;o <=e3e\rYlIntp@pTr6rTr Vnaw~~~'~m | 1Yl PROVED PROCESSES FOR THE
PREPARATI ON OF OLEFI NS, UNSATURATED CARBOXYLI C ACI DS AND UNSATURATED

NI TRI LES FROM ALKANES The present invention rel ates to the oxi dative
dehydr ogenati on of al kanes for the production of ol ef

particularly, to the use of catalyst systems conprisi ng oxi MW@WMH’M
dehydrogenati on catal ysts and m xed netal oxide catal ysts f

preparation of unsaturated carboxylic acids and unsaturated nittdogoges from
al kanes. The production of al kenes j(e.g., CZ-C4 al kenes) is nbst conmonly
acconpl i shed by the thermal cracking of hydrocarbons. This is a process
requi ri NEMPROMERPROCESSES EON’U&EMP&MBIGMOFHSUEFINS} UNSADURATED on of
undesi rabl e b ropelelt ,Mntral to
reduce react SARBOX] : cent
years, it has been pr oposed to perform an oxr dative dehydrogenati on

reaction with a paraffinic hydrocarbon to yield the desired al kene. Efforts
inthe field m\peesuéerwenwdf—'l@eutoutw xidpting dehygrogeafipneefafitanepfoithes. See) e. g.,

thesis e ths“% nes at
MITi sec'gttr?g&l&gﬂ? Ea((g:l:té}ﬁ a}{étn?o %@fméulﬂﬁll_y)er r%kg?c P E%? gﬂp aghrlg&égeprr nt
of a pap@hyﬁbg@htiormataatsts arnﬂnetedms‘:tztbyxxd))(cztﬂaiyst&/fer De psegarofemadtunaturgéd Pr opoane
and But ane?s over da ! g ! Czl'% st Supported on a Foam Monolith"
In the | §FY&Y B8 ﬂ'ésé‘ﬁ"a sd“éﬂger*&%t ane is noted that Flick's sel ection
of catal yst Cﬂﬁ@ﬁﬁuttﬁdﬁbfﬁﬁéﬁsﬁdgﬂtﬁ&, zruednact)hs/mby chih@bnigdtdtipashaaby then

t enper at ur es, gh as_400C hi gher than desired for certain

reacti on@emeée&f}g%g ‘bffhy t“}‘?é‘“t’ﬁ’“@ hiEys i éﬁﬁ@?sartﬂuéglgéﬁae PROURES %rw BRI i ci ency

cat al yst & reuRiY Bl Stfuth ophltdNRble Dy ppotiuc(RE B GREEFhiLY blish Hade iew) CO and
CQZ selectivity is high and catalc%;@t1 deactivation 1s nore rapid. Published

I nt er nat PYeial PpAedae reagpn sfficiency andaenoG/acasBoalShEdews16, 2000), entitled

" Aut ot her mal t t "[1]t
woul & be. desi T ol T e B B o A et i &

hydr ocar gha psraifmmlmitoe@tb@rotoarclctﬁlhemsrreci aikalecbﬁﬁ%srls therfickitave bdea caponted y
conparable to r tha h rocesses I t
wourd berfiahftpeed br B flad BE R SUTTREE Rl SallBbe St lidalt

guant i t i Pshydfogeieeipn oXkAlkades @n\mﬁ@dmrt(amtaSunh\e@erﬂa:r nemcm@rmrdaoamna ar bon
dioxide. It would al so desir i f. the s were to achi eye | ow
feval o ot exparyS e gt Figk S Gltng oy b S e S Gt oDl pr ocess
coul d bepg@sdsloyereimomeed Gﬂro‘ﬂmﬂ hﬂuysttshepdme@eﬁsmwn oholkht.ai G JareAPutial

i ntensive, and conpl ex * 2 cr ackr ng furnace, Finally, it would be
most  desPYABE &PiOO eﬁé“ea?ar' §;‘§'tF lt/r‘/a§ seleciion of saidyst RRMRRSHQR PEsessi@hpor t  not

prone t oredtiaélly Wigh-autotheBudd vl tbap@stuRpRIg, Qahigaras e hivhtr Whsdekiggot he use of
reduci bl e metal oxides pronoted with Group nmetal s. Moreover, the

aut ot her Rt EeHRRs Beaate offtie isherrenesraturey prémlatiyelniagretficiensy cyalsteen 800C
and | 10Q6rverston GPAIKAR K loweelef?r{ se{ecm% IOQDMd’C@QQIQctwR? islReBnd 2 st

“Lowering the Qperating Tenmperat ure of Seélective Oxidation Catalys
i ndi cat edeactietiott is mdsgrapidcor por at i ng pal | adi um i nto oxi dative
dehydr ogenat i | en redox
cycle is bypa@@gg%h\?d% ét@%‘?ﬁ}%ﬁ?&%&m&&rbgjaogyrétﬁd%h@{gét’ygrdb) E@ﬁ%@r ature of
around 208@pthersnat Bropess éut ttted’rodtetwrnwericﬁnbedeqogmn(bl thdt) [I]mrodm Be dsimblaud hor s

i ncor por fumi nt9

t hr ee- di g&%‘h"s"f’o“n‘é“m tpé‘T“ts e"‘ %%a“‘aff H‘C%‘;‘S%“%’“ iy o4 ?Fgeéi 041 O‘efu I'ofd, i.e. 0.6
seconds ¢daf¥ersiohlahd m&ﬂcy&)omphdnely tdloelbenet thim)cai meich® thighdl yrackin@proteley.

appl i ed heat a yst bed; and the repared butadiene from butene.
200 ar sof i kol G HRiy & o o Reprodics Fpa AN o~ H55%)

Unsat ur ap@du@a ki@ kdrBord@bibXide UatcaSonakisydd, & vasuldhi@e dREBRGL ¢ | br@ce@@l d are
industrially inportant as starting materials for various synthetic resins,

coating Heafedp Patleyeémulemlaeftqa@hz ingdpaeld b ayqnymore Aesirable HdbfiPrpesicess for
acrylic h&'RJ@@t T‘n%r@c% WIS ‘t’n%%e sstxth?xi{lQ@ , %@Jl WhdrSivO%h@BshQE reaction

starting wth a pro ene feed. propene 1s converted to
acrol ein over a ed brsnuth nDbedate catalyst In the second stage,
acrolern the first stage is converted to acrylic acid using a
catalyst mai nl y nol ybdenum and vanadi um oxi des. | n nobst cases,

t he catal yst ﬁamﬁulatrons are proprietary to the catalyst supplier, but,
the technology is well established. Mreover, there is an incentive to
devel op a single step process to prepare the unsaturated acid fromits
correspondi ng al kene. Therefore, the prior art describes cases where
conpl ex netal oxide catalysts are utilized for the preparation of
unsaturated acid fronta correspondrng al kene |n a srngle step. European

~ 2 a2 N ONININ NN N oA o o r



MbaBi bFe~AdB~CFDgOr 3 wherein A represents Ni and/or Co, B represents at

| east one el enent selected from M, Zn, Ca, Mj, Sn and Pb, C represents at

| east one el enent selected fromP, B, As, Te, W Sb and Si, and D
represents at | east one el enent selected fromK, Rb, Cs and Tl; and
wherein, whena= |2, 0<b<_ 10,0<c<_ 10, 1 < d<_10,0< e<_ 10,0<_f< 20and 0 <_
g <_ 2, and x has a val ue dependent on the oxidation state of the other

el enents; and (ii) a nol ybdenum oxide which in itself is substantially
inert to said gas phase catal ytic oxi dation to provi de the correspondi ng
unsat ur ated al dehyde and unsaturated carboxylic acid. Japanese Lai d- Open

Pat ent ABBklgﬁ@hfrﬁ@jeFﬁﬂﬁllﬁﬁfv&H@b Tt%g B It g ?ﬂtﬁi&t%@ﬁa&l@%dw&hj‘ gl.ure of

acrylic aci ase ca I C OXi ropene in
presence m;fpomnnqﬂomb addctonel”dlé)s pcbirshai appn@txbb)ioéd not‘l’cmcl@e madxs%mbtmrsﬁlm Xis

at | east on Pd, Pt,
Sh, Bi, gwtfﬂ*ldis me&%fed RVY‘ ﬁboupésm%{ﬂa B@eovlsmshq %lwé%efmtammwswhzed

Appl i cat wWRR: thislcalMRi 01 £ Be6Reimet asesiopecat al yst for sel ective oxidation of
propene to acr ylic acid and acrol ei n_contai ni catal yst conposition

conposi ng t heSdFdniskt &t AlpChagn. Gogumuypg 200G, paﬁa%x?ﬁ% towveripg the@pegtingat i o:

Mo~VblLa~ I tu -
N0 VDLa~ AT OSSO oty OBy Mo U kBRSOl By

fi sCt 00. 2ridnidveviabydedganation cafalpes, |ad<aY stopainyesusgdl Mars{yan Krevelen gdemneycle 1srlarpr esent
the rel at) ng %h%ﬂ}r%hﬂgnn aa}{e‘l:rgfse %Pe{ ng Fhé) rr(ﬁ e M)drou\étl 256"’C chmlglgreg Q th%t i on

respecti Vel Yy, in cata s ar e
wi t h oxy gemodifedvimet ) akide. hﬂ"&cﬂimhm&nad)rﬁmae& psltadﬁm’rmmmkupzmﬁghml Tieeyaci d
i r or. artg es cases

using a | ower cost propane feed. Therefore, escri

Wher o n SRk e BB P caarn HEF: FeRsSuat G R TP H Oty o
acid in enBis&bof); theylid Rﬁhemutmmﬁlﬁsé),t&s?applmeﬂqllem@me@atm@;tmeaﬂ ah@the

produci ng an unsaturated carboxylic _acid conprising subjecti n an al kane to

a vapor . prRyed pypdiereifom B%?’Ha?fied‘ﬁor ‘é‘é}&‘ﬂﬁkb ¢ #nU ShBatgt é@e&ré@ 377 Mareh 2,
1999).

Unsaturated carboxylic acids such as acrylic acid and methacrylic acid are industrially
important as starting materials for various synthetic resins, coating materials and plasticizers.
Commercially, the current process for acrylic acid manufacture involves a two-step catalytic
oxidation reaction starting with a propene feed. In the first stage, propene is converted to acrolein
over a modified bismuth molybdate catalyst. In the second stage, acrolein product from the first
stage is converted to acrylic acid using a catalyst composed of mainly molybdenum and
vanadium oxides. In most cases, the catalyst formulations are proprietary to the catalyst supplier,
but, the technology is well established. Moreover, there is an incentive to develop a single step
process to prepare the unsaturated acid from its corresponding alkene. Therefore, the prior art
describes cases where complex metal oxide catalysts are utilized for the preparation of
unsaturated acid from a corresponding alkene in a single step.

European Published Patent Application No. 0 630 879 B! discloses a process for
producing an unsaturated aldehyde and a carboxylic acid which comprises subjecting propene,
isobutene or tertiary butanol to gas phase catalytic oxidation with molecular oxygen in the
presence ot (i) a catalyst composite oxide represented by the formula

Mo BipFe.A¢B.CiDO



of a catalyst containing a m xed netal oxide conprising, as essenti al
conponents, My, V, Te, Oand X, wherein X is at |east one el enent selected
fromthe group consisting of niobium tantalum tungsten, titanium

al um num zirconium chrom um manganese, iron, ruthenium cobalt, rhodium
ni ckel, palladium platinum antinony) bisnuth, boron, indiumand cerium
and wherein the proportions of the respective essential conponents, based
on the total amount of the essential conponents, exclusive of oxygen,
satisfy the following relationships: 0.25 <r(M) < 0.98, 0.003 < r(V) <
0.5, 0.003 <r(Te) < 0.5 and 0.003 < r(X) < 0.5, wherein r(M), r(V), r(Te)
and r ( X) wharein tAreprasshtsNifandien Co isrepresemts at last Tee elerenkseleatasidears Mnefy Cabased on
the tota tp.0, i al 0 Si 0 .. Publ i shed
| nter nat Vana HAGST T shrPefic MM e s B PENAT 8Tt B AL T S U

sel ect i vB repsései@t atdensndne pleaeaneleted umde Rt Edapt Didarett s | ncl udi ng acrylic
acid, acrolein and acetic acid) said cat ab\%st system contai ning a catal yst

conposi t VBFieiR ok iasi g0 MO/HEE < Falhdend = Whdres 7 1% 4 st aL0 pidhst “one el enent
sel ect edyfs b yonl ATy WS VLY - B ' .9,

ci s> 00.O 2, é)%biLagdéjﬁgso%)gg%)elé %nd .tzo,nt% (?(g& t;)é\( ftgteé).?tzh%ogﬁaé@n%stsq%&@%go. 5; and
wher ei n hiybdennmoixcla whichliugselo$ swpstantjally jnedt,to spidga$ phaseepryiemtidatiorta el at i ve
gram-atom r.at|,Q e el enent Vv, G, Nb,and X.. .respectively, in
The cat aryuRt bR ToRed et TERLT st e and P isu BRRB s Rt h oxygen.
Japanese Lai daginess [Ralt@pen PAppt Apdichon FbldakionNo0d7-034420Des83R623 di scl oses
a nethod for producing an,unsaturated carboxylic acid conprisin ubj ecti ng
an 8l Kan@ AT SIS S BY e @ DA HAT S A BHON of HPREE PABLREET 1O o

cat al yst mh@w infeghl bX18es@BMhiningao, Vo maLd andvik MablRhe Zrddleahik 8f Nb, Xfal W, @t | east
one el ement selected fromthe group consisting of Te and Sb, Z is at | east
one el enfhir.dgl Mét%dRP’rQﬂnRﬂ‘h@,gﬁ(ﬁjpSthhﬁ’&viLh K. B Gyand €8, Ti | Zr, Hf,
M, Re) Fe, Rypiifidy fn'ﬁl}natiélhalpf’ licef nf\légwo%b/odiéoéis lo§a chilyst Bsellive PO P,
Bi, Y, rare eart% elements a al kaline earth eferrents, 0.1 < a <_ 1.0,
0. 01 <_ édxidation o0Opropene 1o acrylis aeid afd @crolgin<ontgining aka@lysirgmpodigordemersimhed by

t he oxi dati e £ ..N.trites, such as acrylonitrile
and met h%%?féﬁlgﬁtlgﬁ%’ F’é?ﬁt’ﬁgcgb g&eﬁﬂ} tﬁ%ﬂﬁorsﬁt%%n%r?t@'produced as i nportant

i nternedi ates for the preparati oMogV,LajPdgftsX: synt hetic resins, synthetic
rubbers) and the.l ke, The nost. op | ar. met hod for producing such nitrites
is to subj ectwr}fﬁe“b%(é?FHors rc‘?{adglxglfo%gﬁ%f’ or isobutene to a catalytic

reacti on withiignoni a and oxygen in the presence of a catalyst in a gaseous
phase at a high t erature. Known catal ysts for conducting this reaction

i ncl ude a I\/bé?‘-‘“‘lg'-o%rg@%?’al yst, a V-Sb-O catalyst, an Sb-U-V-N -O catal yst, a
Sb- Sn- O cat al ¢isb0 120.Y- Sb- WP- O cat al yst and a catal yst obtai ned by

mechani cal ly m xing a V-Sb-WO oxide and a Bi - Ce- Mb- WO oxi de. However, in
vi ew of the p’r'isé’é’ogqopﬁé}%%ce bet ween propane and propene or between

i sobut ane and, k8ebybeng, attention has been drawn to the devel opment of a
nmet hod for producing acrylonitrile or nmethacrylonitrile by an anmoxi dati on
reacti on wherfdb Rted2:®pér al kane, such as propane or isobutane, is used as a
star t NGy JaL A AumeABH vhiied o 198 L Luh BlebitsdiPAE KA Wkl AN @ and oxygen
in a gaseous phase I n the presence of a atartllyst. ('n particular, U S.

Pat ent NouwiobofaBelslgmGidMecY dseBd, N o cespestivgly.od theicniglysirand tis atemenis e
nitrite ¢ i Sing. subj ect i an al kane and ammonia in the gaseous state to
catal yti Br%%%%lE ’crilaftoﬁlglr?g‘?% ‘?‘Eﬁe&% dsence of a catal yst which satisfies the

condi tions: (Cdmmpertinkincankiest atseteaist fox prdéucirget aatyyis ticid gsingpiossedtse gropynet he

empirical formila MbaVbTeXXO- wherein X.is at ]east ope el enent selected
From t o tigicleEan TR ohEH BECTIS BTG s a5 et SRR DY A iy

al um nunokit GRPAAT aGMiORIdURond@gPanese, iron, ruthenium cobalt, rhodium
ni ckel , palladium plati nur’g antinmony, bisnmuth) boron and cerium and, when
a =t, b= 0.8 Paent Ny, 588053 dipgloges amnehodforprodysingiag upsarraipdicaP¥lia number
such thatif BempilsudjediRB oY aRhnelth'§ vABoE Bhas@LAATRY Skidafios AhéiRhiiflle pRMce



(2) the catalyst has X-ray diffraction peaks at the follow ng angles (0. 3)
of 2B inits Xray diffraction pattern: 22.1, 28.2) 36.2, 4S.2 and 50.0.
Simlarly, Japanese Lai d-Open Patent Application Publication No. 6-228073
di scl oses a nethod of nitrite preparation conprising reacting an al kane in
a gas phase contact reaction with ammonia in the presence of a m xed netal
oxi de catalyst of the formula W, VbTe~XrO' wherein X represents one or
nore el ements selected fromniobium tantalum titanium alum num
zirconium chrom um manganese, iron, ruthenium cobalt, rhodium nickel,
paI | adi um pl atinum antinony, bisnuth, indiumand ceriumand, when a = 1,
b = 0.0l of acaalgst centainifg @ mixed metg) oxide eorgpreingt & esseOtialgdmporiestsddp.eY.niecn@d by
t he oxid r - t t di scl oses a
catalyst%digfubg%ﬁs¢ﬁgﬁﬁggﬁ X “E?&éé g%ﬁyth IDu??QégamégﬁhggﬁglonltrlIe by
t he cat altzywttalm Jtemgsten ghanivm talhenmnap,cmrcmhasechodmnampmnmgahesn isa| eteeidnd, r om
pr opane a ohut ane ul ar en and a nia b
Dot act SPouRoR B P e Ao TURE AR oA AF§and G AR ¢ e
cat al yst »\h\@felrlth@ @ﬁ&txbxﬁsc‘(ﬂkhefrégpgdﬂv@ei‘&@xﬁ\{b&nﬁm%tfws@a(omrt@ca%m&nm%eor nor e
of As, Te, E Ti, Zr, Cr) Ru, Co) Rh, Ni, Pd, Pt, B)
In, Ce, Re)enw cor@neeh exeublvewf OPYgeﬂaﬁ“SéY ﬁlaﬂ“?l ONGRSICIAEHPRNDH al kal i ne earth
netal an Wﬂ%ﬁ 9 Q. to 0.5, a
= 0.0to I > .0 ao)}g oy 0@3t<er?\r/np< gg @O&t?re(f’%)xﬁ (g%%dodn&gt ar?)e() ng Sf ﬁggégtl ons
pr esent . r\@or(H), m@leyandtrﬁ@raee the mlanéecdnonnoftl‘ﬁe VarTe afid X, eespectynlobesdd pr icess
for the | dat| Y Ofg\eet'gscér ’nat |n(3’ntS exch?‘slwlé trf:g)ey Lo form al kenes (particularly

mono- ol e |ns Minere TE |ve anount s 6t energy are required, where
contact ti rresPetrleherde[hﬁtnau@iayAeﬂnmmﬁqn N%]@V@OO/QM%rcmcmm analysefoatelecatey hi gh

or conbi pati on thereof. Ther .S need. in the art for effjcient
ot ocesse X atoNargrbdack B ot iTrufetan poty et el e ciiih g
acrylic @@@@st@&ﬂerﬂe&haﬁlhyhbaa@@b&npamf\uaﬁpﬁmcat ed nitrites, such as
acrylonitrile and nethacrylonitrile, from al kanes. Accordlngly, ina first
aspect, the present invention pr ovi Mes'v&GafdeHedr f or ‘produci ng an ol efin,
sai d net hod CQ/'HHE!n@(ﬂgtle%to:ﬁkré?é/rhéﬂté%c%dtfmrrﬁﬁi Gt "B hOofialn spyMROr t structure
for supporting a catalyst; b. providing a catalyst on at |east a portion of
sai d support 8islucture, sald catal yst conprising a reducible netal oxide
pronoted w thya §§p Qnﬁ pronoter netal; c. reacting an al kane with oxygen
in the presence of sal'd supported catalyst) said reaction having a contact
time of no | onggex0tblan 100 milliseconds and providing a conversion rate of
sai d al kane of ah)ogﬁﬁhoﬁg In a second aspect. the present invention
provides a ne?hod or produci ng an unsaturated carboxylic acid, said nmethod
conprising; edtomitabtzimgd) in a reaction zone, a feed gas strean1conprising
an al kane mﬁtF.a ?q}'léit system conprising a first catal yst conponent and
a second cata Vs?(%oﬁﬁ ent, said first catal yst conponent being capabl e of
cat al yzi ng t hevheeinvky Qin@ficilfvames @lakBreed, te&naprmdmthegalsmcecgtmhehnguca
correspondlng product _al kene and unre. acted al kane, said second catal yst

conponent©! B¥ieleais M Ve Gaf Ph Mbang % rapechele Yhibe Faplsy; 283 haRlemPREHE to a

product GRKefMRIhttARGn ¥itg @kygRgPoNdi ng product unsaturated carboxylic acid
and being capabl e of catalyzing the conversion of an alkene to a product

gas conpri si néranese kridOQpsndntay Anpbentier Pubicaiontie: 8801 198X fis¢lesene mgthod

for producing an unsaturated carboxylic acid comprising subjecting an alkane to a vapor phase
catalytic oxidation in the presence of a catalyst having the empirical formula

