet Gas Tenperature 618C 669C 665C

Cat al yst Bed Tenperature* 678C 671C 6680C *The tube wall tenperature at

t he bottom of the catal yst be t UREmBturtdBerdyer age ext er nal

t enper at%@ra&?é\dgmlﬁ%ﬁﬁf&l@e ﬁ%‘%e ODI% v3b pellet 15 49 WD 03/ 106386
PCT/ US03/ 16210 CLAIMS 1. A rret hod of oxidatively dehydrogenating a gaseous
hydr ocar bon, conpri si ng: f oW n icBinpgkek hui d and a
source ot oxj%’éﬁlefh‘i’fi@fényrﬁ %ﬁ?ﬁWélcmlgg’&%g{egﬁﬁe ggilgfﬁgl y19195 is present in
the nicr ggg{gp octell GRS 1hB group eotbisting 6BCIGn; wdrallaiimats.f | ui d and the source
of oxyg In the mcrochannel, 1in a tenperature' range of 300 to 1000C, to
formzwater and at | east one al kene and/ or aral kene; wherein the hydrocarbon

conpr i seE an ﬂl Kane Ut a ﬁ@{itﬁ@ PReoedipCbl e vhibminkBe (adalyst hemprises an
hydr ocar bon- contai ni ng

d and the source qf o d
i medi at etiye carafsorenmoinzdde hand Me W%rgp%tm§ﬂ6ﬁ5¥%§ﬂ glgggt?la dfgt@ cont act
tinme is 1QC;) ns, or less, or (b) oxygen is fed into the m crochannel at
mul ti pl eog P al ong the channel | ength, or (c) diluent, if present,
constitutes 0.25 or less, as a volume fraction, of total fluid flow

through the m £r OCE%{]&\E}%M% 0 y\glgerelyﬁ?e 8k hode@fs ishiabddt 0% wheteiban t he
e

cat allfst lis ahboRf rogenation catalyst. 3. Thg1 nmet hod of any of
the precegliigld Ghai (K6 readti@r i@ condbred umeaﬂyg@m@mﬁrti%gxcapt WH e g on a
wal | of theé m crochannel..

that contains Mo:V a ratio of 0.1.

12.  The method of any of the preceding claims, wherein the hydrocarbon-containing

15 fluid and the source of oxygen are reacted at a temperature of 600 °C or greater.

13 The method of any of the preceding claims, wherein said hydrocarbon comprises

at least one member selected from the group consisting of ethane, propane, butane and

ethylbenzene.

20
14.  The method of claim 13, wherein the hydrocarbon-containing fluid comprises

ethane and wherein the alkene comprises ethylene.

15.  The method of claim 14, wherein ethylene is formed at a rate of at least 270 g/g

25 catalyst/hr.

16 The method of any of claims 1 to 12, wherein said hydrocarbon comprises at least

one member selected from the group consisting of C10 to C20 alkanes.

30 17.  The method of any of the preceding claims, wherein hydrogen gas is.cofed with

the hydrocarbon-containing fluid.
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4. The method of any of the preceding clains, wherein the catalyst is a
porous insert. 5. The nethod of claim4, wherein the porous insert

conpri seswea Badd3se 25 6. The net hod of any of the precedi ng@Celsoiss21mher ei n
the catal yst conprises at |east one elenent selected fromthe group
consisting of Pt, Pd, Rh, Ir and Ru. 7. The nmethod of claim®6, wherein the
catal yst conprises Pt. 30 8. The nethod of any of the preceding clains,
wherein the catal yst, conprjses . ] Ok 8v@bhcbaskartier of a met al
sel ect edl¥r omie t@“ﬁ&%ﬁ’r‘%‘t@?B’ie?éndéﬁgg‘?ﬁ'k}%’,m\fmﬁb, Sh, 50 WO 03/ 106386

