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(57) Abstract

Catalysts and methods for alkane oxydehydrogenation are disclosed. The catalysts of the invention gcncra]ly comprise (i} nickel or a
nickel-containing compound and (u) at Feast one or more of titanium (Ti), tantalum (Ta), niobium (Nb), cobalt (Co), hafnium (Hf), tungsten
(W), ytirium (Y), zinc (Zn), zirconium (Zr), or aluminum (A1), or a compound containing one or more of such elemeni(s). In preferred
embodiments, the catalyst is a supported catalyst, the alkane is selected from the group consisting of ethane, propane, :sopropane isobutane,
n-butane and ethyl chloride, molecular oxygen is co-fed with the alkane to a reaction zone maintained at a temperature ranging from about
250 °C to about 350 °C, and the ethane is oxidatively dehydrogenated to form the corresponding the alkene with an alkane conversion of
at least about 10 % and an alkene selectivity of at least about 70 %.




oxi dati ve dehydrogenati on of al kanes or al kenes. The invention particularly
relates, 10 in preferred enbodinents, to N oxide / m xed- me?zl OXitgf

catal ysts and net hods for oxidative dehydrogenation of alka équgf’s qgenes,
and especially of C2 to C4 al kanes, - and particularly, for oxidative
dehydr ogenati on of ethane to ethylene. Ethylene can be produced by. thernal
cracki ng of hwelterastons, by non- oxi dative dehydrogenati opcpiuspichape, or.
by oxi dative dehydrogenati on of ethane 15 (ODHE). The latter process is
attractive for many reasons. For exanple, conpared to thermal cracking,
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exot hermc, requiring rXHEMWTIVIODEHYRBROGENATION FALKANESaction. In _
contrast to catalytic non-oxidative dehydrogeration, catalyst deacti-vation
by coke formation is 20 relatively mininmal in ODHE because of the-presence
of oxidant (e.g.. nolecular oxygen) in the reactor feed. O her alkanes can
be similarly oxidatively dehydBagGROUND OFtINBNTIONS pondi ng al kene.- '
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alum na or zirconi.a.. S CT __Pat Appli cat.ion 6133149 . S. Pat ent
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Pat ent No. 3,670 %4%1 toa{e(g[agtgncan et d?}rlr A CH.ES. Patent No. 4, 613,715 to
Haskel |; U.S. Paf@HiroRgaesiofaconsspopdingdigeite ot al .- U S. Patent No. 5,376,
613 to Dellinger et dthotsteihs@ arddabeorkerNoavedistigddiSulllowitonpaamre DEE . ; U. S

Patent No. 4, 250b§ﬁ)§ststc%mggyqunuexted g)lidf:;s O?Irﬂglyydeﬁhm!: \ga%aeﬁﬁm,l\z!t%d a%‘lil:'l'dtsuzﬂnsition

25 metal. E. M Thorsteinson et al,, “The Oxidative Dehydrogenation of Ethane over

Catalyst Containing Mixed Oxide of Molybdenum and Vanadium,” 52 J. Catalysis
116-32 {1978). More reéent studies cxaﬁined families of alumina-supported
vanadium-containing oxide catalysts, MV and MVSb, where M is Ni, Co, Bi, and Sn.
R. Juarez Lopez et al., “Oxidative Dehydrogenation of Ethane on Supported

30 Vanadium-Containing Oxides,” 124 Applied Catalysis A: General 281-96 (1993).

Baharadwaj et al. disclose oxidative dehydrogenation of ethane and other alkanes
using a catalysts of Pt, Rh, Ni or P/Au supported on alumina or zirconia. See PCT
Patent Application WO 96/33149. U.S. Patent No. 5,439,859 to Durante et al.
discloses the use of reduced, sulfided nickel crystailites on siliceous supports for

35  dehydrogenation and successive oxidation of alkanes. Schuurman and coworkers



578 to McCain et al. Although nickel-containing catalysts are known in the
art for. al kane dehydrogenation reactions, none of the known

ni ckel - cont ai ni ng catal ysts have been particularly attracti 2&Ahgust 2003
comercial applications -- primarily due to relatively | ow 15 conversion
and/ or sel ect M%7 1Hence, a need exists for new, industri aldyussuidambl e
catal ysts and net hods havi ng i nproved performance characteristics (e.g., =
conversion and selectivity) for the oxidative dehydrogenati on of al kanes.
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therefore, theyj .00, | [rected t hods ¥or preparing an al kene “or
30 substituted’s ég:%ftgj,ygtgn&%p%%@&?ﬁgﬁg} @3? @ituai-l?étﬁ@b{?r-l@%),%t@zl :
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containing -a c . and dehydrogenating the al kane or substTtuted

al kane to for mg?'@g)%%craﬁeé}ﬁgndi ng al kene or 3 5 substituted al kene. The

al kane is pref er abl 4lttoxgidaickel-ebytaiibayatalyee BRka6wn 2 B arfEg ¥ L2003 WO

00/ 48971 PCT/ U 4478 . The. oxi dant_ | referably a_ gaseous oxi dant such
as nol ecul ar ogglg’é%,gmgﬁ%fl fege loBf”é'f)gergﬁ#‘%?@\?i%&'ﬁ?m@&?n%@&%ﬁéﬁvw%xygen
gas, air, dil upgtcddrly atiractiver foc berimercial applicatis @ Bp@Rad HiBH tativel}§owas

m xture thgt coLasths [td)g C ttal. sgﬁrr%y al so include other gasés, such as
inert gases (e.g., ni Frogréﬁg%?l t &FPFapBFCY cKists e Bdvgrally Ghitablee or note 5
of the ol efi n patayhtecind metoeds hmagih@mveeﬁaﬁfnaar%%h&rﬁct&{ssm.?pIc&n@ggagroI | ed,
during the demﬁ%rlg&%ﬂg%}oo&er eglcl.iod‘n ¥#O be. | ess t han about 325 "1 and -
preferably |esS than about "e93EaHE depyirorenationiof alkprescat al ysts of this

i nvention include nickel oxide as a conponent. The nickel oxide:is '
conbi ned with other netal oxide riers, binders and/or
fillers intzﬁ a catal yst that is—€oht Agge(zlrmmgas m xture. 10 The
catal ysts of the invent '&tqsnthgr'yrari Il}z i nf ude ni ckel  oxi de and catal yze the
-oxi dative dehydrogenat i on or Af FARBE! 8t ha PiessnbveRtion tepsavide for Bevs of
greater than 5indgstrially suitable catalysts for oxidative dehydrogenation of alkanes to the

corresponding alkenes, and for oxidative dehydrogenation of alkenes to the
correspondin_g dialkenes. 1t is, in preferred embodiments, an object of the invention
25 to provide catalysts and processes whereby a C;-Cy alkane can be oxidatively
dehydrogcqated to one or more olefins with relatively high levels of conversion and
selectivity (i.e., without the concurrent prdduétion of substantial amounts of byQ

products, such as carbon monoxide or carbon dioxide).

Briefly, therefore, the invention is directed to methods for preparing an alkene or
30 substituted alkene, and preferably a C; to C, alkene or C, to C, substituted atkene, such as
ethylene, from the corresponding alkane or substituted alkane, such as ethane. In general, the
method comprisés providing the alkane (or substituted alkane), and preferably the C, to C,
alkane (or substituted C, to C, alkane) and an oxidant to a reaction zone containing a catalyst,
and dehydrogenating the alkane or substituted alkane to form the corresponding atkene or

35 substituted alkene. The alkane is preferably oxidatively dehydrogenated.



and with selectivity of greater than 70 % In preferred enbodi ments, the
conversion is preferably greater than 10 % and the conversign is
preferably greater than 90 % Such conversions and sel ect|V|211|Aé‘§”Sé?%03
preferably acheived at terrperatures of | ess than 15 about 500 'C, nore

pr ef erably | ess than about 400 'C, and nost preferably at | ess than about
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consisting essentially of Ni, a N oxide, a N salt or nixtures thereof,
and (ii) one or nore m nor corrponents consi sti ng essenti ally of an el errent
or conpound s | f Nb, Co, Hf, W
Y, Zn, Zr, ,ﬂl'omdéHtlg @r&@? %JS%HJP %?an? ereo Q&lgox%c%ta&?(iass of such
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La, Ce, Pr, |nat| ons ereot e range of from
0-0:5; Cis aﬁU@lcenmorsenda@leedvm‘rs@mmﬁaaghymahplwdneprsmﬂrﬂgemf I@sithan Al , Fe,