MoV, NbpX.Z;04
wherein X is at least one element selected from the group consisting of Te and Sb, Z is at least
one element selected from the group consisting of W, Cr, Ta, Ti, Zr, Hf, Mn, Re, Fe, Ru, Co, Rh,
Ni, Pd, Pt, Ag, Zn, B, Al, Ga, In, Ge, Sn, Pb, P, Bi, Y, rare earth elements and alkaline earth



wherein said first catal yst conponent is different fromsaid second

catal yst conponent. In a third aspect, the present invention provides a

met hod for produci ng an unsaturated carboxylic acid, said nmethod conprising
contacting, in a reaction zone, a feed gas stream conprising an al kane with
a catal yst system capabl e of catal yzing the conversion of an al kane to a
product gas conprising a product correspondi ng unsaturated carboxylic acid,
a product correspondi ng al kene and unr®eacted al kane and bei ng capabl e of
catal yzing the conversion of an al kene to a product gas conprising a
product corres ondlnggunsaturated carboxylic acid; wherein said reaction

zone conflemeiss04t< 1 £58t0.94Bb SUH. HOhSs < BRI G 4 sH-Cadess BelprAnediby iss ed
sequent i ai d sub-zones being mai ntained at reaction
conditi oﬁésl&ﬂn%%?Btfea%%%tﬁée}%tleg{epﬁe production of said product corresponding
al kene) and &itrilsaskh ams:rxitbrhmuie &dmeztmneldni;tihghmbcﬂnahmsuhaay poédwed ason

condi tions nost favorable ction. of sa uct. . .corr ondi ng
Cinsat ur JPEAER IBURYRRE GE i PrerAgt R e Sargts Bt R Fnre e 2Be

t hrough g@i Thesbst OGS memoaewmnubmg suthG@files isto Subfjeuiid ble s RRE hs prbf@e Pr esent
i nvention provides a nethod for producing an unsaturated nitrile) said

met hod  cHTHOPERGG-2 ABiTia ERFiRg, Wi Ammaniaiogeep dh e PErsece o yerselst indam

conpri si %’l@ecﬁ? pﬁdsgm%gu Rp&ait Rhowed cabNystsat? SRR tHiGrederibh frefude AR Y St
conponent and a second F yst conponent, wherein said first catalyst

conponengi- %@oPa@é}iS@aé’e%fbﬁ’cFa@b‘ﬁ%ley& Uc\ﬁﬁb&@fﬁlysmﬁbb%’ PleatalysingVoro-Wik- Oer ent,
said fi rcsaiatlﬁ?‘&nﬁl aycfl%x J‘ifég?a‘?&%%g n%%hiﬁ&ag?@ﬂ@%grez} g‘;SbgVﬁ’tﬁnéﬁé Al d‘f ﬁ'ieC& QI si on of

an al kane risin product a ene and
unr eact ed oaidk. dﬁrayevsxamdvxseohhd poatdifferatce bﬁwpmmnpanbemmgompabﬂaeew@h
catal yzi| convers 0 a

n of al kane
roduet Gt Safle® MR badR i an BE bRt L A e cpridithe
capabl e @kyleniiad yzhdligheryldhittiReyRh asedERadn radBNON WaereinRGoRENVQLS @R 20f  an
al kene to a product gas canprising a correspondi n roduct unsaturated
ni trite; PRAPASF 8T §ORUANG: 15 Bsed it Bﬁfari‘BﬁE‘aE?Bﬁ‘p?‘}ds‘g‘é C%lif“y?‘é?ﬁ%t‘eaf%wéthﬁmg‘aﬁfés sai d

sub- zonegdeRigd iflh SREGRPhSLMEB bieddnky of Adatdi@®ast one of said sub-zones
containing said first catalyst cog{)onent and at | east one different

sub- zone contlapmlﬁéﬂszI%P§%M58 HyRclaseypeteer for BRAtFiEAsneEYaed r eam
passi ng HiOHtbyS flsdy§tiing S ERaAnd BMBHL | Phe id6lsstANYd NIGHEL R ABRRNI A 1S
only fed to said F | east "one different sub-zone containing sald second

cat al yst the preproneefia callyshiviigh satisfidsehefdonditiossspect of the present invention,

t he support i i ons al ong the
X, y and z or ﬁ%tgg%lﬁ% [rgial%ﬁdggatggam r§§?b§?11|e%8 %h emg?%al?ogt%g?n and affords a
relatively high surface area per mmaNbTﬁeKmre Though | ower and hi gher
anounts a si bl e: one. e ort. stn~cture exhibits a
aurface DPERETRENER! ol UG RERRY b b 0F 6 RRE dsM g Wl er bl y. ¢he
support slhgmt tita R uitg hlhmhxaxtez@copmnoulsomtunumaugae\eandmexﬁthmam aopdt e vol une
per cent Q% g;rg{’r}hlto 50/ m)reg fer 80% an Stllmere
preferale’S‘? ey, figkes t't“HEl LBI8Y-rO Y 8 ‘i?r“ém ‘éﬁr'l‘l’f“t@ re1e4dively hi gh
feed vel 00l td €S cwi 6.0 uonalmsiomt tbal0 Al @SSMREnIE ORh tikld FHe MGk, valehe oFuepor t
structure is sufficiently strong so that it does not fracture under the
wei ght ofeihdepentsp yisfiedyfidh can range up to al nost 100% of the wei ght of
the conbi nat i Ofknofadifg neak 2 WfraBitf Jell§ of HRRAOWwiRY & HEL WicPye) HOJoSn RE ferably,
however) the (sft}ppo?[t psgtruct uyre r|as atpE élst 60 © 0/o of K hewv\el éﬁg f ﬁ

conbi nat ragdiftrttioh patrepn: QZpPeZBéZPaiﬁw,MZ“ ang 57.0°.t o 99.99 % of the wei ght of

the conbi nati referab e su ort eis 90 to
059 5% of "t heRurhTaRest i Thse P RGS Gntearbh P fo RS A Bb iR e ne
support fithog bitigild ;&e@ﬁinoﬁabmpmﬂgaéi@ing apglkir@nd a 86 [ihﬁ)d&g:oﬁtﬁctlréactlon with

ammonia in the presence of a mixed metal oxide catalyst of the formula
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nmeets the above-noted general criteria. Exanples of suitable physical forns
i ncl ude foam honeyconb, lattice, nesh, nonolith (single and nultilayer),
woven fiber, non-woven fiber, gauze) perforated substrates (e.g., foil))
particle conpacts, fibrous mat and m xtures thereof. For these supports it
wi ||l be appreciated that typically one or nore open cells wll be included
in the structure. The cell size may vary as desired) as may the cel

density, cell surface area, open 9 fqyontal area and other correspondi ng
di rensions. By way of exanple) one such structure has an open frontal area
of at least 75 % The cell shape may al so vary and may incl ude pol ygonal
shapes, wtieketh ESepredehis paesr Mce Wemkntasela@tdddrotn nidbiems tapatund, tighiudGt ure may be
fabricated froma material that is inert to the re ctr&n envi ronment of the

cat al yt i AUPBYRL FESAMUGY FryBiuE. FARERFSE) EO% ety cel: UByFkehs silica,

al um na, pafhdihg Sp1alnidM, BRimdy WHMRS iddisAbRd ceiufnCAR! Rhenta < BRI=S0.0PRMIAC =
mullite, alum na, lithiumalum numsilicate, oxide-bonded silicon carbide
or mxt L%lstoﬂrtbrerdtmtpAr(ta@rlmasrtiemmyledbhéle@atdalfvmofrr@gﬁlmen@r epared so as to
define the s re<its r. c actr ng or anot her
sui tabl e tecﬁjrjugg{i&eenﬁgfr\tg&gﬁ?%fﬂw 1scl(’>ses ag m]éS%TEfgdgfﬁo 5 gpgﬁrﬁﬁort structure
usi ng am;crﬁomm&lmmearatr-ywnﬁﬂlecbsaﬁ chmtyhnrequmn 1E¢h’e vapetphime ef a pireffinatiadyst nmay

be vapor, osi ted ., ~hy spu errn asma d posi.tion or me ot her
For m ot T BoBUE GO HEPEiHf WA EDEHE Py Al THEoNS &Y IR HEPEEH o B, by
wash coatich@tsdin 8 URPOSH zovk tith @ cagbdtf wigkhein Helthtalyst Kb MBIrRA formuld sper si on of
catal yst). The support may be coated with a catal yst powder (i.e. powder
coating). (Alternatively, where MeeV @Hﬁ%b? txstructure is the catal yst

itself, »%eré?f(@@(’iheop%l/e SfACRE 3L, TARY, *PﬁZPQITPﬁﬁtFTedRhQ:d"R@ N, bAsprdesi red
structure The catalyst, itself, is stitable for the oxidative

dehydr oderfas Renlr.diie, n. Bl Kaﬁ‘redfti@kaﬂldmﬁland o dkalme ety metplapnd whehard Y b =t he

catal ystqy § Qr r t he t i nmet al

oxi de pr o%toe%g] OLdl tgggagg%g)tl t((j)i)gtlé1 QX?%ah&eDQég%YﬁrRﬁ}e@%ﬁg%gmg[ %r nary,

t er nar y)stageft the craioys @esehi. gher or der corrpound The reducr bl e nmetal oxide may

EﬁnanNg;“ S/g ?{ng‘rﬁg; erseg%z? r(t:élte mt% art ra]treulxﬁ;l;rgﬁ% p?(%@:?sl trsi;trétlhg gggztggj Zgr YV 7r .
Ta, Ce, dehydrdfbnati¥m)of Dihndsty ot ; Alka'llits (payticuldely nEfnp onﬂns)therl:tblzaﬁdly mwt ur es
thereof. Preferably, the reducible netal oxr selected fromthe group
consi st i RPUBE O&ﬁ“eréfrare (9quifgy; Whage &%‘&“CH“}%“EW% ‘H%IP/ &t “%Ffé ‘PHERBYRF i s a

net al fr@mlﬁpm@h&@éorﬁmne@&kgdfc Tabl e of the Elenents (Fe, Ru, Gs, Co,
Rh, Ir, N, Pd and Pt), preferably a netal selected fromthe grou

consi sting ofThpteis Pep 2 gsd in themmraﬁﬁlemwpiﬁb@éfqrﬁ@rgeructl%@%rzgwﬁ%r may

pr ef er allayboREtidHcRE Ak AdhcARPHAN aRf mEth @R 20@0ndhAsakiatdll nit@16S sﬁch‘ﬁs cat al yst
conposition (prom)ter plus reducible netal oxide), nore preferably from

0. 001 t crcuviqmitridg anfl methacrylomirilpsfirore apessi ti on, and still nore pr eferably from
0.0 to 2 wt g% I r '

dehydr ogenat i O%Q{déggﬁ}ngaraﬁrgtfdx% % :Erp%?dttél{s‘%g%ctn %&d{g nrl)értlg)?efgt I nvgl\r%t% |non) t he
react antdefan saipasthed comproingh a suitable reactor vessel, with or without a
di | uent. Ther t.an I n h faor,. the formation of
al kenes, the re§8 k m%%tﬁa}eﬁ ?'P“ g‘g%pg ﬁ%ﬁﬁe% %@%@%%ﬁ&al&ti onal ly, the
react ant s map. i providog ahyrdlrysxg)emp Iemneornon oasam sappmemtuhrareemﬁd catdhough ot her
process conditions may g‘@nb%/e[\ Qrefer é‘ Q action is carried out
aut ot hermal | 'y i ¥PRETS raé%%‘ﬁ‘ ol PKIde BIMPLHLEE & 'toé{P OBty ed al kanes
have from 2 t0 r%&ctﬁgﬁb@lﬂhr&t\ﬂfﬂsoxygﬁhhﬁtﬁérpeefsafoabt Yaid supPoredicarafsic@idon at oms,
e.g., propane, butane, .isobutane or_mxtures thereof. A nolar ratio of

al kane to oxygeWasiRRGFHEE # FBEACHTe 9f Rodongepthn Q0 milliveeqngdpprd %%@‘B%éd In a
preferred enbodigie&iion tdiEotsGiRGIAMN SF atleBst @09 xed or ot herw se provided wth
a diluent. The diluent is preferably a gas at roomtenperature and anbient
pressure; andnpsedonépspedtdhe presepiaraniionpromidey bmatad fas prpducingin wxdtymieAg
reaction,, es include nitrogen, argon, heliumand the
like. The arrgh(‘tztcwgmd %@%ﬁ?&rﬁggﬁ% particularly inportant, however) it is
preferably present in an anmount of fromgreater than 0.1 nole percent to

| ess than 70 nol e percent, based on the total feed to the reactor, when
used. The reaction tenperature nay range from300C to 1 L 50C but is
preferably bel ow 500C and nost preferably is maintained autothermally once

the reaction "lights oft". The reaction pressure is not particularly
inportant and typically may be in the range of from1l atmabs to 20 atm
abs. The contact tinme for the reaction is rapid and typically will be no

nore than 100 milliseconds, preferably no nore than 50 m|liseconds, nore
preferably no nore than 20 mIIrseconds stiII nore preferably no nore than

. Y



m xtures thereof. Wen hydrogen is enployed, the nolar ratio of hydrogen to
oxygen is preferably greater than 0.5: | , nore preferably greater than
0.7:1 ) and still nore preferably greater than 1.5:1. Mreover, when
hydrogen is enployed) the nolar ratio of hydrogen to oxygen is preferably

| ess than 3.2:1, nore preferably less than 3.0:1, and still nore preferably
less than 2.7:1. If water is enployed, alone or in conbination with
hydrogen, it is present in amount of fromO0.1 to 50 nole % based on the
total feed to the reactor, preferably in an anount of from1l to 30 nole
~/ 0o, and nore preferably in an anount of from2 to 20 nole % Il 1t can
be appr eci at egbnfactmg, itherefative geriengfephgis strépan prurssg aoflkad witlf 4 ¢agtlysaspect  of
the present in d1on.efficient r ce I articularly

mono- of P nHE <SIBRUhEN Rl kit Brgpl B RS SRR bk i it e

sel ect i viompoasne beihg expuisid bigatatyey tiescoadaryion efthnvillahe praeodudsgas ad@prisingt

aut ot hermal processes. | n addition, relatively fewer deep oxidation

o oduct <oreHRRAE DEaR Al A AT TR P SO BT e

subst ant d;ghtiy oMQtaGRl@ (Y @AESibPST.an hikEndXo AGRSRCcal CorfprisHidS BRePBRIiAL Or to
enploy a relatively sinple engineering design and can avoi d the requirenent
for a | argéuct essparsidarbandicagispneieirg gapaidect awlizingdaspanrsignef anakerral
crackin r ' t ants in the

ot ocess SR e S sl Aok RpaliRl At bilBuRlod AROLARSEAN ®, | M seconds.

t he reacti on wieren saskfirsi qatadisecopponens & diféeren iiotnasatd satdny catdlysilsamnpeneatnd
operates at i gl \OLMIPLL o ABRRYL oy FUL o dDRRIOESR Srlddl S _aspect
of the prese P A RVERPT oA FEFR L e RILQIB A " 1B adt P8R 7 6ne "I A Heasur es

f r om abosstboapiee dcid, kdi@tiethbd cal@istngonehundredt h the size of a comercially
avail abl e steam cracker of conparable capacity. The r duce(g Si Zﬁ/ of the
reactor reducBiREES: 8 a4PATURH 1ORE1A e 35 PP Mo ™R 158 n plkins RN RS AR he!

mai Nt enapsemRhPSRAM RSzl talchuersfdnbE @n hiRSHeR6 QAT Ghs dtiptisiag Refdduqf t he
present invention is exothermc, the heat produced could be harvested, if
so desi r &¥esRANGIng HpsaprHeddriosyic aside hamget soresPB s et giractebikaz anpl e,
n the falBeals cHBRTreLadhih St 0nBRRLor B ARER ISR probiid sfcohBBsiRL LSS Of
this aspect of the present invention for the oxidative dehydrogenati on of
al kanes predust careasppnding gnspgurgedeariosylec astd; al kanes of at | east 40 % nore

f bl t .00 9 oL f ‘ % Furth
Bl kone sol Pt agtRAthe3binplsg B B Lt SRBBE, B4 $5T0 80" 5556 anc