PCT/ USO3;,1624 the riBrockdnnelGE at ALEIS Wiof atidiuf 1 @ogrea®s; rare-earth nmetal s and

m xtures thereof. 9. The nethod of any of the preceding clains, wherein the
catal yst conprises a pronoter selected fromthe group consisting of Cu,
Sn, and ajkal therrﬁgt@g@of P08, heeirestiiogdotarboyfeod flowmeirpeghdbei ng

cl ai ns, wherein the catal yst conprises an oxide catal yst conprising My, V
and Mp, whepaiamel fsat ABFSY ofabPE 38T R5*. i s in the range of 0.5 to 2. 10
11. The method of claim 10, wherein the yield of olefins.is at |east 50%
greater than the yield when the reactjon js -CO“P%%H@Q u der the sane

condi ti ong. exTephethdd bf anyeftheipyeseding HamseWATEP A5 RSV Kt i 0 of 0.1. 12.
The nethod, of any of th r i i wherein the

hydr ocar g‘éﬁ#—"&%ﬁi’%? ﬁ?nﬁlﬁrtgdltg aﬁf&g%@%&%?ﬁgﬁgzurce of oxygen are reacted at a
tenperature of 600 C or greater. 13. The nethod of any of the preceding
clains, wherein said hydr.ocarhbon ¢o L 5%%tarbgﬂ%dmmdtcsel ected

fr omthe erough%’é‘ﬁ@f’gf)%lﬂﬁmoﬁ&% %hne@e%%’tc?gzon%ﬁﬁeb%t ane and et hyl benzene. 20
14. The ngthege ffy/Ehailwnd3, wherein the hydrocarbon-containing fluid
conprises ethane and wherein the al kene conprises ethylene. 15. The net hod
of claim 14, wherein ethylene is formed at a rate of at |least 270 g/g 25
catal yst/fir. 4§, JEhed¥etihgd2 Diviann aflcast P the boird@rboptiesaayeriedp d

hydr ocar bon conprises at |east one nenber selected fromthe group

consi st i no adifenCigl/ergratigmeal kanes. 30 17. The nethod of any of the preceding
cl ai B, wherein hydrogen gas is cofed with

23, The method of any of the preceding claims, wherein the contact time in the

reaction chamber is 100 ms or less.

24.  The method of claim 23, wherein the contact time in the reaction chamber is 50

20  ms or less.

75, The method of any of the preceding claims, wherein the hydrocarbon-containing

fluid and the source of oxygen are combined immediately before contacting the catalyst

such that precatalyst contact time is 150 ms or less.

25
76.  The method of claim 25, wherein the precatalyst contact time is 75 ms or less.

97 The method of claim 26, wherein the precatalyst contact time is 10 ms or less.

30 28. The method of any of the preceding claims, wherein the product of the system
absolute pressure and the precatalyst contact time is less than 150

atmospheres-milliseconds.
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t he hydrocarbon-containing fluid. 51 WD 03/106386 PCT/US03/16210 18. The
net hod of any of the preceding clains, wherein total hydrocarbon feed flow
t hrough twe ogiteechannel is at a LHSV of about 1 or great @CT/us93/16Ene met hod
of claim 18, wherein total hydrocarbon feed flow through the 5

m crochannel is at a LHSV of about 32 or greater. 20. The nethod of any, of
the preceding clainms, wherein at |east 10% of the hydrocarbon is converted
to an al kene and/or aral kene. 10 21. The net hod of claim 20, wherein at

| east 25% of the hydrocarbon is converted to_ an allcene and/ or aral kene.
22. The net hotheGhettddsimng bf thaleceding caims sulereis Bmsy§en RECRYHFGRY bon i s
converted to an al kene and/or_ aral kene. 15 23. The nethod of any of the

pr ecedi nd 2BposphaEes ARFRATEIPFFSTHB Bt Act time in the reaction chanber is 100
ms or |less. 24. The nmethod of claim 23, wherein the contact time in the

reaction chanmber is 50 20 nms or less.. 25.. The net . & the

pr ecedi ng0c| alemethpdelny of He Wﬁ#l%é?%nwh%ﬁlpéﬁwnﬁoﬁg e?&tll g and the source

of oxygen_ ar i pednd AR dhaiesyrhedfkgsenant &etlisnepnt bet bat &0 yst  such

t hat pre%@glﬁ“‘;@o& contact tine is 150 nms or less. 25 26. The nethod of claim
25, wher einwspleees{rbenmatsysd vadersiadard FoRIHES)Y5 ins or less. 27. The method
of claim 26, wherein the precatal yst contact tine is 10 ns or |less. 30 28.