Si, B, Sb, 15 Tl alboubft? @emogmcfg I%esrtﬁfﬁh ' {}P&do"@san& nl%gt chrﬁff)dat legs ahn t he

range of fro at sati sfies the valencé requirenents
of the other eltcelhﬁqﬂt§ present and the sumof j, k and | is at least 0.1,

10 I'n a further e gglgp ng the
formula I, Ni anBE%%% com %Fgé |%§°t§ﬁl Er?aéﬁajggf egﬁ'?&g{&nﬁx%’ e group
consi sting of esFentialfpof Wipa Nipxidans Nysaltzer, mixfuges er;of,atnél(lﬂpmume ofinot wo or

more ther eof g@&eﬁpc&k@@fsﬁeﬁ%@%sfiezéra&lm &%&95% ectd PSRRI Rh Y of- a

ment a enent,
20  consisting of Ti, Ta, Nb, Co, Hf, W, Y, Zn, Zr, Al, oxxdes thereof and salts thereof or

mixtures of such elements or compounds. The catalyst preferably comprises Ni oxide
and one or more of Ti oxide, Nb oxide, Ta oxide, Co oxide or Zr oxide.
The catalyst comprises, in another embodiment, (i) a major component
consisting essentially of Ni, a Ni oxide, a Ni salt, or mixtures thereof, and (ii) one or
25  more minor components consisting essentially of an element or compound selected
| from the group consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, oxides thereof and salts
thereof, or mixtures of such elements or mmpounds. The catalyst preferably
comprises Ni oxide and one or more of Ti oxide, Nb oxide, Ta oxide or Zr oxide, and
most preferably one or more of Ti oxide, Nb oxide or Ta oxide. '
30 In yet another embodiment, the catalyst comprises a material or
composition of matter having the empirical formulia (I),
Ni,ABCO; (1), whete



group VIA elenent, a group I11B elenent, a group |IVB el enent, a group VB
element, a group VIB elenent, and m xtures of two or nore thereof, Cis an
al kali. metal, an alkaline earth netal or mxtures thereof,2xaigusedgnber
rangi ng fromabout 0.5 to about 0.96, a is a nunber ranging from about
0.04 to aboutwddusdnis a nunber ranging 20 fromO to aboutecQqRoyfasfsS @
nunber ranging fromO to about 0.5, and d is a nunber that satisfies

val ence requirenents. In still a further enbodi ment, the catal yst conprises
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conprises (i) a KN’ OXi e,cmﬁ?‘léef"‘ff% ° & A OB PRE P Snefh e, Ui Bl from .
the group consilstGengr, ®b afid corttnatiblys thétbof aM 1iYin tBérange A EoA@YSE i 12903 Zr, and
Al , and the al r..substituted al kane is hydr ogenated to formthe
cor r espondi ng g‘ﬁtggeﬁghaé? é{’s?ﬁ stk“? qi?“@%ireﬁ‘?‘kegi‘?&ts\ﬁf 'Sﬁx‘g?f “gane&ﬁé’f‘é?ﬂtsﬂ@ﬂq t ut ed
al kane conver sswnofjpk and 1 isedlsist about - 10 % and an a] kene or substituted -

al kene sel ggtivity nfa Pthelr%%%t iab ut 70 1% Et hane conversion is preferably
at | east about 15 oband No ECRFRFY: He ARl cqmnnses 2eomppunsdiaving thegt hy| ene
sel ectivity i-sforinpladponbi nation with any of the preferred conversion val ues,

preferably at |east about 80,%, 89 preferab at |east about 90. % and
nost preferably at | east ab&f‘fﬂ‘a@& I n ohﬁ“’é‘%’ﬁodi ment, the catalyst is a

Ca:\l‘Ci nat ijon prMamtflzlcxhexasdgcttaifymmargempb?r@rstinmrmd _,g&im,qlrl,qugzh,szlrgg (i) N,
a N oxide, a t .or xtures thereof, _and (ii) an el enent or
conpound sel ec#&éﬁ‘?lﬁ%"rﬁgﬁeﬁg}tﬁ’?@ﬂﬁloﬁe&ﬂg?ogti nB IR efguehtsglecigg fromythe groupy 7,
Zr, A, oxil8lescdrsistiggdf almthsidetelentchn b gobp 1101 elbhxdt W RsupOF A Slfldn€h €MENt S OF
conmpounds. In é%L @PA%%dietg onal E{gagdl ment, the al kane or substituted

al kane is co-f8d o a  react PO Pt e [ BreleaspbAgToND VA Hermtor .
substituted al kemwep Vil elentehpindhigtusdslofte R imorstisdt ¢ i AG1AL KARE, dnS

dehydr ogenat ed - f t he.-al kene ar substituted al kepe in a reaction-15
zone conpri si nak%iwggé{)%?gtsa ‘%{ﬁai“ﬁ&s%‘*ﬁ@ﬁé%n GERRERE Bem APREAS P n a nol ar

concentrati on dfout @96,lzdas huralieo tingig Hpmrabba Di0Y & Abauitood, Blis ABIster ﬁfnﬁing
hydrocar bog, T. | kane ar. substituted. al kane conyersion in suc

enbodi nent 9? s %?%1 &P g%?“§8gt°138£§?£§531ﬂng§°%0tﬁﬁ‘g‘“{t Re- shdiddna nypberdigbst i t ut ed
al kene sel ect i satis§esivalepeeat@iimbens.at | east about 50 % In a preferred
approach, the alk ne ot & bst i tLdt ed %kane dehydrogenation is effected in
a multi-stage react6r;" 8 G‘ifﬁlef Hufodiment, the catalyst comprises a compound having the :

formula (II)

Ni Ti;TaNb,La'Sb,Sn,Bi,Ca,K,Mg,Oq (I0), where
2§ La" is one or more lanthanide series elements selected from the group consisting of
Lap, Cey, Pro, Ndp, Smy, x is 2 number ranging from about 0.5 to about 0.96, j, k and 1
are each numbers ranging from 0 to about 0.5 and the sum of (j + k +1) is at least
about 0.04, m, n, o, p, g, 1, 5 and t are each numbers ranging from 0 to about 0.1, and
the sum of (m+n+o+p+q+r+s+1t)is at least about 0.005, u, v and w are each
30  numbers ranging from 0 to about 0.1, and d is a number that satisfies valence
requirements.
In yet another embodiment, the cateﬂyst comprises (i) a Ni oxide, and (ii} an

oxide of an element selected from the group consisting of Ti, Ta, Nb, Hf, W, Y, Zn,
4 .



20 the al kane (or substituted C2 to C4 al kane) and gaseous oxidant are fed
to a first reaction zone containing the catalyst, the al kane or
substituted al kane i s dehydrogenated therein to formthe ZoAugsyengi ng

al kene or substituted al kene, the product stream conprising the
correspondi ng al kene or substituted al kene and unreacted al kane or
substituted al kane are exhausted fromthe first reaction zone and then fed
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and parti cu‘frg111 Tag{;’fagleas & ug{ﬁdo%n 8PN uﬂgaﬁt)i%to eglﬁ)t}é’ mOSthtr)ef ralf% fmgd C2to

C4 al kanes lba:stwmet%d%r espondl ng aI kene(s) The conversion, selectivity,

space vel ocity, atal t sta nd reaction tenperature for
oxydehydr ogenat i r? o? "éeﬁlé eca%’ﬁgsgﬁgmﬁ?ﬁgm ﬁuc’tr‘% f%ﬁ] StPe§ur5 tractive. 5
- 21 Augustooﬁ@ﬁéiudﬂhoﬁ@héhﬁ@(ﬁ)]NPW bﬁﬂ@/aM‘ﬁﬁflﬁorﬁillth‘esﬂ&r:dbeI'clmdS(n) ebpleoérs and
advant ages of the entlon WI r rent,to .those
skill egl in ArPMERE" qe"g“’d ffom ol ﬁfouaconss Clr’:}grllna ﬁg IIH ﬁ%?@%’r%‘h%sﬁm t ed.

in the i nstthﬂ'eof&pdzsaltfs ilesbf, onmateed efcoehpdamantser bgmpoaﬁcérence for all

pur poses- Nor eovgr, 88,06, BALEAL. A6 AN BALSOR, L LBl LS g glaati ng Lo

t he subject matte osed a an tlal many
rel evant rekatiemees vavheheammeépabchmg dlkeng osibbtiteteld albere] sweinthtdthd alkvnk br pr ovi de

further inst t vmth espect. 1.0 .suUC j t SCRI PTI ON
oF TrE oAt REE] ot U R Egded § S ERe AR AES ho AP Riene iy v
exenpl didy rmaetingmising Ghepgtspmdingdlkege patubditgsd allkme irf 4 malbt gpnientrationiofig

product str ‘??eg%} Efﬁé% lo éc(,IEtliv% tQ 40@ H’lgﬂzg Hf—h\/ﬁd%!}[ﬁ){n}]Sf‘l%%ﬁ(aﬁee&%[ﬂ!)s?{bt MGRe (F1g. 1