50 % and
still nodigpopedefequenbblly, at (east 60 % is observed. Turning to the second
aspect of the_present.invention, .there is provided a.nethod for producing
an unsat ur at €4 R"é%%roﬂ%%ﬁaldcbugfé?‘t?h PFilg MABHEIEL AE SR FAET TRy ,‘“"i"ﬂ“vé’“}bgea‘t‘,t i on
zone, a theethdgamndl sedprodmiportespandingalkahkame Wi th a catal yst system

conprising a first catalyst c onent .and a second catal ystf conponent. The
[Erot cat al yat g pE AL SUp CoBaE B Rt SRg G E HansaRRy BV R ORI an

al kane t grodudfib®dieid redaRt ¢otlest@nding OishRfRANdivagylRredtedd al kene and unreact ed
al kane. The second catal yst conponent is capable of catalyzing the

conversi on of VeI pidifred B3y sHeam Pritrs threwsiridSthigongs HorrwapdRedehg pr oduct
unsat urat ed CRRBONM dspec®leDraABH i HRRAN Rotlies GRERNMZLNGARAGANNARSIQN Oof an
al kene to a product conprising a correspondi ng product unsaturated

car boxyl| higilgehid mefhpd compgsingsat al yst conponent is different fromthe second
cat al yft CO”Q%H&E'& g {nlarl‘ea(cﬁgt?E&e:[zpfeed Qa@ sltr%lﬁw @J?r&;\(i@i’n %n al}%%er»ﬁﬁxpaoﬁg\'rl%{%g product
al kene" neans an al%kene, 1.e. a nono-ol efin, aV|ﬁg t he sane nuriber of

car bon asystes @sipribieg 8 fisst tataigpt adrkpoment aSi adcand sptalyt Cqupones porediimspipfisduct
unsat ura arboxylic.acid" ] a, (3-unsat urated c oxylic. agcid

navi ng. ¢ el B afi ¢ ExolEANT, AlaBubel HI7 B MRt e
(mono- ol eftalp) companemrieing ripadie e titglyifpethé constrsvatodhyslkane oopprodunt gand t he
second cat al %(st conponent ar%}cm' EEd'{yﬁ et,herd. | n this enpodinment, catalysts
sui t abl eSYRF ISR COBRPRURGRTOFIct Yieng e eqcirdatkang. guf SRS for exanpl e,
pr onot edcdpdien: ®%ing @spab dN AWM zikkY ORH PSR & aaitcbndl, BRcoMetsetdf ¥R alkane

dehydr ogenati on catal ysts as described, for exanple, in U S. Patents No. 4,
| 48, 757, 4,212,766, 4,260,822 and 5,198,580. O her suitable catal ysts

i ncl ude unsupported and Si 02supported VMJO oxi des (Applied Catalysis A:
General 208 (2001) 99-1 LO) MO03/gammuAl~03 catal ysts (Applied Catalysis A
. Ceneral 207 (2001) 421-431), strontium and barium hydroxyapatites
(Applied Catalysis A General 211 (200 I ) 123-130), V205/Y203 catal ysts
(Applied Catalysis A: General 181 ( 1999) 63-69), K/ M supported over
sol-gel silica-titanic m xed oxide catalysts (J. Catalysis 191, 12-29
(2000)), MgVO catalysts (J. Catal ysis 158, 452476 ( 1996)), vanadyl

i on-cont ai ning VAPO-5 ( vanadi um cont ai ni ng al um nophosphate) and CoAPO 5
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A~MON-X~O~ wherein Ais at | east one elenent selected fromthe group
consisting of Mo and W Nt is at |east one el enent selected fromthe group
consisting of V, Ce and &, Nis at |east one el enent | 3 selected from
the group consisting of Te, Bi, Sb and Se) X is at | east one el enent
selected fromthe group consisting of Nbo, Ta, Ti, A, Zr, M, Fe, Ru, Co,
Rh, Ni, Pt, B, In, As) Ge, Sn, Li, Na, K Rb, Cs, Fr, Be, My, Ca, Sr, Ba,
Ra, Hf, Pb, P, PmM Eu, &I, Dy, Ho) Er,s Tm Yb and Lu; and wherein, when a =
l, b =0.01to 1.0, ¢ =0.01to 1.0, d =0.0l to 1.0, a is dependent on the
oxi dation state of the other elenents. Preferably, when a =1, b =0.11to
0.5, c =o0@peRutigadcompainicgd cerr@p@ulingangtgated/pitele pndbairgdspsble glivetalyaing, 1, b =

0.15 to.0,45 = 0.05 t.o D 45 ar = to .ye of e) i.e.
t he annd%ym F”%%?&gﬁ“%P%%éﬁi?%?%ﬂg%ggﬁ gﬁ?égﬁ”¥%%%é%g2§P¥oH%§{ate of the

ot her elcefrespbadingiprothet cah@bysitnitridpwever, a is typically in the range of

from3 to 4.7. Preferred pronoted. m xed netal oxides have the enpirica
fornul ae No~VHTENGHESKH %‘F/Bﬁ“@%ﬁ%ﬁ%ﬁ'e‘?”@iSHb‘é?“eB,b‘“é,Sg‘ﬂz%{ﬁﬂb‘%&“%re as

previ OuSdisxpoQ@fsécP@mauﬁ% tda&one 88sald¥@bBbaes doriBhidk sQY Fieke cat@e chiANnB& afd certain
specific crystal structure is preferred. SpeC|f|caIIy, preference is given

to the dhleasionefiffaseni wbizane doataining Bifhsaepnd cyalyshePmpenent sHe fepdrspEedts at
spect T Gl d3GL] O RBOLES i2GaldhiblfadC 4@y diffraction pattern of the
pronoted m xed netal oxide (as measur ed using Cu-Ka radiation as the
source): X-r agheteat ammanipis anky (@l tof saEont least oandiffereRBsuperody containing said

second catalyst component.

Turning to the first aspect of the present invention, the support structure is three
dimensional, i.e. has dimensions along the X, y and z orthogonal axes of a Cartesian coordinate
system, and affords a relatively high surface area per unit volume. Though lower and higher
amounts are possible, in one embodiment, the support structure exhibits a surface area of 0.01 to
50 m%/g, preferably 0.1 to 10 m*/g.

Preferably, the support structure will have a porous structure and exhibit a pore volume
percent ranging from 1 to 95%, more preferably 5 to 80%, and still more preferably 10 to 50%.
Thus, the support structure permits relatively high feed velocities with insubstantial pressure
drop.

Further, the support structure is sufficiently strong so that it does not fracture under the
weight of the catalyst, which can range up to almost 100% of the weight of the combination of
the catalyst and the support structure. More preferably, however, the support structure is at least
60 % of the weight of the combination. Still more preferably, it is 70 to 99.99 % of the weight of
the combination. Even still more preferably, the support structure is 90 to 99.9 % of the weight of
the combination.

The exact physical form of the support structure is not particularly important so long as it
meets the above-noted general criteria. Examples of suitable physical forms include foam,
honeycomb, lattice, mesh, monolith (single and multilayer), woven fiber, non-woven fiber,
gauze, perforated substrates (e.g., foil), particle compacts, fibrous mat and mixtures thereof. For
these supports it will be appreciated that typically one or more open cells will be included in the

structure. The cell size may vary as desired, as may the cell density, cell surface area, open



Spaci ng nmedium (A) Relative intensity

22.14. 021 0028. 23. 162015036. 22. 485- 6045. 2 2. 002-4050. 0l .822-40 The
intensity of the X-ray diffraction peaks may vary upon the measuring of
each crystal. However, the intensity, relative to the peak intensity at
22.1 being 100, is usually within the above ranges. Cenerally, the peak
intensities at 2B = 22.1 and 28.2 are distinctly observed. However, so |ong
as the above five diffracti on peaks are observable, the basic crystal
stricture is the sane even if other peaks are observed in addition to the
five diffraction peaks, and such a structure is useful For the present

i nvent i dgrental argdanfrpghenioreedpamding dirastisides. Banvayef praspde: etk §unh sthstufolids emi ng
manner . I m Xxi ng
metal cO &oﬁ%dél a§ea °§ ﬁgﬂsgﬁ:{l{ ] 5@%133%%%5 %@gl\l\gﬁ Xrﬁ&)l%o}t @a‘gﬁ%pot? Oﬁ‘gn and at
| east orsheapss)lcuela:t eihpseappweipummhess anounts to formthe slurry or solution.

Pref erably, solution is forgegaat this sta &the CattﬁeléSt pr eparati on.

General |y, theCERPT SEUHHE TRY8C H‘f"é‘? T} B e ‘§“ at jperto Adiod,  as

pr evi oushyirdhedeh6ahe catalykia MabrisHObYiaBleSmi @l UdQuaReRmicsAGPRGlIR, | aNEhikgl Ng
but not limted to, nmethanol, ethanol, propanol, and diols, etc.; as well
as ot heﬁlllﬁéﬂblm“@bPIV@HIOQIUR%@MCQHFP igiagharia, rmalfies Alumina, lidiueralysingmef er r ed.
The wat 3 r ly C t | udi ng,

i thout ek B ALE Rt HAGCor Bl DS E R YR BRI F of
wat er pipeperst so s tprdeﬂirertadadwptansta!nmmses’mg i i “green’t @nigegmgtonenatieenent s

subst ant, i n?abllé/teéhrr]u %g ution | ong enough to avoid or mnimze conpositional
and/ or Hase Segr tion during the preparation steps. Accordingly, the
anount of waTae camljslts B a@pldbdrmi'thﬂguppmrttshectmung snyasndatsoirubisdivdel es of t he

mat eri al s, conbi ve as stated ove, .the amount of water is
preferabffc}l}“‘gﬁ‘? fgbﬁ“é‘ﬁ‘icemﬁ ‘é“ﬁ“é’(i‘f BayRe ézlfﬁb%@gb@gfﬁll??'rﬁpflgenlngrm‘ﬁa‘aat the time

of m xi rag%osﬁ% of XM tior FOVREIT v ?%dﬁldé!&@xtﬁﬁ)t The Ml%@n@%bé bateli Aerdoh 2e MbP TeNbd Ce

wherein t elenent Ais M, elenent Mis element Nis Te and
the el erfés coatinga RPPOLL With ¢ Splatiqzh SlFEY eUsPeRTOTLR| ispersion of eataln- Bhe wpmsi um

oxal at e ,,q%?efesm@odaﬁmmﬁﬁ nga%?a%s%&mevg%lana>0{Alé ety g&he?e sﬂgy&q He atom

hept anol anmoni u t avanadat e an uric ac

ratio ofstmmremet@pe‘mlyawsqlrfe@ adrecal’ bpdyefsatplystl nhylhe cpmpadted tpyiekiche drsided

proportig gﬁgt Wghce the aqueous slurry or solution (preferably a solution) is
f or med) is renoved by any suitable nethod, known in the art) to
form a cat al {fb¢ cqulmUWSslﬁris suswhfqnﬁtemahtiverﬂrhwegenvﬁqnmm allkixrrq:ito &trin@n, vacuum
dryi ng, ee rotar a tiaon ir.drying.
Vasuum IS Rr i RY At i s e B o PR e S 3R rbioB S B 10
500 mMm higetal ok kle peonthited wich w;wpalrﬂeyal éﬁtu&ltheScafaﬂ}eemuy}@B 4 biearg/| terdiry, or sol uti on,

using , for inst [ e the frazen slurry or
ool Ut ot G AEe APl g iof drat el gt B o P Shadestin {mer
at nospheerctsdifibmae dbdp @HE§InGlof 86,900V, Mint Nb,aWo, lel&t Cae0R ah, SnUSIE TI,3BgI NQ
froml 25C to 200C and an outl et tenperature ranging from 75C to 150C.

Rotary &afforitiorMi & Lettela NG &t Sl Gt T8 Byt €enkierdr bt 8%f from 25C
to 90C apduudds therdVr S StefublyOthe feiBibId Chetilbkide LsQeléQ&Y fdth kiR, gr&rpict)ﬁ—mlawf at a

bath tenperature of from40 to 90C and at a pressure of
u, Cr, V, Mn, Zn and mixtures thereof. The promoter is a metal from Group 8 of the Periodic
Table of the Elements (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd and Pt), preferably a metal selected from
the group consisting of Pt, Pd, Rh, Ir, Ru and mixtures thereof. The promoter may preferably be
present in amount of from 0.0001 to 10 wt % of the catalyst composition (promoter plus
reducible metal oxide), more preferably from 0.001 to 5 wt % of the catalyst composition, and

still more preferably from 0.01 to 2 wt % of the catalyst composition.



from1l0 nmHg to 350 nmHg, nore preferably at a bath tenperature of from
40C to 60C and at a pressure of from10 mmHg to 40 mmHg. Air drying may
be effected at tenperatures ranging from 25C to 90C. Rotary evaporation or
air drying are generally preferred. Once obtained, the catal yst precursor
is calcined. The calcination may be conducted in an oxygen-contai ni ng

at nosphere or in the substantial absence of oxygen, e.g., in an inert
at nrosphere or in vacuo. The inert atnm&phere nay be any nmaterial which is
substantially inert, i.e., does not react or interact with, the catalyst

precursor. Suitable exanples include, wthout |imtation, nitrogen, argon,
xenon) hel i uRPoRe ATidatiye dehydrpgpnagpn repstionof His|fist agneet piiBe presenhivEgliene i s

ar gon oy Vel di4eHe paklR thidREH o & jie RUGHEVeRRY, Wfilh DN wRUEHt atdmee[ﬁ.wh%@&%mg?& the
catal yst precursor or may hot flow thereover (a static environnment). Wen

t he i nerare proyidsigpses dukibud, faywhedvrmatioh ef gkantadie redctantsevid anciidg oo alsprecur sor
the flo : i de.r . g. t a space, vel.ogity of from
1 to 500 pEtEen TN AL, B Bl 1k RRP Rl Gicluaelos T sRRERREN P, o

f rom 35@@et pro8&O Gyndprtoat enpbd smflowd) gtOBEblyahe/@0Gion intatriedroaf @xd@idriyialiyriam 500C
to 640C. , The calcination is performed for an anounf Qf tine suitable to

f or m t haNSATGEERUR LT OHRRPTEA Pt FReigtses alkines v KMo & aPPOHORS T8 f or red
for fromderabll®rod0s BBWasbon Blots & @ r¥pahé, Bitahe libdAnd\QURiK urd¥Riefedpr £ er abl y
for from1l to 15 hours) to obtain the desired pronoted m xed netal oxide.
In a pretddrTeip ppdanoP wpeanatngy, fram@ 1d4e 410ysis pisfessily greployed- cal cined in two
stages In thg, %&éheésr?&%iméd?ﬁh@mwé&m REREL 51k FisCBloGlaBeMlid B an
oxidizing environment (e.g. air) at a tenperature of om 200C to 4000

pr ef er alslilyerfty T dAUSCist roeBRBIC afgay atfroapmietperriuneandsintbien8pragsures andgs mfwtabl y f or
T rom1 .ttﬁ)e rgacr&%h' Iér?s?irolmrllleRtmgdgrﬁl%oer}gstiﬁg ﬁcg&iontcgg iﬁa’lts.engiéblefggs%mntc u?e Ili'trlégetn stage
is calcined in a non-oxidrzing envtronnent %e.g., an iFnert atnosphete) at a
t enper atacgoa, lefliufirapdttzQRE The atbOT)of gil@hers abl pardcotarly iropor&bBoweve690C, for 15
m nutes t 8mhours,. referably for fron1#);o é hour s. %P%io aII%, a

Feduci ndgHEnY Bl i ampRarlion weas s LG RyErdhs hirhg) BY hdded
during tlaresesR8Hobtha fn) €l G Makdadr, when aseparticul arly preferred node of
operation, the catalyst precursor in the first stage is placed in the
desired oxi diT2¢ FFgctionieyBRsFRivie may 13168 PRSP it U P& iy istaedprablybeled to t he
first st | ci nat | 4 r I e pred first

st age Céﬁg?%%?ﬂ%%p?%E%@b%ﬁggg%ﬁ%gﬁﬁgﬁgngg?ﬂS%mg%%Fg%egggf? '?ﬁé desired
non- oxi dextiogprassmesphe perticolnrly ingpogent anditypicallyemay BeGn del rangeaf from,1 athebs

t enper atu is.rajsed to.the desired second age,cal.cination te rature
and hel db epapbitoiitat gt Tat e dicn e ERE A BN PN O R @ e T Lgh sy
type of chilatéands, peetdraly sonnoe.than, SO0anilisecvade monaprefomblytrol mare chad@® i ng t he
calcinatign, it is preferred to conduct t cal ci nation under flow of the
Gos! gnaBi gssofe €1 BRG Foaees rerergr L BlEeEeE saiu e Bt oncuct

t he cal ghérattia@l chillisécoR@Chndinididt grefefablyu@usoré thaw adillikéendtesi red gases) through
the bed of solid catalyst precursor particles. Wth calcination, a catalyst
is formed hayPSREIREYFERHMcS REIBRnkiPey fiepdiyindudeyjydigeenc wagf oy 1y ¢, d
and a arrﬁixﬁesnﬁ&éfdfwawhﬂaa‘gbm@@mpﬂJyeq,a_teaﬁémmtimtr@moaérstofo@%geh he above
pronoted nmixed netal oxide are not limted to those described above. A wide
range ofPrefaieklyigearer (hae Pddli Agre meferably gragicethap i’ deand shillipore axsferably grepsy or
oxyhal i dgs, i , , L0 i unds nmay
b Uaed. Tt b B R e oG e

sour ce frefpmablyese HanBi2nl, treee preferblydess thapdévle and sidimera pebéerahickssgbanvb03,

MQz, Np{*i, MoCOCl a, Mo(OCzH;)s, nol ybdenum acetyl acet onat e,
phosphon®l'ybdi ¢ acid and siliconol ybdie acid may al so be utilized instead
of anmoni um hpitaripeypidatdealords ariid ermhbiyatiammwith ihydrogant & iscpresedsttie ameynt b

utilized for  the sour of vanadi,umin the catalyst. .However 0 nds
such as TPl R 3P bRadd ob B ot e e rdibn i SeaRS e dREREHe “and
vanady| marsly Faaet @BRipeetemaly al sukrnudfiflonz2d Jonsslead of anmmoni um

nmet avanadate. The tellurium source nmay include telluric acid, Ted 4,
Te(OCzH;)s, Te(OCH(CH3)z)a and TeQz. The ni obi um source may i ncl ude
anmoni um ni obi um oxal ate, Nb20s, NbC's, niobic acid or No(OC2Els)s as well
as the nmore conventional niobiumoxalate. A mxed netal oxide, thus
obt ai ned, exhibits excellent catalytic activities by itself. However, the
pronoted m xed netal oxide may be converted to a catal yst having higher
activities by grinding. There is no particular restriction as to the
grindi ng nmethod, and conventional nethods may be enployed. As a dry
grinding method, a nethod of using a gas stream grinder may, for exanple,
be nentioned wherein coarse particles are permtted to collide with one