The nmethod of any of the preceding clainms, wherein the r.oductt of the
system ahsol Uhempthed sfiary aiiitk irénsdipe eleimsa YRSt SR PVERP PO H%ss t han 150

at ms%hteﬁgigrbrfnléya%@ﬁ%%@ﬁﬁ@?‘s%ﬁ%ﬁé%ﬁgﬁéq"&ﬁ US03/ 16210 29. The nethod of

any o eln the system operates at about 5
at nospheres absolute pressure or greater. 5 30. The nethod of any of the

precedi ng cl ai ns, wherein éfh comii ned. EaiREnt, FpEsa8 abbammteont ai ni ng
fluid and heTélémeg\é’dé’%a dﬁ‘?’nprfﬂ%gglgfcgé ’gt%?%glrg@sn.ét ¥)I east 10 at nospher es
(when neggsy §9e.4dNAervoling Wekakioh, o8 fuil fluidrftw through the microchannel

15 33. The method of any of the preceding claims, further comprising removing heat into

an adjacent heat exchanger.

34.  The method of claim 33, wherein the step of removing heat into an adjacent heat

exchanger comprises transferring heat from a product stream into a reactant stream.

20
35.  The method of any of the preceding claims, further comprising quenching the

stream formed after reacting the hydrocarbon-containing fluid and the source of oxygen.

36.  The method of claim 35, wherein, in the quenching step, a coolant fluid is injected

25 into the stream formed by reacting the hydrocarbon-containing fluid and the source of

oxygen.

37 The method of claim 36, wherein the coolant fluid evaporates in the stream

formed by reacting the hydrocarbon-containing fluid and the source of oxygen.

30
38.  The method of any of claims 1 to 35, wherein there is no quench fluid injected

into the product stream.
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31. The nethod of any of the preceding clains, conprising feeding oxygen
into the 10 m crochannel at nmultiple points along the channel |ength. 32.
The net howlooB/1eq3g6 of t he precedi ng cl ai ns, wherein dil uentPCTidSopresent ,
constitutes 0.25 or less, as a volune fraction, of total fluid flow

t hrough the m crochannel 15 33. The nmethod of any of the preceding clains,
further conprising renoving heat into an adjacent heat exchanger. 34. The
met hod of claim 33, wherein the step of renoving heat into an adjacent heat
exchanger conprises transferring heat froma product streamjnto a reactant
stream 36 35Thdfehs@bhag ofthepmeedifg tihismspwhaeidithrgmethed idhermaipt nher
conprising quenching the streamforned after reacting the
hydrocar@@ﬁﬁéontalnlng fluid and the source of oxygen. 36. The nethod of
claim 35, wherein, in the quenching step, a coolant fluid is injected 25

into the stream forned by reactin ocar bo t; i d and the
sour cé of40. oxFhemethay OfWé’fﬁlﬁ‘tHﬁ?fﬂ‘%% Ql@?%%%“%rgms er%?({r%l %k%%g%ant fluid

evapor at LisRAMeldcavifRLdRY yieRasich fg:, tablemhymdmarrbumercont ai ni ng
fluid anggl h%r?gg?@e So } fg 1WBC&&BO %8 The net hod of y,..0f .clainms 1 to 35,

wher ei n tdoadwetddsmae ﬂ@aﬁ@n@wondlmrxa (et fesd COWH?S&)“%%’“B% FIEFii%Bam 53 wWo

03/106386 .RCL/ U 418t !919@% RfprRAYabl), doffctines ertbsuge, cl ai s,
wherein t"r‘?é%ﬁ‘hagt/ %&g%tﬁg e;llihfraci‘e’u tral E?r bqﬁ)e met h%g of any of t he

pr ecedi Ngaglyt be, temjmatexencesaysrﬂ corendaision ped foa) | ’é‘@t le? PR 9 her i or

conversi on, selectivit and/ d L on A8 ofi@RMahettsile o reaction
conduéd ecUGFH IS #8194 Vecgﬂ %ﬁgﬁgedl rxggg ant feed ((:)orrposi tion, oxidant,

