WD 03/ 039745 PCT/ US02/ 35235 POLYOXOVETALLATE CATALYSTS AND METHOD FOR THE
PRODUCTI ON OF CARBOXYLI C ACI DS BY CATALYZED PARTI AL OXI DATI ON OF ALKANES 5
Field of wbaslsswrenti on This invention relates to oxi dati orCraisat/sss and
processes and particularly to activated pol yoxonetallate naterials that
are useful as catalysts in oxidation of hydrocarbons including partial

oxi dati on of al kanes. 10 Background of the Invention Conversions of

hydr ocar bons or substituted hydrocarbons by catalytic reactions such as
oxi dat pOmYCROBEBAIGATE iCAAMIYSTS rANSr YETBHODPFQRC ¥R @RODUSTEPY OFt CARBPARYYAC &CIDSart i al
oxi dati on of a hydocariozep eadSIAHCRIIBIEAN £F abKAFkane or al kene, with
high activity and selectivity would be an inportant process capabl e of
comercial use. 15 The current exanple of a comercial direct oxidation of
an & kane is oxidation of butane to maleic anhydride using a vanadi um
phosphorus oxi de (VPO catal ystg: I s an ongoi ng need for new
and i nproved processes to prod igft t@‘ln\)—é}ﬁfoﬁ and naleic acid by parti al

oxi dati on of Thigeipentin relateedst aidstiohucdtaists andprocessed dnd particula@ly Ao
desirabl e catal yst system and process woul d operate at relative | ow

t enper agelivated mplypwseialatemateralgnthahiaiey usefdl dgusatalysty 1anexidalienfvity.
Het er op | L C L oxi dati on catal ysts, such as
to oxi dﬁg%%g?@Rggxﬁggﬁﬁga%ﬁdgﬁxi%ﬁ@rgo@%%saci ds. Further,

het &y opol yaci ds substitut ed Backdroandioi¢he bnveatignof el ements have been
described generally as catalysts, for 25 qgxidation gnd other purposes.

Pol yoxonet al Egpggrs Hdt J}VG\éQﬂifgeri‘%sohr%“ 'g@?gb@é{g[%aﬁ%% ek?y a&i‘t,a?y?'c

Het er opplactiBRE sLERRA! ¥xiPGer bre sRjrnfifcant BEREREYCRI ssbBY AQIeePEstalytic
Springer-Verlag, New York (1983) (I SBN. 0387118896), incorporated herein by

r ef er enpartiaPopidation af a bydrooatheonsferdstockesuch pe@malkane s alkane, gfith high

het I id ' HPA, s" ‘ |y | . o) .al ysi
uch a0 B Hatnb el oy beh 8 AEeEhE ek apte Ry qrmeial s
net hacr YhiCorfdril Sexapiple adfi @ copimarciieditett dxidhtionasbansdlkanefd bxidation of

pol yneri zati on; ammoxi dati on; oxidation of crotonal dehyde or butadiene to

furan; Betangr ta irealeisr aphydids dsingiad yenadiuao ppPeReys axide| (AL catalydr

ngl'/e ngé%}g% 5%@% d@tdiPing8ihY R¥LE 8PHUW YhiZRtdr8led prodsR3/ 38 Rice

acrylic acid and maleic acid by partial oxidation of inexpensive feedstocks such as

propane and butane.

20 A desirable catalyst system and process would operate at relative low
temperatures and pressures with high catalyst productivity and selectivity.

Heteropolyacids have been widely described as oxidation catalysts, such as to

oxidize alkanes to unsaturated carboxylic acids. Further, heteropolyacids substituted
with a wide variety of elements have been described generally as catalysts for

25  oxidation and other purposes. Polyoxometallates and heteropolyacids are described
in Pope et al., Heteropoly and Isopoly Oxometallates: Inorganic Chemistry Concepts,
Springer-Verlag, New York (1983) (ISBN: 0387118896), incorporated herein by
reference. Pope et al. and others have described numerous uses of heteropolyacids
(“HPA's”) and polyoxometallates (‘POM’s”) in catalysis such as oxidation of

30 propylene and isobutylene to acrylic and methacrylic acids, oxidation of aromatic
hydrocarbons; olefin polymerization; ammoxidation; oxidation of crotonaldehyde or
butadiene to furan; dehydration of alcohols; oxidative coupling of alkyl benzenes or
heterocycles; epoxidation; and hydrodesulfurization.
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Ueda and co-workers ("Partial Oxidation of Propane to Acrylic Acid over
Reduced Het er opol ynol ybdate Catal ysts,"” Chem stry Letters 1995, pp. 541-542
(1995); "watoaloga7ux perfornmance for propane sel ective oxi d®Cirarsozasst3surf ace
properties of 12-nolybdophosphoric acid treated with pyridine," Applied

Catal ysis A U&gaesmd .codwbMers {8Rartinh Ox3daticit df (RRP@NE toa\Acrgies didexver
Pet er onseguead tilerrnaopybate: & anbstsca Ciarmis) [idts 4995 nem, #1502 ¢ he
boen  TSRANT SRAVEE pefHfiiGe for Bondicsibcle ofidhia Bhd 30fiaps prapertiea e

li feti ngfs12-mcipidshosbhbet exoith tlepted dithapytidine,y SpphedCatalysés Andzrnasekt i ng
2yettomsvel naBms 67 se8F 8RB ibouSielBeacSutbl b3Ban 3 droagh, B aEstE! V>
6,169, fﬁ% t@?@@g@é%ﬂ%ﬂﬁ@f'g?%ﬁ%&h@%%ci@%ﬂe@?ed:Witfh' pyridine Sindedtad linde

Uus P 294, 685. The abundance and | ow cost of I|ight
al kanestheasatalyst pedpedatiore Htoavesierfibe Yeda et l.a¢atalyst aad dreeess havg bean

acconpl j sh sel ective, oxidation .pro > T C ersion of n-butane to
mal ei ¢ g&HHQi? ih@ge(gg@pvg)y _%agﬁyl Wﬁﬁﬁﬁﬁgphcaﬁﬁygﬁﬁ?tﬁﬁg%‘xygen is comercially
vel | establ i shafipldst lberhdtersolyaitidso fandu boidixommetallates iacerpohatingdraodvide i on
of acetic acid fromethane and acrylic acid from

[ om propane. .
Pol Yox ovasiedy lofelaments ansbeker senstitienis.and-used it catalvist systams inplidedd e been

. » . \ : ! ‘
20 pol yoalsHEs 2aqF S, 610809500 RBE0 42216, f683FU2, P BxamPiey pAbirer ibeer en
conpounggtal (Gxite eataRst systemsiimtlade tkBdPajerits8880083Dard 6{20HE8%5.0 perform as
well as V-P-O catalysts for the co ,v%rs' on of n-butane &%rral e'h%é

anhydri de, oTh%§bHE¢?n%aﬂﬁjM°°ﬁte?fQ'lg b2 k&@%%‘&ﬁt”%‘?tﬁ‘ﬁﬁd 2 RERED 1Rr pW

Mo- V- Noe lankigr nfR@NalsS thak Cganpr%ﬂg%li%ﬁ sBICHVE C oRfelatlon 2Prolesiaye  The

di scovereg a new catal yst systemt achi eves sel ective oxidation of both
n- big aneoredsipnopfanebutane éb malei¢ Arplydridet ever ¥-P-Qs glatalysgts, with. mgErule3

1999 have, ted t hat lid gbtajned by. t ' | ybd i
Loa. lantmmiemmmaiaonel 2sihisbed Gt feddfidns s HbianEred Mg IRE
in ni”ﬁ&%cﬁén‘l?&c £odticbi 46d GRS YdthanéCldnd t dciyRe @idlafiopn @ropdrapane

to acrylic acid. Ueda et al. also showed that 30 nol ybdovanadophosphoric
aci d ( PRolyoypmetatiates |aret agengdthg vwenerous seatabytic veaigrials stbpt dtavge been

cot oo byeSHBACIE! P CHF A EloBERhB e ool PR
andyg - 2pYioRethBeMaD cHRpbsitons Bavébheen used for each alkane. These compounds
(and other mixed metal oxides) have not been found to perform as well as V-P-O
catalysts for the conversion of n-butane to maleic anhydride, or as well as mixed
metal oxides containing Mo-V-Nb-Te or Mo-V-Nb-Sb for conversion of propane to
acrylic acid.
25 We have discovered a new catalyst system that achieves selective oxidation
of both n-butane and propane. Liet al. (Appl. Catal. A., vol. 182, pp. 357-363 (1999))
have reported that a solid obtained by treating molybdophosphoric acid, Hs3PMo12040
(denoted as PMo,;) with pyridine followed by activation in nitrogen at 420°C exhibits
catalytic activity for oxidation of propane to acrylic acid. Ueda et al. also showed that
30 molybdovanadophosphoric acid (PMo41V) similarly treated gives a less active and
selective catalyst. Our preferable catalysts are obtained from PMos; and PMo44V,
exchanged sequentially with niobium oxalate (giving NbPMos, and NbPMo,4V) and



sel ective catalyst. Qur preferable catalysts are obtained from PM12 and
PMb11lV, exchanged sequentially w th niobium oxalate (giving NoPM)12 and
NbPMb11V)waerd/o3qrys i di ne (gi vi ng NoPMol12pyr and NoPMb11VpyPLTIUSOAGR28DUS

medi a, foll ovved by heating in flow ng non-oxidizing atnosphere. 5

Cat al ys#eﬁe t?l))s?vetﬂur‘ Q%{%%b&t 3}3?§t tdtﬁéhlédm&hepl\/ﬁﬁ?gHGtPMbH\ﬁs (in
terms sSp ace east conparabl e selectivities, as
wel | asexdlmngbdlsetq,uehball;opﬂharhnebmm |oo<ame I(givig NbRbfo1: amieNaPMcasV)( agdo O).

In addlt to hydr n-ric t hese new cataly rform

wel || YRR e o Ui canie, AP el o STl VB b, T,
= 1/ 10)he?’l{ﬂ-,gThq:ﬁﬁv|ﬁ§Woﬁq5)@ﬂj|Yﬁ§%tﬁ,bgpﬁéﬁeectIVe for nmore than one feedstock.
Propane also may be oxidized sel ectlveléto a variety of partially

oxi di zed pr oQatalysts phthis inventign exhibit substantiabiy higher oredusiiviiies (in terms ef

el ei o SR TRPORRRGR dat dh ef Bl bBmbphalb SPET RS S WA e BRAS, Tc
widely, o é@f@efﬁb’fent? &t el témpefatuaisy 4300810 | kl additien tarhgdeagpabbrerich
partial oxidation of hydrocarbons and other conpounds ungﬁ‘LBY‘il atively

mld coeendilidnss these ,ngw aetelvpls periapp welhit @Orﬁé%'ca"ysﬁw r‘?Céfbe@ct ive

catal ys og S.IJI Ie G oup 3-15 or lanthanide netal salt
of a poI ?%‘S{rﬂbﬁ}ﬁeﬁiféﬂa ezen ctlvat ed by partial reduction and phase

t r aresf or nmat | heselhew malatlgssarer&ffmlvalfon moca frer enefeadstock i Rippaneadlkane 20
h b t | ' it i gh tl t d

el 6ot | UPY\PE ClieaSp Shveldo BvliRty of parel xietRrodub e infhie AT bon

oxi dat i 98qifigh adoy&smﬁeg;péd RS o A6LHiY alchds, RAPEEMIIY - fRIWGesly<H prRILeE5 Of

| ant hani de metal pol yoxonetal | ate, preferably niobi'um pol yoxorml ybdat e.
Such a suhsiantal ammﬂepén@delf:mld a sw tabl e 25 pol yoxoani on, preferabl y a

het er opol yac ani.on ai nin nu .

t he pol yoxod 'hﬁ%%“%&%‘%?\&ﬁ Greh smgg &%ﬁ%%ggge b%? fcgégghwd W{J%‘g 7 um
andifct jsvainedd fr Bagllystonaterials thet ap@bap@blefdf@annmmxudaimeofahynrrecanmohbe
presence of a suitable reducing agent. Preferably F‘ yridinium added to the

ni obi un@pd|ofesbrEMpPEYBES Undtes rabatuﬁlyewldc@qnﬂéthr@dat i aghvity. ddwpligantso |
05" part P MRPRILSh GRAAGE, Sl BRI ofbepRaRRCBRg B A 20

to part pro I's 1 nvention. For
exanpl elangiaride enetadsalb of an@olyaxodmonomatu redd eerxiadtivatdd tby pantigl redumtiod and
mal ei ¢ aci d using these catal }/] -3
and phase transformation. is catalyst material is capable of oxidizing an alkane
20 such as propane or butane to acrylic or maleic acids with high activity and selectivity.

Summary of the Invention

An active and selective hydrocarbon oxidation catalyst comprises an activated
partially-reduced Group 3-15 or lanthanide metal polyoxometallate, preferably
niobium polyoxomolybdate. Such a catalyst is prepared from a suitable

25  polyoxoanion, preferably a heteropolyacid anion containing molybdenum, and
optionally vanadium, in the polyoxoanion cage, which has been exchanged
preferably with niobium and activated by heating to an activation effective
temperature in the presence of a suitable reducing agent. Preferably, pyridinium
added to the niobium polyoxomolybdate acts as an effective reducing agent during

30 activation.

In another aspect of this invention, hydrocarbons are oxidized to partially
oxidized products using the catalysts of this invention. For example, propane and

butane may be partially oxidized to acrylic acid and maleic acid using these catalysts.
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WD 03/ 039745 PCT/ US02/ 35235 Description of the Preferred Enbodi nent(s)
Pope et al. describe heteropol yaci ds and pol yoxonetal | ates as nol ecul ar
struct ur esotogpdwas | y contai ning one or nore central "hetePoatusny35235
surrounded by a cage franework of netal atonms bonded to oxygen atons. In a

typi cal het I id : het t X'
Lypi cal Iy i & etr anear HesepAGNSEIRTPI 8 Emtodblont) 7, "2\ Srm (M)

t hr ough oxygPopatetmal.( 488gribeTl ihetdropoiyacids andatcﬂpoqmebaﬂdaﬂeys as embletd&Ed to a
central X atom oc edral ly.through ox and .are, bonde rther to
ot her f?'é'i‘l‘iiblkﬁsk @Vﬂ@t?'\ﬁmﬁﬂeﬁyﬁ‘gﬁg ﬁéprﬁﬂgr%tﬂ@?alsu”ﬁpg Qrgiy Aave a
non- bri t@&j}m %@'metera@% BbAIRd AR P atbhs. K Hfbican héfe%sol Qmef the

het er oa Mrreta at ons, ahetero ol'yacid cage structure wll bear a
negai i ver pbb{ogem(eballaﬂml qcswiahieohet)ercnatam (" ’bbﬁpmd:lyds\Aetrahedrahxarb@ededltanc| ng

ol udel" EaEwal G ARERO Tl BloRh Wi T ik HaRPuEB A

cont ai ngypRialy Ae bnded oG aé8tal X akd Wotehddrally Mibligh @XYM yoresahaldrat "
"POM') ‘uses at | east one non-proton as a 15 charge-bal ancing ion. The

nost tybprded fietherdiet other Xramewerki M ﬁ@ﬁ@$dbm%c@we@nﬂt°”ﬁﬁal RolMemetalat es

I s phos O,

sui t abl ge rﬂu shgyérgl)ggn b?@@ﬁ}g t?r?fjlebvaf m%n@nngfg ure?ﬁlﬂ‘s?%% ggéé% te on,
bor om, aﬁdweaheuelmmmsthpMneml atorhéiea mleeérepalybeudkéw stroemwnmusbdana this
20 invention. Framework M neta ct ed fromtran5|t|on net al and

are typnegative cwgeéeeaowwwaaﬁéa@s reed with & shargerPalancipg iy
vanadi ugy ¢ EIEH}Q r%'ﬁonsnln‘&mdﬁg]?‘?&opént@eﬁ\m M¥Qﬂl%‘ﬁ3ﬁs VRdladd W ‘é{ﬂ%laﬁ\‘étal

tungsten an I nati ons reof are use st typically. denum or a
conbi natonsnard amrhpblemunA dhete?spalgacidi ('MRA'¢ contdins mb@nsmm#\@tcharge-

propose, t hat. sui tab met al s hav ri ate atlon radi us and be good
oxygen p@ 'Pec@péei‘rwh?%@céwmmei?‘fage ﬁgmﬁ 8 PN PRAANY @’ 3pand
thehg CehargB-baAhmdifg idd.om four to six that appar ently permt these netal s

to form stabl e heteropol yacids and pol yoxonetallates. A m xture of M
metal s may b&h@semash atypisakr dpdespators. orX,30 ugefy oiondeignogolyacidst heogh a

MR e e I R
typi cal frgm suildblé .Gfduper 1pr16f gemdngs BidW JUPKT domendiature)l wbee mignsiicori,he M
metal. boron, and antimony. Phosphorus is the preferable X heteroatom used in this

20 invention.