B). FIG 2A ne convers open circles)
and et hyl eqmevsmremtsummoqmeoisledre&rabdﬁ %éﬁ)ﬂstdaomﬂ?/eras@uéletalkn@ @n st ream

h lo 275
T tor N o SBeBeent IEH AP pERay S RES R 0 E gk B SRTAET, O
2B). FIG %mhpmugmua@l dmwddwﬁmmabmnmeffgqt@nn amdlltett#gelrm@rsecthetbmtl vity for
(1) NzpNd oxi0e T XLikiRqdo Eoﬁlk%{% aﬂt%ggo& dpM?t 6 N (£RER MatioRS 2

function of Treaction tenperature oxygen content of reactor
feed (Fig. 2B)contadng be catz(lvst)thNIkaDeONblbsmtdféaihanxtlmeé:girmdatﬁbﬁheram topti m zed

?I\,/tc):) V- No Catf%l‘ny ik c&?esﬁoridﬂ%%ﬁlief?@or%txbstiaﬂedoa)ﬁ%gg %eﬁ%‘&u‘émmm C(gn?ﬁ%ﬁ%rthef eed (Fig.
corresponding alkene or substituted alkene and unreacted alkane or substituted alkane are

exhausted from the first reaction zone and then fed to a second reaction zone, together with

25  additional, supplemental gaseous oxidant, and the alkane or substituted alkane is
dehydrogenated to form the corresponding alkene or substituted alkene in the second
reaction zone.

The invention also directed to nickel-containing mixed-metal oxide compositions
and catalysts, as characterized above, and to methods for preparing the same.

30 Such catalysts and methods have advantageous performance characteristics for
oxidative dehydrogenation of alkanes or substituted alkanes to their corresponding alkene or
substituted alkene, and particularly for dehydrogenation of unsubstituted or substituted C; to
C, alkanes to the corresponding alkene(s). The conversion, selectivity, space velocity,
catalyst stability and reaction temperature for oxydehydrogenation of ethane to ethylene are

35  particularly attractive.



DETAI LED DESCRI PTI ON OF THE | NVENTI ON According to the present invention,
an al kane or al kene is oxidatively dehydrogenated over a ni-cé | cat 24) st to
form one or nore correspondi ng al kene(s) or 25 dial kene, re gé%é‘ﬂl% Q} and
wat er. The oxi dative dehydrogenation reaction can be represented (for

al kane react . . C H2o+2 + V202 4 CnH2., + H20 (o t 2003
WO 00/ 48971 ?C%’?%gggl 04478 The catal ysts of the invention aéﬁgﬁgﬁ@ -
conprise (i) nickel or a nickel- containing conpound and (ii) at |east one
or nore of titanium (Ti), tantalum (Ta), niobium (Nb), hafnium(H),

tungsten (W, -yttrimnerema,zwscts(a%ahdvaaia%&gﬂ ﬁé%g@inv%ﬁﬁn%%@iﬂgglé(pd ), or

a conpound contai ni ng one or nore of such, n one e di ment
of the inventi Bhpareptigthaseskidled inarbanddn paropintediey herelnafipr, All teferencosicited. a Ni |
salt, or i Xtuinage héiek SRtifiesion aPBhQpdr REPH & RrencA R Afl b f or
conpound sel ected from%?he group, c%b?\psi sting ofen'(l:'i_, %a?h%@g?égl-ﬁ& -QFY, Zn,
Zr, A, oxide® PrRéetmIanwPYstlterterdeting to fhospbied mattendisdorchasl@nent s or
compounds as_oggixfal herdRisSuHAAEL FARPIARIAI ScferBioet AR dvARHRI fa shiflgy ' MBI OF
conponent”™ is the conmpgnent of iO_the catal ytigally active conpound or
conposi ti on ha¥fi#g hehwilkargiAdesurtees irsrpetioaridresphct tasnchisobied olstisi. s. " M nor
conponents” are conponents of the catalytically~active conmpound or-
composi tion that do not hayersrsedtrabesin OpRGENPRAWIRGLEN an atonic  basis-
In general, one of the afdrementioned metafl.conponents nmaybe present as in
el enental form as F¥fk léxand&1GalRtiare pchgmatic sopresentiéipesnfiengmplarytrbastiomt ur e and-
extent of 16 Calseinaifis@itiork) ebibAly itRMANSBE® S ferabl y
consists essentially 031(:3 anN @eox_i dg.l The %g[}aolF conpoﬁé%%ea@?é:lﬁg&?at al yst
can, however, .BP¥istEerertiiga zouee (BesiB)amount s of el enental N and/ or

Ni - cont ai ni ng CoNPEURYR, and $%8. BFarderasi shSwink 16 conf¥LAE (4 Lge of

ni ckel where nickel is in an oxi_acfa?iagn stg{% otlﬁge?on?ﬁjg%ﬁt@%n%ﬂ??%.
reduced, el emefitdfrefflectiyitpiclosed gipclaghiatrgvessis Hue on Stresmeduringhet08 hoiickel  has.

an oxidation Befheteffin Mk Baraldl fix I isaf| edgced. oxj~dat:] on state.
The Ni salts can incl ude gny st?b?%r?s&g%oggt?f’ﬂsn?é%é\lh‘,"”?%@?sun&?%?é or

exanpl e, nitf r at@kend Nigp dBnafewm2@un{Higa2Rx at es, anong ot hers. The anount of
ni ckel oxide (N O FitexeRioubizd ' &gygﬁ ' : ut 10%
preferably at | east about 20% Qn%rem&ifﬁgfera P{/ﬁg{le?ﬂglaeg‘%s%%gﬁ%y%gﬁo nor.e 25
preferably yet Niatl pedesmixgsessnd Soom aptemigetiopf-dberatalysteasatfinhasias of about 60%
in each case RYcidRlBSerk {ov » f: Ol O ent.- .
Wt hout being bound E@’ ?hﬂgirgy9%%%d?8g%nfc?@g§tﬁ)§9{ag%?§egd |lg' 3t ’eﬁg?%i ms, the
Ni and/or Ni ofi) aleceré‘fés)x&g mixtiged and foper opfienized M- Vel carlystas a filmstion of
oxydehydroggnaam ko MlcrorfiEs @4F 365, MOr e m nor component (s) of the

cat al yst preferably consi st

DETAILED DESCRIPTION OF THE INVENTION

According to the present invention, an alkane or alkene is oxidatively

dehydrogenated over a nickel catalyst to form one or more corresponding alkene(s) or
25  dialkene, respectively, and water. The oxidative dehydrogenation reaction can be

represented (for alkane reactants) as:

Collapy + %207 =2 CiHa + HO



30 essentially of an elenment or conpound selected fromthe group consisting
of Ti, Ta, Nb, EIf, W Y, Zn, Zr, A, oxides thereof and salzis thgg&%f, or
m xtur'es of such elenments or compounds. The m nor coenponent ( )A
preferably consist essentially of one or nore of the follow ng groupings
of elenents, Qxi t hereof, salts thereof, h 21 August 20 0/.48971
PCT/ US00/ 0447‘3’08§j’%§:{1xtures of the sane, -in order of increaggﬁé}?ﬁ’?ﬂé‘f’&ence:.
(1) Ti, Ta, Nb, H, Wand Y; (ii) Ti; Ta, Nb, H and W and (iii) Ti, Ta -
and Nb. The m nor conponent can |ikew se consist essentially of each of
the aforenmentioned §}\QkatyRHPNE SVentRInQeRR (e : sV Y, Zn, Zr
or Al) individually, oxiac;g's t‘he[_eorfl, sal tgslg{tci?epgg?(} o"r:ﬂ\égoﬁ-&fﬂﬁc\rﬂ({as of the
same. Wth respeeiaining cergpayng and (Hiatdfaghasprenmprsrd ditagiuouffiih geatabim €Tanent s or |
i ndi vi dual el gt mﬂy,%aﬁmg{fgmge@m%mﬁ&%@ﬁ%@'cznﬂm%hﬁ&n @reent! ally
of oxides of one aor nofe of the m nor-conponent €l enent’s, but can;" -
however ,- al so idEtue(Aher deRnnepwleoptsinite engonmereefenttselemet@). ot her
compounds  (£. 9.,  SE dnt kmbSHhaH BF MEintbGdnChE ARRL SatahS BXIpHE -
m nor - conponent el enent smi s 10 an o§<i de ﬁ)er eof, %élﬁe tﬁlg reég%é‘g%lsle :
el ement is in &¥idg:aNsel.onmituecthereefas 2 maeins componentypad (i) eddlementorat e, and
i ncludes oxi des;oﬁﬁwnagd@daed%ndm&gfagpé&ﬁ&éég&qri!ﬁémpﬂr% ¥ O POUN stable
e