di luent, wakie@sd eﬂhblisecﬁﬁ/oomoﬁbaﬁttﬂedb]mm;lg' (with diluent |evel as close as

practi cabl e), ac ressur dtenperature, catalyst
conposi tlﬁﬁhafhﬁdleaﬁm ei&ar‘i]“’%t ?frﬁtfﬂ ?ﬁﬁlea%%ﬁegr%?te)r/@qﬁ quartz tube with no
active co pglpgt a6k Qeigﬂv&(hcghayddhmambmfrhyamdarbm,dmnt the results of the

met hod ex Its one or nore, of q%@; owi ng: (a) an at least 20% rel ative
hi gher r afc) en efleasie] Q¢ £qlajive highersfie %ﬁé‘? (b) an at |east 10%rel ative

hi gher . co + P ?éi&t'ﬁ% h'@Psl’élec@\hty(tﬁbleﬁﬁs at | east 10%rel ative higher
yield Iof Qd?‘%%?{r%gﬁ ° 5 (d) ql@%’an at | east 10%({ t| ve higher selectivity to
ol efins; (@ an atleast 10% relatlve lower selectivity of carbon dioxi

41.  The method of claim 40 having an olefin percent selectivity of at least about 50%
and a hydrocarbon conversion of at least about 10%.

20
42. A method of oxidatively dehydrogenating a gaseous hydrocarbon, comprising:

flowing a hydrocarbon-containing fluid and a source of oxygen into a reaction chamber;

wherein an oxidative dehydrogenation catalyst is present in the reaction chamber;

wherein the oxidative dehydrogenation catalyst comprises an oxide catalyst comprising
25 Mg, V and Mo, wherein the molar ratio of Mo:V is in the range of 0.5 to 2;

reacting the hydrocarbon-containing fluid and the source of oxygen, in the reaction

chamber,

to form water and at least one alkene and/or aralkene.

30 43. The method of claim 42, wherein the yield of olefins is at least 50% greater than
the yield when the reaction is conducted under the same conditions except with a catalyst

that contains Mo:V a ratio of 0.1.

54



(e) an at least 10%relative |ower selectivity of carbon dioxide. 41. The
nmet hod of claim40 having an ol efin percent selectivity of at |east about
50% and woOlwgdeasar bon conversion of at |east about 10% 20TAB03/f62met hod of
oxi datively dehydrogenating a gaseous hydrocarbon, conprising: flowng a
hydr ocar bon-contai ning fluid and a source of oxygen into a reaction
chanber; wherein an oxidative dehydrogenation catalyst is present in the
reaction chanber; wherein the oxidative dehydrogenation catal yst conprises
an oxi de catal yst conprising 25 My, V and Mo, wherein the nolar ratio of
Mb:V is jn thg fan@erekidtivblydehirogdmetietd gageduh by higeroeastmise8nt ai ni ng

fluid and the source_ of oxygen,_ in the reaction . hanRetf Or m wat er and
at |east ﬂow'@gallWé%afh%)cwané?%ﬂwgﬁ@éaéﬁ‘r &Ic’ﬁ‘genﬁ%ttg %gq@s%? lacﬁ%i m 42, wherein

the yi el d,of; ol efi Nl Grlrob@ntién SRAGsgIsgriseit it temicbbenyélel d when t he
reaction i s conducted under the same conditions exge%evdng%% %%t al yst
that sonteabtis thhxiracarbmmiceniging fuid aul thg SYELHEIEE™P f 0 44. A
met hod of oxi dat | grogmnati ng a gaseous hydrocarbon, conpri sing:
flowing & lep(%l@lgl\r{%lbaﬁ-gggﬂr%()ai ning fluid and a source of oxygen into a

m cr ochamneki witened at least aneiatkens W@@F&léﬁnﬁgenati on catalyst is present in

t he m crochannel ; reacting.. At oRe AR kRN 1daktioth ahd t he
sour ce ofWhGWb@ﬁ,hyﬁ?rﬂcatr e 5 géeggﬁg%(%%e?& in S t enperature r(g_n e of 300 to.
1000C, t gud BfdrRacwabels cnderat td memiens med/ef eallenearnd/ vierear W3l SREOCHRE ei n t he