L,



As a wet grinding nmethod wherein grinding is conducted in a wet state by
addi ng water or an organic solvent to the above m xed netal oxide, a

conventional nmethod of using a rotary cylinder-type nediummll or a
mediumstirring type mll, may be nentioned. The rotary cylinder-type
mediummll is a wet mll of the type wherein a container for the object to
be ground is rotated, and it includes, for exanple, a ball mll and a rod
mll. The mediumstirring type mll idla wet mll of the type wherein the
object to be ground, contained in a container is stirred by a stirring
apparatus, and it includes, for exa a rotary screwty mll, and a

rotary disc ft)fﬁ%berﬁﬂpfec‘aﬁeﬁém&btﬁﬁf"t"?&?ﬂ? ”F‘Bl‘hed’{‘?‘ﬁtﬁ‘ﬁ&’ HHp @B?Cf 85‘F‘9P‘[9§e“éet to
meet  t heqRatioh &ndtntlyHoBAMEeARNG QRGBT s Mrone SRS Ald Ry kdeHighhe
viscosity, the concentration, etc. of the solvent used in the case of wet
gri ndi ngon\@rsmmd@}fﬁenwwmniXdalr@ Plssevable, avaragompaied § idppryias agalytiiowever , it
is pref Vv Al e size of
the' o oug gl procplstd Bl s, RRFRRE 4ok blahif R A3FoPRICO 8
gr efer atﬂ@k agd prmhs:bd Sihe mocd:mmlwsemuﬂstamnaltyhm cokt pzbgmquon e Emcemab:? maK occur
ue to s n sone 0SSi to further
ipr ove e SR feemlpl § e PR reer g R T SRSt o the. gr ound
cat al ystrequire@eiitgora lu@e ferpenside sl ddmiplak fOfmac, wlwon\ie@dxdnamdnlaycrddwdgng agai n.
There is no particular restriction as to the concentration of the solution
or slur®PHAY it is usual to adjust the solution or slurry so that the
total amount pefauldRe Sdrilct iiMP oML Rhdi@its &QH@&H&‘J%ff 1R abag cﬁ'irfé%\ﬁinﬁ@ﬁ i@l yst
precursor is from1l0 to 60 wt % Then, this solution or slurry is dried by
a met hodnghetidg ot WQIWOWy'ﬂ’ﬁ@athOMéQ'Z@SGfﬂylth@PFOW&EG‘P@ﬁ%ﬁlW@’3@Ptyi>rﬁé§s or
kacuum dolegu REELREARY HRYalE ARRAYIENLI oTRLNGM: YKL By, ST
The oxi dmenbd;rapemdb !fhy ugehd aad-amu@maelthaome&dumfrbmdbomyon@ettmﬁetd absut and-i nal
catal yst, furt her cted t t treatment. usyally at a
Cenper alUPEES e Bmeh B aBE R R hSkef §omiale e TH onmt ac
m xed nmetdilcedsiteds tﬁdwefcmbécabe@edbtmm dentlysedplibiys ¢atswl foadifg andstdihen@ad al yst,

but may be fornmed jnto a cata ét et he V\/lthaswtable carrier such as
silica, Pé?cﬁ?Hrﬁ‘aF'“f‘h ahrgthe B‘T"ﬁ?f%/ A %’P %‘rthf‘d?ra%"B’rfﬁ&f‘é‘BB%‘sé’é?‘P‘H% %% v coni a.
Fur t her )hehitpréfiied@uiedad e, & s8 dSdided, ahtl @tesmmemdcmgew ©lpeodstz&edgpendi ng
upon the scale or system of the reactor. is Alternatively, the netal
conponerf?fsexémpll"wé [?frf@%ﬁfﬁlt%ﬁ“b‘ﬁ?ﬁlérﬁ?floéﬁeéamé%?ﬁ%ﬂ yst may be supported on
materials sugfe @ﬁh@bﬂé@és@@é th3labeC@of ;lrés%f'i’t iRy thelok@Nea) titania, etc.
by conventional incipient wetness techniques. In one typical nethod,

sol ut i orfishydsegeadtioniegalkanss Fseits 18 2 goryersinmtreie pEYkages of A kastdP o sapspor t such
that th t | ried,
For exar Bannat b bl HOR ok AE ol £ L PR FEa DB R A L by

cal ci natlesrd®&®, nielscnrettreldy atleasel0 forend it mere pneedablyl at lewst 60 %ssbinsblvcd\s ar e
contacted w 1€ SuUpport pi.ca u ratios. al er than 3 :
1 (nmetal sol E?’fntl)nr?em%h Qcondap,egt Ofgh tphé/Sent "Iwef“iloongﬁlgrgﬁlf grtovgesuc t(?]f)%at t he net al
i ONsS ar eroduningXo hmagmdedmthmxylkvmwiump@bmpnﬂéheonmnag cmmteaumnngnesmm@cbgts is
then dried and cal ci neﬂ( th ” c[i above. 1n. thg I uction of an

unsat ur at'€4" CAPBEAA " EERT o f“‘i‘%s SPE L RE g ﬁ%% Y4 QPBYFPHI fat eri al
gas Y\hl gbcdiaenﬁtalyn&os)pa&m Thetistcimlat eag@neRss @pstiasitdalyzimgtierdoaegas to be
supplied to the reactjon system a gas m xt risin

st eam c HERAKRIGO AIPRHE CaRBrIsTE fb%éﬁ?“é‘&ﬁf’mﬂh‘f‘ﬂé‘ 692 d up gﬁ%‘h&i‘% T¢ed.
However ,s.dda@ cehGaPompited! 9 cAabRIoK &ty AMtknt bshverivd@narainghdd f@agdas may be
alternately supplied to the reaction system The steamto be enpl oyed may
be presewmpiiging heorfespendn psadueirnspirated carhexyhie agid hish capplle ehgatdyséngthe manner
O 1S BB AhleRe AU oA LobHARE ¥ b dthdithe LA dudRa b | 1O
gas, an ’ner 1 gas such as carb I oxT de trog argon or am

suppl i ecicidThike fmt @talysttdmpoget badn&)rent flooxtrg eaapnd cafadiyst unnmgerge(@regarq HZO) i n
the Starting material gas is preferably ( 1) : (0.1 to 10): (0 to 20) :
(0.2 to 70)) nore pre ferably (I ) : ( 1to 5.0) (0to 10) : (5 to 40).
When steamis supplied together with the al kane as starting material gas)
the selectivity for an unsaturated carboxylic acid is distinctly inproved,
and the unsaturated carboxylic acid can be obtained fromthe al kane, in
good yield sinply by contacting in one stage. However, the conventional
technique utilizes a diluting gas such as nitrogen, argon or heliumfor the
purpose of diluting the starting material. As such a diluting gas, to

adj ust the space velocity, the oxygen partial pressure and the steam
partlal pressure, an |nert gas such as mtrogen argon or heI ium may be

e a4 o o,y A " o .. o,



19 an a, ~3-unsaturated carboxylic acid can be obtained in good yield. For
exanpl e, when propane or isobutane is used as the starting material al kane)
acrylic acid or nethacrylic acid will be obtained) respectively, in good
yield. As an alternative, an al kanol, such as isobutanol or t-butanol,
which wi Il dehydrate under the reaction conditions to formits
correspondi ng al kene, i.e. isobutene, may also be used as a feed to the
present process or in conjunction with2the previously nentioned feed
streans. The purity of the starting material alkane is not particularly
limted, and an al kane containing a | ower al kane such as net hane or ethane,
air or CWFBRed SRreaonding nr%nrqltqn@sme%yn plierigsed AR ORinahyvingdhe i cul ar

pr obl em r , of various
al kanes %)ar'[%é ;Lﬁ%irtolﬂc%ﬁo:f&grﬁg fffﬁge an ﬁé MEAenﬁgé @Eﬁy g?%ﬁ%%d%ﬁgﬁﬁgm of the
oxi dat i ownspteeatedicanhoxflictapid” pm@eemt |nvent|on is not cIearIy under st ood, but

t he oxi dati on . .rea LT i.e out xygen se t he above
m xed ma?cglun aturateg Cdrg%xyhc 2 1 AL\Ir i 3%1919, é‘ln %r%(g rlbon ?]torglh tﬁ &r‘ira%r%]k

i ncor pora{ﬂeff@{rﬁmulowﬁnoxygen into t he feed gas, such nol ecul ar oxygen may
be pure oxygen gas. However, it is usually nore econonmical to use an

oxygen- cont ai nprrger@b&elr@%ﬁh%tgstéatalyswnaeneamdttt}e jesordlsptalys reoReR ¥y

requi r edmy;l tdc@thé\J FAhReESb&nEn &ttzlt'ﬁs% s8Rl RPthAkKARRIRWISE aRidedd by 1N the
absence of nolecul ar oxygen for the vapor phase catalytic reaction. |In such
a case) #kenednchdeffer exathpteopragioist Mo VT dradesvaeadyi Wrepft@amtﬂte@ﬁd pther catal yst is
appropri i 1 t t hen sent
o an ox e S Bkt LARALIE LR AP R L IR PR MR 7 cacti on
zone for4,2ELES, 4,260, 82Iiemd ég@&éﬁ(ht)ttonsmrnblhodaloits tnhtadeartsaﬂ)gpsttd arel $1@2-hod nay,

for exa onp, ative gas such
s oxygerrorerd TR b SRR e h 2l 920 70, R o o o
usual |y ataoaciczﬂmaﬁ(n@pw&cmwtswnﬁ&&ant207 @QOQ 42T148$) arﬂmﬁdmme«ﬂtbarmtn t he second
aspect of the esent i nvention wl in further detail with
respect pirogy {fhrlied Hrglysing pgne&ggal Q@Ot)hl@s'?g)r tVizgﬁY?%tcé‘r“tyétF al kane and

air is Ué%hé’eﬁcitﬁl%tmty@&{ém‘ﬁ@M@?%)E@-%ﬁ KAV s QoY S5 RALIRY PRaditdniaxed bed
systemor ‘a fluidized bed system vveverL since the reaction is an

exot her ninixed exide FasHystaIf Cailpiszy Od. Petp QOO MAHY caiplefiel oEitglysiel 8 pRoyed
wher eby jfe ('1§96§)a§a§m& &%Faﬂlmg{‘b‘ﬂpo%a(qlahﬂ%rﬁ COMARAL Ylufhi 0§H8§ ﬁt%&? tion of
air to be suppli ereac lon systemis inportant ? fhe 'se ectivity
for the GeéErDtSr(n@aa@pryhmmgabmdmpambatc) dakalygts G [Catalyais lﬁi)sltZS 286 (2003,

pref er ably,\f.f op of 0P

sel ecti vrw ,{'[1 a‘car%dm&l %Eglllegsz(h&%tdly ) 1%7 118 Jl?ﬁm‘é )eac ggén o
conduct echtajmrsa(ﬂhtylysm Z‘Gdayr‘i’ddBQ-atlﬁrﬁ§merme¢al proé)&slutﬁe(CabllbtslsrmstaYOE &27n3ﬁ3ct ed

ospect 16 okl R e el Y Fals Rk e RS EE RIBR BF1llt dea gas

may be sebéicitedith ElGa@prlI‘AdmﬁdiﬁerWnﬂ bortthﬁngondmsttldnn&tilobmpdsroma(ma Pltgmi cal
reaction Coﬂié gns for the oxidation of propane or isobutane to acrylic
acid or NethY r(9 c acid may be utilized in the practice of the present

i nvention. ThemeRAQGSS SuiliBY fREhPERAGEESREE dnhlidins IoGrBaRBEIpiREga(ONl Yy fresh
feed is fed to the reactor) or in a regg:le node (at |east a portion of the
react or EFFFRABANS Prodpuntatisyed eriatulic ikand bying aidledpr e raveriBnSf For t he
process Qkedeha oeaa@&m% @rgdoeapaﬁan@aotm he%mtémrtro%arctatrarrnaﬁg%r ature
can vary from 200C to 7 is usually in the ran of from200C to
550C, rmrr@rrrpteefr@reéme;al:zege qsélsmséﬁ@lnwa%fatprte‘reﬁéﬁp93% patipdoly, thpe gas
space velagit i,n a range of
froml 00 e'?gﬁ 1%11:1 hrlrp%né g(rr}e@{eg%a @h@g%&fgﬁ &‘E)dd thleséh% rlréoarl 1egnlrijlir}lef erably 300
to 2,000 hr ~; the aver age contact AtaMnfétXADth t he cat al yst can be from 0.0l

to 10 seconds Of but i sual.l n the range of, from.0 tq 10
seconds. “BrERdy sl BoF pastatonisd st iginb? ol P BEE foop AL HeMisAdeFEn 2one
usual |y bagasent selstted fifoh (A gidlp Gonsitidg ofSV, [Me@h@ CaN ¢ ahRasibheeléchean 50 pri g.

In a single pass node process, it is preferred that the oxygen be supplied
from an oxygen-containing gas such as air. The single pass nbode process nay
al so be practiced with oxygen addition. In the practice of the recycle node
process) oxygen gas by itself is the preferred source so as to avoid the
build up of inert gases in the reaction zone. O course, in the oxidation
reaction of the present invention, it is inportant that the hydrocarbon and
oxygen concentrations in the feed gases be namintained at the appropriate

| evel s to minimze or avoid entering a flammble regine within the reaction
zone or especially at the outlet of the reactor zone. Generally, it is
preferred that the outlet ~oxygen Ievels be Iom1to both nlnrnrze

Y T Y o . o v



When the oxidation reaction of propane is conducted by the nethod of the
present invention, carbon nonoxi de, carbon dioxide, acetic acid, etc. nmay
be produced as by-products, in addition to acrylic acid. Further, in the
met hod of the present invention, an unsaturated al dehyde nay soneti nmes be
formed dependi ng upon the reaction conditions. For exanple, when propane is
present in the starting material mxture, acrolein nmay be formed; and when
i sobutane is present in the starting q?terlal m xture, nethacrolein nmay be
formed. In such a case) such an unsaturated al dehyde can be converted to
the desired unsaturated carboxylic acid by subjecting it again to the vapor
phase calplul kbmQKd d6ld QR lmnua)ftr@q;lrwﬁﬂ ST & ac QAL Qﬁfﬁ%ﬁ’t's@lh&% gghal yst of
the present iInvention or % bje€cting It to a vapor ase catalytic

oxi dat i ohe groag tanenting thNtaTm(va@nZn,UhaFe i, 6a,tR1mN1,rE§a%tIno°ﬁs Catl, IsNaf or an
unsat ur I [ f he , firs nb .o t he
second g%gg%?ggﬁhgﬁ %ééggh@ Fﬁﬁgﬁ?EJ%QH{ e’ §%§Qﬁ§@té%?%t3?é“

pr epar edwhefeis,udten a =nabrEr0itthall, £ R6.01ed &0j /<€ 01 epO.Ofd o dspeadent ditemé irst

cat al yst nﬁonent %n thg second catal yst coctiponent vary in the reaction
zone aldﬁﬁ£¥ LSS ORGP SHPBE- t he reactants. For exanple, the

concentr at i orPr&rablpowtea G bead. Alo)sS, cCAUNIFHO BIH andRlY= 0.0CHS ¥Mdé OM t he i nl et
of the reaction zone to the outlet of the reaction zone. Such an i ncrease

coul d bePreigrallycWhan aubis™ frdhivdk 456 &0 B 0rté At H=81011tal 1 Bigcilue R ¢.dfe, or it
coul d t Sr%rp&ﬂl?@féxgg rﬂ%s%ﬁ‘feﬂfd enéén‘?BﬁthI%'oQi'aQuc}n*L‘?até &l &hé?} fusfif@etor, or a

front en the reactor coul d have a | ower proportion of ke second
cat al ystcmﬁp@wwnvermdt)@lmé)am tmmlﬂgtfoftfde ¥wdctor coul d have a hi gher
proportion of, the secon d cata nmpane, t and .ge ortjon of
the reactor é’éeJF%FdrPa% g ?xﬁnm |8’H ré“r'ﬁ 161\?\%? Ormutlzie Q "6 and

proport|W@Eﬂkﬂﬂﬁ0@ﬂﬁknnu®usdmamaaéa@pmwmcﬂﬁmﬁnmalIy As a second vari ant of
[ ment of con resent invention, the

the f t
oection zomdRh Db e Rl o BB sttt PeRliE Bt e Rel Tonct i on

m xture ma@&edagpédmdaugrprafams %mn@&xe%ﬁawﬂmh eibis th&ERObwRE fivemmamub- zones
could contain different Fortlons of the first and second cat al yst

conponertiffracgan @éﬁp’ﬁﬁ@ﬁlfwl rpsiop epges 20 thectrey diffietiogpaiien gf thepiemetseh
sub-zoney,; L fife a?!»é&é Qﬁ?m@.ﬁsﬁ 8‘11 ih@05-KY rabiford ds! tlgets a&% second catal yst
conponent s cou d var € nanner as described above for the entire
reaction zone in the first varKanglaokephee first enbodi nent. For exanpl e,

t he concen&)gtlon of t%e secon catalg t conmponent cquld increase in each
sub- zone i B%12%r der. SP39I*4"Becond enboditEHYC of the second
aspect of the RE®SENt invention, thdjreaction zone mayteddgytwo or nore
sub-zones_through which the reaction mxture flows sequentially In this
enbodi nent, one2lb-zone can contai4P2the first catal ystOconponent and

anot her sub-zongg gan contain the sgcgnd catal yst co nenyf . Thi s enbodi nment
offers the advant'age that the first catal yst conponent can desirably

i ncl ude, in addigé.zon to the catalyuuw materials recitedo@s usable as the
first catal yst cgnponent above, ? educi bl e nmetal oxide pronoted with a
Group 8 netal a$>described with re d%bt to the first a&pdct of this

i nvention. Nbregugw, t he sub-zone qgptaining such a catgyst can be run as
a short_contact tine reactor, as described with respect to the first aspect
of this i nverift‘hie(ntnenstt}'loffmexohhéffrdqawdpeakhea)swbymmehecroemsaingiorﬁgatha'ssécond

et 1 or CHOPTRE BP0 Bita Raar meRBoLE2E NG Pg B b AR e leEr 7!

i nventi Odhové ﬁaae%e@&{ashugahawﬁtnt&mppmet 7Rl JBE2SUPRObLEELHIPBbdeRRdL ~T St
catal yst conponent, for exanple t he use of |n0|£éent wet ness

t echni quBswe'45 S@%@% U P?OVG&%FW%&O“ P§kE HF SbERIBIET e Atsic cEwihPiIStEe Bui t abl e
for the Elggﬁfﬁé’év'eﬁ)ﬁ omer gﬂ\k@lrg@%r\;&@ iRl 8 @e ﬁ@@@lﬂfric‘:@ﬁ o ahdyskn gomponent )
i ncl ude, for exanp onot ed MoVNb oxi des, vanadyl py?op hosphat e and

ot her oxﬂd@&ﬁveua@ﬁ¢@ﬂbgmﬁﬁnM0wméenaIysts as described, for exanple, in

U S. Patents No. 4, 148,757, 4,2 12,766) 4,260,822 and 5, 198,580. O her
suitabl e catal ysts include unsupported and Si 02-supported VMO oxi des
(Applied Catalysis A: General 208 (2001) 99-110), MO03/gama- A1203

catal ysts (Applied Catalysis A General 207 (2001 ) 421-431 ), strontium and
bari um hydroxyapatites (Applied Catalysis A. General 2 1 | (2001 )

1 23-130). Vz05/Y203 catal ysts (Applied Catalysis A: General | 81 ( 1999)
6369), K/ Mo supported over sol-gel silica-titania m xed oxide catal ysts (J.
Catal ysis 191, 12-29 (2000)), MVO catalysts (J. Catalysis 158,452-476 (

1 996) ), vanadyl ion-containing VAPO 5 vanadi um cont ai ni ng al um nophosphat e)
and CoAPO 5 (cobalt contalnlng alunlnophosphate) catalysts (J. Cataly5|s

A NS\ A PNEYN A PNSS NN\ ~ o . ~ o s A N~




As a second variant of the third enbodi rent of the second aspect of the
present invention, the reaction zone nay be subdivided into two or nore
sub-zones, the reaction m xture passing through the sub-zones sequentially.
Each of the sub-zones could contain different proportions of the first and
second cat al yst conponents, as conpared to the other sub-zones. Moreover,
Wi thin each sub-zone) the relative proportions of the first and second

cat al yst 24 conponents could vary inmn4the manner as descri bed above for
the entire reaction zone in the first variant of the third enbodi nent. For
exanpl e, the concentration of the second catal yst conponent could increase
i n each Hgpuizesheetplpxids ganbg praparcsrigdie foliqvipgy@annsf.r d aspect of the present

i nvention, t i i ; e . 5&@@ .at ed
carboxylic a@r? %ﬁ{bhi%rp %gﬁr{rﬂﬁ}?ﬁgggng{gﬁg ggﬁgo%?dpc{y%qgl%lg%%}?ﬂla lon O%%H,&, a feed gas
st r eam quefprablyianigasa nneadfleenieh opntatns exygaw,ahy sttlesyaesnivestpa i peopoifite@atoadty zi ng

t he conversion qf an al kane to a product.gas copprisin rqduct

cor r espandrAgReLE T ALEa dxBalyf BkEh n R AR P Pl ng al Kene
and unr gagdaeiorl Geasalig i heilrgmeamabteauef ele@tmd XZVNY, Khad opnmeéssely of an
al kene to _a product gas conprising a product correspondi ng unsaturated
carboxyﬂk@“%@id. The reaction zone conprises at |east two sub-zones, with
the sub- zoneguhai@IWheRRARE waRAUERhbIRdcddingt bhi8REimARE0OhethiBI, SAONES 1S
mai nt ai ned at reaction conditions nost favorable to the production of the
product Reenanelsnskitiolh §tcalak @ak as il palar sadvests kgpwn By the prt.{igsemrbbn évates ismai nt ai ned
at react] L L fe . I roduct
correspé%ﬂ?%gpEﬁigygﬁg?ga§%g?§§§£ |tﬁgé?gkagﬁggﬁggg%dggxgiégggn?hrough t he
sub- zondsnitatios.alitided water and derioniZEd evaat Tk peosnt oflvagbpresenis ptefimadpmver si on of

| k t . t I Si di duct 1sat ted
car boxy T LR -oC R RRLS R BaliRt B RERG By R S e, anc

bei ng Suhinahizecdnapositibenl andisrgihsde@Bgrefatiamddinlgeteeprépariop s@pHI Alcdedingly,ithd Ng a
correspondi n roduct unsaturated carboxyljc acid ipclude). for exanple,
m xed nﬁ“éﬂ““g VR WAl vagy aceepstingdoithe @OSP‘SM%’H%”RB? Og&ggﬁfeﬁ}%‘é?o%?@ _
par ti cul @gdever, hRuSELHING tAinudSdf WaRIRPIEEhLLIG QEMBEicRES eurd 2Qdudsas al oxi de
havi ng the enpirical formula AaMoNoXdOr wherein A is at | east one el ement
sel ect edofytignistipEegrbilip B 9§ Métithiy of Mo and W Mis at |east one el enent

sel ected fr 0”?:&'8%:;9519 Whel 9 Aikeditohdddl oRfde ¥ thCeorRE M, v, T NB R twhb@RSthe ONE
Te, Bi, Sb and Se

el enent sel ected fromthe group consisting of , _ ~Se, Xis at
| east orrderedngfdnMosék elemert M iso¥n thhelemens Oips o ard the plagedtX {IND, 40 berj | zr,