val ence nunbers, as wel| as to oxides in partially reduced oxidatlon
states. Salts oFidsiiberesfiandpalis Siepsoh enmidiresafivngh dementeorpamponngls peorseirt

thereof, inclygliBfinof HmRKaPhE uselintlefl 83 “maRE PARHES Me aﬁﬁé&g&%f anong
f eclite

others. The anmount 15 of ‘the oxide formof the particular r d el enents

present in Yhe torcaipbitigaliyractivrompeusd or eamnssiven hedns the highest censentedtionen 59

preferably at- | gaghichey! V@Y coarp@ﬁﬁesala}afcw%laﬁénks dRlthe cﬁ%if}ﬁc@llgpéﬁﬁvgo% mor e
a

preferably at |east about 35% nore preferably yet at |'east” about. 50% and
nost pref er abl €o®PoYad g5 eompssition thetolp nprhaye s highs# cpeepwitios onep lteptive t o

total noles of galie Ia%sgem,tﬂnaafm_ﬁfefmﬁmle@ﬁmal cobioReut ~S bogrbayad,by 20
y

t heory not specifica recited in the clainms, thHe one or nbre first m nor

conponents  pr cameBtabfomR2s P OXdfy AMdin Bk A salf dsperding qujthe napregnd edentef i ve net al
center and el RalciiBidat ai n the active netal centér well dispersed. Although
the first mnor conponents can thensel ves be redox inactive under reaction
condi tions, parti cullhymgior @uenegeef thegatplysyeretseadhironsists essentiatly of pdlet hel ess

consi dered to kiR BRMPMISHhpaEntlffe 2magalcah ol ddr] MsodflihdEvagigpound or
conposition. As noted below, the first mnor conponent can al so have a.

"support or cardmogsts pfglemantah i ndipr Ni-gonigieing epmpoyngs, svabed NagdlsdTheMi, t he

ni ckel cat al ystox&Rhk QAR bBfickel Whéde iRk s in GR BRANERA 6O hdnNEe REigENt i al |y
of Ni oxide; and (ii) a m.nor conponent consisting essentially of one or:

nore of the2§ ol FHRidglemsntydl’ staig inslvdineogidenef nickeliatherg niskeldes amdtidationvel y in
the various perdgd GNiong™, & a @lal$ redlebdDkiddBon 4061QE NYRaIREH Frclud@BEy ONAl 1Y
together with one or nore of Hf oxide, Woxide, and/or Y oxide, optionally
stable salt of nickel, including, for example, nitrates, carbonates and acetates, among
others. The amount of nickel oxide (NiO) present in the major component is at least
about 10%, preferably at least about 20%, more preferably at least about 35%, more
25 preferably yet at least about 50% and most preferable at least about 60%, in each case
by moles relative to total moles of the major component. Without being bound by
theory not specifically recited in the claims, the Ni and/or Ni oxide acts as & redox-
active metal center for the oxydehydrogenation reaction.
The one or more minor component(s) of the catalyst preferably consist
30  essentially of an element or compound selected from the group consisting of Ti, Ta,
Nb, Hf, W, Y, Zn, Zr, Al, oxides thereof a_nd salts thereof, or mixtures of such

- elements or compounds. The minor component(s) more preferably consist essentially

of one or more of the following groupings of elements, oxides thereof, salts thereof, - -
1]



together with one or nore of Zn oxide, Zr oxide and/or Al oxide. Z 21
August 2003 WO 00/48971 PCT/ US00/ 04478 In addition to the aforementioned

nm nor - conponent (s) of the catalyst (generally referred to helévaste¥B as
"first mnor conponents”), the catalyst can additionally conprise one or
nore second mMyBefussAMPONents. The second mi nor corrponent(d) can consi st
essentially of an el ement or conpound selected fromthe 5 Ji®%8 SIS st i ng
of a lanthanide elenent, a group IIl1A elenent, a group VA elenent, a group
VIA elenment, a group I IB el enent, a group IVB el enent, a group VB

el ement, a gr oatpmwafesamee&lﬁe upe&uélﬁﬁﬁﬂcbé&ﬁghm%}%c%a@tﬁ -I-ahgﬁf;%% £, m xtures

of such, ele ounds he seco m nor ably

consi sts essgﬁt@‘gp a@fb apd Biapd (o) Tic brpuiie 's"htwoecbrﬁpoﬁmtci:he group

K/gns IFZ ti gg Ogjm?us@eenskeesgémmw& eﬁeﬁ 0§9e aé&meﬁkoucﬁ?ﬂmor '&bmp?_%a g‘éﬁ‘egrgs v, _ M,

Ag
t hereof and saifi-datMe ,LE“OW Y@)Z“srﬁrﬂ” éﬂ)ésdlwﬁu@ﬂmhméttsatmcquahs ﬂle:edsfpaunds Mor e

pref er abl y, 5 t haixGR&RtheFRO W FRIHE B c2£H BB bl dwy an el ement’
or conpound sel ected from the gzr%gup c%ns?st?%ﬁ)r&?&ﬁgﬁed&w 'IB? de Sm  Sb,

Sn, Bi; Co, AgClemesuts op¥dyddual elempenty, twﬂgwwonﬂé@bmhferably whsigtur es of such
el enents 15 oreseaiBWIORidesdi®ns 6CAMY oFiHA X in JBH-% Sél{tele ,{r%ﬁ,ferab' y an oxide
coO e

of one of the  aforenentioned second-m nor- MThe oxi des
and salts can }5’8""&%"a%ﬁl‘é%‘&‘l‘qed’éﬂo%ﬁmﬂﬁsﬁfwhﬁb?mentsmndumadthdrhmﬁduhsst i nor -

conponent s.  W(e0sditsxdhathikposBitl 1B et el% XXIHQB dﬁlgﬁﬁx ok %gm%c)ﬁent eﬁ%{ﬁ:tg in the

clains, the second m nor. conmponent can oX active it h
respect to'&nHERREIE ﬁ&‘chqgw}‘%fﬂé}&?fﬁ?ﬁ’tf‘émf’ﬁ&mebﬁls irhan diidatio\itate a(heraka:dﬁe active

netal centers.fufly @d@@a@tlabése!indqﬁa &k 524 Lot ther.. (third)
ni nor conponent gh) or nore of a%sr}%begenf%g?%glgm% ‘E“Ee‘idé‘%ﬁ%d from

t he group const8Y} Ff@blﬁ)f’alﬁfﬁ’é npRegssias wel patopxidehin Iaalrti@bflrme@laxﬁdlancﬁmt al s,

oxi des t her eOfstats’éﬂQalﬁs@f EchtrRErCQnpont BlerSEME E5: l:@canigtgﬂe ereog't s Of
conpounds. Prefcg E ﬁ’d the third m nor conponent consi §8% Be Bt i ally of 25

an el ement or CHEIRS MR GRcntes gdoagatennwiosy dthgs.dhe Gaoudl, My, Sr,
Ba, Li ang NaftHaRside Bl 'ﬂﬁﬁ:‘aﬁm@ﬁr I'Cléll&irg C;ﬁ'@égfli! i o rql%re gﬁﬁ%’ oxi des

t hereof and salts thereof, m Xt ur es S or ounds. The
third ninor coRpYFemponeat(s)iy @ﬁ@ﬁféﬁ#wf 5m Pm&rd@y@f le@smdaomf IQ‘}BLQJreiér@hslgrrentl oned

t hi rd-m nor - cqm@n@mab%{l@gmtﬁm p,.'gﬂ,gabﬁ)g a%ggt ﬁ@l orecpar{:kﬂ g{ftﬂgesc” bed

above in conn<—i:ct| on w t h the first-m oné ei ng bound
by theory not '&8ebritise ang W@fﬁfé@bleﬁtkh% ab,maﬁﬂ% intehgh cabdhyrroles nor

conponent s ar gelR§RiGhaP %1l dpinE Pmk@hrﬂébﬂ&% oRAE. %ﬁm e l“lngﬁowd?w r espect

-enpl oyed to optim ze the acid or basicit I'n
to sel ecti® t yhcory mo spsgidaaly @@@Q nvbe Qbmgl?bné’ﬁrmbﬁ@ﬁdtﬁﬂﬂﬁomponents

provide a matrix environment for the Ni / Ni oxide active metal center and help
maintain the active metal center well dispersed. Although the first minor components
- can themselves be redox inactive under reaction conditions, particularly to oxygen
and hydrocarbons, they are nonetheless considered to be a component of the
25  catalytically active compound or composition. As noted below, the first minor
component can also have a support or carrier functionality.