hydrocarbon conprises an. al kane.or. ar g phaerein at [ east 10% of
t he H@dré@@r%ﬁnphf%lgémlﬂoélﬁan?%l 5H agif}gée\%]gﬁ%ﬁgt/ or aral kene; and wherein
total hydrocarbon 10 feed flow through the mcrochannel is at a LHSV of

about 32 or greater. 45. A nethod of oxidativel [ a gaseous
hydr ocar B6n wi4t methed abeddatiyely dgwggoée?ag%f‘ SIS 1}é'cc)i gr?%%?églﬁ ﬁ%ﬁ ?ﬁlgéva\? ng a

hydr ocar b%g-ﬁa%gg&' ARG Smkideand a source of oxygen into a m crochannel;
15 whereifi 8n 6xi dative (5) rese

ehydr ogenat j on cat I%fst i§ sent i the
ni cr ochanfieling ahpidrogsemedontatnifeg HHijd ArtaIoNEs- oL § g&Pm%gmﬁ Urd arid the source
of oxygen are conbi.n ' ' Y 9hRs& O 0 tAE iddgehbel;zad al yst such
that prec¥t4ryst O)élgﬁt?‘%cdtehil %hiﬁsﬁl_g(%g@nsl gr “Tess. 20 46, @ r%t hod of
oxi dat i velyersiatyciydgeadbi-aontzniga Suisipsd ledewca Phy et 1A P BT d

immediately before contacting the catalyst such that precatalyst contact time is 150 ms or

less.

20 46. A method of oxidatively dehydrogenating a gaseous hydrocarbon with reduced
gas phase reactions, comprising:
flowing a hydrocarbon-containing fluid and a source of oxygen into a microchannel;
wherein an oxidative dehydrogenation catalyst is present in the microchannel; and
wherein the combined pressure of hydrocarbon-containing fluid and the source of oxygen
25  in a feed stream is at least 10 atmosﬁheres (when measured under standard conditions)
and the precatalyst contact time of the hydrocarbon-containing fluid or the source of

oxygen at a temperature of 300 °C or more is 15 ms or less.

47. A method for catalytic oxidative dehydrogenation of a gaseous hydrocarbon,

30 comprising:
flowing a hydrocarbon-containing fluid and a source of oxygen into a microchannel;

wherein a catalyst is present in the microchannel;
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gas phase reactions, conprising: flow ng a hydrocarbon-containing fluid and
a source of oxygen into a iicrochannel; wherein an oxidative

dehydr ogewetoaos3s@at al yst is present in the m crochannel; acoa/usesiened n t he
conbi ned pressure of hydrocarbon-containing fluid and the source of oxygen
25 in a feed streamis at |east 10 at nospheres (when neasured under
standard conditions) and the precatal yst contact tine of the

hydrocarbon-containing fluid or 4h f 8R tRtmidrotipper at ure of
300 C ort r@tﬁ%hﬂg‘)‘i’?g’oi}'rco tage éflif an}%%{tﬁ{)% ¢ 8?5)%21 al ytic oxidative
dehydr oggnafeingBrafie Angassosiso topdt@car bon, 30 conprising: flowing a

hydr ocar bon-contai ning fluid and a, source of Axddih Q@ @ cr ochannel ;
wher ei n & fosn avajes end %tqﬁﬁfe%’é R I?P%cﬁ%l%g%é?‘,g BENG 031 106386

PCT/ USO34ﬁ%ﬁQmél%@ﬁhﬁiBprﬂ% Aot ibe eabast damgtit ai ning fluid and the source of
oxygen, in the mcrochannel, in a tenperature range of 335 to 1000C, to
formwater and at | east one al kene and/ or aral kene; and feedi ng oxygen into

the mcrocha i SaPavelisyalogagitibhef caanehydrecrgtdn, 5 48. A
met hod fg' ’ ca%gﬁ%/t??&cfog% c}%ti vé dehydryogenati on of a gaseous hydrocarbon,