Framework M metals are selected from transition metals and are typically
selected from Groups 5 and 6 elements such as molybdenum, vanadium, tungsten,
niobium and tantalum. Molybdenum, vanadium, and tungsten and combinations
thereof are used most typically. Molybdenum or a combination of molybdenum and

25 vanadium are preferable. Pope et al. propose that suitable metals have an
appropriate cation radius and be good oxygen p-m-electron acceptors. Also
molybdenum and tungsten may expand their cation valance from four to six that
apparently permit these metals to form stable heteropolyacids and
polyoxometallates. A mixture of M metals may be used in a heteropolyacid or

30 polyoxometallate, although a major portion of Mo atoms is preferred. A common
POM contains molybdenum and vanadium in which the atomic ratio of Mo:V is 5:1 to
17:1, and typically is 11:1. Other preferable POM’s contain only molybdenum as the

M metal.



-4 WD 03/ 039745 PCT/ US02/ 35235 O her el enents capable of being inserted
i nto the pol yoxoani on cage in mnor anmounts (typically as substitutes for
t he M netwb)osiosaokuidi ng Groups 3-12 elenents are desi gnat @6TAS02/83235¢t ons.
Exanpl es of such Q atoms include zinc, titanium zirconium iron, cobalt,

ﬁ”d pal | adi usy, 5 POREnE c%ab|% Rfipe ingéﬁ&ﬁ weltxggo%@aﬂaoﬁw&aggw R |
at es may exi s I N sever sfructures that rela 1o SpeCIfI
conposi &monats (tpeicdiyaki sustitutds doothec M anktal) intluting Greups 3- 12 ekEnsents

common strycture containing one central phospharus X .heteroatom.is.
descri b8® designatedygsn s@tgn& urEé‘aWﬂ'ﬂs toﬁes s&c?él’% "b@‘t‘@%%ﬁﬁ’m%ﬁm”m'
referredrddidn, fon KBt and PRtladiugPmmonl y-known el | s- Dawson structure
typicalTy 1o contains two phosphorus atons. The typical structure used in

t he xat al yst Pope eefl al.s indi¢atehheteropalyacids and tpalyasemstallates uoayr exist in
Structures contai ni ng,t unshared.. 0x ns,. .such e S .

ot r uot urevers ARt nnt e O i BB Y el nafies sh ARl hadi

pol yoxognireni unaf X metals. hA conimeAtstruttine: corltin R¥ }cemtral phoBpR&ius X, M
Q and O are defined above. The anionic charge (e) of the pol yoxoani on cage
(1 epr esbetesentam ishdeserigsbesta okeaginwstivctuie Wit dhe aspociatate PalypxeRRHOBY t he
oxi dat i of « b 1.5 Dl h { = : =
520 crotepedof sy KRoR N ARbinibiy fobBH el BRI st mipaly
cation seitainsadoapsisasphiongs atom&0 Thei typical stnictare used)émtheatatatysp asiterials
formul a of a pol yoxonetallate uyseful in thj i nvention is: H(e c "
ol e WRVEBAR s (e Koagia BustisScr SHUGLERRONEANIS A48y WGTHRrSe: | <
sel ecte ' jons, and preferably is
ni obi umgx@e?]?? erpﬁg?ihbéérsgggaggd %gq#%ﬁ@ég% Hgttn e;érl?ésd't he charge of cation C
I n additi on Agemiecdicompdsitidrsformpiedipalipbyoarignasefiit iarthisnnventiaroini um
vanadi um yttrium cerium or chrow T@ anionic charge (e) of the

pol yoxoani on cage (represented as mQ@ ;)position bet ween the brackets) is
determ ned by the oxidation states of the atons w thin the cage.

Typigal 'y, Xwherei®X, M, QSardD fre<ddlinkd; above. 18-62; and ¢ = 1-6 for a 30
speci fic pol _¥oxome_t allate. Typical nom nal stojchionetric formnulae
r epr esent i ngT k@ g@nienisol gh@xgriniednsf theepglyoxpanigns cage elfepeasentrd (afe:the

composition between the brackets) is determined by the oxidation states of the atoms
within the cage. Typically, x = 1-5; m = 5-20; g = 0-10; and y = 18-62.

When such a polyoxoanion is combined with a cation selected according to

20 this invention, a general composition formula of a polyoxometallate useful in this

invention is:

H(e-cz) C (Z:-f- {XmeQqu}e-

wherein X, M, Q, and O are defined above, H is hydrogen, C is selected from

Groups 3-15 and lanthanide metal cations, and preferably is niobium, ¢ is the number
25 of cations C; and z is the charge of cation C. In addition to niobium, C also
preferably may be titanium, zirconium, vanadium, yttrium, cerium or chromium.

The anionic charge (e) of the polyoxoanion cage (represented as the
composition between the brackets) is determined by the oxidation states of the atoms
within the cage. Typically, x = 1-5; m = 5-20; q = 0-10; y = 18-62; and ¢ = 1-6 for a

30 specific polyoxometallate. '

Typical nominal stoichiometric formulae representing Keggin polyoxoanions
useful in this invention include:

-5-



-5 WD 03/039745 PCT/ US02/ 35235 {P M 01240}-3 {PM)11 VQ40}-4 {P M
OL0V2040} -5 Typical nom nal stoichionmetric fornul ae representing

Vel | s- Davworn3/o397p®l yoxoani ons useful in this invention i n@®cadeso2/35235
{P2Mb18062}-s {P2Mol7VQ40}-7 According to this invention, a suitable

pol yoxonet al §.05orned and is activated by heating to an

activati on-e¥fecti \?%} tenperature in the presence of a 1o suitable
activation aWOﬁVAm}é“r activation, the activated catalytic material shoul d
have signif] nt&y higher activity when nmeasured in an oxidation reaction
t han the {Pﬁ@%@ HQPOZQ non-activated material. Preferably, activity for an

activated catghiyst hemiddl | sesdhisipettced femsulgay kprésurtings edvdlls-Bawseast
one or two orders of nagnitude or nore. Preferably, such activation agent

i s & r epolypxeprigrsusefbin thistisvenliomigctude: 15 heating period to partially
reduce M rret@;; MPn (éh?spol yoxonetal | ate. Al though not bound to a theory of
activation, € 0dhc® suggests that for a pol yoxonol ybdate, a pyridine
adduct produff,Mc,OggyXed phase material in which after activation contains

at | east sone reduced M netal (e.g. nolybdenum i es and. so reduced
iable tllgle,

. . spe
cation (e.gAccdg donthispdrieddionirife sy epBW%@%P t$ nfefmed oANg He

pre-act]j ' | ] K | | Grlebt

ount s U B R o e e e i
phase t saitabde petivationtagente Afted activatione e activaped aatalydic material should haver m a
catal yst. precursaor. useful. in this inventipn, a_ polyoxonetallate typicall

is conb?'ﬁglﬁ'caﬁ‘ﬁ% @ggﬁﬁ {AGHVRY o ?Oameaﬁugeﬁgdi‘eénsﬁéﬁ%ﬁg“ %%9& ﬁ]arﬁ/ﬂhlg A Y
gener al c6RRVBHAAP Aoh chvhtedl Mtetial 0o PYSRspamy addtivity fomaiaicaliatddicatalyst is
pyridiniumand b s the nunber of pyridiniumcations is: H e-(b+(;23/)AbOc+
{ Xx MmQyay/leastwieukied and-may be inceeased by af least-are obtwo grders ghmagnitude or 62,

d b and h bal h : ion h is th
nunber By PR Sibnc BpMBRBn' 8eRod efloinl codtin BEO RIS Bprfla the "7
z igst hﬁe&tglfq“ @eriell teapadialredudey W aabtat GRS | palpsxdnastaliate. ofAitaough not

ol yoxonet ate precursor, which contains ridini um r) conponent
5se1¥ul baundite g mp@qﬁhqgrgctiivgtion, evidence sugges% that for a p(o?yogomo?)%)date, a

pyridine adduct product is a mixed phase material in which after activation contains
at least some reduced M metal (e.g. molybdenum) species and some reduced cation
(e.g., niobium) species. The active phase is distinct from the pre-activation
20 crystalline phase and does not contain significant amounts (i.e., amounts that affect
catalytic activity) of a singular cubic phase that appears when heated to excess
temperatures.
In order to form a catalyst precursor useful in this invention, a
polyoxometallate typically is combined with a suitable activation species such as
25 pyridinium. A general composition formula for a polyoxometallate in which A is
pyridinium and b is the number of pyridinium cations is:
He-brezpAnCe” {XmeQqu}e-
wherein x = 1-5; m = 5-20; q = 0-10; b = 1-5; and y = 40 - 62, and b and c are
such to balance the charge of the polyoxoanion; b is the number of pyridinium
30 cations; ¢ (=0.01) is the number of cations C; and z is the charge of cation C.
A typical composition formula of a polyoxometallate precursor, which contains
pyridinium (pyr) component useful in this invention, is:
Ha(pyr)sNbc {PxMomVrOy}
-6-



Ha( pyr) bNbc {PxMOMWnOy} -6 WO 03/039745 PCT/ US02/ 35235 wherein x = 1 or
2; m=10-18.; n =0-4, b =1-4, ¢ =0.01-2, and y = 40 - 62, and

pyri di ni rwomsijoss7agided t o bal ance the charge of the pol yox®amium2/33285 an
excess of pyridine is used, a = 0. Preferable individual precursor (prior

t Sivati nal . = o oL ! . P
(B o ancheTS2R A TR bR SE Ll KA & LY S 2.
(pyr) 3. Qndeﬁdihﬂﬂurﬁ i§ BAlBd 88BA)ance(thircharge dNhe Poljoxbarivb I avieaess of

M xtures of materials with differing conpositions and oxidati.on stateﬁ may
be |o pyrdieads uaednauyl- f Brefer@ble idivideal Qyrpwsor i(Rfirl tor astivatia) Ramna

pr oport]j : 1 .integers, analytical neasurenents

i ndi cat %%?3%@'?%%Q?g%ghf}ﬁ‘hﬁe@(’?ﬁﬁ“ ﬁn%bﬂr%t correspond to stoichionmetry of
one st ruct ur gyrelNbe.nat{PMoe040}st ruct ure (such as Keggin or Wl | s-Dawson)
may be difficult flglgm co iti8n§_l anal ysis alone. Thus, a materi al
represent ed Nao¢WBe tons 41 ¥Or%r mul a with int egral 15 nunbers shoul d be

taken as an gﬂ,p)r XNBBL o nal ytical neasurenment. An el enental
anal ysi s of pg'py%/og%yn‘?{)"nz vvi1??622' nom nal fornula of NoPMb11V(pyr)

i ndi cated a (pymposNbs.ono fReMair¥Oegpr esent ed as

o bat ed Mt oty o deting soRPRlieRS ST afn 2k Fidh b,
W . 90 ocptdsdnl PAItheudte, fo” ComvenieRie) Sorbpbdbitlord{ Rivmlladhave. pdpEionsvidfh

0.53 wm. % occluded pyridine. The elenental analysis approximates a Keggin
st ruct uglementpotapreseyded by irdegrnsi ednalyliqeh measymentsaindisaie dfragtienralabout

S pOP SR y )
i ot ac ea oy et By b orfigpobby SiERopEy dfricoufllctyidy [ DAERHEERG! o
pref er abtlrec_:tu'reamaémtrl‘; mLkée{g%mwgg{//bNetls\%m\tw!nyshay Zhieomiilfgcmlt §mrg usicn.rﬁpbsiii%nalhi S

| nvention | S r erejln m= 10U- ,.N.=0U-1 D .= o5-4 C =
005 - analysia 2Jone. > Ebus, 4 MALEYR HRISALPYA SIRIRPE S rauim iz« o
theyart nyhpefs %eggn&% taRéR%??égfmﬁpgorBQilnYé%‘hf&'&Pénﬁ?@ca@h%ﬁ&n@ﬁt.a” et her

extraction net starting 0 suitable amounts of nolybdate and
phosphat e at Ahowlgrhe(taypaocalybis <of) a FRedydxmanem odith t Ae norninaly fdendlaniaie t he

struct UF\I%P%mE\I)&)yP)Ol y(?%(&ggtie%ns. aI : Sc%(r:nhpo%it%rneparfg}n%u AL arepresented as
(Pyr)s7sNbg.0s{PM011.15V078040}. Other measured elemental analysis indicated
compositions of (Pyr)sgsNboss{PM01327V0.55040}, With 1.63 wt.% occluded pyridine,
20 and (Pyr)sesNbo26{PMo011.857V074040}, with 0.53 wt.% occluded pyridine. The
elemental analysis approximates a Keggin structure in both cases. It is believed that
crystal packing directs about 3.7 molecules of pyridine per HPA anion. The ratio of
pyridinium/HPA is dictated by the amount of cation (e.g., Nb).
A composition formula for a preferable niobium polyoxomolybdate catalyst
25 precursor useful in this invention is:
(Pyr)oNbe {PMo,V,Oy}
whereinm =10-15;n=0-1,b=3-4,¢c=0.05-1, and y = 35-45.
Polyoxoanions are prepared by techniques known to the art. In a typical
procedure, polyoxoanions are prepared by an ether extraction method starting from
30 suitable amounts of molybdate and phosphate at low pH (typically <1). Regulation of
the pH may determine the structure of the polyoxoanions. In such a preparation, a
source for a M metal, such as a molybdate, a source for a Q metal such as vanadate,

a source for the X-element, such as phosphate, are combined with a mineral acid,
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source for a Mnetal, such as a nolybdate, a source for a Q netal such as

vanadate, a source for the X-elenent, such as phosphate, are conbined with
a m ner alwams39745 7 WO 03/ 039745 PCT/ US02/ 35235 such as ®ualrfusn2/zs2axi d, to
forman acidified mxture. In an ether extraction, diethyl ether is added

to the é@&P%BitﬂﬂéfLﬁiboé’élﬁ,t to Yhtht inf 6iaFieanmistirest *I‘f‘?rarpefﬁér%&tifarcﬂ?h, glaitigh an

acid formo pol yoxoani on can be recovered. A polyoxonetallate is
formed étheesis raddpdntp thee resuliing eaadust, wbar) foims ansHEA-ethier compley from

ecies. The cat.iqQnic eci nay... in,the formof a salt ch a
?\gl i :Jle:‘,"’hlygiﬂbg?'h 9':’5?ﬁﬂb"éé&%ﬁ%’ﬂ%@géngr?arefi%\?rgfjes. Os<al at Zusal t:, such as
ni obi um oxahaplyok@vietdnas i Formded dybexendrifing \the f gulydxomisn TBOA) with

pol yoxonetal | ateS of this _invention. In a typical procedure, an anount of
net 2 cayitable sptien speriesexthesgianic\inegiashmaydrs bx Sinfam phakallesuduan t hat
about O to 1. cati | e pol o [ : pcally
oss ¢ nuREss oK CRRIPRER, FirdbS Ry HERREIZTORRLOANE KRR A niohHRh
pol yoxosaxdlate, shple bbah faadttoObé effedive, far pfepashyypdipoxahetallat@s3of s al

cations/ POA are exchanged. Usual ly about 0.25 petal cations are  exchanged
o PORTVEBNio 19,5 DRICHERFTALTBN 0 AR o eI SBtPR SRsSIes & PoheDarad ) n

t he net cald Q. YaiGalsy v et i i e I-Seadded
@ghpg@ygﬁgggxbamoﬁ i} watet Q&dﬁalthél ABBALE0S o €htidN SPBEIS igte

to the nion to forma catalyst precursor, an excess of am ne
(e., eychatiged)peérspolgdxmahiom dymidallydess thear gestoighmmuatric emaeuntosf. metalor der

t d th tal yt,i | ' t i al f [ t hi ' t ,
o Dbl GRS o ariobl attorte HRlPaln st 8Bkt P e Pt relsTNks: i 2
i nto anapa@t 0.8e nicthpéatidne/mbASEe ethangad allukually RIBRSE0IZ5 Ml ddtidhk Yare

reduced POM that typically 20 has been prepared by reduction of a POV
pr ecur sexchanged reri PQAN. & ot eniypicabHegein ionestpsturey thesenttiogsnareprileeted i pi cal

. . g el . _ ‘ )
rat er a8 AERRlctaioE, l ol 2 B Mtole B el R B hine e Sped 1piihe "
t enper apoiyexdariion Ubf fopmeat cdtalyet prequeson, tarpaxtesd of einki (@gl, ipyaidine) is

non- oxi di zi ng) 25 at nosphere. Pol yoxono] ybdat e-based catal ysts used in this
i nvent | 8fdeqd o peraplately charge,balangé the aB@Nei ng a POM above the acti vation

tenperature, |rPHFde?%3>gba&%yg§ge&sry%a|w a@tjv%?é’ﬁa‘%”ﬂ?éﬁu’l“iﬂ s fURIADA, 41

catal ytically rnacti no num-oxI de are tornmed. Typica
act i vat soitaltle R@Maisuactivated: taatransfoamothie RO/ Gtaxting 30equrede nmwtéyalabtoranabout
410 C ;Qt?veagétiay |tcipcf1r:]asga(.a r(lalg%ta arlygtics Bﬁgééj isb(aa pba%liac]lvy\l/ rtegﬁced POM that typically
20 has been prepared by reduction of a POM precursor under suitable conditions of
temperature and atmosphere.