Al,
M, Fe, , , Ni., i Pt B I, . , Be,
My, Ca. pg%b,areggim @?ow?lu%,of%oby% oﬁa?e@be%@?e%,an@eoté nao%gn gﬁ%urﬁﬁ ! and
wher ei n, ofwmerenainrhdplantplybd@e Qudmangund m@lavanadatar@ tellurig agidOso thattheGu@ict o 1.0, a
i s dependsg xi dat i t of. I {s. 25 Thi s aspect
of tho HoeR AObaEy B ARR TR ap SRl RSB st Ty be
utilized) butOmde tHeay®iots duby aranmsomiprdferphl 9w baletiahi) fsffornssdf the @aet ison
conditions for, the catalyst. The reactiaon_.conditions nost vorable to the
For mat | GRPBYS g POAUE Dl S BRI RSP i bt P By AL PEERY ar 6 o
forth abavedasitbitindi@eHeoiculi® drfite, $eeR A6 iRS AR di9ing! biasy dvapRitionQnd
however, they tend to be at the high end of the npst preferred tenperature
range ofa‘%‘?)’@‘égt%acﬂ‘é)‘ﬁéfy”&‘@5‘3“3%08‘?‘ 9rRed ypressies rapgies frem dP menHE ghafi%t i ons
nost favg Frdee drhifg HPIARY ERNIsPlecdiNEPEIRYEL sobRbh ASREN - M Atk apgd ar e
also as set forth above as with respect to the second aspect of the
i nvent i oHtrogst anddRene he Fazensupy oa solRRA e ¥APBMA PRIRE §TYing iygensBlc. | n any
event, the:. : : I odr bl 10N
Fenper athy 5 p anagn D A G RS g braon W L Ehp el aG
di f f er enften h25WeeA0Q°Kand anestleo fergeratueamngiRHBm [F6HT v OGS, RS evapshtion
preferably 30C reover, it is further er t hat the | ower
t enper atd ﬂ%“eéﬁlﬂfpg/%?fg‘eﬁ P%‘b‘@@bte{nﬁgawe&} 2‘?0"'%5% & éﬁ%&r"é‘g S ABPEBHE O rA™iPs fourt h
aspect, LHEEHPIERERIm H%,Vﬁg'ﬁe}agf} aPh OMh BeHeRARELTIRAL 4@ 1o BORUMGIANY pRBure of
unsaturated nitrite that conprises contacting, in a reaction zone, a teed
gas stream conprising an alkane with a catal yst systemconprising a first
cat al yst conponent and a second catal yst conponent. The first and second
catal yst conmponents may be the same or different. The first catalyst
conponent is capable of catalyzing the conversion of an al kane to a product
gas conprising a correspondi ng product al kene and unreacted al kane. The
second catal yst conponent is capable of catalyzing, in the presence of
anmoni a, the conversion of an al kane to a product gas conprising a
correspondi ng product unsaturated nitrite and is capable of catalyzing, in
the presence of anmmonia, the conversion of an al kene to a product gas

T e N . I



26 (Applied Catalysis A: General 208 (2001 ) 99-110), MO3/gamma- A120

catal ysts (Applied Catalysis A : Ceneral 207 (2001) 421-431), strontium and
bari um hydroxyapatites (Applied Catalysis A: General 211 (2001) 123-130),
Vz05/ Y203 catal ysts (Applied Catalysis A: Ceneral 181 ( 1999) 63-69), K/ M
supported over sol-gel silica-titania m xed oxide catalysts (J. Catalysis
191, 12-29 (2000)), MyVO catalysts (J. Catalysis 158,452-476 (1996)),
vanadyl ion-containing VAPO-5 ( vanadiigm cont ai ni ng al um nophosphate) and
CoAPO- 5 (cobal t-containing alum nophosphate) catal ysts (J. Catal ysis 192)

| 28-136 (2000)), N xMj, _XA120~ and Ni CrzO ~ spinets (J. Catal ysis 187,

410- 418 from 998 He Mbwﬁnmdtgpmpteepdewz@ls at:aab‘mh gtmpsra(u@mfaﬂoym(ﬁ’cmd@“ﬁ and

28, 139-1 1996 t al hda 7-333 (
T005)) . #aetes e Ot Tl R M8 e e G D) RIS afdmniBliTS5 o1 00
(2000)) mpgdngeehizbastormoed fRoggy Wab&‘dﬁoﬁr&%wrﬁﬁg &0 déret8ly p Meaont aining a
transition netal conponent (U S. Patent No. S, 146,034). This aspect of the
present i nverficeALBINEE the %%Bstmwa@éalflﬁ%& The,galgipgtiop %Pap%ivc%mnent
can desigablycinBi h@ﬁmoépﬂer@@ﬂintth@{hbEthtIah%s&%E BF ¥lyloln, UBL & drAhsy reci t ed
above, thé reducible netal oxide pronoted wth a é?oup nmetal as descri bed
With reszpmcsphm@ or lnevafyq: The inenp atwrtospiferat miysbei any anterialvhidthie S@jt@nzﬁhenﬁfbnt ai ni ng
such a cat C cri bed
Withr es%eg{ogs‘f&ot fe%& ??ntér?&' vﬁtl?i %§a}9$§'.{t R&Qﬁ%(%v%t%{nblg%xiﬁ& 19<,rludea§/{tﬁo Z aspect
of the pliresaioh, ninsgentadrgm, ﬁdnsm heﬁnirﬁzbsm;&uﬁeaﬁmamﬁ Bxg&rdbhathehﬂmet dmbsphere &t al yst
conponent can deS|r§%I i ncl ude nlxeﬂ met al oxi des closed in U S
Pat ent NJEOE3EHER Fté‘“’b‘%iP‘ﬁf%ﬁ% Py Over e spifpegof tcé $iPrEgRpotent may
CONpri Semay #otKH thlRdobr @X¥lal@eNavhmiht}. Mehed BRI ifidrCahodpREmdbe RMNBRXE O~
wherein Ais at |east one elenent selected fromthe group con5|st|n? of M
and W Murigcegf theeratlysipecusiop fhsrfloveiaiecah &8y LY S h Y itkrapEco b~ AIGHeRstERg ot Vv,
Ce and G | & o nkeast one el ement selected fromthe group consisting of
Te, Bi, Sb and Se, X is at |east one elenent selected fromthe. group
consi sti ng ofThrlsalcinationTi ysually, pegiormadmt a FagpeRitre gofronRAS0°Nito 838°C, Beferahly As,
Ge) Sn, i K Cs, Fr, B o g a, Ra .Ht Pb, P,.Pm Eu,
Go) oy, Fn Py Sapd Comierttpo Liamater chre O o SR Bt o o) ¢
0. Ol taﬁndun@of tinesuttatld ot fornd th@ afotenhenticae BB Rt Tmatmahmudﬂmxbm state of

the other elenents. The sub-zone containing such a catalyst can be run
under r eBfEtorBs f@bﬁ%ff‘toﬁotﬁ SO hoyss, Peaigrably & °i“hle‘°f26 PRS- TeRTe Bﬁfeé%?%fiok ETPF@ ltgg

descri begs gREY & obtaikthe 1Ere§ BOADLIGRE M&hl sx@rponent incl udes m xed net al
oxi des as disclosed in U S. Patent No. 5, 380,933. Mre partlcularly, t he
second cat al yBf PESHsEmade ofenprasionmha @ealut prRsUsr realsined i e siaw Fghe he

enpi ri cakf Qicm&h@catalﬁ'fwu?%r@camﬁ% fh &XidiSin@Eni@RRLNQOE aﬁ‘? grent sel ected
fromthe group consisting of M d W Mis at |east oné el ement selected

f r om t hetegwerapyrecd ieims2q0AQ taofORC, mﬁerabld fiom 27I§I°¢ o BE°C én@tonb]rﬁernewemr&

sel ect ed nsi L.beast one
el ement }égulr e[‘eb&fl)gfopﬂpﬁlclq 3 hnglJS gg rt]hSe:I se%r %d 8 «?, lﬁl?na%rl}gl §$m t%Allét s I‘,e Ll\/h Fe

Ru, Co, &icinddiin a Rbn-oBdizing ,emA&,nm@ﬂ (e.BNan inbrt atNaspHére) B te@peratiere, of Bem My, Ca
Sr, Ba, ot ._Ph, P, Pm_ Eu, o o, Er, Tm Yb nd Lu;. and_wherein,
when & —SB°Cl B%Bopfef%b‘mf@ frdo %d%cc?{ﬁioggaf%ls fHinbicg (o Aigs. pegeraby og
dependentro@n tb BRI GlRtoh Ay, Steal@ngfas!dnen At e Ex Al phTBR®nialoRhidigzeR AGUCt i on
of an unsaturated nitrile) as the starting material alkane, it is preferred
to enpl oYe addedduging|theggeond spe edcigtiopane, butane, isobutane, pentane, hexane
and heptane. HQWeNehlrly freihEVnBde e ex‘amp%rcat@llyst%i)&usgla&'tt%mrgfsta@k sriles to
be produced, 1t is preferred to enploy a | ower "al kane having 3 or 4 carbon
at oms, pRireadduthadbsjrep pyidiing almePhaso BUPem EEMPPHEIrped thep refsed fahesfiralrstagng

mat eri al o kAR iiheDlre PAIHI LBk Nnd doBidiths: sARL DAL ARE ARNT 31 ning

| oner al Kane such 'as me ne or ethane, air or-carbon dioxide, as

i mpuri ti esospimge ibthenspthced wiktothe dasimyd per-tyidizing ptnpsgistecior thEsecbinbstaget he
starting material al kane nay be a m xture of various al kanes. The detail ed
mechani sm of the amroxi dation reaction of this aspect of the present
invention is not clearly understood. However, the oxidation reaction is
conducted by the oxygen atons present in the above pronoted m xed net al

oxi de or by the nolecul ar oxygen in the feed gas. Wen nol ecul ar oxygen is
incorporated in the feed gas) the oxygen may be pure oxygen gas. However,
since high purity is not required, it is usually economcal to use an
oxygen-contai ni ng gas such as air.



As the feed gas, it is possible to use a gas m xture conprising the product
gas energing fromthe sub-zone containing the first catal yst conponent)
anmoni a and an oxygen-cont ai ni ng gas, However, a gas m xture conprising the
product gas emerging fromthe sub-zone containing the first catalyst
conponent and ammoni a, and an oxygen-contai ni ng gas may be supplied
alternately. zs When the gas phase catalytic reaction is conducted using
the product gas energing fromthe subygone containing the first catalyst
conponent and ammoni a substantially free from nol ecul ar oxygen, as the feed
gas, it is advisable to enploy a nethod wherein a part of the catalyst is
peri odi calclindtiow, tHedérayematad 6 SRAL toltie RFiredskbati sQPe RSO Bh@erafudd and held
regeneration, and the regenerated catalyst is returned to the sub-zone. As
a net hodh ffrﬁf"frt@gjéi’féﬁdéﬁ‘ioﬁgStPgFecalfalaﬁP'y%‘f‘? a nethod may be nentioned wherein
an oxi di zi NG 5uHUER 188 oPHRYGH mechisiBle. 114 LAGEN nfIDBOYEIRA | h&mﬂ‘%ﬁéﬂ tted to
flow through the catal’yst in the regenerator usually at a tenperature of

f r om 300@cinagti@Ods prFfeaed t@monduca@;pecdtm@ifonwh@erprf@wemthq deviemtddaasenis$ | now be
?g:g[: gﬁecrillvl!gg]nln];elrjl[ &?g e{ogeegt?l dvarzlt_aﬂem?b t?g “étqg% alm Itlétll %noalg W@F])cg)nt;nglg)u{ ?Ir n;he
acryl oniftaw d>fehe ddainel gas(ehltmhugaﬂheeMdmimlm d‘amysapreqnlrmnparmlbe i s obtained when

air is supplied withi.n a rapnge of at, npst 2 | es, icularly o 15
ol 5. per e e B Bemed e ien et Ay X FRFTRG A Ml he
sub- zon@(qm@;alcnua[gjemed@réﬁ@usg,ajeﬂhe@t conmponent . The proportion of
anmoni a to be supplled for the reaction is preferably wthin a range of

from 0.2 to Fhedpaiag myiripls £ofitherabyve prampied sited metahokids arefiat litddo gios¢ he
hydr ocarfomyed ove. r@@ﬁfe'r%e matyé&r@ﬂntmdlng fgpaaulsfee&,&wdﬁ{m@; ARRIRYGT i C
pressure, but may be conducted under a sPightly iIncreased pressure or a
slightl yOXU@Edudctedlkpmétgswefldcélfh@tqssaldmdnmﬁdhc Fonpoufidy mashe web Feone wher ei n

unsat ur it is_ fo resent i nventi on
i ncl udeaeté(g‘ggn’pdéédn%n%?&éﬁ%%t‘}'ﬁggb%a &ﬁ?Fe fj té?ﬁt%%% eo%’ﬁégg B eﬁ’pr ef erabl y)

t he terrp:aramsui-lewe&rfqompfmﬂﬂ@@xchmsN@%Malh;elvgﬂs dModxd,, WMd(OCHys, SV, in the
gas phasere ction. is usy in.the range of romIOOt 0,000 hi: 1)
o o Br anyv FBEi 36/ Eatoaipebaroacviks a4 pEndRaBry bR aH 358 BabS. 000 nr -
As a di lui¢indd igasad off@ﬂhnﬁdﬂuuﬂiebmgxotybﬁlteB&ﬁn@lrhyezir@lﬁbﬁlym&hiliﬁilvhﬂitﬂatewg(ba p?rtl gl
pressure, n as such as nitro on or heliumc npl oyed.
When am%&‘??ﬁja‘!lof g‘ﬁs? ce Y NARFCHUEHINE Sh@ﬁﬁgero@“tpﬂg‘dbr%@é’h?]z?h&éﬁh on and
propane yecut vl 280(RsHOR &ahdlidnt &letyBlckidiife iR8MnadyNaceGHicdtb@iRe thay also be
acrylonitrile, carbon nonoxide, carbon dioxide) acetonitrile, "hydrocyanic
aci d anditiiasdingrad dragmoBium matgpagsreo duciedurivm syraEmpinchule mliph@d1 Cat al yst
Pr epar at ., 18 mMmin
di anet er’!)!e@rlragz( of Hﬁl{ TAE&%E @lﬁfg) agd?gz@#)?gén# 1%/‘223\%%@4(%1 Y glr'lglctzlgmc&eu?gﬁlg%]s with 80
pores perottipmesglat, ri‘ébhoé PPOLs, wiebig atidr MEiAEHo)s @ well 28 thomateiconveptiorghr oni um
nitrate ,{Kggilgi_\llg?%ggHzo, 0.224 g, fromAldrich) and copper nitrate

(Cu(N03) z , 0.013 g, fromAldrich) in deionized water (0.8 g). The
resul ti ng nmatfemixafl rrmmho:ddé ddis obtamed; ghi bits @v@hnmatami@amtﬂesrwgbﬁlf and

cal cined,in air at 600C for 4 hours. This r esult in | oadings
o appr ot esBlsfty BeorGleh 6 efabS S SRR S fR AT ol ¢

Cat al ystacBw(EaWQrmdifngam nmonol i ths (di sks 10 mmthick, L 8 mmin dianeter)
made of My stabilized Zr02 from Vesu i - Te am cs, with 80 pores per
| i near inch (Lfg‘fﬁe)‘s Wé“‘i“ﬁﬁ%@‘ﬁ%‘f“ead "k ﬁr‘a E%F‘G&‘P‘éﬁ“%?o‘ﬁﬁ?‘@ﬁ?‘d?ﬁ”?ﬂdt’rat e

( Cr ( NO3) B9HZEQmbyRR A s drf E@RaidY MHlEthed) ) n@n@dféem@ga m&ﬁ@wgr(n@t(rh&@oﬂ SH~0,

0. 013 g, fromAIJrlch) i n deioni zed wat er . mxed with 0.164 g of
aqueous ESmplei rinatiopsddrRsErah eIk RIHFSY ¥p P'arfril&&r‘éitteeplwe \VBh QREARPWETI Al dr i ch) .
The resultd @%d@%@&éaﬁl fo f?ﬁ% drlhdfh 4R 6B M€ abt of BnQusHical 9t and
calcined Tn air at or houfs. This preparation resulted in |oadings
of appr oXsorhatusing aanmo/@r(umvil@r@d@ ceserof @gmall s@letoperaiien. 1 wt % Pt oxi de on the
Zr Oz nonolith.



Reaction For each of the catalysts A and B, a 33 to 38 cmlong quartz tube
with an inner dianmeter of 22 mmwas provided. A cylindrical foamnonolith
support structure coated with a catal yst as described further herein and
havi ng a di aneter of 18 mm and thickness of 10 nm was pl aced between two
inert, uncoated foam nonoliths (heat shields) and sealed in the tube with
hi gh tenperature silica-alumna felt, which prevented the by-pass of
reactants around the catal yst and thegsmally insulated the catal yst, i.e.
the heat shields in front and behind the catal yst reduced the radiative
heat | oss fromthe catalyst in the axial direction. During reaction, the
front heat shselwdt gvirslinpoadtied mraimgircdlatgak yeuluantingerat edtcthy agdishwatr drhe

reactants before t ached the si. de o the react or
s oG COOER GGt B of REGE Bend 3R e mpns g FR Rl e Bl

si l'i ca- alylidengpé slediumthiditor eaﬁeemdeﬁm&gamdmmomdy bh@eqtbged. The tdigy heat shi el ds
to reduce_heat | osses in the radial direction. The reactor tube was

connect eylifdsr-&ypg msdinaTrillithy wetyaitl ohthsyynsethsrein b raianes fdherqbjec t9de with a

Viton OgingidBated! flaiBdcbdie faeahmgetmr}nmﬁdqwm Themb@him! SHHﬁgand the

metal conpression fittings. The reactor tube with these conpr essi
connect itgpegnillasa weirmidef &g typs vhaesimpthe oliess ta mrn'gldbgon@medkn & ornteeer iscl anps and

A O

st andar diidcitgpermiper mi nut e (SPLM for each corrponent The t ot aI feed fl ow
was 2 SLPM ich corr ontact ti seconds. For all

t
experinents, %%O“FE‘QBT@F Sl régsr{ﬁyg’u by%ﬁehioa{???ggl QP O?ﬂb?t 18 psi). The

react i om&gichedpeshaed mtxfa@mml bud@theme&u@nde dorgaittien, @fc. bfhke IvdUGEd gases
was ted to an HP 6890 Gas Chromat ograph ( t hr ou h heat ed st ai nl ess st eel
li nes. \ARFHE&2EIPE WERHBEINEnOr dFetpHrad! %Pﬂ?‘&?’l‘fé}f rﬁl?sﬂ 8%? ’éﬁ apRaEEy Hewatee it ign

ext er nal , hgdly thQUﬁ%ng’\@%oﬁtﬁ:@t@d LQillngivE Qg d Fa‘?ncrl@ﬁ%dt‘?ﬁb grddi d@fsim xture
ignited at approxi,mately 300C over the catalysts at a

precursor would usually be at most 20um, more preferably at most Sum. Improvement in the
catalytic performance may occur due to such grinding.