conpri si rgmpfidiogv ng a hydrocarbon-containing fluid and a source of oxygen

into a mcrochanngl . ! A e Rl VS birck 9f By@&ehtto d MickdvRadmer ochannel ; 10
reacting Wén%%%%dgfhggﬁ%%h{ﬁ&?%% fluid and y'?he source of oxygen, in the
m cr ochanfgkein a tatalgsttieppentibiireeniceasgenel 335 to 1000C, to fonn water and at
| east one al kene and/or aral kenez . MDYLOGE R§8dn, Inth®mRochdh@Eent  heat
exchalfgerreactie g hy O%E’%ﬁo aéf%m%%‘fug{ag?fhé% oxi dat i \?géndélh;drogenati on of a
gaseous hydrasaiem rangs 085 t8i10Q°CS | owi ng a hydr ocar bon- cont ai ning fl uid
and a source of oxygen into m crochan, nel ; €1 Do iR QLA Nkntl S present
in the mtefoahaneind af lag Ongy "trﬁé‘ng(%?f%%%%eb%‘hdf\é\%ﬁ{”g fe ng 11 et he
source thegﬁé&gﬁ%geli.n the mcrochannel, 20 in a tenperature range of 335 to
1000C, to tormwater and at | east one al kene and/or arallcene; and

quenching the streamformed after reacting the hydrocarbon-containing
flhui dlsa nd4é.he A 8 f&fcaﬁﬁf}(ig%ﬁdative dehydrogenation of a gaseous hydrocarbon,

comprising: ‘

flowing a hydrocarbon-containing fluid and a source of oxygen into a microchannel;

wherein a catalyst is present in the microchannel;

reacting the hydrocarbon-containing fluid and the source of oxygen, in the microchannel,
20  in a temperature range of 335 to 1000°C,

to form water and at least one alkene and/or aralkene; and quenching the stream formed

after reacting the hydrocarbon-containing fluid and the source of oxygen.

50. A method for catalytic oxidative dehydrogenation of a gaseous hydrocarbon,

25 comprising:”
flowing a hydrocarbon-containing fluid and a source of oxygen into a microchannel;
wherein a catalyst is present in the microchannel;
reacting the hydrocarbon-containing fluid and the source of oxygen, in the microchannel,
in a temperature range of 335 to 1000°C,

30 to form water and at least one alkene and/or aralkene; and wherein said method is
characterized by superior conversion, selectivity and/or yield, such that, as compared to a

reaction conducted under the same conditions (reactant feed composiiion, oxidant,
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50. A nethod for catal ytic oxidative dehydrogenati on of a gaseous
hydr ocarbon, 25 conprising: flow ng a hydrocarbon-containing fluid and a

sour ce ofwoxggessé nto a m crochannel; wherein a catal yst PCI/Uysogs@mé in the
m crochannel ; reacting the hydrocarbon-containing fluid and the source of
oxygen, in the mcrochannel, in a tenperature range of 335 to 1000C, 30 to

fonn water and at | east one al kene and/or aral kene; and wherein sai d net hod

is characterized uper.i.ar. ar i e L85k ik bctdaBleRiconthel d, such
that, asdEeRpaTES O%Seiogg%né@fl}l%gE%g{n(ghlgﬁbela‘%unpler t hg sane e"gondi tions
(1 eact aniyf.cqessGRNMRSjst baltemparbiian tatal§s cEpGEIoLBS SBMPETY LGB/ 510

diluent, ratios of feed/oxidant/diluent (w. I ida86 tifel 0Ose as
pract i caliagpeter gpHizdERe Yihpo a%?%%@bp%?n&c%{% ‘éﬂ%@tl@g}gg%ﬁgﬁ%@yﬁld& r e,t cat al yst

conposi t i o aeeind REMbA bihitits bn offivlenn ére folitivangt er quartz tube with no

active cooling and pre-m xed hydr o%arb n..and Wn&, the results of the
met hod ex#idniat keasw A8%aelatsriiehst Tatin @t PAFISHCHY a) an at |east 20%

relative | getetabhOlliveRbes bhiiiasraacii@®or or - (b) an at |east 10%
relative gher conversion of hydrocarbon; or (c) an at |east 10%rel ative