Typical activation conditions include heating a polyoxomolybdate-based
starting material in the presence of a suitable reducing agent to an activation
temperature for sufficient time to permit partial reduction in a non-oxidizing

25 atmosphere.

Polyoxomolybdate-based catalysts used in this invention are prepared by
partially reducing a POM above the activation temperature, but below the
temperature at which substantial amounts of catalytically inactive molybdenum oxide
(MoQ3) are formed. Typical activation temperatures are above about 400 °C and

30 preferably above about 410 °C. The activation temperature should be below the
temperature at which molybdenum oxide is formed. Typically, MoO; is formed at
about 450°C. Some pyridinium POM'’'s may be heated up to about 560°C without

substantial formation of MoO3. In the presence of pyridine, the POM typically will
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tenperature at which nol ybdenum oxide is fornmed. Typically, Mo@3 is forned
at about 450C. Sone pyridinium POM s may be heated up to about 560C

wi t hout wolstzated al formation of MoG3. In the presence ofPCpyusozsizey the
POMtypically will -8 WO 03/039745 PCT/ US02/ 35235 form Mox where X is

| ess t mBMQJUWr%yx is'v%%thHtS @ls?féllvbﬁ%@é REE &lso ﬁfo‘ib?{, ahite pasterataki on

tenperatures are about to about 440 nost preferably about 415
to 430 &ctivatibyterpleraturssedreaabbuidil @rto tabmue d40uTQ, ard aheaitpréfepalgy ahmitysi s

of a starting material such as NoPMl i V(pyr) by thernograyanetri ¢ apal ysi
(TG, #55 b0 ARD 3. oA ipiesle-LseO AR WA teTSbabirEds SPOUl 20| ANl Ag

| oss of , rd i 3755 ' tive
cat al ye? R e, uchl END PO B b it Bvibint Tandigats, (TCID. 26
abows 4@AichSe Camply ofehatesial & heatedeslowlyolviiitel emeasudrgdess lodtsasipdesnasd)| ue
color in the post actjvation and reaction material. 10 After heat.

act i vat shews lossrfpyridmecat aboy 8Y 442l cdin aftiverrptaistphase. preisally

contain Lt I 0 |dj pi ) i dinj L QN
occl ude% ébfqngﬁ]ea}ftegegglﬁétakr@? temrr%';e(tr Igg 3%6350 t bm\?vsghe’ g’l(lévl \lfg?%égnét%ggg?gt ure.
Act i vat irpilybaenbadidxite tieatt BRoWSt & Vislue otolbeipethat post astivatiotuahddreaation ti me

sufficient for the pol yoxonol ybdat e-based starting material to becone
parti al Matend. r educed. Typically, the pol yoxonmol ybdat e-based material is

neagpd 51 oWl XubPhodtPadifatidd 1245 &006"éﬁwriggrﬁ&rﬂfgd&g%igh@ﬁgaﬁ&of YL

occurs in an ZI'Ng atnosSphere, S a car bon,

ni t r ogegontaim@ovirtulily RelpwidineOx Ygpicahgiathtpyeatiinivm ieahsrasdheccudexhpylidinbe
kept below a |evel that would interfere with the activation process. 20

Pr ef er aff§orbiatidentpREIpes Relow the Bt AHANAEMPErAlES-of oxygen. Experiments
nave  qemonshLMAmd! Bgthe%?ihg‘étg): R abfivatioh, RInSkiAERe G8 Anductal For bIHAE! Ve

MoC3. A suita reducti ng a used 1 n the activation should be effective
at the safitienht foonthiee polyoxbmoddhdate-based hstarting cadtesiat itoabecomeeppaiadlyur es

may range, from_400 10,450 a suitabl e reducing agent ) e .an

ot | (tceducTvricalle e RelvouSmilindiehassd riaBta RS Siof BotRdoby
theory, 1bthouss 8EMogved that for pyridinium the organic conponent
deconposes at about the activation tenperature and that deconposition

products of Praferaply,dihei activationageauie inealnonmexidigingi aneapherie. sueh @subar
o\ DB PLEE B, hBhef AR B BRI SLERR Pl A b rBO RS
pur poseghould be kept below a level that would interfere with the activation process.
20 Preferably, the atmosphere is substantially free of oxygen. Experiments have
demonstrated that activation in air produces catalytically inactive MoOs.
A suitable reducing agent used in the activation should be effective at the
activation temperatures. Since the typical activation temperatures may range from
400 to 450 °C, a suitable reducing agent must be an effective reducing agent at
25 those temperatures. Although not bound by theory, it is believed that for pyridinium,
the organic component decomposes at about the activation temperature and that
decomposition products of the pyridinium act as the reducing species at the
molecular level. Thus, a material that decomposes significantly below or above the
activation temperature would not be preferred as a reducing agent. For the purposes
30 of this invention, the term ‘reducing agent’ includes a material that produces
reducing species during the activation process. Examples of suitable reducing
agents are organic amines and quaternary ammonium adducts especially aromatic

ammonium species. Amines include pyridine and quinoline. Quaternary ammonium
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30 of this invention, the term"reducing agent” includes a material that
produces reducing species during the activation process. Exanples of

sui t abl e wedao397¢s agents are organi ¢ am nes and quat er naPgTASNDSE26IN
adducts especially aromatic anmmoni um speci es. Am nes include pyridine and

qui nol i ggduc@mcﬁd?é%ﬁrng%w@:, 'ttéﬂaéu%/lé{%%{i%?E?ﬁdiﬁ%,ﬁ@ﬁélﬁ%%@&%@& s

I ncl ude  anmoni um anmoni'um pyri di m qu | T'uum  prot onat ed
ar omat i sroavaticahng fadiphati@mintiee, and cootbinatiarisotheredfer #bé . prefesaplecadduddiis

monoxi ceyTdiimr @it Sbitebler Bt FasaL Il e Pl AuonaHe. n e BRLRPAbie
perm tti%%u%@gcosaa' geisw' {ridiRg harolnaex avedral péinsittedi @6 tBnmiid V@ithonhé n

excess of charge bal anci ng anmount. After activation, the
pol yiox opalygxaiactallate prigrtto @ctivation islexsess of the ehargeibalandig amesintror e conpl ex

d | th || -.def i truct ' 1 h t NG i
observed by At gslivaar e PRI Meadivek et bf s MRS
pr oducepecbraed ahbrer copiek @fthsssdshibe wellidefinedrstrueharectypizabbs ¢hev ethrtinga 10

pol yoxonol ybdate w t hout pyridine. Al so, 31P _NVR indicates fhat after

pr et r eaf@taTial asaokesjyed by avepademagdfnx-(ay diffractign (irgsst Additiongl jhgating
deconpo t hou eLEhi 1:xt 'rqéﬁ;é' | 0, the
cat al yt ﬁ@ggﬁ%’seg %ﬂﬂpgfaga{;lg?lgﬁﬂgap a@g{qlé ﬁf)e? S%f;g?él)ﬁ%rl ycar%ol%tygggl%gmq%x?de

( Mo@B) , pakibxdmblgbdateenitheutepyridive]  Atsobé' R AlMR yindicalelsythat afier pretreatient,

Typi cal | an activated catal yst phase of . this invention.s characterized
by XRD akﬁgsirb%v%e‘%alsaﬁ'ﬁf’? t'p lqu @@W%Qé&ﬁomwepo%nhﬂﬁg%%F?rﬁe'ga)éround
20 = 9) o8l miBPE R CoxtlatiH Slated fn S CatnPOBRESE, Iridtical iyt Bhbes iMamki ng
to excess tenperature, such as Mb(Q3. N obium K edge el ectronic spectra

( XANES) piirarilyi mioiyidequl) oxideddMg®Howhictebasiheeni determined) tooke ¢atalyliszaiy)
show t he near edge shape changes as a function of oxidation state

(Nb4+/ ND8EYVe-Thi s al | ows observation of discernable changes in the average

oxi gt i on st aysicaly, BhciitvatedbatbSNPhAIEES thisihoentish RUSHaratteazed by XR@pe
is characteristic of niobiumin a +5 oxidation state. A shoul der

appr oxi bpthebgd Derayvdiffiactien dines deyeepietsnow aogle nesiaiound 2ne P¥npedat ure
[ [ d to, 420C.. 25 ' th { t . nb f
(ni obi uRBSeTcs of, Cagvis s Bpases gt Joah AT wealifl S eest HmREsiEE voy

(M6+) givh goMdplgnum (11)  oxi de (M4+) show subtle changes in the shape
of the near ec(lg)e spectra and offer information regardi n% t he avera%e

oxi dat i on st Niobiwn ikoedarielpstionic spectsnBABIES) for niobium {IV) oxide (NbD2)
20 and niobium (V) oxide (Nb2Os) show the near edge shape changes as a function of

oxidation state (Nb4+/Nb5+). This allows observation of discernable changes in the
average oxidation state of niobium. At room temperature and 200°C, the edge shape
is characteristic of niobium in a +5 oxidation state. A shoulder approximately 15 eV
above the edge becomes more evident as the temperature is increased to 420°C

25  causing the spectrum to resemble that of NbO, (niobium in a 4+ oxidation state).
Molybdenum K edge XANES for NbPMo1{Vpyr (Mo®") and molybdenum (Il
oxide (Mo*") show subtle changes in the shape of the near edge spectra and offer
information regarding the average oxidation state of molybdenum in the sample.
XANES was measured for NbPMoq1Vpyr during activation to 420°C and under
30 reaction conditions while observing closely the molybdenum edge. Changes in the
near edge features are observed around the shoulder at approximately 20 and 30 eV

above the edge over this temperature range and under reaction conditions; these
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XANES was neasured for NoPMbllVpyr during activation to 420C and under 30
reaction conditions while observing closely the nol ybdenum edge. Changes in
the nearwedg®3dent ures are observed around the shoul der @CTafsp2/a5283rat el y
20 and 30 eV above the edge over this tenperature range and under reaction

condi ti - th : 10 4 : :
change Tegre SoBest A ienasn e GYarl oAl SR s U RGO ShociBs
cat al ysin.th€zxhédlystt materials of this invention nmay be used directly or
conbined with other paterials known.in the art such aﬁ silicop. ¢ rbiﬁle as
G Thents. Al GatansanaloTias o yBiss MYRY o o g e s ir S BnERcy
mater | %tﬁeﬁ%steféliﬁhb%tf?{ hdrd8Eich &2 sRicBRScarBide”B8CdilEAS S . ABBE the

pol yoxoanions of the materials of this invention are charge bal anced with
at |sastatalystssmayate suppoited upbnasuiabieir®ril hateridlsisubbrdsdeefrastery . oxides,

Preferabl e cation selected from Goup 3-6 netal cations. Preferable
cati onsc%fgléfer?i' BBPﬁ}ﬁrg@w@nrom um zirconium nol ybdenum and titani um and

the nmost prefgs pblydxeahion8 dfthe MaBHHR ofhiReihvemidroare Emayedsalgmdddonsth of
tantal um iron, bi'snuth, copper, tellurium antinony, cobalt and njckel.

O the akleashene svitablei ¢ationi ef a GrenpiBohd onilzyshanideimetahi inrefesakie SatiepRi um
pol yoxopet al tg t Lal i | Dcata | Gnhi Ivity
over po%o%glll%t%flg?@?@é%?a?ne’?n@g%? h%éﬁo(r:]gt [ oﬁ%%%@fees%tlgﬁ% !ranyéobrﬁ%?r']al

pol ypxosomilmt efrcohiom, tielysdehumiy sidatitahalm iamor thesmash pesfesablé icatiantisvi ty.
Since the cation undergoes sonme reduction during the activation process,
the cat nighiusho@hensationeinchide satianmeel tapialemy irgR. BISIWEN. GRRPEIMIRIUGUBL
capabl e%r‘?timBFi{,.tdo@altr&ﬁﬁitckQIf‘ ONeRy %tfb‘ﬁs té&lteh\’lﬁtth@’?n@ﬁ%'nt, hibtum [ fi@nium
preferable cation is e ni obrum( catron. In a typical procedure,
exchanganafzitdoaiumet polppxdmetalldtess deamanistdteo @t suhstadliabinorease sol catalytici n
the presence of |ess than %t"g' chi onet.ric anpunt of a soluble npetal .salt,

such as@GiMiy| OYE" oPOYRXPRE r SRNGBNG (RS SAION, FPECES)  2Rd  RICBTIm

oxajat ﬁPollfekéfﬁéiamaté%f sHAVR tiy ishit RubBlarddrmbrdsedif i aRxIgtc BEtiAchsimge the t he
ni obi u pol yoxonetal | ate in an excess of pyridine in aqueous solution. A

gr eat er catfpmunrdergoes shimemgductiomAuing the apivatignroaess, flee gatien shewdinmt

Cat a5 PR IDTSIANES: odafiet 3ARG Pk G B bl BF BBkt FeditioRtierabe g
sizes hbwlatioheonBRIoNB! ITHetprefdrablecativndathed Riobiure €95 catimd according to

techni ques known in the art. Catalytic naterial also may be supported upon
or diluted win @ tyrieal piacedurg, exchange of the heteropolyacid”is carried out in

20 aqueous solution in the presence of less than stoichiometric amount of a soluble
metal salt, such as a halide or oxalate. For niobium the preferable salt is niobium
oxalate. Formation of the pyridinium adduct is achieved by exchange of the niobium
polyoxometallate in an excess of pyridine in aqueous solution. A greater than a
stoichiometric amount of pyridine may be used such that excess (non-charge

25 balancing) pyridine is present in the material.

Catalysts of this invention typically are dried and formed into shapes and sizes
that are appropriate for the oxidation process used according to techniques known in
the art. Catalytic material also may be supported upon or diluted with inert material
such as silicon carbide, silica, alumina, or silica-alumina.