In another, preferred embodiment, the nickcl catélyst can comprise (i} 2 major |
component consisting essentially of Ni oxide; and (ii) a minor component consisting
essentially of one or more of the following oxides, considered individually or

30  collectively in the various permutations: Ti oxide, Ta oxide, and/or Nb oxide,
‘optionally together with one or more of Hf oxide, W oxide, andlor-Y oxide, obtionally

together with one or more of Zn oxide, Zr oxide and/or Al oxide.

B8



The catal yst can include other conponents as well, and can be part of a
conposition that includes other conponents or agents (e.g., diluent s0

bi nders and/or fillers,as discussed below) as desired in cortherHAG t h
the reaction system of interest. 5 1n a further enbodi nent, the nickel

cat al yst of ntion can be a material conprising a OXI de
conpound havi ng kﬁge?forrml a (l): N xAaBbCQ (1), 10 \/\/nerempési“'%é'g’ﬁ‘{?’é‘,ﬁ8

b, ¢ and d are described bel ow, and can be grouped in any of the “vari ous
combi nations and permutations of preferences, some of which are
specifically set fms&dma% aicrafo&ﬂeﬁmmokm ﬁ%neﬂt&@&ﬁ?ggatt% g nunber
ranging fromabout 0.1 to ab . he nu er X era ry ranges from
about 0.3 to aﬁsemaﬂa re“slremherwéﬁreqs Btsquymmn@e@tb}ame @at@ystsa:about 0.9,
and even nor e paRhEIRRMphi e Bidte RedhdlBindlQihol m,ﬁ, A
represents an el er?tanlt®b:ls°elljectee rorﬁtc grgup c ﬁs?r%t ITll}]l@séc?E Ta

Hf, W Y, Zn, Sompapat(s)can epnsist %tsarrtéﬂy of an dlegment omr@owmeqebgtfed fomithe .
pref erably Ji , g8 coBstistlof » YiranMe i8R, HRFRp RARTRHAR, H o
W and still rmre sét{"deéfraﬁ a|m,,e"la'a ofr;t'gglt 8 in eac g;cgg gAaelerl}{?l re L
thereof. The |&gPer elerzgltrvegpeggm@etaemmup‘}@]glpmgmwgrmaﬁsut 004" to
about 0.9, prefighablaerdup O iBalaH %x%mm&mm%é O aREa LRl v from
about 0.04 to about’ %r P even nonrt’e preferably from e%bout %%;%Oﬁg&gbout 0.5,
still more pretlenes o compernds o dhe geqmsl minon pesupongntBreferablyroastsistspr ef er abl y
from about 0. 3es§éﬁh§i%f‘angleﬂmenﬂ&cﬁﬂf)mﬁtﬁe!kcted §omrﬂ?et§r€|§: fi o‘?hi'ﬁ%nt

sel ected fromthe group consistin I ant hani a group
I11A el enedf, B B, SbaSeyBafp. Th TGITén@th MP dfwiip Co By, @,%N,,Phéggroup Vil
| A el ement, a-gj Q}éPRéﬂhl I, Bh SRR me?eo%m@ué ﬁcﬁb?ﬂ‘r’rﬂ&mr@s o @R cmehfy!

el ement, a group | él enent, a group WB.el enent, a group VB ffem&*nt a

gr oup VI B el en®ifempenngs. rvivtenrefsrably; thasecond minos cerpranersiconsists essetialbeatei n,
periodic tablg G4RYF QURBNHESICRRLI® RO mAhE 61?306}"1!%“ e

I nternational Uni on of. BEQPure anc? maffl ?tgzﬁsgtr U%% )wsrgtg‘h as shown
on the Peri odi b BaBieCorAs ﬁ?eoxsleéﬂ@wpgandwéh? hessef, eram@rtmsmﬂs@@ elameats (1996) .
B is prefenably cﬁﬁpﬁin@mme s'é@drﬁqﬁﬁdr coﬁ.rpeﬂank &@ramupaﬁeﬂﬁé §Fdnl%%fﬁ%h'-a Ce,
Pr, Nd, Sm Sb, Sn, Bi Rh,
Pd. Pt, Ag, Coaforementipaed $qe0ndammosrﬁ@nment5ﬂ¢rsenﬁmrTéc pridescand salts cpbes August
2003 WD 00/ 4893&&@&' éﬁé’%@ﬂ{ &%Z&oﬁwﬁ'ﬂ%@:@&mﬁﬁ} @&ﬁ;ﬁﬁeﬁﬁ Osmtﬁé.lﬁb& T%H&]n
consisting of La Sb, Sn, Bi etter,
"b" represent sb)aﬁlmmﬂ@rﬁp?%ﬁf@h)ﬁgecﬂﬁdﬂmﬂ@ Ql@jrrﬁﬁbgﬁccgnct;mnﬁmoglpopﬁéfcmlab| y from
0 to about 0. 4yesSVRAvaRYEoRERS ﬁftﬁ-@sdﬁ/ecf {0%81& R Rechtialriale i TRE €

preferably fromO to about 0.1, and nost preferab fromO to about O.O05.
20  oxide active metal centers.

The catalyst can also include, as yet a further (third) minor component(s}, one
or more of an element or compound selected from the group consisting of the alkali
maetals, the alkaline earth metals, oxides thereof, and salts thereof, dr mixtures of such
elements or compounds. Preferably, the third minor component consists essentially of

25  an element or compound selected from the group consisting of Ca, K, Mg, St, Ba, Li _
and Na, most preferably Ca, K and Mg, and in either case, oxides thereof and salts
thereof, or mixtures of such elements or compounds. The third minor component is
preferably an oxide of one of the aforementioned third-minor-component elements.
The oxides and salts can be as described above in connection with the first-minor

30 components. Without being bound by theory not specifically recited in the claims, the
third minor components are preferably basip metal oxides, and as such, can be

-employed to optimize the acidity or basicity, in particular with respect to selectivity.

q



51n formula 1, Cis an alkali nmetal, an alkaline earth netal or m xtures
thereof . Cis preferably an elenent selected fromthe group. consisting of
Ca, K My, Li, Na, Sr, Ba, Cs and Rb, and is nore preferabl ﬁlé‘h‘g‘@F%QPént
selected fromthe group consisting of Ca, Kand My. The letter "c"

represents a wandogserf anging fromO to about 0.5, nore pr e&%‘rﬁﬂWmI—f omO to
about 0.4, even nore preferably fromO to about 10 0.1, and nos prgferab.l Yy
fromO to about 0.05. In formula I, "O' represents oxygen, and "d" . .
represents a nunber that satisfies valence requirenents. In general, "d"

i s based on the oxi @ht caulys tatiacdudsihdrBemperbmt dwfell, AdQh Ge f4afhi ons of the
vari ous met al %grgrrcx)ssitof t%age ogg?ofgnd of formula I (e.ai_:l;., cal cul'ated as
one-hal f of thé S oOf éncﬁ’rd FreoRponsRis Autgets (af- hlsenis dinders midfor1 5
fraction for -editlsods diseessakbadw)esideired HNRANRAGSYith ﬁx@r&&%m%&&&?&f ed

m xed- net al oxiixgg_cs«%nbodi ment, where, with reference to formula I, "b"

and
c" are each zer6,”the catalyst material can conprise a conpound having

the formul asl- A 20InN furtha@hbodim®ht, thehekel cMalyktSf fHelv8htion 'ﬁe-%Xt&fﬁ’ and.
where "x", "A", _"a..and d} r‘iﬁ,{”?a defi ne abpve. I n another preferred

. a .
mi xed- metal  oxi JEPERECHPHERTICA\PYIAe fQmRe efgmdy @l a |, the sumof (a
+ b +c) is preferably less than or not nore than about 0.9, is preferably
not nore than, about 0.7, and is en_nore preferably not nore than about