hi gher yi(e) ah avfeasi|10%4 mistiveoltighie yiekhollefing8t  10% rel ati ve hi gher selectivity
to olefing; or.(e n_at. 0 bi@; bower sel ectivity of carbon

di oxi de. Qﬁhﬁl%f(aSt)Al\B%’arF%%lﬁésﬁg%‘% s%gl.?(% ilté\i@él:ey dehydr ogenati ng a hydrocar bon,
conpri si ngj an A lewkia0BckAtneloweeslectivhy ofivabBefioxdid an oxi dati ve

dehydr ogenati on catal yst di sposed in the m crochannel reaction chanber
conpri%es one of the following forns: 15 a) a particulate catalyst; or b)
a porous §iNSgphianRforcxidaticdy dthystogumting 6 bpdrPergPonosRRITSINGY a first |ayer
formed between a reactjon cbha_rrb r wall and a second | ayer; wherein the
reacti on &maesdAghIcpctionchaRbeydGer and second | ayer have different
CoNposi t i QNSabeRSBrobhRibh Efdlydt disposch astheMiaodihnisk rrastionshamgber| east 0. 1
m cronmeters. 52. Thé apparatus of claimb51, wherein the oxidative

dehydr ogesratririses agtohthpdellgying O89S cr oss-sectional area of the nicrochannel

so t h% t here A)sa B&ip&tg Athi9w: gath through the nicrochannel.
b) a porous insert; or
c) a catalyst wall coating comprising a first layer formed between a reaction
chamber wall and a second layer; wherein the reaction chamber wall, first

layer and second layer have different compositions, wherein the first layer has

20 a thickness of at least 0.1 micrometers.

52.  The apparatus of claim 51, wherein the oxidative dehydrogenation catalyst fills a

cross-sectional area of the microchannel so that there is no bulk flow path through the

microchannel.

25
53.  The apparatus of any of claims 51 and 52, wherein a silica coating is disposed on

the wall.

54,  The apparatus of any of claims 51 to 53, wherein the oxidative dehydrogenation

30 catalyst comprises a felt.

55.  The apparatus of any of claims 51 to 54, further comprising an oxygen channel
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25 53. The apparatus of any of clainms 51 and 52, wherein a silica coating
is disposed on the wall. 54. The apparatus of any of clains 51 to 53,
wherei n tWe 0ds08d | ve dehydrogenati on 30 catal yst conpri ®€3/to03/ed210 55.
The apparatus of any of clains 51 to 54, further conprising an oxygen
channel 57 WD 03/106386 PCT/ US03/16210 adjacent to said m crochannel
reacti on chanber and separated by an oxygen channel wall, wherein
apertures_through, said,ox fedbpas Sr@RWRKSnblevaleen t he
oxygen cHEFTE|LO %%Imfcﬁ%dﬁag%eg%g%t%&gcﬁgﬁ er . LSCPE% Agpar ?tg%s for oxidatively
dehydr oggRatinngertirdiyioagasaiboxygenctpnid wal formePafiags ek ReHEr: Peact i on

chanber; and an oxi dative deh&drﬂg%enati on catal yst disposed in the

m crochaﬁﬂ@enﬁ@&éﬁliab%tbéﬁ%?ﬁﬂ%‘}, AM4Hd conprising: an oxygen channel adjacent
to said mcrochannel reaction chanber and separated 10 by an oxygen
channel wall, wherein apertures through sgji gwg%(rxggg & | wall form
passagewd§s bapeesvs fohexidaiyglleRylipgraf g AV HNE  Peact i bn chanber. 57. A
catal ytic _sys j [ dehydr ogenati ng a hydrocarbon, conpri sing:
a reacti Sﬁméﬁé}%ﬁ}é@w&aﬁﬁ%{%%ﬁlg%@g% dative dehydrogengtion catalyst disposed
in the reackidaivechayvbegenatignenilyat disposedya the lFré’dgarll‘&? 5€atcg1 Y2846y a catal ytic
activity such that when propane and 02, wth no diluents, ina 1:1 ratio
are fed iaﬂ‘hJBOI’ngmlg'eacti on chanber at an LHSV of 32 an% a_catal yst