30 Desorption of pyridinium species over the temperature range 380 to 420°C
(preferable catalyst activation temperature) from NbPMo12pyr and NbPMo+Vpyr type
polyoxometallates is accompanied by significant structural and electronic changes in

the catalyst. During this activation period, 3P NMR results suggested that the
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such as silicon carbide, silica, alumna, or silica-alumna. 30 Desorption
of pyridinium species over the tenperature range 380 to 420C (preferable

cat al yst wotmswadaudn t enperature) from NoPMbl2pyr and NoPMrCIN(»g2/3328Pe

pol yoxonetal | ates i s acconpani ed by significant structural and el ectronic

changes, | : r%tn@ SHH | t iVt d bl ex1Bf MdRBRfest s
suggestréédtgm#%rﬁ%“ %¥ ; Ogmggét}f%sgldd%@ﬁ%rzd%ﬂaﬁg{per opol yanion is
t r ansf cinoiedirighPMe©set aPMbsOsgicandt (MeOppBiO1.ypRartiel desopmesitesn of K¢ udi ng

PMOO316 , .PMb110O397 and (NbQ2).2P207. Part i c W4 0 ggi n
ani t 1 Reges Gl T Bl Y feURRUA R farrater B AT RCRRNI e a2
ni obi unhietsm@@xilgewfra?h}%n@(@@ainm) thdtaikelyi midriiteThgd @bmbimeltecforhi seati o
formsmall 5 mXed nefal oxide clusters. Due to the irregul ar shape and

si zeéb of Mbiessmetaluaxide clustersd Pue torthegeauiasshapeand size; plethgse Fivisd

primary_struct ur t el ' ' ' :

Poudor a4 Mk eBIer Hefliior i 88e8inpGsed hiny SHUERrnd Sk Fangts Gter
obser veg. oﬁééﬁlﬁdagy! Ttﬁtéiﬁg xéfalvgécpdwdﬁdmma&mn' ?bﬂﬁ)ughwa) Pebdt gdtg)mit Iof
structures with simlar - coordi nati gn punbe n ntica

i nt er at aPREXEMAEHNIOs %arvéa%tﬂth'ﬁeﬁ\é@ﬁ-aﬁﬂeﬂe?ﬁw&'?%t %fr ?W@‘ ?Néﬁvtoéﬁé‘%eaﬂ‘f' t he
active r I Qi I ok UG I Ny HAY I ron
spect ro&%}gﬁ/\?&dﬁgb%NEgb%@r%%g@%I g‘hﬁ%ﬁnm) ? [)Jgg? r%@%?ggilé)hbgngpegéggr g@ﬂm

t hato t hidentitalrigtetatoynic distancess peec dbtainastiand deneonsstaje diee indifierenge sifitben

centers upon renoval,K fromthe.salid durjng activatio Redugt i.on b5+
to Nb4+a%§’§ oﬂé‘l-ﬁq&@d i E@'%@'U%eﬂ’%ﬂ@@eﬂe nﬁ$e2‘&%@§ n@f?ﬁ%@%ﬁﬂﬁl

r emai neghd redREEIeERbhRS BSOS AYRfiysis An@ianthdtrtnen 0. 58
at the &%@rggg@?@gés@ ??Noﬁgﬁi%dgﬁe bul k@ F)%XNE%). Mat er f:II S praepar ed

accor di chargedt pyridininoe spesiesmgduse  theednolybdenunyand nigbiwe reanderspBeBsses.

Th i ncl ud | dat i LGl ' ' ' +0f

e RO 5 oo NG R8skl SR, Ses ety o
to R0 RANES awhermasBymeenonirddacst heolgpderaim ceniaingd ng thenpatands aftech as
al cohol's, al deh,%/des,s+ ketzpnes, furans, carboxylic ac)légg _ a_ndganh%dr |® S
with sepeivationiwith MaoHMo o rangipg from @ 5% gt He audase (B8 te el Inythegh Eane

may be &{A,qté _d to acetic acid, acrylic acid and naleic acid. 25 Effective
catal ytt'c conversion conditions should be chosen by a person skilled in
the art suchMaltertal$ hereparaderazicordipg cloedhis inventiorefrhagi bat usethnier catalytigpi cal
converséggvérgigﬁe;r)%clérsgesi's ?Rgé’g i%glggeagﬂdgt%]na,l Lgrtiicala?leoggrt% %%da i%?\,c o"%nd
may
20 hydrocarbons in the presence of a source of oxygen. In such processes, Cz to Cy
hydrocarbons may be oxidized to oxygen-containing compounds such as alcohols,
aldehydes, ketones, furans, carboxylic acids, and anhydrides with selectivity to one
or more oxidized products. Specifically, propane may be oxidized to acetic acid,
acrylic acid and maleic acid.
25 Effective catalytic conversion conditions should be chosen by a person skilled
in the art such that the conversion proceeds in an efficient manner. A typical
conversion temperature is above 100°C and usually is above about 200°C and may
range up to about 450°C or above. For hydrocarbon oxidation conversions,
preferable temperatures may range from about 250°C up to about 450°C and more
30 preferably are about 275°C to about 375°C. Temperature conditions should be
chosen such that the reaction activity is practical while avoiding temperatures at
which the catalyst, feedstock, or products decompose or otherwise are adversely

affected. An advantage of the catalyst system of this invention is that the catalyst
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range up to about 450C or above. For hydrocarbon oxi dation conversions,
preferable tenperatures may range from about 250C up to about 450C and nore
30 pref erwblog/oag7es about 275C t o about 375C. Tenperat ure ceaditSoraR3shoul d
be chosen such that the reaction activity is practical while avoiding

ot hor v 8EVE B mAlest B8 PRRT saMbarA RGN wily BhEeHifay HEReD RGN,
this i ngstalys@n ihs cbhparathle oxidaltipat proceds¥E) 03ADINGHSr REMpEratdreth2atore
activity is maintained at |ower tenperatures than wi th conventional m xed

netal eelealiviyt is mpibiaiRrd. alnosthsli Wihi 3 IpEwasesiss actiyityni ighepmpansRR dfur es,
nmore  sglerdntivhhyedtsl t@?%)ﬁk&%%@?d’ together with an increase in activity, in
| oha

conpari son to conve catal yst systens. 5 Useful pressures may range
f r ons at nosphséeful peeskifebaray mngebfoera. atingsipbeatic to dQ0thara qrakswer ebypical

about 1 to,.20 bars or nore. cior systenms known to the art may be used
such as'§3ceq PERRPURRaTe ?E?HHREEHEQQG“‘%/?%WQH%. Ef fecti ve reactio% con'tjact

tines may berghoRensydtesPRAGHAN toStd lapdmdy baeygsed duh bRefitRFEed angyst em
enpl oyed and typically ran%e fromabout 10 0.001 to about 5 seconds, and

pr ef er afilidized etheystems) Ok ffectivebmaction seotaed times: maydee cheseisbyekpersenul in

hycr ocab R hahd e for. theb BREARE S iehT Himitad A bibisei3eehoB dudin abayt,
and4gray 0 @onttaidboart éidd@ﬁﬂs,wiz@e@bly&@%bodn@.mmo alb@ e, sedonanot her inert

fluid and water. The feedstock al so may contain other reactive conponents
or conbi nat i Bri¥pical fgedstaeksisefildn this inveation dyricallyecaptaipp iaaleacti@mateiial t ni s
i nventi gn.i pel C St di: S | ,niing 2
oDt Sl BE U SR B0 o Sl IR SRR SSo AR RO 2
cycl oal aad@say cymntarabldineat sadhk @b aitoogen, belium; argdrk soreenadiner iaest! fluid kedes.

For the purpaose of this ipvention, . hydrocarbans al so include L

car bon- WBIRTa: ThePaRsyes S ey Oain Qg0 (HAREVS KRIPANEDtS 90CeBInat e or
mor @5 he&ﬁf@&%e fych ok OfTActiPd ORTAIIGNAIS useful Uln ARA iRVERRIENncIlngSe
hydr ocarbons al so may bé substituted wth one or nore substituents that are

conpat i bydrosathonsand suhstituted hydranarbersicontainings2 iteabaut 20 carkensatoms.
substituents, include halides, nitraogen-containing substituent h_as

ami nes and nPpliaRiEdVarGEahOnS inglide dtkaies. ke se fy EoAka0Es BV IRIRETRS: ni ng
subst i t HR\laPorABEcH XMGMIkERY Andi B8/ Hkardast iRdretNes paHsddeasf ahideinyeaton,

al cohol s and ketones.” Specific exanples include ethane, propane, n-butane,

i sobut aRydropahonsaa{eo inclyge ﬁg[m.ntgmg,ainirggog@migm,d cyclic compounds that also
20 contain one or more heteroatoms such as oxygen, phosphorus, sulfur, and nitrogen.
These hydrocarbons also may be substituted with one or more substituents that are
compatible with the reactive system used in this invention. Possible substituents
include halides, nitrogen-containing substituents such as amines and nitrates, sulfur-
containing substituents, phosphorus-containing substituents and oxygen-containing

25 substituents such as aldehydes, alcohols and ketones. Specific examples include
ethane, propane, n-butane, isobutane, n-pentane, 2-methylbutane, isopentane,
hexane, heptane, octane, ethylene, propylene, 1-butene, 2-butene, isobutene,
pentene, isopentene, 1,5-hexadiene, toluene, o-, m-, and p-xylene, cyclohexane,
cyclopentane, cyclopentene, cyclohexene, furan, and the like including compounds

30 containing compatible substituents. Preferable reactive hydrocarbons include C; to
Cs alkanes and alkenes and particularly ethane, ethylene, propane, propylene, n-
butane, 1-butene, and 2-butene, . C; and linear C, alkanes and alkenes are most

preferred.
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hexane, heptane, octane, ethylene, propylene, 1-butene, 2-butene,

| sobut ene, pentene, isopentene, 1,5-hexadiene, toluene, o-, m, and

p- Xyl ene,woyslhstiexane, cycl opentane, cycl opentene, cycl olrexarsey/3f26¥ an, and
the Iike including conpounds 30 containing conpatible substituents.
Preferable r t n _ S;ca n and
particul arl yﬁ.':t%h ye%ng?kﬂ%gége@ %rlgg%qugqg 6% é?gﬁgso'ag ll;}tga'r?e8 \%lbr{??eg’ and
2- but enexidati&rB wsing | a mlymwlthmmeammal Hanascraraenneﬁﬁlonqoraffeedetd)ck 13
WO 03/ 039745 CT/ 802/3 235 I n referred pro -C6) al kane
or ol keRE(F3bls Sapeca Reme ol i decheing Soeihet i 3 souberein.
such COBMRY ef, %Sme?t &uﬁ@&\tﬂ% SKsudh 8§ Hitrdden, %wpmdng water  kandcted HmRe, or
m xture t ereof t oget her h a source of oxyge an inert diluent gas
suchs asthei catajyst, matetial yphdesl conveision cend:utmmactwpmﬁlt igoBditings ciaclagsa

t I d di d d
eact | crPReURRAPERRraUE 0b3803 425RE: perEratilood RAPd-E duiteeti Pedieyren
pressur gf 1.90 Par28nd @ cortdiét tiné 8PABEGt 0.00% toH seeerd. 0. 001 to 1 second.
Preferabl e catal yst systems useful in these processes are the activated,

partially reBtﬁfetahlﬁ otatalyste systente disefuly ik dhesey pdecasseseats ithe dactivated, s

uni on nB0daL SRR pRbaRENSe e PR S NEB Al GRGURRA A e e o
37514 0 EbPscially @rér@ﬁedoaﬂedhmbmnaéxmanbed pdigdxom¢lphdtes SWRisht die Been
partially reduced, catalytically-active ghase I's produced. |n_ another

aspect fsFmesi fsomra eytidion, adeuet mﬁirrtﬁﬁn%e% ﬁahb'ewdaﬁ&@to 450%y én 80 ons

may be V. I ch

pr ocess ﬁﬁ%eﬁnﬁ%ﬁfﬁé{éﬁuabéﬁoﬁé e T L S
over cphgde/Rtsroguesdir ed according to th| s I nvention under parti al

oxi dation conditions. Typically, the hydrocarbon feed is passed over_ or

t hr ough sol i cﬁitOéﬂ‘@fst@PQPt af e thier BVEPERN.a BYJEOCARRANS 2558 @8d GeaABAnG 4t o
425 )
AR B 0 P DY SRS 7

such” as erature pres roug

exper i npricasses). hykjmcza”lbmh\sesuas P& propdng, lprspylererdndnbutaieae passed(overch
may be conyerted to nalei \%%J de b rem)v I of .\/\/Pter is forned from
bot h CaSaAlSES: RigRRISEaPEHRIENG Wihithis FYENERRIHD & idatid, SRS of

propyl e‘F?ﬁﬂBﬁw PHRAURRIrdcatbbf X AL NE passayd o@e%&r‘"%rohglhe%bﬁ@ecétﬁ%té Sat

oxi di zed’to nal eic dcid under the chosen reaction
temperatures above about 250°C and ranging to 425°C or above in a suitable reactor

20 system. Optimum reaction conditions, such as temperature and pressure, may be
selected through routine experimentation.

In another aspect of this invention, maleic acid (which may be converted to
maleic anhydride by removal of water) is formed from both C; and C4 hydrocarbons.
While not bound by theory, dimerization of propylene may produce 1,5-hexadiene

25 and 4-methyl-1-pentene that is oxidized to maleic acid under the chosen reaction
conditions. Since maleic anhydride is a commercial product typically formed from
butanes using a VPO catalyst, the present invention provides an alternative
feedstock and combined with a superior combination of activity and selectivity.

For propane oxidation a catalyst formed from a {PMoVOu}* precursor

30 polyoxoanion is preferred. For butane oxidation, a catalyst formed from a
{PM012040}3' or {PM011VO4o}4' precursor polyoxoanion is preferred.

The following examples illustrate but do not limit the invention described

herein.
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conditions. Since maleic anhydride is a commercial product typically forned
from butanes using a VPO catal yst, the present invention provides an

al ternat iwe 03089dst ock and conbined with a superior conbi RamiusH2/d23RACtivity
and selectivity. For propane oxidation a catalyst fornmed froma

{PMD11V040} 4- precursor 30 pol yoxggdg ks preferred. For butane
oxi dation, a catalyst fornmed froma {r%dltél(MO} 3" or {PMD11VO040}4-

precur sor poEyperirashtsnwese [peafarnteedto Tise aoddrdsi of) neateriplseas i datalystsatoz but
do not limt the inventiop descrihed. herejn. -14 W 03/03974

PCT/ USORICPSRSS Prasyieie, A BUBERRAln < MhseErmestiRs cbats D 2.0gmidls of
mat er | a!:iﬁe@%a%ﬁ{s‘?'o)/ Thialy S preRirdBARRtedl §PNEpARSH adesBibéd BedW) IpéllétiZed ! N

t hese experinents about” 0.2 gram of dried catal yst or catal yst precursor

mat & i alsipgr @ paydsaulics pdess; rgroedd band wigvedeta S5r6@dneshisivag eormbiteduwith
press, grqound and sieved t 5- 60 h o N wi th arti.c

sili congé&cﬂaa%scﬁSO?(ﬁa 'gﬁgﬁt ogﬂeabnr?i%? PPF%@U'&{}%Q %gﬁ%%.Th%]QXtH&ﬁése was
pl aced prcadtiHbs tisaeéadtor Mir@ugh wWwhich hwadpagess avhivhia feetl beegdicarbon,

hydr ocar bon, oxygen, heliumand water (as steam . Gaseous products were

di r ect | 9xyggne bebem; ancowaterdas mteamhi GaseeufuP@dyctiduerssdiveetly iniesiaseinte A

wat er a (PR :Te [ ' : .