0.5, and noreover, this sum pref e%ﬁ?chghges f hm about 0.04 to about 0.6,
more preferably fromabout 0.1 to about 0.5 and nost preferably.from about

0.1 to aboyp 0.4, g&? l(ﬁ sfill ad;cft hﬁr preferred mi xed-netal oxide
enbodi ment , wi th-referende®tof %t Aeseibed bplawsangh cas be groupesh inany pf fhe
preferably | essardduanombinaivhs SR @bns BOMEfRnRs, sbfe oNﬁEI?&E%JeXiﬁgﬁév for e
t han about 0.4 ngd.s.even nore preferably not nore than about 0.3, and

nor eover, thi s“w’st eéﬁ'f“érably ranges from'about 0.04 to about 0.5, nore 21

August 2003 VD 00/ ABTarinBCITF-5aH04 Uhubta g ond 10 2PRULR gbs! 0 about
0.4 and nost p ferqiblr\é)?fro about 0.1 to about” 0.3. In an additional

preferred m xed FRIRIST dRF4E2 gsfem aboyt §-htoabewt O8haore preferablydivra 1: A i s
Ti, Ta, Nblgr aout @b ipstehed.ahy evehimord Bre@kablfonBatlodt -840 SHBut o » Nd, Sm 5
Sb, Sn, Bi, Cr, Co jor. A I;P)[‘ preferably, La, Ce, Pr, Nd, Sm Sb, Sn or Bi;
and Cis Ca, K or I]%ﬁ‘.’”‘il‘}?_ i STEBTFBT apeipment selegtnd fam thegmoupisonsisting bf t o about
0.96, and pr ef &, Zh|Nb, Hiy W YalaHr 20d AI, bPmdiet of Gvdh mdde fRRELSs 5 OM about” 0.3
to about 0.5, ¢ f)eam%gwef %r?\g)lnaﬁggut 0.01 to about 0.09, and preferably from
about 0.01 to HBSH 0 052 o 196 Y a €5t} ftoes prefeeably LatTashb. & op W, endsill
requirenents. thOrelplefarably!Ti TRy or INbE6L i R6h s GietiRt Abre TS AR NMENL, W th
reference ,

5¢ represents a number ranging from about 0.04 to about 0.9, preferably from about 0.04

to about 0.8, more preferably from about 0.04 to about 0.5, even more preferably from

about 0.1 to about 0.5, still more preferably from about 0.15 to about 0.5 and mast
preferably from about 0.3 to about 0.4,

. In formula I, “B” represents an clement selected from the group consisting of a

25 lanthanide element, a group I1IA element, element, a group VA element, a group VIA
element, a group VIIA element, a group VIIIA element, a grdup 1B element, é group
IIB elément, a group IIIB element, a group IVB element, a group VB element, a
group VIB element, and mixtures of two or more thereof. As used herein, periodic
table subgroup designations are those recommended by the International Union of

30 Pure and Applied Chemistry (UPAC), such as shown on the Periodic Table of the
Elements, Learning Laboratories, Inc. (1996). B is preferably an element selected
from the group consisting of La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Pb, Tl, In, Te, Cr, V, Mn,

Mo, Fe, Co, Cu, Ru, Rh, Pd, Pt, Ag, Cd, Os, Re, Ir, Au, and Hg. B is more preferably = -
. 10 . :



formula I, Ais Ti and Ta in conbination, Ti and Nbo in conbi nation or Ta
and Nb in conbination, Bis La, Ce, Pr, Nd, Sm Sb, Sn, (fo and

and Ci-s Ca, Kor M. In this enbodi nent, x ranges from aboa AGg‘f‘t%QWabout
0.96, and preferably from about 0.5 to about 0.96, a ranges from about 0.3
to about 0.5waowdssTges from about 15 0.01 to about 0. 09, g’ﬁﬁ"“fﬁ“‘&‘?“éﬁabl y
fromabout 0.01 to about 0.05, and d is-a nunber that satisfies valence..
requirenents. In a particularly preferred m xed- net aI oxi de errbodi ment ,

with reference to formula |, Ais Ti, B is _Sh, Sn, %‘%A OeandC
is Sr, Ca, My w@velgment selected ffiom hergowR ?Péﬁﬁmg)?fﬁé’rﬁegr’ﬂdoﬁﬁ“ & B §°’t o about
0.9, a ranges &g ?Hélcgcrl‘g’i; re@éﬂ%létnu%ger(}afgng:ﬁ'dr@[)@@&)ohf @mrﬁox’éo about

0.05, and d is a nu hat sa |sf|es val ence uirenments.. I n anot her
particul arl y pp@fe&bbétpﬂﬁp secaborel-hlevesmnide POl ﬂ"&%ﬁ o ghopi0-2, Sl %G ce ¢ o-
formula I, A rega?abl drﬁoﬁpabo&m%dm@a rc&atﬂ’fﬁ&ﬂ()&@@ocﬁt()%sr Ca; My or -
Li. In thls e X ranges from agout to ab nges from

about 25 0.45 to aH@éQrﬂl!}lad;Céﬁqﬂa@H@B@efaF éﬁ?]@alfrl?c&'ﬁ]bﬁf’t rdgix“’éﬁdﬁﬂeq%

number that sagls ae{%&myva@lefemeﬁt deRetdd &R pSoupl dondisting of USK,PAE, i, 0, arl y
preferred m xe tal oxide enbodi nent, wth. #®ference to for mul a 1, Ais

Nb, B is Sb, SAr.BgjCsand Rbagndg i# moE PEGEfaRly pselegpent pelectqgrog thegroupy ¢ i
enbodi ment, X LaANQGS JFG%”K%Q]@N& GnS1ekd “&bﬁyfcs&m%n@%mggﬁg £6@0 @bout 30

0.15 to about O. 4, ranges fromO to ab d‘1I %E‘od] gger t hat
satisfies val ebmléoﬁemrpp@ﬁwhlxﬁornﬁt%%hom%ref’fa‘r‘PPréPf Fepg e R B3t nent -
the nickel jgatgl y&%dr&fst B rablPMEIH b R Eb6@D.0she a materl al conprising a

m xed- et al - oxi co ound having the formula [I: 21 Alfa%ﬁ;&tj 2003ﬁ

00/ 48971 PCT/ US00)/ ggaulg L 107 rpawmfs@émwsﬁ i TepLg e tha piistichper o

“x" and "d" Sr ﬁceQ%ﬁEhQﬁy Iﬁ%@x\é@al «@7id bhedll on the ob'(ldatlon dtatesSand the rdlative and w
are 5 describe el ow, et her, with preferred rel a% ? shi Fi bet ween

respective el ermamisfraciines afhq wHeusTagy! pioms of REPPROUPH © (44> can be
grouped in any ¢ uxstb@asvcﬁi%'hgygfmeem%mé proffetsTdxiaiomstand dndnsorsit |

pr ef er ences, sorre of which are 5fe0|f|cally set forth herein. In fornula
|1, each of1s" "fractigerforgegh off the melgl gxadecpmpensiiSher ranging from0 to 10 about

0.8, preferably from&efp&f&t%quﬁlx&i-éeta@me m&&m&xﬁ;‘@m@vym&em&l& oo about
0.4. - -The sum of 1) is at | east about r ef erablqyép(?t least

L1 E] )

about . 0. 15, ancfomiﬂ@{ Tpraéf‘e‘ﬁ ot SAcREere, dhpcptalystmptery San GORPPYISE HEHEP

refers to one q{av{;qgﬁgfg,%;a}]a}m de series el ements sel ected fromthe gr oup
conS|st|ng of Lam “Cen, Pro, Ndp, Snhy, and preferably. Each of "ni,

20 NizAOs ~ (-A),

where Ni is nickel, O is oxygen, and where “x”, “A'.’, “a" and “d” are as defined
gabove. _
In another preferred mixed-metal oxide embodiment, with reference to

25 formula ], the sum of (a +b + c) is preferably less than or not fnore than about 0.9, is
preferably not more than about 0.7, and is even more preferably not more than about
'0.5, and moreover, this sum preferably ranges from about 0.04 to about 0.6, more
preferably from about 0.1 to about 0.5 and most preferably from about 0.1 to about
04.