t enper at ure ofn 58@eCohanhdndiagent to spidopigreshanBPhFEACE PR FAGIPCLTN SRR %0% and an
olefin vyield of | east.. 20% . : k£ clgwmbdienmidbme! ai m 57,

wher €li%n tbﬁéln%&eﬁaﬁlf“inélec a;lt' gg?%ﬁzd%g%ﬁg@tﬂgﬁg%g%g{)%c activity such that when
propane gfghafcva Yhdthediothebtygemtismpnélandtht rdectien ¢hémiele fed into the reaction
chanber at an LHSV of 32 and a catal yst tenperature of 580 C, there is a
propane conversion of at |east 30 to about 50% and an ol efin yield of at

| east 20 40 31%,pIAR HStem FhexaRtiadly tilydypatating ohydrbeaPAnsRMRHTEEI n t he
systemis characterized by a catalytic activity such that when the

cat al yst 4 sactiopkhrdni®dan equal vol ume of a catalyst consisting of a

Mg- V- 95 Cagnaolx){ Ative &)erﬁgr&‘rioEédagox’géaté’l‘gfs%;iiyﬁ@e@ﬁﬁhé-&atwto%c}{ﬁﬁ&rwi th surface
wherein the system is characterized by a catalytic activity such that when propane and Oo,
with no diluents, in a 1:1 ratio are fed into the reaction chamber at an LHSV of 32 and a

catalyst temperature of 580 °C, there is a propane conversion of at least 30% and an olefin

yield of at least 20%.
20
58.  The catalytic system of claim 57, wherein the system is characterized by a
catalytic activity such that when propane and O,, with no diluents, in a 1:1 ratio are fed
into the reaction chamber at an LHSV of 32 and a catalyst temperature of 580 °C, there is
a propane conversion of at least 3() to about 50% and an olefin yield of at least 20 to 3 1%.
25

59.  The catalytic system of claim 57, wherein the system is characterized by a
éatalytic activity such that when the catalyst is replaced by an equal volume of a catalyst
consisting of a Mg-V-O catalyst containing 81 wt% MgO and 19 wt% V,0s with surface
area of about 100 m%/g pelleted to a size between 250-400pum and then pre-treated prior to
30  reaction at 500°C in 40ml/min O, for 1his inserted into the reaction chamber, and then
propane and O, with no diluents, in a 1:1 ratio are fed into the reaction chamber at an

LHSV of 32 and a catalyst temperature of 580 C, there is a propane conversion of at least
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area of about 100 nR/g pelleted to a size between 250-400m and then
pre-treated prior to 30 reaction at 500C in 40inl/mn 02 for Ih is inserted
i nto the weastida3ss chanber, and then propane and 02, w thpPoa/uwob/wemds, in a
1:1 ratio are fed into the reaction chanber at an LHSV of 32 and a

catal yst tenperature of 580 C, there is a propane conversion of at |east 58
WO 03/106386 PCT/US03/ 16210 30% and an olefin yield of at | east 20% 60.

The catal ytic system.of, any_ o ainms 57 to 59, wherein the oxidative
dehydr og Oaﬁ“?‘baﬁ‘ﬁ%frb}flg@t&a%ﬁg%%%@é' in the mcrochannel reaction chamber
conprises one 5 of the following fornms: a) a particulate catalyst; or b)

a porous insert; or c) a catalyst, wal td i RS Bk a first |ayer
f or med bé@-weeTﬂheeGaYaé’é‘EtSY%ﬂnOéﬂ’gyﬁ%@r&%ﬁhtggg’d‘l’%@%{écondiclﬁé&gr;_ wherein the
reaction d&ﬁ@{l‘)‘gﬁv\%ﬁ%_Ealtalglgtid[s?bse& h thayedrochanines ecaotih dhaaber cREpEsEdPRS er ent

S!

conpositio erein the first layer has a thickness of at least 0.1
m cr ofet ef e follewig forms:

a) a particulate catalyst; or

b) a porous insert; or

¢) a catalyst wall coating comprising a first layer formed between a reaction
chamber wall and a second layer; wherein the reaction chamber wall, first

10 layer and second layer have different compositions, wherein the first layer has

a thickness of at least 0.1 micrometers.
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