Gent i 1 OV WnietioEd, Blodtots Wer @ HapbBlY T W nddbinl e boitihe into, |
f(r)]rm catrad )ClBijMSRfcﬁfr ipﬁbdlmt mﬁfimicxmhsdndeamebjsimxygmhalysteepralmlréum wdreough
the materja uring the actjvation (heating). process. Typica , reactivit
exper i mBRHIVAeE ik Sk {9 fﬁrﬁfbﬂaﬁayy‘%? "BE aﬁ BY Hagg'@gcﬁ streamy Q%F)’%Q@né?ﬁﬁ h@@%"@) Y
with a ' r Py et m (0.2 15 cat al yst
(5560 TirBhgH BREmBterl fFRRAE abiffion URaHERAIBCBEAT (02 ) i mived and
held in the Tgpically, véadtivily aexpeximnts Reace aperfdrmed insasBIRRS® frasreacttiie

| | . by h ' 20C 5 R
hel o 1 otrudRle EntivedhEmion siatlbss SteurBrclr iPeng W 9pBe arimt haidlg e
Feegs gagsmfyst (353-809Hesh) WHS #iRed QpthHmIVBI €56 MeshO ALIASIvVES Vnfiffited) Bind

Li qui dezj, and 5%Ar/ He (199.999% Air 20 Liquide). Standard flow rates were
4: 2: 4: 5held/ ini theofeastorwithrglassowopbn: Readtamy Bewovas sinale paaser Thaasatalysict ed

in the PBBlOPaRS LRI R ding EAREE BB s AR 2 ChelsEle " ©
Zteed t otHdQehfRFdthFe WRFortNEddiRbe® 386PAIH AVRfhd PlecdPkb )jaises firélugsg our,
butane (99.9%, Matheson), oxygen (99.5%, Air Liquide), and 5%Ar/He (99.999%, Air
20  Liquide). Standard flow rates were 4:24:5 mL/min of n-
butane:oxygen:helium/argon:steam. Water was injected to the reactor feed flow via a
syringe pump to form steam. Total pressure in the reactor was atmospheric.
Standard reaction temperature was 380°C.
Feed to the reactor was initiated and allowed to equilibrate for one hour, at
25  which point sampling was initiated. Reported data are the average values for the
second hour on stream. Reactant and product analyses were by GCMS using a HP
GCD Plus with a HP-Plot Q column. Gas analysis was performed online while
oxygenated products were trapped in an ice bath and analyzed offline. Experiments
using ethane (99.99%, Matheson), propane (99.98%, Matheson) and isobutane
30 (99%, Matheson) were performed similarly. For the toluene experiment, the
helium/oxygen reactant was fed through a bubbler containing toluene (99.8%,

Aldrich) at room temperature.
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25 whi ch point sanpling was initiated. Reported data are the average val ues
for the second hour on stream Reactant and product anal yses were by GCVS
using a HPO 0GOS us with a HP-Plot Q colum. Gas anal ysi ecmasopss2Bor ned

online while oxygenated products were trapped in an ice bath and anal yzed

Vet heson) _andUlTeGp A aAdneg Sy BRI, (BRIL drste, BRIORRAY bn BCBART, Oyt
the tol yepeaismpaltiogent (99 986%halin Liglivke) grisorstiort ah?7Kas Stiffdce lareay Iweie

bubbl er contai ni ng tol uene (99 8% Aldrich) at roomtenperature. -15 WO
03/ 039 7d8teruin rygebsating i 4¢&Gar ea neasurenents (BET) were perforned on

a Coul ter Omi sor | 9 ui on at
77K. Surface ar eagleﬁ%g%(fg%g&m ne%gg‘?%@(ﬁ’"ﬁe%gt@ryeg%él%d@o L%%@?g geﬂli;rlcl:t'al
anal ysi Knpwdll@erNor mred by Gal brai t h Laboratories Inc. 5 Knoxville, TN

Preparation of cat al yst and cataly Frecursors are d Schbﬁg l1el ow._ For
conveni ence, ée%ﬁ’i'%IO certplyst ta,ngncﬂgu ¥$ti | R{CFYrSpro@re VRFIOW, ¢ Fipk)

el ement gl dés'asnéﬁﬁmq?%h%ol\égl%h‘*érrhﬁlg% g‘?&ﬂhe&‘ B%%@al él@l’nentald

conveni. ence e'materia entifie containing t
el enent analvsle tapivaty yidldefsagtionalr ambantsy d Adepe rfor rconkenieoopotiiet matendll i

ol 1 oveHenHSq BARATE (oo Moo £ A By, TBRLSBADS of SNEGTVOrF: 1 y

m | hdrmh ?énjrn H{@B&hpeéltl@ﬁ%lwﬁllw\?é{é‘ﬁ@ﬂﬂ@s(NaVO4) were dissolved in
100 mlIli1litTers of dis led water heated to 80 Cwith stirring for 60

m nut esCateglysis andatalysti prgcursorsoware prapared asdollaws:s sol uti on was conbi ned
with a solution of sodi um hydrogen phosphate (Na2HPO4; 7.1 grams; 50 mmol)

that ha ) i »Wat er at room
terrpera?alr?\gg%b?%e’ \?5 °§”g’%$’% %«#f 6’%&’0 éigjcs) M)Un was acidified with
Smllili tersmfsyfmumholeat(eat gdarﬁspl dlusodiumcingtavianadats (Nav0,) weradiesdized red
in color. This solution ned with a solution of sodium20 nolybdate

di hydr ate1 Q(Nm%@ts @h@@tlllgéyvaieghaa@d 19580 rvfrovith stiEinchion Glerinutes.efiesd in
200, i | l’;béﬂnfg;e mqé ey'éatﬁ%g‘émfse%?l\ﬁhéﬁ vfés'.) E&mBRheRt w él‘?%&ﬁﬂpﬁ Va?tslbrdﬁlm

Concent uric iter was added ver y over 90
m nut esh ogéhqarmphatee(dﬂablnm gt grarhg; 50 gonolshatthad be@: piépaseamlnooon
was exot mc and resulted |n a clear bright red solution. D et hg/ gt her
(200 ni mi jlﬁltp{sepg)d|§w§dawat§d atorqoma temperature with stirring.  After the combine

solution was acidified with 5 milliliters of concentrated sulfuric acid, the solution
became dark red in color. This solution was combined with a solution of sodium
20 molybdate dihydrate (Na:MoO42H,0: 133.0 grams; 550 mmol) that had been
prepared in 200 milliliters of distilled water with stirring at room temperature.
Concentrated sulfuric acid (85 milliliters) was added very slowly over 90 minutes to
the combined solutions with vigorous stirring. This addition was exothermic and
resulted in a clear bright red solution. Diethyl ether (200 milliliters) was added to the
25 aqueous solution (300 milliliters) in a separating funnel. After shaking, three layers
formed in the funnel — a top yellow ether layer, an aqueous orange central layer, and
a thick dark red bottom layer, which was a HPA-etherate complex. The remaining
portion of the acidified solution was extracted according to this procedure and the
HPA-etherate layers were combined. Ether was removed from the HPA layer by
30 bubbling air through the layer over night. The resulting thick red syrup was dissolved
in water and recrystallized. Red/orange crystals of 11-molybdo-1-

vandanophosphoric acid were dried overnight at 100 °C (yield: 43.08 grams).
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25 aqueous solution (300 mlliliters) in a separating funnel. After
shaking, three layers forned in the funnel - a top yellow ether |ayer, an
aqueous owerge3ventral |ayer, and a thick dark red bott omCirayser/3s2ehi ch was
a HPA-etherate conplex. The remaining portion of the acidified solution

was ext r gli« his procedure and the HPA-etherate |ayers were
conbi ne@% gaﬂ\/\?‘/g‘éogrg%on{’/%dvfromthe HPA | ayer by 30 bubbling air through

thg | ayer ovFlfobﬁhrghpentg?HoridequbOkg 1.21 gramsd 448 mpmobd swals shssolved in h0wat er
and recrystallized. Re range, crystal.s.of 11-nolybdo-1- vandanophqsphoric
S vemiiliBrebf Ster o bastietogith t FIBIET of Habgols Hramonids M e9ne 845
PCT/ USO IWQP 1\‘;?.\4&) adPALEYe ' i p j i - 1.21
gr ans; él‘e}gﬁ%&%ﬁ) v:/asé\@lllﬂéso ve\galgﬂr?l 10 Verr? W?Pfﬁ@sﬁ@ﬁﬂ{@bgﬁbﬁg@? 'iﬂed

withs 1 aid0-iiliiliter agieaususalutiorn nfroxalimadig dit H4i gremso 1102 sunel)t dihe resulinge
solid, which was covered by filtration. The solid, was di,ssal ved in a
20- i | | Piobflip Qéﬁ'ré‘i oSQlficn | Wrsordsed) vy, (% GPIUYOR 0 20 S, )°§ The
resul ti AYPNMOQVOLER PXa0 ahlilitarh Wf WatenasT sl deshbiedvslutiond wereustirasl ahd 20
grans of  HA{PMb1IVOD40} in 40 mlliliters of water. The conbi ned sol utions

wer e st heated tan80 °Reantddhedigd badrgvaporated|todeave iwadolieagtment eelic tyigldave
an oliv r.een sold el d 52 granms of NbH(PMb11V040)). 1o

Nb H{ pmig%&ﬁ?wfl)ﬁb'ﬁﬁ%ﬁ@my&%‘ T)" An aqueous pyridine solution (1.65
grans (21 mmol) in 10 mlliliters of water) was added dropw se to an

aquePUs NSIHIPMb : OO 23 FGrrorREPMY, WPV 11VO40) in 30 nilliliters of water.
The m xture was dried in air at 70-80C, pelletized usi n& a_press, and
ground and sfB\aHiecysIriginesaltion £1.Rraramsu@Ipymoly ivbd 1libtars of yater)

et 1 e R dfbylich {0 BnPAGRRE ity & S 28 P SV pr(Po! YO8y Rfla0
Phosphomilliftees of watett. (TheDthigureraas dirieddh \aidat 70-80t@ ) pélstizédnising dpeesd] of

20 the solution was then adjusted to 4.4 using |ithium carbonate Li2C33
(0. 5839?”@SFQW”%Sl%Edﬁ‘argﬁ?‘%wsﬂ ion structure. Niobium oxalate was then

For ™5 noUE PONB TSI MERI0” “pyr i dine was then added (0. 216 g) and &
yel | ow preci phegireceduref deswithedf inl ther prepafdtion ahdibiiMedV(pyr) was followed
substituting Ha{PMo011VQO4o} for NbH{PMo4,VO4o}.
PMo+1Nb(pyr)
Phosphomolybdic acid (5.00 g) was dissolved in water (27.4 mL). The pH of
20 the solution was then adjusted to 4.4 using lithium carbonate Li,CO3 (0.583g) to form
a lacunary Keggin ion structure. Niobium oxalate was then prepared as above and
added to the solution. The solution was then stirred for 2 hours to form PMo11NbQg.
Pyridine was then added (0.216 g) and a yellow precipitate was formed, filtered off,
and dried.
25  NbPMoiz(pyr)

Niobium pentachloride (1.210 g) was dissolved in water (10 mL) and the
solution basified by using ammonium hydroxide (0.5 mL). The white precipitate was
removed by filtration and dissolved in oxalic acid (1.008 g in 20 mL water). The
niobium oxalate solution was then slowly added to PMo42 (20 g) (Aldrich Chemical)

30 dissolved in water (40 mL). The mixture was stirred and heated to 80°C until the
liquid had evaporated. An aqueous solution of pyridine (1.645 g in 10 mL water) was

slowly added to a slurry of the niobium polyoxometalate (NbPMo+2) (5.260 g) in water

-17-



25 NbPMb12(pyr) Ni obi um pentachloride (1.210 g) was dissolved in water (10
m.) and the solution basified by using amoni um hydroxide (0.5 nmL). The
white prewbDpBoatres was renoved by filtration and di ssol ve@Cirrusoxsi2ss aci d
(1.008 g in 20 nL water). The niobium oxal ate solution was then slowy

wiced AEAOLR i A P e S Sogleny T

aqueousdryabss ap80W. pyridine (1.645 g in 10 nL vvater) was sl ova y added to
a slurry of the niobium pol yoxonetal ate, (NoPMb12 5 60 i n wat -17

WD 03/ 039745Fwdﬂp8$®@wsﬂzammeelgmrm° Mag%r(M'hh (51082 Gz ﬁlﬁﬁ%'t'%d The

t
rmont G WRES WS RR0SHRRY b A B ERERANGE <Rt TR dhid b e er,
ﬁ0X85 20?_ rf':lle‘lOltu@n fl'hemefsu? t\A@scf(;laengfd cufé?nld ()ﬂgl[b?ag_)i (@1(&)17&6@) rwml addeddgTI;e 5Th
ours e resin was filtered off and oxalic aci . 073. @) .
nol ybdefMahbgearat 8"%‘8?%??'%00/&@%% %&%{j Bﬁ 8'%65&98%‘? @Qiéﬂa s 5&“‘5 g)e
and pyéy'f&dﬁ% ggél‘f ?%o@@o‘feor ﬁPMo?;EﬂVbil?&WumZém%@é‘ iZWBGY. (@092 g)

Zr (S04) solved i n wa nmL) and basifiéd with
anmoni uwaeyﬂssmtveibm Waeew\/(aa mL) mrec basified avitha @mneamived hpgroiidet ride whitand

Sol ut 1 ofesiRarn dFseregin ek B ettt SithnaB R Uik agld B 87 LM 20 f5 ' ©
ML) 10 angafRPPREL At oRiLin pdxalsteneolaﬁéﬁans@dhaﬁ sibare aded toTPMGI120)5 g)
titani um oxal ate Ti (C204) Léo 064 g) was dissolved in water (20 nlL). The

titani udisexluedtie vwaigr {4mladaed W@P@Eﬁi@d ang misine exchanged %ﬁ 3bg¥&edarn
Vaos. ( o A8 v Bkt helio THICHRIS 5005 e Rosita iy 8ARG (40 MEL! THE TS
?(1: i g é)ntltagltfﬂ; ﬁeﬁéﬂ@ wg![egrwdimlo aﬂideg tSCFPNralbijzlo(@eI%gm digze hvaddiadwater PO 12
Cr Plvblzmba af‘anpmﬁlﬂﬁﬁx:chaﬁ%é %Qﬁm\)”i’@‘nowy%‘}a impedgrdsay 4&# {1049 910
) u:?”d whE s AR int Ra W %%‘{iicl)d) m%%zrfb i ‘Aﬁ;cfééi 1(000)333@ 4bid th J«Qte’f‘{b 1 036;?{“"?10

ion was then a I ssol ved I n water 20

pyri di nmLf)xdTMgeldtlothwm(mde)d toSBMoum(‘nﬁ_rg)hdldsolged mmﬂdpem and
e bistanga. "B b U L el o3 LT B8 i el S,
sodi um aegalbeawwxa&lv@%waﬁd(tﬁ&%?aaae@xo bRaEh&H i #fer (0.182 g in 10 mL).
This solution was then added to PMos, (1.5 g) dissolved in water (40 mL) and
20 pyridine exchanged.
NbP2Moqs(pyr)
Sodium monohydrogen phosphate Na;HPO412H,0 (7.14 g) was dissolved in
a mixture of perchloric acid (75 mL) and water (50 mL). The solution was cooled to
20°C. Then a solution of sodium molybdate Na,MoO42H,0 (108.27 g) in water (200
25 mL) was added dropwise to the above solution. The resulting solution was clear
yellow. The solution was allowed to evaporate in air and after two weeks yellow
crystals of NagP,Mo1g0s2 formed. Formation of the Wells-Dawson unit was
confirmed by single crystal diffraction. The crystals were filtered off and proton,
niobium, and pyridine exchanged as above.
30  NbP:Mos(pyr)
Sodium molybdate NaMoO,2H,0O (24.682 g) and sodium dihydrogen
phosphate NaH,PO,2H,0 (6.369 g) were added to 10.5 mL of perchloric acid.