30 In still another préferrcd mixed-metal oxide embodiment, with reference to
formula 1, the sum of (a+b + c) is preferably less than or not more than about 0.5, is
preferably not more than aboﬁt 0.4, and is even more preferably not more than a‘om_n

0.3, and moreover, this sum preferably ranges from about 0.04 to about 0.5, more
i :



is "n", "0", "p", "q", Y, "s" and "t" refer to nunbers ranging fromO to
about 0.2, preferably fromzero to about 0.1, and nore prefer?bly fromzero
to about 0.05. The sumof(m+n+o+p+q+r+s+t)i %Iyat
| east about 0.005, nore preferably at |east about 0.01, and can, |n sone

enbodi ment s, wefeRkey] €ast about 0.05.-In fornula Il, each % u", “fir" and
"W' refer to nunbers ranging fromO to -20 about 0.4, pre gF’é’B?“{P‘fFom 0Oto
about 0.1 and nore preferably fromO to about 0.05. In an additional

enbodi ment, the catalysts of this invention include a conpositi on of rratter
or material haptefag@bly AR mEBRLI 0. £l abbRI0M Hnd rlokd drdferabi)is,

formula I'li, is nickel and 'Y is in the éraﬁraeycgoﬁg%légtoobm%b

25 sel ected fr in t he group. consi sting of Nb, Ta, Co and conbi nati ons

thereof and "j" lSInddhdHﬁi@ndI%M&rcﬁfm&édorﬂétﬁQRﬂfee&b xﬁxentéﬁ'(m @eﬁ%cga'rteggm or

sel ected from he ?ﬂg consi'sting of al kali

| ant hani des a 8“%‘6%{) T dady ‘I’fezre‘iffpmfefﬁﬂﬁl'ﬁdﬁr@'m? Binkg, G¢, PrFas’d,EIfm My, Ca,
Sr, .Ba, l\/hsLeSbQ&;,BRn,cd,\ld;Amt gL R A2 S S in the.
range of from %51 ) d% ailréerr%bﬁ}? sel elg{% Sﬁlhﬁ’g{%{ﬁ{é@n ISd .
consi sting of “SAf M I“t]i’éemg? mmgnt, xgpangeffrom ghou t0@b0utp@6amvdpmﬁ¢rﬂ1matl ons

t hereof and " Iﬁom&)ohmif&hbf)@@% Qfanﬁés%pa'bguﬁ)ﬂ%'aﬁ t0"5I crejn esq-m%mber t hat
satisfi.es the _val nce requirements of the other emehts present. The sum

of j, k and | 3Pgugd! te.ahont 0.89, end preferakln feqnaabowt 6. Wef@ ahqut OfiSsanfldrisrul a i ncl ude
ni ckel t hat lsluﬁﬂaahaieitisﬂéshhéldnéhr%&ﬁrcﬁéntgl August 2003 WO 00/ 48971 :
PCT/ US00/ 04478 oxi d state; neaning that there may, be nickel netal
present, bt it wi I’I"‘ gherpEeferped mﬁ%ﬁ'@?@k%ldeﬁﬂkbk@memxwdbre@m@ td s present in
an anount pr eff&:&raﬂHIyAQéT%deQ%é 4B, T r .at | east
50% by wei ght and. npst_prefer abloe at Ieaét%iég@hm%{n%&h&fﬁﬁgml
preferred enbSGPHEHID; B iyl a ke PraNdSen igh&mae@%@g@ﬂﬁ@; aIldrC tsie2, B oconposi t i on
(with Co bei ng«[gplhltlgflahl) d@ﬂdu amBts 336t DD eral l y, x
may range frorr1J ) ¥ Jx(r - 10Y%‘%, p?%fgg{rw%agé?@ge?ﬁbgbﬁ?

about 0.85, ndP& ﬁﬁé‘r @troé%bq’?/6’1@F61¥F%1%%Fb°0“93t“ba‘@laﬁhi cQagesfiom gomit pr ef er any
from abouts 0.0801tt®aRO0109, AnBprefeRIBRY Brh Yboul 0. Q{ﬂﬂgﬁ to about
0.8 (e.g.,~ 0-, 809 ; but pre reerabIg{/ rand)es ??ﬁgﬁrbgﬂg?si%ﬁa@ﬁ%u ef) nor e
preferably f r ot valepss TaqytitegentS-4 and al ternatively from about 0.3 to
about 0. 4. Gener al h% pakicanadly preRifel nfBd-metd1ARQE e&B&HRnErRQHﬁh rgfege%cé‘é%wt

referably ranges from0O to a

0.5-(e.g., 3?1?%1 but

preferabl y fr fdud t%ISOSblS&rﬁ} Corggror Seand EdpSty CoMdgromlbiolit the ¢ o about
0.05. Wthin bhﬂ&rﬂm&rﬁnﬂﬁﬁgestﬁl‘&% a%'dﬁ'ﬂ(pj‘ toJameO@r'grahoeys“ﬁlokpoﬁguﬁ}lsltgggt about

0. 04 but my range as as about O. er e Frent e Phe sum of
i, k and 1% 04 B@nﬁﬁﬁwﬁ@ra@m{tﬂﬁ @dgl is gnumben thabptisfomaklence0. 3. I n sone
enbodi ments, Myuaggknia are included together in the conposition (with Co

bei ng opti onal ) and j may range from about 0.04
In dnother particularly preferred mixed-metal oxide embodiment, with

! A" i's

reference to formula I, A is Ta, B is Sb, Sn, Bi, Co, Ag or Ce and Cis Sr, Ca, Mgor -
Li In this embodiment, X ranges from about 0.5 to about 0.9, a ranges from about
25 0.15 to about 0.4, c ranges from 0 to about 0.05, and d is a number that satisfies
valence requirements. ‘ - '
In 2 further particularly preferred mixed-metal oxide embodiment, with
reference to formula I, A is Nb, B is Sb, Sn, Bi, Co, Ag or Ce and C is St, Ca, Mg or
Li. In this embodiment, x ranges from about 0.5 to about 0.9, a ranges from about
30 0.15 to about 0.4, ¢ ranges from 0 to about 0.05, and d is a number that satisfies
valence requirements. _
In still a further preferred embodiment, the nickel catalyst of the invention can

be a material comprising a mixed-metal oxide compound having the formula IT;
1A



to about 0.8 or in any of the other listed ranges far j. In one preferred
m xed- met al oxi de enbodi nent, where, with reference to. fornmula IIl, "k"
and "1" are each zero, and "A" is Nbo or Ta such that the cat al pygust 2093
mat eri al" can conprise a conpound having the fornmula IV: N .NoyTazG (1V),
where N is n‘iﬁékel 0 is oxygen, and.where "x" r-anges from about 0.05 to

about 0 96, w@)"l’ ot anges fromO to about 0.8, "z" ranges PCTE$0044 about
0.8, "i" is a nunber that satisfies valence requirnments, and the sum of °
y" and "z" is at least about 0.1. In still another enbodi nent, the

catal ysts can be represented by the enpirical formula (V):

Ni QCobNb, T5JSneKj Al zFehO;. (V). 30 In'formula V, subscripts b, ¢ and d are
nunber s greater t han orNQmJBalko.DaSB.ISﬁsHi;(EEI{modthan oneInAt | east one of
b, ¢ and d is nonzero. Subscripts e and f are nunbers greater than or
equal to zero but |ess than or-equal " to about 0.35; subscripts g-and h are
| g 21 August 20Kkd WOaRDYAGE:/Ek deschibbicion844d Bat) i b ,s, gupaddw dfhan or equal
to zero but_less than or subscript .a i s a nunber
oreater thah ARTPBILe LS pE R e PR e B 8BS P el

. - b-c- d- e-f - g- The5valisus egtitad elenents offolnmd4 [Iphn be gﬁu@dmuﬂfgmftﬁehahomatl sfies
val ence requi re%%nts 0

ot el yet of 1 BRIV PR R B areb et Tl mpal

catal yst can tfahkéreine further conprise, in addition to one or - rmre of the

af or ement i oned co Q$i L 1,0NS..a solid suppaort.or. cagrier. The
support is 10 preféet g‘ﬁ'f@ 3{5‘%58 Eﬁ) o?t1 TW?Sﬁntgn B r%rfg}’@ff g?al ly '
rangi ng, wi hoabbudampteﬁdrahbmﬁomfatonbcaibomarﬂmasmpmfeahﬂmfmrﬂl(o(io Etrmamd vvith a
surface are‘at |caII Jha it fro out 5 nm2/g to.
about 300 o gHiesd o5 rFE SR esi AR or i e PRI R mele "l ovi
critical, and praﬁrablmtuemabdwo 3exanple, a- mat eri al sel ected from t he group
consisting of sili ca acti.wvat ed, car

ar ite,
zi rconi a, nmgnesi a, {@muratr?érsi‘ Bak ers* oRpg or ARkIg° a% decrsgnese°Wﬁ“§fﬁ? &t her eof .
Preferred suppatthegaiuprchadissing 0fLay] Eef, E’toamdpaSm;mmcfmblyaEwmdﬁamur silica.