Further, in some cases, it is possible to further improve the catalytic activities by further
adding a solvent to the ground catalyst precursor to form a solution or slurry, followed by drying
again. There is no particular restriction as to the concentration of the solution or slurry, and it is
usual to adjust the solution or slurry so that the total amount of the starting material compounds
for the ground catalyst precursor is from 10 to 60 wt %. Then, this solution or slurry is dried by a
method such as spray drying, freeze drying, evaporation to dryness or vacuum drying, preferably
by the spray drying method. Further, similar drying may be conducted also in the case where wet
grinding is conducted.

The oxide obtained by the above-mentioned method may be used as a final catalyst, but it
may further be subjected to heat treatment usually at a temperature of from 200° to 700°C for
from 0.1 to 10 hours.

The promoted mixed metal oxide thus obtained may be used by itself as a solid catalyst,
but may be formed into a catalyst together with a suitable carrier such as silica, alumina, titania,
aluminosilicate, diatomaceous earth or zirconia. Further, it may be molded into a suitable shape

and particle size depending upon the scale or system of the reactor.



flow of 2 SLPM After ignition, the external heat source was renoved. The
feed gas consisted of propane and O- with N? as a diluent (propane : O :
Nz = 34.4 : 15.6 : 50). The N~ also served as an internal GC calibration.
All species concentrations except HzO were neasured relative to GC
calibration standards. The HzO concentrati on was cal cul ated by an oxygen
at om bal ance. The renai ni ng atom bal ances, carbon and hydrogen, closed to
within 2% . The reaction tenperature \{\?s neasured by a type K

(chrone/al unmel ) thernocouple inserted fromthe rear of the reactor and

pl aced at the center of the reactor between the catal yst and the rear

radi ation heafembii@lyd the Hieal OB pdrefits Bf Be pREeat1PtbMlehplad@Bliyst may bl e 1
Catal ystPt (wt % Tenp (C) % Propane Conversi on% Propene

Sel ect i vHEBPReDODBASHHY SULEEDBYENA, Silich, stea-HWBigp.1zfcenda. tifanid pCiy Tabl e 1

he.r ediey o e b MRl efilss BRI, A0 SRV SRR S Rlont AFTALE, el o1 10

decr eas acd: doptad@0 @ithitiel dey supgond sush aine the svppertss wettednidiet, lte rpsubipre vettek| ectivity

both i n%aetglsd?g d?ilélt?,%})r%r)lgrilglle,l Aa te%nxp%%dree frc2)m room temperature to 200°C followed by
calcination as described above. In another method, metal solutions are contacted with the
support, typically in volume ratios of greater than 3 : 1 (metal solution : support), and the
solution agitated such that the metal ions are ion-exchanged onto the support. The metal-
containing support is then dried and calcined as detailed above.

In the production of an unsaturated carboxylic acid, it is preferred to employ a starting
material gas which contains steam. In such a case, as a starting material gas to be supplied to the
reaction system, a gas mixture comprising a steam-containing alkane and an oxygen-containing
gas, is usually used. However, the steam-containing alkane and the oxygen-containing gés may
be alternately supplied to the reaction system. The steam to be employed may be present in the
form of steam gas in the reaction system, and the manner of its introduction is not particularly
limited.

Further, as a diluting gas, an inert gas such as carbon dioxide, nitrogen, argon or helium
may be supplied. The molar ratio (alkane) : (oxygen) : (diluting gas) : (H;O) in the starting
material gas is preferably (1) : (0.1 to 10): (0 to 20) : (0.2 to 70), more preferably (1) : (1 t0 5.0) :
(0 to 10) : (5 to 40).

When stearn is supplied together with the alkane as starting material gas, the selectivity
for an unsaturated carboxylic acid is distinctly improved, and the unsaturated carboxylic acid can
be obtained from the alkane, in good yield simply by contacting in one stage. However, the
conventional technique utilizes a diluting gas such as nitrogen, argon or helium for the purpose
of diluting the starting material. As such a diluting gas, to adjust the space velocity, the oxygen
partial pressure and the steam partial pressure, an inert gas such as nitrogen, argon or helium may
be used together with the steam.

As the starting material alkane it is preferred to employ a Cs.galkane, particularly propane,

isobutane or n-butane; more preferably, propane or isobutane; most preferably, propane.

According to the present invention, from such an alkane, an unsaturated carboxylic acid such as



In a flask containing 215 g of water, 25.68 g of anmoni um hept anol ybdat e
tetrahydrate (Al drich Chem cal Conpany), 5.06 g of ammbni um net avanadate
(Al fa-Aesar) and 7.68 g of telluric acid (Al drich Chem cal Conpany) were

di ssol ved upon heating to 70C. After cooling to 40C, 2.84 g of oxalic acid
(Aldrich Chem cal Conpany) was dissolved in 122.94 g of an aqueous sol ution
of niobiumoxalate (H C. Starck) containing 1.25% Nb. This was then addee
to the three conponent mixture to obtgn a solution. The water of this
solution was renoved via a rotary evaporator (water bath at 50C, vacuum
pressure of 28 mMmm Hg) to obtain 46 g of precursor solid. 23 g of this

cat al ystan psfeestisatedsatboglyl\vasidead 5 dhefnddin focgiuadid. ZFot eagnphe ahedprbgun2 66C at
10C mn with a 100cc/mn flow of air through the tube and held for one
hour, t MORUERG hgsed 24 decerinem¥rghplmeacydin Aot arpedargicgoticyidve obiieh and

hel d f ofe@edBQMY Sin ggmlggt al yst thus obtained was pressed in a nold and then
broken and sievedto 10 20 mesh granul es. Ten grans of the granul es were
packed into Asan altecmtllvmslnalé(amnlandt@nsosbtltamiIoesbut@t%ewhlwwumhydmm@prfor gas
phase propa oxi dat i.on W 1.h ct or bat h
Coi t en Capyof S Rionf Bra b s DaptphaRBatdR, i PLE Gemik it Rl Tar i 0
of propdeed/tathe ptesére@mcasfs ol inkbhjhActioamath ahespaxdeusiyahartiohsd fedd sheﬁﬁ)@ hr ~. The
ef fl uent of ere actt r was conden ed to se argte t he I g’ﬁﬁhase (the
condensabl e &t RFiNPY) ISHTUPHBAGH Bi8 noREicy Ry Hﬁ‘é‘ﬁ‘é fyzed by gas

chr omat egfita@ipiny a(ésker atkan@l@tlensrmamnfe BeethirePANG aoN Glokide/hs ithpRities, @ly®e phase
was al so anal yzed by GC for the yield of acrylic acid (AA). The results are

shown u\*scrla\blﬁ@UQanym%lﬁﬂP@rsblﬂﬁ Fa'ﬁtﬁﬂnweé@rt@emer@f alkpng may bea MigkERf in a 400

mL beakgy modg@ﬁ(agggq,}g%lxtM|Jf9k§klagghlggne until the tenperature reached 70 -
75C. Then, O. . V03 (Fisher ACS grade) and 0.63 g of Zn(NO3)26H-0

(Al drich 98~ 1be) demké mdld:ednmfehebw@h@ refitios of e peesetit fyonticads mmnﬁsaret ely

before 14,7 f ar A103 d ortion h phase
vas evandiitiad B FEMIROT g T AR Rl 8% BB n e ol kS g

past e wasetdl lomﬂsbehs)rredecnﬂnraxmn arekant dithdﬂfeed BR. andhcoporacd malecalar o%eril.lOC for 9

h d th | ci ned t 650C f h Th N terial
nad 2 w0 SHI 2 SRR B R FARREL AT Sb%-ARY DerParC etk Bbelor i | n

Tabl e 2.ecdnoanql & We Irh&xy(gé‘d Cdnfedindgax @ebhrehia) sirdX ipty @f ndoyatipliglydequigd.conbi ned
with the 2 % n3( ~)~ su of Exanple 3 to give a

Eliport d on /gq,a T -Aléo:?f)a
m xture of 9594 AR HETRYseoRY IR 2lkivr BhFHaRE B tsehcr OETABFI C8%ERat i on
cat al ystfofthe @apof ﬂﬂs@ca‘ﬁlyu@r&i@ﬁ&nv%éh S URBAT ks PEIRR I IAHAR el whdwkiXxhng was

conducted in a nortar and pestle for 5 mnutes. The ground m xture thus
obt ai ned®2#&5thp caalyds appropripply viRABWR R Be BREPZATE BP1aViey t¢ Bme.gbrgenesh

granul e, o 84.8oR Mefirarhi fooefilt 5F VR rGuRAFHEEL eiliBn Fonk fdr £ile] NS

di ameter stainless steel U tube reactor for gas phase propane omﬂgatl on.
The oxi degenerationaseteeshal st cathlyal & method argtfor exomple, Panmentionedselhich) comprises

contacting an oxidative gas such as oxygen, air or nitrogen monoxide with the catalyst in the
regenerator usually at a temperature of from 300° to 600°C.

This embodiment of the second aspect of the present invention will be described in
further detail with respect to a case where propane is used as the starting material alkane and atr
is used as the oxygen source. The reaction system may be a fixed bed system or a fluidized bed
system. However, since the reaction is an exothermic reaction, a fluidized bed system may
preferably be employed whereby it is easy to control the reaction temperature. The proportion of
air to be supplied to the reaction system is important for the selectivity for the resulting acrylic
acid, and it is usually at most 25 moles, preferably from 0.2 to 18 moles per mole of propane,

whereby high selectivity for acrylic acid can be obtained. This reaction can be conducted usually



tenperature of 380C, a 3 second residence tine, a feed ratio of
propane/air/steamof |1/15/14, and a space velocity of |,200 hr ~. The
effluent fromthe reactor was condensed to separate the |iquid phase (the
condensabl e material) and the gas phase. The gas phase was anal yzed by gas
chromat ography (GC) to determ ne the propane conversion. The |iquid phase
was anal yzed by GC for the yield of acrylic acid (AA). The results are
shown in Table 2. Table 2 Exanpl e% Prapane Conversi on% AA

Yi el d3L71241053623 Conpared to the m xed netal oxide alone, data in Table 2
i ndi cate increases in propane conversion and AA yield occur with the

m xture et HEOFAREGPIASHIE] bup iy Be eanaiterbiender 4 Hightheelpwaredargsguse or slightly

dehydr og | . : Ly 0 { , 0 . - A1203.
The oxi data PR aakspelGoing At RN X s PO O AL

ganma- A1263ndy balsdertedinsccogiagstwitl thy candaions foe pioparer opane conversi on at t hese
run conditio

( . 'b'MSQMVQQt | s C%g'ned.ls: %. A_netqQ) or. produci.ng an

ol efin, said netHod c8rrp?nid§t1°%. f g‘.e Oﬁf“d%?n(ﬂ g PRt Hir %g’}l{?[‘?ﬁé’ﬁlﬁy gﬁgﬁld gruppor t

st r uct ur gefhadrylioberiandyi baditifizedlah e sdctice of the present invention. The process may be
practiced in a single pass mode (only fresh feed is fed to the reactor) or in a recycle mode (at least
a portion of the reactor effluent is returned to the reactor). General conditions for the process of
the present invention are as follows: the reaction temperature can vary from 200°C to 700°C, but
is usually in the range of from 200°C to 550°C, more preferably 250°C to 480°C, most preferably
300°C to 400°; the gas space velocity, SV, in the vapor phase reactor is usually within a range of
from 100 to 10,000 hr™!, preferably 300 to 6,000 hr', more preferably 300 to 2,000 hr''; the
average contact time with the catalyst can be from 0.01 to 10 seconds or more, but is usually in
the range of from 0.1 to 10 seconds, preferably from 2 to 6 seconds; the pressure in the reaction
zone usually ranges from 0 to 75 psig, but is preferably no more than 50 psig. In a single pass
mode process, it is preferred that the oxygen be supplied from an oxygen-containing gas such as
air. The single pass mode process may also be practiced with oxygen addition. In the practice of
the recycle mode process, oxygen gas by itself is the preferred source so as to avoid the build up
of inert gases in the reaction zone.

Of course, in the oxidation reaction of the present invention, it is important that the
hydrocarbon and oxygen concentrations in the feed gases be maintained at the appropriate levels
to minimize or avoid entering a flammable regime within the reaction zone or especially at the
outlet of the reactor zone. Generally, it is preferred that the outlet oxygen levels be low to both
minimize after-burning and, particularly, in the recycle mode of operation, to minimize the
amount of oxygen in the recycled gaseous effluent stream. In addition, operation of the reaction
at a low temperature (below 450°C) is extremely attractive because after-burning becomes less of
a problem which enables the attainment of higher selectivity to the desired products. The catalyst
of the present invention operates more efficiently at the lower temperature range set forth above,
significantly reducing the formation of acetic acid and carbon oxides, and increasing selectivity
to acrylic acid. As a diluting gas to adjust the space velocity and the oxygen partial pressure, an

inert gas such as nitrogen, argon or helium may be employed.



b. providing a catalyst on at |east a portion of said support stnicture,
said catal yst conprising a reducible netal oxide pronoted with a Goup 8
pronoter netal; c, reacting an al kane with oxygen in the presence of said
supported catal yst, said reaction having a contact time of no |onger than
100 m I liseconds and providing a conversion rate of said al kane of at | east
40% 2. The nethod according to claiml, wherein said three-di nensi onal
support structure is selected fromtheigroup consisting of foam honeyconb,
| attice, nesh, nonolith, woven fiber, non-woven fiber, gauze, perforated
foil, particle conpacts) fibrous mat and m xtures thereof. 3. The nethod
accordi ng to Wher the oxidaties resicionsipcopsuepip evndugied bicthe methiod of bpicssat ed from a

mater | al ek SRt aHoh LOMLE cORARLERNSLEL NG & nal bl SRl MBnaver iy

silica-a um nosi onr a, oric
al um numdfitidngab@ylicacidd Burkhen dretle siethiod ofithe areldnd ewamubnmnxmwmteeﬂ hidergaé . 4.
The net hod accor di rein.said reduglble oxide is an

oxi de of & ﬁoé?eéff“eé @é‘f"é@??’lﬁ’fﬁgt%@ G- FOTRBHEP T GO “P‘{?’,P"“Rﬁn, Nb,

|Vb W RR, pr&s‘@nt ifHe stfling Sﬁterlﬁbmleﬂre aBBLemBhay beFornfed; arﬁeﬂhezmob&faneﬂ preseat  Ce,
nk Eu, Gd, Tb, Dy, Yb, Lu and m xtures thereof. 5.
The rret hBd %%aegjmﬁﬁn%lﬁném Wptﬂacr%ﬁ'@mweémddﬂéw agaisr BIvb R PISANEARd | s

sel ect edalti&f}m: éalﬂ%e QBMHecPLQQI% RbikddGin@rurkttd cdtboxyRacid by suB}éc@rant APt ERS
t her eof . A method for producing an unsaturated carboxylic acid conprises

cont act i Mgn)or Phﬂsecaﬁzé}amthm!ntlm@ the miixed dnegpd oxidecerimniog npalyss iohde areseit kane wi t h
2 catal VRheRUSLEm SAIRELS| 0 Anllohat oA AL Y3k BRTRARGIY Al g RRNd
one rst

cat al yst ‘conp onent bein
cataly2|ngdnhmr@mmuamauenmoﬁmmmmmhkdm&bhdea product conpri sing a

correspondi ng duct. al kene, and unpreac i,d second catalyst
component  ber A BbabPE o e det Ay oPRE e G UL POF T UF P BIRENE™ o’ o
product gREMAlySinilgue O veqdpard ingich b sahibr &abthe taith@pypbeioacsfdhating: bei ng
capabl e of catalyzing the conversion of an al kene to a product co r|S|ng a

cor r espofitHy CW%E‘BP“M@&WP%‘MYS& SQUPRORGILVArY AR g reaghy @Pﬁ“lg%ﬁ e pit
cat al yst feRuPREeAtiahsS. Mk ELAIpRN he lcbREh SO 0B @E Qéwnd:é’dtt(ﬁﬂrs)’&;mﬁb%ﬂ?%?m :

increase from the inlet of the reaction zone to the outlet of the reaction zone. Such an increase
could be in a continuous manner over the length of the reaction zone, or it could take place in
incremental steps along the length of the reactor, or a front end of the reactor could have a lower
proportion of the second catalyst component and a rear end of the reactor could have a higher
proportion of the second catalyst component and an intermediate portion of the reactor could
make a transition from the lower to the higher proportions in a continuous manner or
incrementally.

As a second variant of the first embodiment of the second aspect of the present invention,
the reaction zone may be subdivided into two or more sub-zones, the reaction mixture passing
through the sub-zones sequentially. Each of the sub-zones could contain different proportions of
the first and second catalyst components, as compared to the other sub-zones. Moreover, within
each sub-zone, the relative proportions of the first and second catalyst components could vary in
the manner as described above for the entire reaction zone in the first variant of the first
embodiment. For example, the concentration of the second catalyst component could increase in

each sub-zone in sequential order.



7. The nethod according to claim®6, wherein said first catal yst conponent
and sai d second catal yst conponent are m xed together. 8. The nethod
according to claim7, wherein said first catal yst conponent conprises an
ort hovanadat e and sai d second catal yst conprises a m xed netal oxide having
the enpirical formula A~IVIbN~X~0e wherein Ais at |east one el enent

sel ected fromthe group consisting of Mo and W Mis at |east one el enent
selected fromthe group consisting of ¢, Ce and Cr, Nis at |east one

el enent selected fromthe group consisting of Te, Bi, Sb and Se, X is at

| east one el enent selected fromthe group consisting of Nb, Ta, Ti, A, Zr,
Mh, Fe, Ru, CinasRh)nd Ninbod?mncntf the mgcoAb)spése of Ba prekdnt inNantiok, thRteactGa, zoFer Be,
My, Ca, Sr,,.Ba

wher o QRS Ao porf R4ty Fpygmy e e Phgiqiinic gy gl B0 and o

i s depeng@pddiBéntdie seidhatinddnsirhe gt cddipt edniherlhgdBiviier stb-zohbeanet hod
according to claim7, wherein said reaction zone has a | ongitudi nal

di mensi of°PTHR B sesepd pAYSt porapaaEite Rhis erbadimant gfffrs theadyantage tat Hadirst r eam and
a relati g, 9&%&%&%&93es§%l§ilnfcfuﬁ§t1n Ecﬁlﬁtﬁ:lﬂé %he%?tggggﬁﬂ&-nﬁgf@cﬁéﬂ A uSpgond

cat al yst cofrponent in said mxture of said first catalyst conponent and
sai d secantdie Gest edtalyst canpaporiabevey gheiredicileongalsaidd pmmyM\mm pafoudi8rmetai on i n

the 1 O8E 19008 wlh Wt (515 40105 B8 R DRI AGEOIANG, b SGL AT Sylsr ef 1

said reacCtion co Zone zones
di sposed suz:aquetnlystahrh e ruatas h sia:sttcohmm tinfe rsatad, £$ldbsc21bdfli§\81tlcm§ﬁea]l witedirsti f f er ent

concentrations of. said C C st conponent . m xed with said first

cat alyst RESTOLHGET Rty (BT S Tol HR B aepaain al adedaBR ough sai o
sub- zonegorhfonsRER fud indr dRMreacddn cohbifionedspediacyesdomy to claim 6, wherein
sai d reaction zone conprises at |east two subzones, Said sub-zones being

di sposed sequBtipiz] gybodigpent af4Re segond aspeckel the RIGHNLIBHSIORAhR SSF‘H‘idr‘f@t“%’%ﬁ d first

catal yst ¢ eNERy 1Ak p%hed &gk nRE‘&uzﬁ'}st E&ﬁﬁ'ﬂ&ntsﬂdpe%%% EPME Bl Rekipid: d
second catal yst coOnponent; wherein said teed gas stream’passes through said

sub- zone sveinnssg@qmgmsl :a,|prm@@ky described. In this embodiment, catalysts suitable for the

conversion of an alkane to an alkene (the first catalyst component) include, for example,
promoted MoVNb oxides, vanadyl pyrophosphate and other oxidative dehydrogenation catalysts
as described, for example, in U.S. Patents No. 4,148,757, 4,212,766, 4,260,822 and 5,198,580.
Other suitable catalysts include unsupported and SiO2-supported VMgO oxides (Applied
Catalysis A: General 208 (2001) 99-110), MoOs/gamma-Al,O; catalysts (Applied Catalysis A :
General 207 (2001) 421-431), strontium and barium hydroxyapatites (Applied Catalysis A:
General 211 (2001) 123-130). V,0s/Y,0; catalysts (Applied Catalysis A: General 181 (1999) 63-
69), K/Mo supported over sol-gel silica-titania mixed oxide catalysts (J. Catalysis 191, 12-29
(2000)), MgVO catalysts (J. Catalysis 158,452-476 (1996)), vanadyl ion-containing VAPO-5 (
vanadium-containing aluminophosphate) and CoAPO-5 (cobalt-containing aluminophosphate)
catalysts (J. Catalysis 192, 128-136 (2000)), Ni,Mg; xAl2O4 and NiCr,04 spinels (J. Catalysis
187, 410-418 (1999)), Nb,Os supported V,0s catalysts (Catalysis Today 28,139-145 (1996)),
metal molybdates (Catalysis Today 24, 327-333 (1995)), rare-earth-oxide (REO)-based catalysts
(Catalysis Today 62, 91-99 (2000)) and zeolites modified with a Group 1A modifier and

containing a transition metal component (U.S. Patent No. 5,146,034).