Distilled water was added to increase the total volume to 50 mL and the solution was
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25 nL) was added dropwi se to the above solution. The resulting solution was
clear yellow The solution was allowed to evaporate in air and after two
weeks yelwows/oseystal s of Na6P2Mb18062 forned. Fornati on @®CTiUse2/35235

Vel | s-Dawson unit was confirnmed by single crystal diffraction. The

Chove 5t oab et | TRE fe Qg Soluribh S lbal e ol i wax alidneg |, o
e B D L N A T e e e (o
Do o1 Frermatorat U Siansberd T8 SoRuERS OIS SVt AT TEtoh, el o ai g

di ssol u%do‘?ﬁ'm fORR \&é‘sstﬂegd' BShvitedt 1004 Wash&ididible 1o BPdiddofin .098'9?‘4‘@‘1 to

evaporate In air and after two weeks clear” crystals of Na6PZMb5C23 f or med.
For reat i 200 nulf witer Sd addingr Dowext50x8s2 b it exahdingg resing(1e5€7 w3 taaid stirring

i ssol VPR 8ot 397 ast BB PMERas or i acaiavay HBED SEALAE saes’ ™ Y

exchangg,yseguBnfly niblud)arRNgyridiné b&@l@anqw adabBve. SabirtyofNadHARHINRE 3.
The resin was filtered off and the sanple subsequently niobium and

pyri di nénitthriesghedt the spothesisspeaserirs, wars eorfirgiada RYHBEgPresanee t‘ﬁr%tjaﬂout
t he syn I I I jrmed by the presence of a 31 P NWR peak
at appr%&ﬁhé%‘??ijésrg%%ﬁn%@h%%apyr) The procedure of GIli et al. was

adaqy edNbMogy#) di ne. An aqueous sol ution of pyridine (1.931 g in 120 nL

of distilled water) was added to an aqueous suspension of MQO3 .213 g of
MbO3 i n 1800The peecaduse iof &k ehal- avas agﬂréteﬁifs?f avgglmss maﬂgeousjﬁa@w | ux

Cth stirri ) . £ ‘
sol ut oby (L9318 Y5 i BF URGG i) Shaspdided B8 dchieBUE CusiORtipD e
to st andf Mo®;ni3ght3 gvdfeMe@adn E80bhimleopdistiigrl water).f dlrhvee thixtGEHBISI) REaNE8026) .

Th t al Filt , hed w th ter, d dri.ed. P .
G Tt acdndar e velk Stimogion e ARt caplectin Gt ice alfcantd ifgredt - i Bolutien the
sanp e yas thdeReicy 1668 thanges retanrBexSoratdt AP AIGEEN 9% istar’C bernight

H3{ PMb1240) "PM)12" 20 Sodi um hydrogen phosphate di hydrate Na2HPO4. 2H2O
(7. 14g) whersupossowhide precipitateiferoed (GsHqH)a(MeeQ2s). athel crystais weda diltaeader

(20r  waRE0s BB o ir B8 P RRER AREYER oGHER BBk ' o
al | onedthoge &f MSC@tEn bhalki Thedyahpenas tertlaipbiunh eRéhanged as above.
Molydophosphoric acid H3{PMo12040} “PMo+2”
20 Sodium hydrogenphosphate dihydrate Na,HPO,.2H,O (7.14g) was dissolved
in a mixture of perchloric acid (73ml) and water (20ml). Then a solution of sodium
molybdate Na,Mo0Q,.2H,0 (108g) in water (200ml) was added dropwise to the above
solution at 20°C. The solution was allowed to evaporate in air over several days after
which orange crystals of H3{PMo42040} were obtained. Other preparation procedures
25 are found in Inorg. Chem. (1983) 22, 207 and J. Catal. (1994) 146, 491, incorporated

by reference herein.

NbH{PMo1,04¢} “NbPMo1,"
The procedure described in the preparation of NbMo¢,V was followed,
substituting H3{PMO12040} for H4{PMO11VO40}.
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whi ch orange crystals of H3{PMb12Q40} were obtained. Ot her preparation
procedures 25 are found in Inorg. Chem (1983) 22, 207 and J. Catal. (1994)
146, 491,woneosgies ated by reference herein. NoH{ PMo12O40PCTNISPMBRR2S The
procedure described in the preparation of NoMo1l1lV was fol |l owed,

substit 04 H4{ PIVbllVO40}. -19 WD 03/ 039745

PCT/ USO Méyﬁ%@g@% %}Y(prr) "PMo 12(pyr)" The procedure described in the
preparation he é((dwc}lbéaanfthél prepdrationbot NbRMaigV (i3f)Pias 20H6Wed or
NoH{ PMb" VO40} . 'dx{Hf:’PNbl 2040 b%fp NoPMb12(pyr)" 5 The procedure descri bed

in the peesttiting l{PMon® P![ MowdQ«ot-ol | owed substituting
NoH{ Pl\/b12040} for NbH(PMb11V040). Phosphonol ybdic acid was purchased from

Al dri chyp zm‘%gﬁ%,,?@}whpry@%%, 2210 g) was dissolved in water (10 i)

and the so ut| g amoni um hydroxide (0.5 nL). The white
precs pitate Tae precedrd d};sdrlbbdrlattherpr&parailoglsoﬁ b Mo 1 ) waacflodiowed 008 ¢

in 20 n 1 t t th l,.Q d t
P12 (3esiting suorRionsiah: B “NBREHC Mol i EFBRIHEEVBYR, i HES
heat ed b@rcﬁQgedﬂﬂ*oM Allchﬂ:h |N|sblimah antaeMRPEEH &0 g\ﬁwagtmg&vaplmwgm (cvo
pyridine (1.645 I n m. water) was slowy added to a slurr

ni obi urrmbxblquxttmsduaﬂé kasifimdblby)usi agung)iuim hygroxide (&B6 mL)- d"ef Wlhﬁgan

d
arynescPErtiGE WATEReCHP AR 46 RShlyeln ae P ?‘}J"?éa@f f 25t
dehygr avatel)li (TRO4nioBidad; O)Qalété4sqluam)waaSthénssloWhﬁ@dldedltb AMbIa (20 ep)s of
wat er and added slowy to a solution of grams of H3{PMp12Q40} in 10

g il :ﬂ@ﬁ@'vé‘ﬂ inavater (%én'ebnﬂ'lhﬁe@"g@ﬂ%W?érﬂ"WQr @ngtheﬁt t%trg@ fredtddheo 80
t |
€ o 11 20 A RO g IO g1

(0. 25 nglbiMy addedio amslum ef theiobiuhi polyexsetaldte (NbchMmd) (326@ gp rowatezd

with stirring at 80C. . YH( PWbl 2040) ( PYr)_" YPM "Yttirjumnitrate
ey oy FA LY 48 a5 8 BPEScIBe F50c i) TS e BhG SHTRH A SBRpORERID: ¢ or s
of te slowy to a solution of 0.75 grans of H3{PM12(40} in 10
ml}{? @gﬂ@gsgﬂ\%gf%r The conbi ned sol utions were stirred and heated to 80
C unti I t he

TiH{PMo12040}(pyr) “TiPMo12(pyr)”

Titanium oxalate dehydrate (Ti(C204).2H,0; 0.064 grams) was dissolved in 10

milliliters of water and added slowly to a solution of 0.75 grams of H3{PM01204¢} in 10
milliliters of water. The combined solutions were stirred and heated to 80 °C until the

20 liquid had evaporated. Water (10 milliliters) was added to the resulting solid with
stirring, followed by a solution of pyridine (0.25 milliliters) in water (5 milliliters). The

liquid was evaporated with stirring at 80°C.

YH{PMo120.40}(pyr) “YPMo12(pyr)”
Yttirium nitrate hexahydrate (Y(NO3)3;.6H,0; 0.097 grams) was dissolved in 10
25  milliliters of water and added slowly to a solution of 0.75 grams of H3{PMo012040} in 10
milliliters of water. The combined solutions were stirred and heated to 80 °C until the
liquid had evaporated. Water (10 milliliters) was added to the resulting solid with
stirring, followed by a solution of pyridine (0.25 milliliters) in water (5 milliliters). The

liquid was evaporated with stirring at 80°C.
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liquid had evaporated. Water (10 mlliliters) was added to the resulting
solid with stirring, followed by a solution of pyridine (0.25 mlliliters)
in water Woosiobd7us iters). The |iquid was evaporated w t hPETIuUSO2/8335t 80C.
-20 WD 03/039745 PCT/ US02/ 35235 CeH(PMb12040) (pyr) "CePMol 2(pyr)"™ Ammoni um

cerium Al 6, 2276 grams) was dissolved in 10

millil i@g%ﬁéﬁ”{ﬁéﬁf’%}ég@g%gpgpow y to a solution of 1.52 grans of

H3{ PM>12040} Ahindfluniédriunh hitets (MH»@m@(Nogm.zmrg'ramsb was dissohvedvier®
stirred and heated to 80 C until the 5 Il uiéi Eﬁd evapar &lg . ter 0

mi | 1i | i mdlilgerseiwaienand pdded slovdy ke @ s ' tgfqam§tqf,l-? @'013 o} by a
solutio I I dres, 1"

qui o DUBeREE i corRbinetisdSiens ey e gaiss b ATIS Lnti iR,

12( pyr) liquidnhadievapoerdtde. (tes (1@nisRers) Nmnsaddm‘modhheaebuledg ISOlId.OJIth
mlliliters of water 1o and a?ldedto xal | ;i cid sol uti é%é?ln 10 m
wat er) . SWHBQS@F'Q‘{V?@@Y\@%O'HH%S lé”‘i‘i(/\F Jndlilidey N‘Hﬁt%f(1§"§ 8‘@ B

H3{ PMb1l I& b The corrbl ned sol utions were

stir redﬁqﬂ?ﬁ(g%g;%véagaof%t% '@ ngfat‘ﬁﬁ (?l quid had evaporated. Water (10
mlliliters) was added to the resulting solid with stirring, followed by a
sol ut i oGrigfPMy 1. Odbjeyr{ CCrEMoL{or)"t ers) in water (10 mlliliters). The

VD12 pyr ) CPURTAR GHRBACHRs (48686 SiptsByas AlsrolVeri T TONYR P pigs
mllgl 'éﬁ@deé WbRalic 494 seﬂﬁ@ﬂ (bOl a%ﬁh'ﬂ) ﬁi‘lwﬂtér?"mé chuu{.&n h3@5ded 10

wat er) eso ution was ad to a solution of 1.5 grans of

H3{ P\b 151040y} ta & salbtionof 1115 gms of I-Imml\éwom}en 20 rodititeraed vzﬂiemeS wer e

t d heat ed. to 80 C t WAt 0
T L eanenerasiaBavers siited and PEateg st & Snfi BRI Han YeheBia by a
sol uti OWaﬂfar P inlfilREr 3 Qfa'é éHdeJd' tb'thérrééultug%‘é@ﬁd?ﬂvlth %ﬂrriﬁzddlféﬂdv&eﬁf Bya The

I|qU|d was evapor at e stirrin (pyr)
Zr PI\/lecélpyor) of pmﬁnemﬁumﬂmwﬁi mwate@t(i@nymht@rsé (Iaedlgow)\gaaaz@por@t@%

Wﬁﬁﬁglssmﬁ—@% in 10 mlliliters of water and 1 mlliliter of
aqué‘%us HiNgh#t8Coxi de added to the solution to precipitate a solid,
whi ch was recovered by filtration. The solid was dissolved in a

10- mi || iHPRo,Z0U48BYS “vPMB L@)ref oxalic acid (0.1138 grams). The
resul ting solution was added Sl OV\Ag/ to a solution of 1.5 grans of
H3{ PMb12040} Vanadigm oxide (V20s, 0.1365 grams) was dissolved in 10 milliliters of water
and added to oxalic acid solution (0.1365g in 10 ml water). The solution was added
slowly to a solution of 1.5 grams of H3{PM012,040} in 10 milliliters of water. The
20 combined solutions were stirred and heated to 80 °C until the liquid had evaporated.
Water (10 milliliters) was added to the resulting solid with stirring, followed by a
solution of pyridine (0.5 milliliters) in water (10 milliliters). The liquid was evaporated

with stirring at 80°C.

ZrH{PMo12040}(pyr) “ZrPMo12(pyr)”

25 Zirconium sulfate tetrahydrate (Zr(SO,)..4H,0; 0.1796 grams) was dissolved
in 10 milliliters of water and 1 milliliter of aqueous ammonium hydroxide added to the
solution to precipitate a solid, which was recovered by filtration. The solid was
dissolved in a 10-milliliter agueous solution of oxalic acid (0.1138 grams). The
resulting solution was added slowly to a solution of 1.5 grams of H3{PMo012040} in 10

30 milliliters of water. The combined solutions were stirred and heated to 80 °C until the

liquid had evaporated. The solid was rehydrated (10 milliliters of water) and an
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30 milliliters of water. The conbi ned solutions were stirred and heated to
80 Cuntil the [Iliquid had evaporated. The solid was rehydrated (10
mlliliteweoof3mser) and an -21 WO 03/039745 PCT/ US02/ 3528%/USaz8f2681s
pyridine solution (0.5 granms in 10 mlliliters of water) was added dropw se

to t h%@é@.}ér@r@rﬁ@sélh ibh rﬂ@gﬁ{gﬂﬁ {1 10U nHiNES &W?@%&da%éa"dlﬁdméé Ry at

80C. Li eparalo | om ng materi a wer e

accor di fhe rhixtdreavith s@dingi The aqwde/vaéevaﬁc&ammrsh stifringi at@pegor at ed by
reference herein. Bi P Mb12040 Ai, M, 8th International Congress on

Catal ysis, Berlin, DECHEMA, 1984 5, 475 H5P Nb12V2040 Centi, G, Lena,
V. Trikiterature Preppisdionsh. D, . Ai ssi . Guel t on, . Bonnelle, J. P.,

J. Chem Socrp& afo"ﬂ%?ﬂq rﬂﬂfé{z?ls r@g%er%d %é@?‘d ry)ﬁevw citdd Tidrahaehi .

X. Tu, T. Hrose oagosei S. Patent 6,060,422,
20006 Mefdieheas all incistpckated, bwefenammleaemv Koyasu, S. W4ji ki (Mtsublshi

Kasei ), U S. _Patent_ 5,380, 933,, 1 il P 11VA0) ( un D. Suh
W Han, @?Meﬂé?ﬂo Catgf %qsé@tgm Cfsﬂ,'a 9“9‘3E§a§5 geta%sds C%r%lmﬂatwe
Runs Exarrpl es 1-4 - Oorrpar@ECyLEm;qnqsgg%(s,Mgerl es of experinents was
performed in which propane was oxi di zed using 20 varylng cat al yst

materials. |HsRPMaeVeQper i Genti,sG. d-angdrbcdribion Ep r PehAissi, C. F.,
- t t | yst
malorial At 380Cal a spacioblibAle Popnelebd T Fh%ﬁf"%@%é%ﬂ%’%?ga "

resiglence tinme in the reafdggy, 8699%75)f 0.42 seconds). The reactant ratios
were C3/02/He/ H20 = 4/ 2/4/5._ Products were_determ ned bé o/ M5, 25 For
activation oMoSRY/Nh®Ral ystMpriakahashi, %ol Hd TeiliEpseyt Morlsbii{d8aessll et zed,

ground and sieved to 35- G%ggsb)§vp§t§§{§ 642? Qrobpact or tube and heat ed

from roomtenperature to m n’ under tlow ng heliumat 30
mM/mn and NeMNTe®d at T2A0Shikawo,H Nakamera, Th&dyaspeSaWajiki (Mdisubeshieased

over one hour to the tenperatur x ion reaction is

carried out. 30 Each cat allgéft héf@r%’arhﬂx&g%ﬁ%ﬁ s descri bed above and

eachy had beegsFe(PMo(1VO4) (N. Mizuno, D. Suh, W. Han, T. Kudo, Appl. Catal. A,
1996, 114, 309.)

Examples and Comparative Runs
Examples 1-4 — Comparative Runs A-C
A series of experiments was performed in which propane was oxidized using

20 varying catalyst materials. In these experiments, a hydrocarbon (propane) rich,
oxygen-containing gas stream was passed through a tube containing catalyst
material at 380°C at a space velocity of 9,000 I/I/h (corresponding to a residence time
in the reactor tube of 0.42 seconds). The reactant ratios were C3/O,/He/H,O =
4/2/4/5. Products were determined by GC/MS.

25 For activation of the catalyst precursor, solid catalyst precursor (pelletized,
ground and sieved to 35-60 mesh) was placed in a reactor tube and heated from
room temperature to 420°C at 1.33°C/min under flowing helium at 30 ml/min and
maintained at 420°C for six hours. The temperature was decreased over one hour to
the temperature at which the oxidation reaction is carried out.

30 Each catalyst material was prepared as described above and each had been
processed through the activation procedure also as described above before oxidation

of propane. The results are shown in Table 1.
22



processed through the activation procedure also as descri bed above before
The results are shown in Table 1.
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of propane.
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4'5(06) Spa Ex. (1{0116h) (
&g n'F JL W\ /\r\ F5A ,I_\vl_\\ }\VII'I_\\ A I\
83 = propane; CyOx = Cd + COz C
AA acrylic acid

A
2 = ethylene; C; = propylene; Ac = acetic acid,
! gas velocity = 36

2STY(mmo! min
(C3/02/He/H0);

§a d
395C ltslare “ﬁgwn
GHS

ng—n—

but at
Tabl e 2
( ol

000 IN/h; reS|dence tlme 0.10 seconds;
g of catalyst) ) *Flow rates 8:4:810 mL min”
Flow rates: 32:16:32:40 mL min™(C3/O2/He/H20)

-

Maleic acid (MA) was observed in the liquid product for both NbHPMo01204¢
(pyr) and NbHPMo11VO4o(pyr).
(STY) for MA was 0.197 (selectivity = 21%) and 0.143 mmol min'1(g of catalyst)™”

If MA is included in calculations, the space time yield

10 (selectivity = 156%), respectively
Examples 5-6
Another series of experiments was conducted in which propylene was oxidized
using NbPMo41V(pyr) as the catalyst material precursor at oxidizing conditions as
described above, but at 395°C and varying gas velocities. Results are shown in
15 Table 2.
Table 2
GHSYV | Conversion Selectivity (%) Space time yleld
Ex. | (I//h) (%) (mmol min™(g of
catalyst)™)
C; O, |COx C; Ac PA AA MA AA MA
9000 27 100 | 594 53|84| 55| 7.8 | 10.1 | 0.0245 | 0.0237
6 36,000 | 29 88 |426|32|148| 45 (115|209 | 0.128 | 0.176

CO,=CO + CO,; C; = ethylene; C; = propylene; Ac = acetic acid; AA = acrylic acid
PA = propionic acid; MA = maleic acid
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5 9000 27 100 59.4 5.3 8.4 5.5 7.8 10.1 0.0245 0.0237 6 36,000 29 88 42.6
3.2 14.8 4.5 11.5 20.9 0.128 0.176 COX = CO + C02; C2 =ethylene; C3 =
propyl enewoOAg/0397ateti c acid; AA = acrylic acid PA = propiPpomiusozsizay MA =
mal eic acid -23 WD 03/039745 PCT/ US02/ 35235 As observed in Table 2, maleic
aci d was for REGgsBn}; egi mwslleyz hﬂnare.dlaelodwtaéqmrﬁéenuIre&ﬂvwmgw@a fRyrRduct s
I ncl udi ng acetic acid, acrylic acid, propionic acid, "together with
smal | erpmplylem&ewrblﬁ qmlnelppnmductsr mphuldmg, aeetlma@d acoylie acﬁycﬂﬂﬁbeﬁﬂp@mﬁ@md and

cyclope on ur rivative e

7 | r CgeliasanihamaTEEamguhisGe roba88 kA ah o Flen LiheE ORI Rend,
condi ti gRg cyabaent%nd&ﬁiérseh@is hidrdr e aeﬁf/at.\;égl ahd FFadom&s Ihhesipdilamary
product, acetic acid and ot her products found in propyl ene

oxi dat i expermemtpu@ng ligwichio? thexadieper fieednunggropaaen leapceqpditionsedsing ahe

or g1 nesalraPE et RS riaRle Al Wi HiimaQTILATRE diHed B Sbicied
sanpl esand oﬂﬁr}&d@yctﬁmmbsmbpylbnemdhtbﬁwbll\/) was exchanged with

zi rconi um and vanadi um i ons, excess p ridi [g added, and used as a propane
oxi dation catal yst (after activation) é%mH €ribed above. Also, a

convent i onal | VRO ﬁ% Cg%ﬁér}fﬁ% 2@5@1 d%% begsdd agstlfea%gdﬁz&. NM

i ncor por at ednby refere use ina simlar propane om%ation
exper i mamalysiBes tthé praduetsbanfirmied thabinalec aifmbdnmlﬁatéd/frdﬂatﬂaze grHpantonver -

Selectlwty(% Space tine yiLeld ly, I/I/h) n (mmol mn-1cg of
(% catalyst)" ) C3 02 COx é@n@plggﬁ 7:/5%15 O 9000 2 10 16.3 0

42.3 15.2112f 11.8
115 0.3 6. 160100 8 0 2500 1 B og 4 3P E 5@5@%@“’6@“@9“% o608 -

CO + Cowith @ircenigmandneanagium ipnepgxeass; pysidine addedcandiused/as a RIOPFNEC

acid PA 9?§3 [on! g?ﬂ’{ﬁ(ié%ﬁ?g af%tlonsr%sebgs&(ﬂe% 200, AL, FAMREAVERENA VPG

VPMo11VPH
15  catalyst, such as described in US 4,647,673 incorporated by reference therein, was

used in a similar propane oxidation experiment. Results are shown in Table 3.

Table 3
Ex/ | Catay GHSV [Conver- Selectivity (%) Space time yleld
Run| lyst| (I/i/h) | sion (mmol min sg of
(%) catalyst) )

C, 02/ COx C; C; Ac AA MA AA MA
VPO| 9000 | 2| 10[16.3] 0 [42.3[15.2[12.6] 12.2 | 3.35x10” | 2.43x10”
Zr 4500 | 10| 6760.73.8] 2.4 9.5 |11.8/ 11.5 | 8.44x10” | 6.16x10”
9 |v [4500 | 12| 4|92[3.9/67.0(129/64 0 | 6.5x10” 0

CO, = CO + CO,; C; = ethylene; C; = propylene; Ac = acetic acid; AA = acrylic acid
PA = propionic acid; MA = maleic acid
20 Zr = ZrPMo+1V(pyr); V = VPMo11V(pyr)
Examples 10-12
Another series of experiments was conducted in which propane was oxidized
using NbP;Moq;V(pyr) (Wells-Dawson structure) {in Examples 13-15} and
NbPMo+4V(pyr) (Keggin structure) {in Examples 10-12} as the catalyst material
25  precursors using activation and reaction conditions as described for Example 1, but
at a reaction temperature of 355°C (except 295°C for Ex. 12) and varying gas

velocities. Results are shown in Table 4.
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Anot her series of experinents was conducted in which propane was oxidi zed
usi ng NoP2Mo17V(pyr) (Wells-Dawson structure) {in Exanples 13-15} and
NoPMb11V(Wworop/oKedgi n structure) {in Exanples 10-12} as t Ir€TaA®m0AB3233
material 25 precursors using activation and reaction conditions as
described for Exanple 1, but at a reae‘rgt)%ndfterrper ature of 355C (except

295C for Ex. 12) and varying gas vel ocCi
- 24 WO (BY/ORSHIG PCdiVepAésb235 Tabeledtifty (AFISV Conver sSpacSthecyieM t
(%9 Spad fC3
COX C z 0 28
0.071 0.027|0. 081 1 48Q00 96 27.8.1.6,1.4 .9 .2 : 30 . 2
0.542 12 48000 3 28™30 386. 7 6.4 : 8q.32 GA%O 1}%. 7@7&0 Oéé 031 %'YI%
100002
10.7 1. 6-06-5 ——43-—5++49 —0-
19.6 36,2 2HEP09" 15400| % 0 216Y |1
propyl eng ABOOOACETS C| agg d

maleic acid{2 r=0 5
series ¢f3 o{iGDAOr on85usi 9y N-18A &

sel ecti op—ot—paterial—u hS—a—tataryst—Abi tthe O RS HSE
and ope14at ‘@@9383& Ma-@; 1?]97‘ egldét @ci @Qt%r ‘4?§'i 33@10@7 )(;6% Q2D"9:
4:2:4: 5.4551 YLobbo%S 2§e baog4 edl 1alo “l%‘z? Mo eso ¢/ 21388 abs53PVE-18400 P0Y | BaMEy
nmeasur eq_at | hi gher | es. Table 5 n- bu Xi da

IesS. Results are shown in Tabl
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m xt ure of M@Pgogﬁ% aEiPOMNmmgiéi i§\Nb205) and pyridine, and a
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convent i onal _
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such as described in U S. Patent 4,647,673,
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S
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reflUxi ng MoB and pyridine in water, followed by renpval of the water in

vacuo and then alloved to siandel 96-2Y C1CUMPAratild RupiBUP! ybdat e was
subsequent |y

10

15

A series of oxidations using n-butane as a feedstock was conducted with a
selection of material used as a catalyst. A packed tube reactor was used and
operated at 380°C with the feedstock molar ratios of C4:0;:He:H,0 = 4:2:4:5. STY
was reported at the highest value at 380°C and may have been measured at higher
flow rates. Table 5 shows n-butane oxidation results using as a selection of
materials as catalysts including MoO3;, a physical mixture of MoO3;, V;0s, niobium
oxide (Nb2Os) and pyridine, and a conventional VPO catalyst such as described in
U.S. Patent 4,647,673, incorporated by reference herein. The octamolybdate was
made by refluxing MoO; and pyridine in water, followed by removal of the water in
vacuo and then allowed to stand for overnight. The octamolybdate was subsequently

exchanged with niobium using the procedure described in Example 1.
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exchanged wi th ni obium using the procedure described in Exanple 1. -25 WO
03/ 039745 PCT/ US02/ 35235 Table 5 Ex/ Conversion Selectivity (%9 STY Run
Cat al yst W#)03049762 CO CO2 Ac A A VA D MbG3 0.7 20 84 11 2. £CH/US09352B5
Physical M xture 12 95 22 38 18 3 20 0.017 16 NoPMb12 3 32 7 6 7 2 70
0.017 17 PMD12(pyr) 13.5 89 5 9 3 1 83,08 18 PMD12(pyr) 7 55 46 41
83 0.054 19 NoPMbl1l2pyr 15* 100 9 16 3 i hla'z 0 085 20 NbPMD12pyr 15 100 2 3

3 190 0.BY P1 NoPMD12pyrCéAvérsion B 4 1 8Sefectiity @8)'PM11V D.ST¥ 9 23 17 -
50 1.6X1Q8un 2P NgAERLY 0.4 9B 11 19 4 25 6.3x10 24 PMbllypyr 13.5 90 2
11752 75 0 obgregr P S 9@% O B A e ovpylr 13 83
15 12 1n§4 59 e bdg‘vpyqu, P2 2178 O34 ue Phb11Vpyr
9 75 1046 1?%3’&%?3(')"‘475’9?‘3 31 2NhNiRa0p69%r | 15899 18 32 302287 SoF 32
CrPVD12(Hr) LNbBMau 23 4 B 5532 0067 3B cﬁpme(pyra 6 48 F 0112 |2 81
0.23 3417:/5559@W5()pyr)14 913%4_Zb 3| 3553 0.945[ 35 |VPMO12§2y[0.08%] 22 54
0 064 BB roPVEHOW 151180 1558 1Fod oo 56 Kool ol F C0Sh 17 12 13
49 0.56 190 zf MFMIeRY) 1551co1Q@ 89 p 46 0. 086 | 1 | 727| 0.085

20 NbPMoypyr* | 15 | 100 | 2 3 3| 1 ]9 | 085

21 NbPMopyr™ | 14 | 91 2 3 4 1 |1 89 | 076

22 PMo1;V 05] 9 9 23 [ 17 | - | 50 [1.6x10°

23 NbPMo1;V 04| 9 31 11 [ 19 | 4 | 25 6.3x10™

24 PMo41Vpyr 13.5] 90 2 3 3 1 | 90 | 0.11

25 PMo+1Vpyr® 2 | 29 7 9 4 1 | 78 | 0.013

26 NbPMoVpyr | 15°| 100 | 5 11 5 2 | 76 | 0.090

27 NbPMo+Vpyr' | 14| 95 4 5 5 3 | 80 | 0.76

28 NbPMoiVpyr**| 13| 83 15 12 | 10 | 4 | 59 | 0.56

29  NbPMoyVpyr® | 15°| 95 9 15 | 11| 3 | 62 | 0.14

30 NbPMoyVpyr” | 9] 75 | 10 | 16 | 12 | 2 [ 60 | 0.033

31 NbMogOoepyr | 15°] 99 | 18 | 32 | 10 | 2 | 37 | 0.16

32 CrPMos(pyr) | 14| 96 | 14 | 23 4 3 | 55 | 0.096

33 CrPMoq2(pyr)° | 6 | 43 5 10 | 2 | 2 | 81 ] 023

34 VPMoq(pyr) | 14| 91 14 | 21 3 3 | 53 | 0.045

35 VPMo1z(pyr)° 7 | 61 22" 54 | 0.17

36 MoPMoo(pyr) | 7 | 51 11" 79 | 0.38

37 NbPMoq(pyr) | 15°| 100 | 8 14 3 1 | 71 | 0.084

38 NbPMos2(pyn)* | 15| 100 59 | 3 1 | 90 | 0.84

39 NbPMo12(pyr)''| 9 | 60 17% | 12 | 13 | 49 | 0.56

40 ZrPMoya(pyr) | 15°| 100 | 18 | 28 4 2 | 47 | 0.056

41 ZrPMoso(pyr)” | 7 | 41 4 5 5 2 | 83 | 017

42 CePMoy(pyr) | 11| 70 2 4 12 | 4 | 78 | 0.065

43 TiPMoq(pyr) | 15°| 100 | 15 17 5 2 | 60 | 0.071

44 TiPMo2(pyr)° | 8 | 60 | 11 13 4 2 | 69 | 0.39

45 YPMo12(pyr) 14| 92 7 14 3 2 | 74 | 0.08

F VPO 2 | 41 14 | 22 5 2 | 57 | 0.014

'Ac = acetic acid; AA = acryllc acid; MA = maleic acid; “STY = Space Time Yield (mmol

min™'(g or catalyst)”) of MA; °Reaction temperature = 340°C; *Flow rate = 32:16:32:40

(ml/min); °Theoretical maximum conversion; other carbon conversions based on total
5 products formed.

°Flow rate = 8:4:8:10; "Reaction temperature = 300°C; *Flow rate = 27:16:32:40

®Flow rate = 16:8:16:20; '°CO,; ''Flow rate = 64:32:64.80;
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41 ZrPM12(pyr) 7 41 4 55 2 83 0.17 42 CePM12(pyr) 11 70 2 4 12 4 78
0.065 43 T1PMD12(pyr) 15 100 15 17 5 2 60 0.071 44 Ti PM12(pyr) 8 60 11
13 4 2 69W0.03839745 YPMb12(pyr) 14 92 7 14 3 2 74 0.08 F VYPOUR#HIs233 22 5 2
57 0.014 1Ac = acetic acid; AA = acrylic acid; MA = nmaleic acid; 2STY =
Space Tine Yield (mol mn-'(g or cgkshyrek)ds-510f MA, 3Reaction tenperature
= 340C, 4Flow rate = 32:16:32:40 (m/mn); 5Theoretical maxi num

conversi on; lot heothearéxperiownieths delativeardowntst of Riobiwn pard ryiirfeo Wese .