12. The method according to claim1l, wherein the first of said at |east
two sub-zones containing different catal yst conponents in sequence contains
said first catal yst conmponent. 13. The nmethod according to claim6, wherein
sai d second catal yst conponent is supported on said first catalyst
conponent. 14. The nethod according to claim 13, wherein said reaction zone
has a | ongi tudi nal di nension which extends in a direction of flow of said
feed gas streamand a rel ative proportion of said second catal yst conponent
supported on said first catalyst conpdhent varies along said | ongitudinal
dinmension in the direction of flow. 15. The method according to claim 13,
wherein said i . i ) . id sub-zones
bei ng di sposeﬂlrﬁg%%gaitﬁtgﬁﬁ(%qg%& Zegé?rﬂ%fv%%g(?&es%;l%rs&gfé%g} Zlgmggnt ai ni ng

di f f er endorregmooding patiucnssaofratgbdacbos @owi andbeihy sititable fpahecmvasippoianed on
said fi rzgt C tal%gt conponent, and erg%l?tsaj d f edwgaﬂ. st.rggm asses

t hr ough 578 "L TBOTHEATETR IS COBRPP A INGR g Irpg ol TRt is a4 L8B P PG t o

cl ai m 15ataiesoeipdnen®yf indaded forxdn@As imikddndal bx @ONRSdi LORERInIU S Patthf Ner ent
concentrations of said second catal yst conponent supported on said first
cat al yst>-¢Shpiantdate pagtiularly. thy seggndcafplystgpmpeneat compsises pmixgtheetakbdifieai ni ng

di fferent, GenceMyidll fesu@f said 36 second catal yst conponent supported
on said first catalyst conponent in the sequence has a | ower concentration

of said second catal yst conponent ARNKES: second of said at |east two

subzones, conf al QNG b5 e@%se?e%{%ﬁ?x@“tﬁé% u co%giaér? St MESANY ﬁg& &{}#& .
conponent 1h the séquence. : € nethod dccordimg to clalméo, erein
sai d fi rak ekateal sgktted bopahegburangstinges Vade ond GaiN iv et ldashydretegenat i on

cat o Yt TAE S, S5 A & FLTAC, 0 SR sl asepgscot o ot
wher ei n the g®uptodsBasd ofNte Tel EHMBRNZr, &, &6 tFad Coy RN ', BY1als, Gesy, 81,iNag of M
and W Mis at least one elenent selected fromthe group consisti né; of V,
Ce and é’, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho; Er, Tm, Yb and Lu; an

wherein, whena=1,b=0.01t01.0,c=0.01t0 1.0,d =0.01 fo 1.0, e is dependent on the

oxidation state of the other elements.

As a first variant of the third embodiment of the second aspect of the present invention,

the supported catalyst system may be prepared in such a manner that the relative proportions of

the first catalyst component and the second catalyst component vary in the reaction zone along

the path of flow of the reactants. For example, the concentration of the second catalyst

component may increase from the inlet of the reaction zone to the outlet of the reaction zone.

Such an increase could be in a continuous manner over the length of the reaction zone, or it could

take place in incremental steps along the length of the reactor, or a front end of the reactor could

have a lower proportion of the second catalyst component and a rear end of the reactor could

have a higher proportion of the second catalyst component and an intermediate portion of the

reactor could make a transition from the lower to the higher proportions in a continuous manner

or incrementally.

As a second variant of the third embodiment of the second aspect of the present

invention, the reaction zone may be subdivided into two or more sub-zones, the reaction mixture

passing through the sub-zones sequentially. Each of the sub-zones could contain different

proportions of the first and second catalyst components, as compared to the other sub-zones.

Moreover, within each sub-zone, the relative proportions of the first and second catalyst



Nis at | east one elenent selected fromthe group consisting of Te, Bi) Sb
and Se, X is at |least one elenent selected fromthe group consisting of Nb,
Ta, Ti, A, Zr, M, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K
Rb, Cs, Fr, Be, My, Ca) Sr, Ba, H, Pb, P, Pm Eu, Gd, Dy, Ho, Er, Tm Yb
and Lu; and wherein when a =1, b =0.0l to 1.0, ¢ =0.01 to 1.0, d = 0.01
to 1.0 and a is dependent on the oxidation state of the other elenents. 19.
A nmet hod for produci ng an unsat urat ed2¢arboxylic acid conpri ses;

contacting, in a reaction zone, a feed gas stream conprising an al kane with
a catal yst system capable of catal yzing the conversion of an al kane to a
product ©sweEIguld veryod thetmanperras dpssrieidrigovarfonthe ertire thaginntyorg/initee &t d, a

product Vabtharo? %%Qﬂld‘&nb%'dhﬁéﬁf F%‘P&aﬁ@[eeﬁgfc&{lerﬂ 806 tﬁ@gecgé?d Q¢ fppabl e of

catal yzi ng the conversion of an al kehe rodu conprising a product
corres porrmmpngenmcmﬂn inc@bsedn egh blmegdnem aquaﬂ;xal\m&r ein said reaction zone
conpri ses at | WO sub:-zones sub- zones, hein

cequent i ol 1y 1o Tegrd Fhec i E GRSy WHh 2O M ey R o e at
react i onurs@tieliet icaBsxyNoatid trayanahises dottatihg, inracelieabdn gonenf febdpd speuct
correspondi ng al kene, and at |east one other sub-zone being maintained at
r eact | orFORRANE PHIKANTIUH P LRPEmcaPIblot Grleting ths ﬁowr%%‘ an plsp5de

corresp%ﬂbmt M%@&Hﬁﬁﬁg@pr@@t&b%&ﬂ)&ldﬁﬁhﬂsatn@ﬂéﬁ é’éfﬂﬁfxgllé‘a&cﬁhngdG&d gas stream
passes through said sub-zones in sequential order The net hod accordi ng

to cl ai nqomgpomgg alkeneand hergaptedatiane yis betng sapsélernd caralypinathasenvgrsiangden i on
condi ti Oﬂéeng'?f& pro@}’ ?éﬁ% ﬁﬁnépgromc?g ¢o‘?1ﬁmg%ns°aﬁlrﬂe&)éa‘?6’o‘k%c &c?c{ gepondi ng

al kene precede zone nt al ne feaction
cond|t|oﬁanmmsmwkampnabhde&ou«he productlon of said product corresponding

unsat urat ed car box aC|d 21. Th accor di to claiml9, wherein
sai d cat sgﬁfg?ess\%k{ %‘ Fro o ey g cgbpr?’i’egléﬁq%ﬁ?‘glly /gSC(lF‘&féOIP'Fa |tthegsul’ K& ri cal
formul a AaMaNeXa@eacbeE®idNions most favorable to the production of the product corresponding

alkene, and at least one other sub-zone is maintained at reaction conditions most favorable to the

production of the product corresponding unsaturated carboxylic acid. The feed gas passes

through the sub-zones in sequential order.

The catalysts suitable for the conversion of an alkane to a product comprising a

corresponding product unsaturated carboxylic acid a corresponding product alkene and unreacted

alkane, and being suitable for the conversion of an alkene to a product comprising a

corresponding product unsaturated carboxylic acid include, for example, mixed metal oxides as

disclosed in U.S. Patent No. 5,380,933. More particularly, the second catalyst component

comprises a mixed metal oxide having the empirical formula

AMN X O,

wherein A is at least one element selected from the group consisting of Mo and W, M is at least

one element selected from the group consisting of V, Ce and Cr, N is at least one element

selected from the group consisting of Te, Bi, Sb and Se, X is at least one element selected from

the group consisting of Nb, Ta, Ti, Al, Zr, Mn, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na,

K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and

wherein, whena=1,b=0.01t0 1.0,c=0.0l to 1.0, d =0.01 to 1.0, e is dependent on the

oxidation state of the other elements.



A is at |east one elenent selected fromthe group consisting of Mo and W M
is at |l east one elenent selected fromthe group consisting of V, Ce and Cr,
N is at | east one elenment selected fromthe group consisting of Te, Bi, Sb
and Se, X is at |east one elenent selected fromthe group consisting of Nb,
Ta, Ti, A, Zr, M, Fe, Ru, Co) Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K
Ro, Cs, Fr, Be> My, Ca, Sr, Ba, Hf, Pb, P, Pm Eu, Gd, Dy, Ho, Er, Tm Yb
and Lu; and wherein whena=1,b=0.0i to2%. 0,c=0.01 to 1.0>d=0.0l to |.Oandeis
dependent on the oxidation state of the other elenments. 22. A nmethod for

produci ng an ynsaturated nitrite conprises: contacting, in reacti on zone,
a feed gas stf@%ﬁ??&ﬂ%’gf ‘é‘i"?ﬂj‘oaﬁtf%‘rslg%iﬁ‘g"%“’tgﬁ“&t%ﬁﬂﬁFﬁ@%yﬁ)‘TE‘ﬁ' gﬁf‘@&ﬁﬁrﬁ“éi ng a

first cagigkdstsubQBRRNEINbroHAE dfepRERAG of 3b@itcHk fGARPARSRE. Th¥REERLN sai d
first catal yst conponent and said second catal yst conponent nmay be the sane

or di f f epedttions@py favorable te fe doryrationefriropiadict ersicpppnd g aptaairged eaghoablezi ng t he

conver si gﬁ?& s&@org'l J%%Oeeast»&lgﬂes%ﬁﬁ%&'é secog’c@asg&rmf g@ il%n OIEQB\Q@V%R%git{}'gbei ng

pr oduct ene and unreact ane, sald second catalyst conponen
capabl e wfbeaathalhighbiend)of theimbdi@referesd @sntperanire &mgo of 300°C he4000M\eey., SHBOTC.dh an

al kane to a product. conpri sin correspondi ng product unsaturated nitrile
and bei n‘g‘)“éré\%é ?@aﬁwnegﬁj@r% f‘%@t.,afamﬁabtl%@t fggﬁzﬂ‘é’g ngdhegm*?ﬂﬁica‘;m?w@%nver si on
of an al KeaR atdaldd R EQASET abe HRIWit Bed 16 e kEDRO P Df e Qeldfdionl PR ahély at ed
nitrile, wherein said reaction zone conprises at |east tw sub-zones, said

sub- zone§nd gt BvspisseeraBiEgLeh BPAICH {n anyevens sk subrrenesshedd be epgrtedimes

cub- gone L ARFLe G Rl RobEl FOARRCRY AR H0R) AP, MR £22" 1 eam

passi ng tehipotagie difedn@WorweEomes zoies SL4 Wt 10aC, méfd@bly 287C most preferably
30°C. Moreover, it is further preferred that the lower temperature sub-zone precede the higher
temperature sub-zone.

In its fourth aspect, the present invention provides a method for producing an unsaturated

nitrile that comprises contacting, in a reaction zone, a feed gas stream comprising an alkane with
a catalyst system comprising a first catalyst component and a second catalyst component. The
first and second catalyst components may be the same or difterent. The first catalyst component
is capable of catalyzing the conversion of an alkane to a product gas comprising a corresponding
product alkene and unreacted alkane. The second catalyst component is capable of catalyzing, in
the presence of ammonia, the conversion of an alkane to a product gas comprising a
corresponding product unsaturated nitrile and is capable of catalyzing, in the presence of
ammonia, the conversion of an alkene to a product gas comprising a corresponding unsaturated
nitrile. The reaction zone comprises at least two sub-zones, the sub-zones being disposed
sequentially. At least one of the sub-zones contains the first catalyst component and is
maintained under reaction conditions favorable to the formation of an alkene. At least one
different sub-zone contains the second catalyst component and is maintained under reaction
conditions favorable to the formation of an unsaturated nitrile.

In this aspect of the present invention, the first catalyst component includes, for
example, promoted MoVND oxides, vanadyl pyrophosphate and other oxidative dehydrogenation
catalysts as described, for example, in U.S. Patents No. 4,148,757, 4,212,766, 4,260,822 and
5,198,580. Other suitable catalysts include unsupported and SiO2-supported VMgO oxides
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Al, Zr, 181(1999)63-69), K/Mo supported over sol gel 5111ca-t1tama mixed oxide catalysts (J. Catalysis
191, 12-29 (2000)), MgVO catalysts (J. Catalysis 158,452-476 (1996)), vanadyl ion-containing

VAPO-5 ( vanadium-containing aluminophosphate) and CoAPO-5 (cobalt-containing

aluminophosphate) catalysts (J. Catalysis 192, 128-136 (2000)), Ni,Mg,«Al,O4 and NiCr,0,
spinels (J. Catalysis 187, 410-418 (1999)), Nb,Os supported V,0s catalysts (Catalysis Today
28,139-145 (1996)), metal molybdates (Catalysis Today 24, 327-333 (1995)), rare-earth-oxide
(REQ)-based catalysts (Catalysis Today 62, 91-99 (2000)) and zeolites modified with a Group

1A modifier and containing a transition metal component (U.S. Patent No. 5,146,034).

This aspect of the present invention offers the advantage that the first catalyst component

can desirably include, in addition to the catalytic materials recited above, the reducible metal

oxide promoted with a Group 8 metal as described with respect to the first aspect of this

invention. The sub-zone containing such a catalyst can be run as a short contact time reactor, as

described with respect to the first aspect of this invention.

Moreover, this aspect of the present invention also offers the advantage that the first

catalyst component can desirably include mixed metal oxides as disclosed in U.S. Patent No.

5,380,933. More particularly, the first catalyst component may comprise a mixed metal oxide

having the empirical formula

AMpN:X4O,

wherein A is at least one element selected from the group consisting of Mo and W, M is at least

one element selected from the group consisting of V, Ce and Cr, N is at least one element

selected from the group consisting of Te, Bi, Sb and Se, X is at least one element selected from

the group consisting of Nb, Ta, Ti, Al, Zr, Mn, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na,
K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and
wherein, whena=1,b=0.01t0 1.0,¢=0.01 to 1.0, d = 0.01 to 1.0, e is dependent on

the oxidation state of the other elements. The sub-zone containing such a catalyst can be run

under reaction conditions favorable to the formation of an alkene, as described above.



M, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K Rb, Cs, Fr, Be,
M) Ca, Sr, Ba, Hf, Pb, P, Pm Eu, &, Dy, Ho, Er, Tm Yb and Lu; and
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The second catalyst component includes mixed metal oxides as disclosed in U.S. Patent
No. 5,380,933. More particularly, the second catalyst component may comprise a mixed metal
oxide having the empirical formula

AMpNX(O,

wherein A is at least one element selected from the group consisting of Mo and W, M is at least
one element selected from the group consisting of V, Ce and Cr, N is at least one element
selected from the group consisting of Te, Bi, Sb and Se, X is at least one element selected from
the group consisting of Nb, Ta, Ti, Al, Zr, Mn, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na,
K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and

wherein, whena=1,b=0.01 to 1.0,c=0.01to 1.0, d =0.01 to 1.0, e is dependent on
the oxidation state of the other elements.

In the production of an unsaturated nitrile, as the starting material alkane, it is preferred to
employ a Cs_g alkane such as propane, butane, isobutane, pentane, hexane and heptane. However,
in view of the industrial application of nitriles to be produced, it is preferred to employ a lower
alkane having 3 or 4 carbon atoms, particularly propane and isobutane.

The purity of the starting material alkane is not particularly limited, and an alkane
containing a lower alkane such as methane or ethane, air or carbon dioxide, as impurities, may be
used without any particular problem. Further, the starting material alkane may be a mixture of
various alkanes.

The detailed mechanism of the ammoxidation reaction of this aspect of the present
invention is not clearly understood. However, the oxidation reaction is conducted by the oxygen
atoms present in the above promoted mixed metal oxide or by the molecular oxygen in the feed
gas. When molecular oxygen is incorporated in the feed gas, the oxygen may be pure oxygen gas.
However, since high purity is not required, it is usually economical to use an oxygen-containing
gas such as air.

As the feed gas, it is possible to use a gas mixture comprising the product gas emerging
from the sub-zone containing the first catalyst component, ammonia and an oxygen-containing
gas, However, a gas mixture comprising the product gas emerging from the sub-zone containing
the first catalyst component and ammonia, and an oxygen-containing gas may be supplied

alternately.