57 36, s i DgPMee(Rin; fapd SRS, SaeSe catdiSts, et HibBaB iy dan o6
WO 03/ 03Q4mggTtHeSEedirlamouRk afNbesnd hérl abdingnetdess mridiid. nFherefores

rel ati ve anount's of niobium and pyridine were varied.in a NbPI\/blZ(@gg)
h

based cenerl yhoughTioneesample yass copletelyepxehamasy WER NexeyeHdigenglse

desired_a t ' ji r n
though BREethrHie ERPRONBIRSP (s e HEST T ey ARG Rapaf of M6
plrlese][ltoﬁa'[@l% eRoiariged 1Y pyastonatwith i pyridires ttheor extdhaabinga fere thees semanjng hat

all of the Nb oxal ate exchanges for protons wth pyridine then exchangi ng
for thePloteRs. niPxjdatipn obisbuigheqwas @PCF?-‘f)HF@HeOv@aQ gfjoﬁa@&sg@qﬁpﬂ}fro_ 1 g
of cata .. and _qt 2conei td sqd ri lhn 1l patrgpore I on
terrpera#cﬁfcét'c(?;rig 0gtgg\i\%r{br(‘;g(alg-l f!ée)ééy(jﬁz‘?lgc& %Sg%t Lér)agc‘{‘iﬁ)gttlegﬁ%r%@glﬁ% 2?3.8®R%sﬁvﬁ§]s are
shoyn ifeelistdck rhixfure rbtid and:4i5daResults ate steownrimTéblevé taorlitane ogidation
(32:16:32:40) at 380C. Table 6 Conversion Selectivity (%9 Ex. No/P Pyr/P
Nb/ pyr abgagimum flionocarditams (R2: 1953214028t 889°@G. 5 0. 015 4 38 19 15 6 3° 55

0.17 47 0.25 5.75 0.04 11 75 17 21 6 4 50 0.47 48 0.5 4.5 0.5 12 82 16 17
5356 0.93 49 1.0 2.0 0.5 10 56 12 12 5 3 68 0.66 50 1.17 1.17 1.0 6 51

13 16 5 4 59 0. 36 Table 6
Conversion Selectivity (%)’ ,
Ex. | Nb/P | Pyr/P | Nb/pyr (%) STY
C O CO CO, Ac AA MA
46 0.1 6.5 0.015 4 38 19 15 6 3 | 55| 0.17
47 0.25 575 0.04 1 75 17 21 6 4 50| 0.47
48 0.5 4.5 0.5 12 82 16 17 5 3 | 56| 0.93
49 1.0 2.0 0.5 10 56 12 12 5 3 (68| 066
50 1.17 1.17 1.0 6 51 13 16 5 4 | 59| 0.36
51 1.4 0 - 6 42 8 11 5 4 |70 | 0.36
'Ac = acetic acid; AA = acrylic acid; MA = maleic acid
15 2STY = Space Time Yield (mmol min™(g or catalyst)™') of MA;

Examples 52-62 — Comparative Runs G-H
In another series of n-butane oxidation experiments, flow conditions were
20 varied for a NbPMo4,V(pyr) based catalyst and a VPO catalyst. Results are shown in
Table 7.
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51 1.4 0 - 6 42 8 11 54 70 0.36 'Ac = acetic acid; AA = acrylic acid; MA
= maleic acid 15 2STY = Space Tine Yield (mol mn-' (g or catalyst)-') of
MA;, ExarpbDes/os4%2 - Conparative Runs G H I n anot her seriP€3/usb2/s52But ane
oxi dation experinments, flow conditions were 20 varied for a NoPM)12V(pyr)
based catal yst and a VPO catal yst. Resghpg are shown in Table 7. -27 WO
03/ 039745 PCT/ US02/ 35235 Table 7 Conver- Fx/ Catalyst Tenp Elow sion (%

SelectivVity (%1 STY2 Run(C) (m/h‘sionyere CO C» ACAAI\QAGVPOBS
4:2: 4: 5| 2E4L | Catalyst T’én't'p7 0 |SI§®(%3O 2: 18 Sefeddivily 6%2 - 59 (4ST Y34
1. 4x10" | @RanNWpr 30Q-@H]8 "8 .8 27 11/ 23 6 2 50 0.064 53 NMVpr 300
16:16:16:20 8.7 25 9 17 6 ém DY, 114 ¢ 54 g\ moso@oga Rcl6aR0MAl 62 14| 19
17 1 50(0.037 55 NWpr 300 1:10:35:5 29 3 1°44 6 _Ax1Q- 56 NWpr| 340
1:10: 35| & 62 |6 VPO _ ()380 14484%, 019 57 mwpr14343 22 10:85 2 635781 8014 1 41
0.030 58 NMprg 240-8-419: 1014 o —+31-62-0- 1A 50 TNWir4- 308
4:2:4: 5|8 75]26VR9 >3§B 0208768 MNP/ﬁ4L?42o 56: 129 256 8 ?:3931"5 _-gfﬁ 73 3
68 2. 37 55T NN 33002] 48:8/96:203. 3.8 470 491 9] 231 6 6x 0| 3% |(6)06440
32:16:32:40_13.5 90{5 4 1 89 0.76 =act|c hei d; | AA = agrylilc acid, MA
= mal ei (53Aci dNM!\aTn‘? 303p£6e16|.'|16ﬁ0\ri él7d 28npl Omi p-t g & c@tal@bt)ﬂ )4 of MA;
3NWpr +NoMbIRpwuri)-—40-99-g ,Mtauis& p—ENEPNB 2 (Y5 S
63- 68 | P4anof Wé’gr 300 ()fmg(z@?pn 6ox dﬁi Jnyr%f E?bu%ﬁar GSQ/W 695;Zduct ed
with cERTYSNMPEE] 308! ¢9:10985 Vany ng3cond't ®A38 Uy ng 1t hesq e@gk oo
descri bed above. .

56 NMVpr® | 340 |1:10:35:5 | 62 | 61 50°| 4 | 1|46 | 0.019

57 NMVpr® | 340 |2:10:35:5 | 63 | 81 54° | 4 | 1 | 41| 0.030

58 NMVpr®| 340 | 8:4:8:10 14 | 95 24° 11| 3162 | 0.14

59 NMVpr® | 300 | 4:2:4:5 9 |75 26° [ 12| 2 | 60| 0.05

60 NMVpr® [ 420 P56:128:256:80 6.9 | 46 22° | 3 | 3 |68 | 237

61 NMVpr:| 300 |2:20:76:5 | 35(54| 0 |43 | 9 | 2 | 46 [7.6x10°

62 (6) |340 |32:16:32:40 | 13.5/ 90 5 | 418 076

'Ac = acetlc acid; AA = acryl|c acid; MA maleic acid; *STY = Space Time Yield
gmmol min™(g or catalyst)") of MA; NMVpr = NbMo+1V(pyr); 0.99 g catalyst;
COy; °NbPMos2(pyr)

Examples 63-68
In another series of experiments, oxidation of n-butane was conducted with
catalysts pretreated under varying conditions using the reactor described above.
Activation was conducted at 5 ml/min of CO, H,, or NH; and 45 mi/min of helium
10  using the temperature program described in Example 1. All oxidations were

conducted at 380°C. Results are shown in Table 8.
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Activation was conducted at 5 mM/mn of CO H2,

03/ 039745 PCT/ US02/ 35235 Table 8 Ex/ Catal yst Pre-

(0]

r NH3 and 45 ml/mn of
hel i um 10 using the tenperature program described in Exanple 1. All
oxi dat i orgowaa74tonduct ed at 380C. Results are shown in Pablus08352328 WO

FI ow Conver -

Selectivity (%9 Run treat- (m/mn) siggpe® STY3 nent C 0O COX Ac AA MA 63

NW He 4:2:4:5 0.4 8 42 19 4 25 6.3x10 64 NW CO4:-2-4-5 11 75 14 12 7 66
0.059 [BEXNNCatigst]: Pré- § 1.Blogs eanver- |- 66 Relectivity(%)4: 5 3]4 4470 9 3
15 7. 8x1Runf§7 NWopr| tread2: 16:@@49 BIow%%) 5 3 80 0.76 68 NWpr | &Y
27:16: 32: 40 [12 84 Himns |40 | W © NoPMBD,V; ABMPIAA NYRVD11V( pyr)
2Ac = acetic a(‘id; AA = acrvlic amd VN o aci-d3STY. = Space Fi{me
Yield (fifol [MNMVI(g He cat%ii'ﬂ's‘i) ) 04 o, 54%<a”rp s| 69 78 2% A%t hdr
seri es mf—ex Wik IS 4 QX% ET[zed 107> NOPROT TRV t he
catal ys 4pret:1ﬁMs a(;ng uctﬂ% the ec?ﬂvaﬁ’]on ar?dlasma}:%O’ ychngltio?iggg
describgg 1 n Nﬁmvrrpl ENH; FRel2U4ts arle13hos® (in Bl e 20 | n-addition, -an
attenptled oxiidation using the sang catlalyst lwith het !’\:\ﬁn astafeedstodk did
not 106@et ecNM\ény ddnver ﬁ'%ﬂ'ﬁat te%ﬁemgures % {0%6pC3 Tani% 6819
Al kane [EbowZ a0 —Seteh R AVa [ 99 2 S Tge RuT e (gmt{ migm) 0%g (jnmol e
mn"C OgZ of ca '§| yst)-'|) %2 1§ 40-%& 95:4:5 5 103’ DX§T] Sgog\(::g.'g;
AA=0. 5 A.NMUp- INEO=1.| 7. 188248 10 |34>-cz 23 14: 33: 35313 | 9B COB2BE;
Ac=5. 3; AA_ 3 MAASQ Q131 MAA=1 71 MA=3 Q n-C4 Q? 1 - 32- 40 15 99 COX =
15; Ac=9; AA-BM\yelbBMOA=75 NIVt ﬁMMOzVAPH)s 7 9.6 C2-=59; Ac= 13 C2
=3. 0x10 ; Ac acetic acid; AA = acrylic acid; MA = maleic acid
*STY = Space Time Yield (mmol min’ Y(g or catalyst)” " of MA;
5 Examples 69-73
In another series of experiments, isobutane was oxidized using
NbPMo,1V(pyr) as the catalyst precursor and using the activation and reactor
conditions described in Example 1. Results are shown in Table 9. In addition, an
attempted oxidation using the same catalyst with methane as a feedstock did not
10  detect any conversion at temperatures up to 460°C.
Table 9
Ex/ | Akkane] Flow® | Conver- Selectivity (%)° STY?
Run | Feed' (mi/min) sion (%) (mmole min”’
C 0 (g of catalyst)™)
69 Is0-C, | 4:2:4:5 15 [ 100 | CO,= 91; Ac=3.5; AA=0.5 [MAA=2.3x10"
MAA=1.4; MA=2.6
70 Iso-C, | 28:14:28:35| 13 | 98 | CO.= 86; Ac=5.3; AA=1.3 | MAA=0.013
MAA=1.7; MA=3.9 ‘
71 n-Cqy 32:16:32:40| 15 | 99 | CO,= 15; Ac=9; AA=6; MA=0.85
MA=75 i}
72 Ethane | 4:2:4:5 5.7 | 9.6 | C2 =59; Ac= 13 C, =3.0x10%;
Ac= 6.5x10™
73 Toluene| 0.16:2:4:5 BzA=8; BA=29 BzA=5.6x10":
BA=2.2x10"
"Iso-C4 = isobutane; n-C, = n-butane
*hydrocarbon/O,/He/H,O molar ratio
*Ac = acetic acid; AA = acrylic acid; MA = maleic acid; MAA = methacrylic acid;
15 BzA = benzoic acid; BA = benzaldehyde

“*Space Time Yield
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c=6.5x103 73 Toluene 0.16:2:4:5 BzA=8; BA=29 BzA=5.6x10 ; BA=2.2x10-3

"ISO-C4 = isobutane; n-C4 = n-butane 2hydrocarbon/ 02/ He/ H20 nol ar ratio
3Ac = acewDw®3agi78s AA = acrylic acid; MA = maleic acid; MRATAISIESNATrylic
acid; 15 BzA = benzoic acid; BA = benzal dehyde 4Space Tine Yield -29 WO

03/ 0397‘?‘ﬁaP\W{cH$§’3(a?’rﬁga5s That which is clained is: 1. An oxidation
catal yst conprising an activated partially-reduced netal 1ion

pol yoxorret alflate Annmadatlorg catdlystnewopiisingtar abtivated partlat»gredm;egemeéalons

313" 1 Ay SXorasiAUElE AN 2 i ok Rt Bontl ok obef Hias 7

f ramewopk|eaBf ahe Fetdrohfom BRHYNARGe Baldnded Watreaviebsndhs Groas BLS wsduokld t he
reduci ble metal ion is one or nore ions of niobium titanium nolybdenum

or z&rcow@talien3. The catal yst of claim2 wherein the reducible metal ion is

ni obi umion., 10 f'm o% %Sqiab oQafAt &' w%rgﬁmﬁéshg%e‘wbrﬂc%é‘tg &Rm is

partially- re%uced po yoxonol'y € wherein a niobi um exchanged

pol yoxomaiytadniuen, i theasdtermited isyphdsphbrusy andothe riducibie adefat iorofs bhe or
pol yoxonol ybdate to an effective activation. tenperature of between 375 and
450 C i Mo m%ﬁ'eb'ﬂﬂhé't%'%m@y erim, of ZKCORMM-on cat al yst of claim 4

al so contai nyng veRadimliyet o Bdin AWHBHME AEMIBLE BRIEHIGHIM ign.

conpri si ng: a pol yoxom) wherein x =1 or 2; m
= 1% 18.; n 4 O- 4Anacn0tiq/non e:lalalystszomaylsmgsarpgcm\mted pamacbly-redam alqudnc are

cal cul ate to b e .charge .of th ol qani on
et hod BRVRXRTAOAO ML o kA, S¥ehebidgH: ReFarnolyBateng 2V REani on
cont al nhagtilg.a %yn@muﬁﬂda@&&d:toafﬂthé Holybxorﬂé@bélﬁﬂa‘ Rg A ecfsdtivexaaia®bnwi t h
char ge bal anci ng "anmount s of é)yrl diniumto form a pol yoxonol ybdat e;
temperature of between 375 and 450 in a non-oxidizing atmosphere.
5. An oxidation catalyst of claim 4 also containing vanadium.
15 6. An oxidation catalyst precursor comprising:
a polyoxomolybdate:
(Pyr)aNbe {PxMomV,Oy}
wherein x=1or 2; m = 10-18.; n = 0-4, and y = 40 — 62, Pyr is pyridinium ion,

and a and c are calculated to balance the charge of the polyoxoanion

20 {PxMorV,Oy}.
7. A method of making an oxidation catalyst comprising
a. forming a polyoxoanion containing Mo, P, O, and optionally V;
b. exchanging the polyoxoanion with charge balancing amounts of

Nb and pyridinium to form a polyoxomolybdate;
25 C. activating the exchanged polyoxomolybdate by heating to 400 to
450°C in a non-oxidizing atmosphere for a time sufficient to form
a catalytically active phase of niobium polyoxomolybdate.
8. A process of converting a hydrocarbon or a substituted hydrocarbon to
a partially oxidized product comprising contacting a hydrocarbon feedstream with an
30 activated partially-reduced metal ion polyoxometallate catalyst of claims 1 through 7

in the presence of a source of oxygen under partial oxidation conditions.
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25 c¢. activating the exchanged pol yoxonol ybdate by heating to 400 to 450C
in a non-oxidizing atnosphere for a tinme sufficient to form a

cat al yti cablog/ozoss ve phase of ni obi um pol yoxonol ybdate. 8PCAUSKD3R3S oOf
converting a hydrocarbon or a substituted hydrocarbon to a partially
oxi di zed proguct i1g n 30
activated pa?tl al Iﬁ\gﬁeg"éf‘is'%c890ﬁ8m ?c?r} rE)o r%ﬁgggftg@g}%@g{%gﬁ@m%b@.gl n 1
t hr ougha&’ id camprizing centacting & Ca hydoscasbarh f@@s@@anm mitbr a watalystl ofoolaidet i on
condltl 2 03/ 03974 PCT/USO§/35235 R&gcess of,. OX|d|2|ng a C3
hydr oca gitoh 4 1n the REGsERCE O AANeR CLR¥XES" undg&od( B0 Eont act i ng a
C3 hydrocar bep. T eAdbESBIbXiizZh LAY Nﬁroéﬁrbéh%@nﬂxtuﬁéqé&ﬁtgm'g hinléibe
presence of a source of oxygen under oXl dation conditions process of
oxi o zi agdacampnwm contasting toCa hydraaarkor derdsitigany withl 2 icatalystafi cdalms 1

1" hr OB i L PR of ¥GHoUiER B Pt T SRtk PrffiBs o

conditions. 10 -31

10
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