.AI/ AL9. A(. A9al . A&N. A9a. A9al .A'I.A9;1 .Al. 7 6r:KJj

h! _"q"" $#%6&&W d, |wwnhcAY]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]cTald -. 1/ n22380@BAE KKN6Q
UuUxXzzG __begYgVj Yj | hg* s}xsnld_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! *s5sssuuSvvvOmwm<x

xxxyy*y3y=yyyyy{{}x{vql gb] X] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c”a] ca]ca]ca]c
a] ca] ca] c™a] ca] ca] ca] ca] ca] ca] ca] ca] cakjca] ca] ca] ca] ca! Pd1&AD&)

#} xsni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca]ca]ca]ca]ca]c
aJ ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] cal 7MPl kvQ , x}xrl fa[V] ca] c”a] ca] cha] cha] c”a

] ca] ca] ca] ca]%@]nchf] gmpb:a@ cadlpted readion jscahrdried abioa jhepf et} emdreml dminca) cal ca
ca] cal

For ot YO0 e s s sy poRgen B PREP U LB BT ca] cal cal o
a] ca] ca]mel¢cund oRyLea] K ajedaddoal, Ql.’\a]l@\aéable to employ a method wherein a part of the

| | L * * * % 2 Z_ -
o[>o Rooosy%alysaa) P‘E}}@;ﬂgﬁg}vé’é‘iré‘é‘] g Seat] te aT 8’&]1"8&9]‘ cegereryprisr resgnerien 28d hea) caj caj
ca] ca] Car]:%%lﬁtea]c%ﬂy&aa catfaksak iRl aR] £8] fe@bPibt lebdretd B3 AROIQRLI HO99: 1 1 1 1 <<

<=X=>>{ AABBcEE} xsni' d_Z] ca] ca] ca] ca] ca] ca] ca] ca] caJca] ca ca] caj'cal ca] ca]ca]c
a] ca] cal rneiwbzp@aqecraqrmwayl@@m] oadiciap ea]|svel] BHRESENER] FHG M dd IBVEMVMLN

f:){ PPPPPFEﬁ%%@LBﬂW thro ugh %]e cat]u%/at]l e rea%ener tor xllsual y at]a per ture f fr m 3 O°g] cal ca]

a]ca]cahaab@ﬂlca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca'LTTT@NVVUMMMMZXzXX YYY
Z3Z>ZFZ2ZZ4[ 7 [\#\mA\}xsn}xsnld Z] cal.ca] ca]ca]ca]ca]ca]ca]ca]cahpa]ca]ca]ca
] ca] ca] ca] ca]'ea s sheetnf g e e ‘%'h‘]"éle{]o(‘?’a‘]ecflﬁf%‘&f%@]fﬁfé]eéée“”

%-_=!LlI llgc/ﬁ%rt(an Jﬁﬁlrjfgg/@%uﬁ) b IAQPQJ(IH%H(IQI Hén'}va(?& réspect to the selectmty for the
| 109 ()-y@10%&' ()-7 6V & 10%& ( 0%&' -10L10L10

1 10%.& (ryawltmg;?ev)@n(t)ﬂe Namqﬂ%gfgfteyuw§$r¢{y@8rl I5eo9meq yhem@r is ypoded( ) - @
A O P R U B O 050 s
product gas emerging from the sub-zone containing the first catalyst component . The proportion
of ammonia to be supplied for the reaction is preferably within a range of from 0.2 to 5 moles,
particularly from 0.5 to 3 moles, per mole of the hydrocarbom. This reaction may usually be
conducted under atmospheric pressure, but may be conducted under a slightly increased pressure
or a slightly reduced pressure.
The reactor conditions for the sub-zone wherein unsaturated nitrile is formed in the fourth
aspect of the present invention include a temperature of, for example, from 250°C to 480°C.
More preferably, the temperature is from 300°C to 400°C. The gas space velocity, SV, in the gas
phase reaction is usually within the range of from 100 to 10,000 hr™!, preferably from 300 to
6,000 hr™*, more preferably from 300 to 2,000 hr''. As a diluent gas, for adjusting the space
velocity and the oxygen partial pressure, an inert gas such as nitrogen, argon or helium can be
employed. When ammoxidation is conducted by the method of the present invention and propane
is utilized as the initial alkane feed, in addition to acrylonitrile, carbon monoxide, carbon

dioxide, acetonttrile, hydrocyanic acid and acrolein may form as by-products.
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Examples
Example 1

Catalyst Preparation

Catalyst A,

Ceramic foam monoliths (disks: 10 mm thick, 18 mm in diameter) made of Mg-
stabilized ZrO; from Vesuvius Hi-Tech Ceramics with 80 pores per linear inch (ppi) were
impregnated with a solution of chromium nitrate (Cr(NO;);09H,0, 0.224 g, from Aldrich) and
copper nitrate (Cu(NO;);02.5H;0, 0.013 g, from Aldrich) in deionized water (0.8 g). The
resulting material was dried in a vacuum oven at 70°C over night and calcined in air at 600°C
for 4 hours. This preparation resulted in loadings of approximately 5 wt% CuO/Cr;0s (Cr:Cu =
10:1) on the ZrO,; monolith.

Catalyst B

Ceramic foam monoliths (disks: 10 mm thick, 18 mm in diameter) made of Mg-
stabilized ZrO, from Vesuvius Hi-Tech Ceramics with 80 pores per linear inch (ppi) were
impregnated with a solution of chromium nitrate (Cr(NO3);09H,0, 0.224 g, from Aldrich) and
copper nitrate (Cu(NO;);¢2.5H,0, 0.013 g, from Aldrich) in deionized water (0.8 g) mixed with
0.164 g of aqueous solution of hydrogen hexachloroplatinate(IV) (8 wt% from Aldrich). The
resulting material was dried in a vacuum oven at 70°C over night and calcined in air at 600°C
for 4 hours. This preparation resulted in loadings of approximately 5 wt% CuO/Cr;03 (Cr:Cu =
10:1) and 1 wt% Pt oxide on the ZrO, monolith.

Reaction

For each of the catalysts A and B, a 33 to 38 cm long quartz tube with an inner diameter
of 22 mm was provided. A cylindrical foam monolith support structure coated with a catalyst as
described further herein and having a diameter of 18 mm and thickness of 10 mm was placed
between two inert, uncoated foam monoliths (heat shields) and sealed in the tube with high
temperature silica-alumina felt, which prevented the by-pass of reactants around the catalyst and
thermally insulated the catalyst, i.e. the heat shields in front and behind the catalyst reduced the
radiative heat loss from the catalyst in the axial direction. During reaction, the front heat shield

was heated by the catalyst and served to preheat the reactants before they reached the catalyst.
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The outside of the reactor was also covered with insulation, a 0.8 to 2.5 cm thick pad of
silica-alumina felt, that extended 2 cm beyond the edge of the heat shields to reduce heat losses
in the radial direction. The reactor tube was connected to a gas handling system by metal
compression fittings with a Viton O-ring that formed the seal between the quartz reactor tube and
the metal compression fittings. The reactor tube with these compression connections was
connected to the process tubing by Quick-connect clamps and flange-swage connections.

The gas flow for the reactor was controlled by Brooks 5850E electronic mass flow
controllers with an accuracy of £0.06 standard liter per minute (SPLM) for each component. The
total feed flow was 2 SLPM, which corresponded to a contact time of 2 milliseconds. For all
experiments, the reactor pressure was maintained at 1.2 atm (18 psi). The reaction occurred
autothermally at 500°C and a sample of the product gases was fed to an HP 6890 Gas
Chromatograph (GC) through heated stainless steel lines.

While the reaction operates autothermally at steady state, an external heat source was
used to ignite the reaction. The gas mixture ignited at approximately 300°C over the catalysts at a
flow of 2 SLPM. After ignition, the external heat source was removed. The feed gas consisted of
propane and O, with N3 as a diluent (propane : O3 : N; =34.4: 15.6 : 50). The N; also served as
an internal GC calibration. All species concentrations except H,O were measured relative to GC
calibration standards. The H;O concentration was calculated by an oxygen atom balance. The
remaining atom balances, carbon and hydrogen, closed to within +2%.

The reaction temperature was measured by a type K (chrome/alumel) thermocouple
inserted from the rear of the reactor and placed at the center of the reactor between the catalyst
and the rear radiation heat shield.

The results are set forth in Table 1.

Table |
Catalyst Pt (wt %) Temp (°C) % Propane % Propene
Conversion Selectivity
0 900 50 50
B 1.1 500 64 61
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The results set forth in Table 1 demonstrate the benefit of adding promoter amounts of
the Group 8 meta! to the reducible metal oxide catalyst. The autothermal run temperature
decreased by 400°C while the propane conversion and the propene selectivity both increased
substantially.

Example 2

In a flask containing 215 g of water, 25.68 g of ammonium heptamolybdate tetrahydrate
(Aldrich Chemical Company), 5.06 g of ammonium metavanadate (Alfa-Aesar) and 7.68 g of
telluric acid (Aldrich Chemical Company) were dissolved upon heating to 70°C. After cooling to
40°C, 2.84 g of oxalic acid (Aldrich Chemical Company) was dissolved in 122.94 g of an
aqueous solution of niobium oxalate (H.C. Starck) containing 1.25% Nb. This was then addee to
the three component mixture to obtain a solution. The water of this solution was removed via a
rotary evaporator (water bath at 50°C, vacuum pressure of 28 mm Hg) to obtain 46 g of
precursor solid. 23 g of this catalyst precursor solid was calcined in' a quartz tube heated to 275°C
at 10°C/min with a 100cc/min flow of air through the tube and held for one hour, then using a
100cc/min flow of argon, ramped to 600°C at 2°C/min and held for 2 hours. The catalyst thus
obtained was pressed in a mold and then broken and sieved to 10-20 mesh granules. Ten grams
of the granules were packed into a 1.1 cm inside diameter stainless steel
U-tube reactor for gas phase propane oxidation. The oxidation was conducted with a reactor bath
(molten salt) temperature of 380°C, a 3 second residence time, a feed ratio of propane/air /steam
of 1/15/14, and a space velocity of 1,200 hr''. The effluent of the reactor was condensed to
separate the liquid phase (the condensable material) and the gas phase. The gas phase was
analyzed by gas chromatography (GC) to determine the propane conversion. The liquid phase

was also analyzed by GC for the yield of acrylic acid (AA). The results are shown in Table 2.

Example 3

An amount of 200mL of distilled water, in a 400 mL beaker, was heated, while stirring,
until the temperature reached 70 - 75°C. Then, 0.16 g of NH,VO; (Fisher ACS grade) and 0.63 g
of Zn(NOj3),96H,0 (Aldrich 98%) were added one-by-one. These were dissolved completely
before 14.7! g of gamma-Al,03 was added in small portions. The liquid phase was evaporated

while stirring until a thick paste remained. The resulting paste was transferred to a ceramic dish
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and dried in air at 110°C for 9 hours and then calcined in air at 650°C for 5 hours. The resulting

material had 2 wt% Zn3(VOy); supported on gamma-Al,O3 and performed as set forth in Table 2.

Example 4

The calcined mixed metal oxide of Example 2 was combined with the 2 wt% Zni(VO,),
supported on gamma-Al,O; of Example 3 to give a mixture of 95% mixed metal oxide and 5%
of the oxidative dehydrogenation catalyst (i.e. the 2 wt % Zn3(VO,), supported on gamma-

AL O;). Mixing was conducted in a mortar and pestle for 5 minutes. The ground mixture thus
obtained was pressed in a mold and then broken and sieved to 10-20 mesh granules. Ten grams
of the granules were packed into a 1.1 cm inside diameter stainless steel U-tube reactor for gas
phase propane oxidation. The oxidation was conducted with a reactor bath (molten salt)
temperature of 380°C, a 3 second residence time, a feed ratio of propane/air/steam of 1/15/14,
and a space velocity of .

1,200 hr'!. The effluent from the reactor was condensed to separate the liquid phase (the
condensable material) and the gas phase. The gas phase was analyzed by gas chromatography
(GC) to determine the propane conversion. The liquid phase was analyzed by GC for the yield of

acrylic acid (AA). The results are shown in Table 2.

Table 2
Example % Propane Conversion % AA Yield
3 17 12
4 1 0
5 36 23

Compared to the mixed metal oxide alone, data in Table 2 indicate increases in propane
conversion and AA yield occur with the mixture of the mixed metal oxide combined with the
oxidative dehydrogenation catalyst, i.e. 2 wt% Zn3(VOsy), supported on gamma-Al,O3. The
oxidative dehydrogenation catalyst (2 wt% Zn3(VO,); supported on gamma-Al,Os ) alone was

essentially inactice in propane conversion at these run conditions.
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What Is Claimed Is:

1. A method for producing an olefin, said method comprising:
a. providing a three-dimensional support structure for supporting a catalyst;
b. providing a catalyst on at least a portion of said support structure, said catalyst
comprising a reducible metal oxide promoted with a Group 8 promoter metal;
c. reacting an alkane with oxygen in the presence of said supported catalyst, said
reaction having a contact time of no longer than 100 milliseconds and providing a

conversion rate of said alkane of at least 40%.

2. The method according to claim 1, wherein said three-dimensional support structure is selected
from the group consisting of foam, honeycomb, lattice, mesh, monolith, woven fiber, non-woven

fiber, gauze, perforated foil, particle compacts, fibrous mat and mixtures thereof.

3. The method according to claim 1, wherein said support structure is fabricated from a material
selected from the group consisting of silica, alumina, silica-alumina, aluminosilicate, zirconia,
titania, boria, mullite, lithium aluminum silicate, oxide-bonded silicon carbide and mixtures

thereof.

4. The method according to claim 1, wherein said reducible metal oxide is an oxide of a metal
selected from the group consisting of Cu, Cr, V, Mn, Nb, Mo, W, Re, Ga, Ge, In, Sn, Sb, TI, Pb,
Bi, Te, As, Se, Zn, Y, Zr, Ta, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and

mixtures thereof.

5. The method according to claim 1, wherein said Group 8 promoter metal is selected from the

group consisting of Pt, Pd, Rh, Ir, Ru and mixtures thereof.

6. A method for producing an unsaturated carboxylic acid comprises contacting, in a reaction
zone, a feed gas stream comprising an alkane with a catalyst system comprising a first catalyst

component and a second catalyst component, said first catalyst component being capable of

|‘F



&10% & ()- F &LO% & ()- _yeyjyoypywy|yyoP1@ &10%W & ()- F &0W& ()- F
810% & ()- ''F &10%W & ()- F &10W & ()- F &10% & ()- yyyyyyyyl S2@ &

10% & ()-F &0 & ()- ' F &I0W& ()- F &0V & ()- F &10W & () -

Sy {{{{{"}}vU4  "10% & ()-3 & "10W& ()-3 ° & "10%W& ()-3
&F109% & ()-10!10!10!) &990! 109 & ()- }t$x| obU4 &F10% & ()-10!10!10! & &9 *
"10%8 & ()-1 & 110%& ()- & 109 & ()-) & 10% & ()-S|[:-410! & &L.& 109 & ()-m
L& 10 & ()-m& 9 "10% & ()-s& &9 "10% & ()-s &9 "10% & ()-s) &9

"10% & ()-sdPbA410!& & 3 "10% & ()-Y*

catalyzing the conversion of an alkane to a product comprising a corresponding product alkene
and unreacted alkane, said second catalyst component being capable of catalyzing the conversion
of an alkane to a product comprising a corresponding unsaturated carboxylic acid and being
capable of catalyzing the conversion of an alkene to a product comprising a corresponding
product unsaturated carboxylic acid, wherein said first catalyst component is different from said

second catalyst component.

7. The method according to claim 6, wherein said first catalyst component and said second

catalyst component are mixed together.

8. The method according to claim 7, wherein said first catalyst component comprises an
orthovanadate and said second catalyst comprises a mixed metal oxide having the empirical
.formula
A MN X0,
wherein
A is at least one element selected from the group consisting of Mo and W,
M is at least one element selected from the group consisting of V, Ce and Cr,
N is at least one element selected from the group consisting of Te, Bi, Sb and Se,
X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr,
Mn, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K, Rb, Cs, Fr, Be, Mg, Ca,
Sr, Ba, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and
wherein
whena=1,b=0.0lt0 1.0,c=0.01to 1.0, d=0.01 to 1.0 and e is dependent on

the oxidation state of the other elements.

9. The method according to claim 7, wherein said reaction zone has a longitudinal

dimension which extends in a direction of flow of said feed gas stream and a relative proportion
of said first catalyst component and said second catalyst component in said mixture of said first
catalyst component and said second catalyst component varies along said longitudinal dimension

in the direction of flow.
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10. The method according to claim 9, wherein said reaction comprises at least two sub-zones,
said sub-zones being disposed sequentially, at least two of said sub-zones containing different
concentrations of said second catalyst component mixed with said first catalyst component, and

wherein said feed stream gas passes through said sub-zones in sequential order.

11. The method according to claim 6, wherein said reaction zone comprises at least two sub-
zones, said sub-zones being disposed sequentially, at least one of said sub-zones containing said
first catalyst component and at least one different sub-zone containing said second catalyst

component; wherein said feed gas stream passes through said sub-zones in sequential order.

12. The method according to claim 11, wherein the first of said at least two sub-zones containing

different catalyst components in sequence contains said first catalyst component.

13. The method according to claim 6, wherein said second catalyst component is supported on

said first catalyst component.

14. The method according to claim 13, wherein said reaction zone has a longitudinal dimension
which extends in a direction of flow of said feed gas stream and a relative proportion of said
second catalyst component supported on said first catalyst component varies along said

longitudinal dimension in the direction of flow.

15. The method according to claim 13, wherein said reaction zone comprises at least two sub-
zones, said sub-zones being disposed sequentially, at least two of said sub-zones containing
different concentrations of said second catalyst component supported on said first catalyst

component, and wherein said feed gas stream passes through said sub-zones in sequential order.

16. The method according to claim 15, wherein, of said at least two sub-zones containing
different concentrations of said second catalyst component supported on said first catalyst

component, the first of said at least two sub-zones containing different concentrations of said
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17. The method according to claim 6, wherein said first catalyst component comprises an

oxidative dehydrogenation catalyst.

18. The method according to claim 6, wherein said second catalyst comprises a mixed metal
oxide having the empirical formula
AMpNX4O0,
wherein
A is at least one element selected from the group consisting of Mo and W,
M is at least one element selected from the group consisting of V, Ce and Cr,
N is at least one element selected from the group consisting of Te, Bi, Sb and Se,
X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr,
Mn, Fe, Ru, Co, Rh, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K, Rb, Cs, Fr, Be, Mg, Ca,
Sr, Ba, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and
wherein
whena=1,b=0.01t0 1.0,c=0.01t01.0,d=0.0lto1.0andeis

dependent on the oxidation state of the other elements.

19. A method for producing an unsaturated carboxylic acid comprises;

contacting, in a reaction zone, a feed gas stream comprising an alkane with a catalyst
system capable of catalyzing the conversion of an alkane to a product comprising a product
corresponding unsaturated carboxylic acid, a product corresponding alkene and unreacted alkane
and being capable of catalyzing the conversion of an alkene to a product comprising a product
corresponding unsaturated carboxylic acid;

wherein said reaction zone comprises at least two sub-zones, said sub-zones being

disposed sequentially,
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21. The method according to claim 19, wherein said catalyst system comprises a mixed metal
oxide having the empirical formula
AMpNXOe
wherein
A is at least one element selected from the group consisting of Mo and W,
M is at least one element selected from the group consisting of V, Ce and Cr,
N is at least one element selected from the group consisting of Te, Bi, Sb and Se,
X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr,
Mn, Fe, Ru, Co, Rb, Ni, Pt, B, In, As, Ge, Sn, Li, Na, K, Rb, Cs, Fr, Be, Mg, Ca,
Sr, Ba, Hf, Pb, P, Pm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu; and
wherein
whena=1,b=001to 1.0,c=0.01to0 1.0,d =0.01to t0andeis
dependent o0 the oxidation state of the other elements.
22. A method for producing an unsaturated nitrile comprises:

contacting, in a reaction zone, a feed gas stredm comprising an alkane with a catalyst

nd a second cata
be the same or different, said first

lyst component, wherein said first

system comprising a first catalyst component a
catalyst component and said second catalyst component may
he conversion of an alkane to a product

catalyst component being capable of catalyzing t
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&710%d& éigﬁoge@sza@{ﬁ%wg%mo% ’o?‘sséid ;ujb(—)z%é% cQ‘lt-aining said first catalyst component and
at least one different sub-zone containing said second catalyst component, said feed gas stream
passing through said sub-zones in sequential order; and

wherein ammonia is only fed to said at least one different sub-zone containing said

second catalyst component.

23. The method according to claim 22, wherein said first catalyst component is different from

said second catalyst component.

24. The method according to claim 23, wherein the first of said at least two sub-zones containing

different catalyst components in sequernce contains said first catalyst component.

25. The method according to claim 23, wherein said first catalyst component comprises an

oxidative dehydrogenation catalyst.

26. The method according to claim 23, wherein said second catalyst component comprises a
mixed metal oxide having the empirical formula
A MpN X0,
wherein
A is at least one element selected from the group consisting of Mo and W,
M is at least one element selected from the group consisting of V, Ce and Cr,

N is at least one element selected from the group consisting of Te, Bi, Sb and Se,
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