I n sone cases, . whete. tLhe, .SUR « r tself s one of the
preferred dgnpdheﬁ’t’sp(qu % % Bsg%%fr%réoﬂlu emm“ﬂnﬁo%rom(%tﬁﬁgﬁlgrq% t he

support nat er i pefetablyeftdm m;ytom‘obmmi wed mofeqirefeablydiom o totehent 0a5alhyt i cal |y

t t | . 1 th t to th
20" dehydr ogenat bt (FGHLT Pare o it oy DAt Poprphf R BB b nlert oy, .1

preferred s uppp:refe;ab@mdleaﬂahodne 00 pdralicae dn sdntr enghodineis, ba‘at teaxtebonrB ORI al
vendors such as Nor ¢ Qorhmpqp eac fqtrl”, ¢ En%%l“r\lra'rrgfter' to numbers ranging from 0 to
20  about 0.4, preferably from 0 to about 0.1 and more preferably from 0 to about 0.05.
In an additional embodiment, the catalysts of this invention iﬁclude a
composition of matter or material having the empirical formula (I1I):
NiAB«CiO; (11).
In formula I, Ni is nickel and “x” is in the range of about 0.1-0.96. “A” is
25 selected from the group cons;sung of Nb, Ta, Co and combinations thereof and “§” i
in the range of from about 0-0.8. “B” is an element selected from the group
consisting of alkali metals, alkaline earths, or lanthanides and combinations thereof,
including Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Mn, La, Ce, Pr, Nd, Sm and
combinations thereof and “k™ is in the range of from 0-0.5. “C" is an element selected
30 from the group consisting of Sn, Al, Fe, Si, B, Sb, Tl, In, Ge, Cr, Pb and combinations
thereof and “1” is in the range of from 0-0.5. Also, “i” is a number that satisfies the
“valence requirements of the other elements present. The sum of j, k and ] is at least

0.04. Catalysts defined by this formula include nickel that is substantially in the
13 '



Gener al approaches for preparing the nickel catalysts of the present

invention - as supported or unsupported catalysts -- are wel | kno i.n the
art. Exenplary 25 approaches include, for exanple, sol-gel, £ Sugt (9i ng,
spray drying, precipitation, inpregnation, incipient wetness, spray

i npr egnat i onwg @@ssexchange, wet m x/-evaporation, dry .m x$&adaasdstgrg, hi gh
coating, fluid bed coating, bead coating, spin coating, physical vapor
deposition (sputtering, electron beam evaporation, |aser ablation) and
chem cal vapor deposition, anong others. The particular technical or. 30

non-t echni cal okiecdaméteeﬁnemh{gqm%dremme riGkElTRBd] YreSohi, biteill nBt 8 we r ed
o, sgpesty. Mgk srtia OORLE: mrtoht i oh sty ann ot iewit dBbOW0 R4 7
ecnni ques, s .
evaporﬁti on,- Iv&"eeghghﬁépr}éﬁmalastctosrwyaym%mmdn@sijlfﬁeage@aleereo%ﬁhg cat al yzt
rray t ake any SUIt e (0] ra a t abl e as | SCUuSsse
in greater def§ight élswpﬁg%ﬁ&&ﬁ@d‘{ng“t%% a@é(@%?%@ééﬁ?ﬁﬁh%%t? prepari ng
a supported mc&ﬁﬂc;sﬁ{b%iﬁaﬂi%ﬂﬂglg@l@ﬁ@h&ﬁd_]Qﬁaytnhfge&&M@lﬁtﬁlt0105 -08: conposi ti ont 3
corrprr Si ng eac (0] e esire el.ene onen S
of the catal yé]eﬂrfrlYem%an%?eff"&abe&'rfgtﬁréﬁf %d&ggﬁ)e dh 3P

cor F espond! nsga%g‘g“ ﬁ%?%f*eg?g"“m@%ﬂ?ﬁrﬁflaﬁ%ﬂsﬂr@?ﬁw@ﬁ“ESn e
formed, in oyt Dode abapt 0 DETETY AT tI0 Qehoyt

fsol ution, di sm%‘;lbeﬂpre&kamymngﬁs fisal 0.04 tbyb@ombmmmlgeteﬂaﬁymngnboﬁmmoh ngnt t he
Comonont (0 “ R alld borbioRit iyt BS. 48305 K0 PR R it s a
sol i dI havrb ngb{rhl%eiﬁ@ﬁﬁbb&d @fohﬁﬁlt@fﬁ&h@ﬂ)ﬁf)%j,bﬁt piﬁ'érht@pﬁnfgb@lﬁ‘pﬁl’(ﬂﬂta'éoutf or Cen
exanpl e, Yy el Into uat-e 0 r in-situ wt t he
support or ‘{J%@F“’?Eteg’%?y&?t& abanEQ f “A’ﬁﬁ'ﬁi“&?ﬁt%‘%‘g‘rg@ﬁ whBrdeRks) . For
exanple, a pr E{}GSa|W1_tl‘BﬂtHe@eﬂran§d§,ﬁﬁ@§ijrﬂ of9/k dna 1 Wittheasleait ﬁﬁh&ﬂ.@tﬂﬂxt afaydi sper si on
A Lernat | vel v Tas blgh el O Tt ForREty b ofLttink BAAYILEERE eci pi t at od,
][ecove[] ed gnd xﬂtﬁlemgﬁlmsgdt%laﬁr(ij ptRmatil @3. rlatsd)rﬁé’lerﬁﬁﬂmﬁﬁtﬁl lehndl]‘ﬁethfugﬁdeﬂed) to
ormt ecorres ondaj SOl | Cco case r.e-c Cl tion
conposi ti ons Hi tg‘f FrRIpRASition W@’a{:%%ﬂf(geopamﬁﬁé%h%f% P‘étdﬂ%e g., to
drive off sol Vtelsdil)oslaferzeryroedlemltrerm&demrgarl.roep COnposi t i ons O}‘lthe

i nventi on can conpril se ter ve const st es e tia .
conmpound r epr esent OWIF%F‘FH?I‘F’H‘C@"“@& %%%’e’(ti“'}ﬁfe v 3?9‘? %lhereof _
where "x", "A'formdf 11, “&’ and"®" are edth z&0thnd CA” BIN® ceALuclathattRé ¢antgkt above 25 in

connection with th preferred m xed- oxi d ata t of formula I. A
particul arfy préf Faé’ocoﬁrpé‘s?:%\F‘?ﬁ‘R?H’E“i”&‘fméngﬁ n can conprise, or
alternatively consist - essentially of, a corrpound represented by Formul a
[1-B: NixTijTakNblLa Sh, Sn, Bi , Ca" KNl EI1 [ - I%?V) 30

where Ni is nickel, O is oxygen, and where “x” ranges from about 0.05 to about 0.96,
25  “y”ranges from O to about 0.8, “2” ranges from 0 to about 0.8, “i” is 2 number that
satisfies valence requirments, and the sum of “y” and “z” is at least about 0.1.
In still another embodiment, the catalysts can be represented by the empirical

formula (V):
Ni,Co;Nb,Ta,Sn.KALFeO;. ).

30 Informula V, subscripts b, ¢ and d are numbers greater than or equal to zero but less
than one. At least one of b, ¢ and d is nonzero. Subscripts e and f are numbers greater

than or equal to zero but less than or equal to about 0.35; subscripts g and h are

|



"wW' are each as defined above in connection with the preferred m xed-oxi de
catal yst. of formula Il I'b 21 August 2003 WO 00/ 48971 PCT/ USBbAuoauti#0Fhe
preferred pre-cal cination conpositions can be in a liquid state (e.g.,
solution, dispersgugn: slurry or sal) or a solid state. O heerswbars ed
pre-cal ci nati on conpositions of the invention can conprise, or '
alternatively consist essentially of, a conmpound represented by Fornul a
I11-B: 5 Ni.A3B&t or salts thereof, where "x", "A", "B", "C', "j", "k" and
"1" are each asughbkisrpechtaitouer equal 0 aerm battlese thatbit dquitheatpred. B, aedl M xed- oxi de
catalyst of Forpula J11. A particularl Q,preferred pre-cal cination _
conmposi tion cart ¢om ér‘f lsséﬁ,nug_lfgeraqrfag?rrtlha i"’vfgfl’@‘ i‘gi‘) @ge; andsatshiy %hﬁl ly of, a -
conmpound r epr-esapteedotby Forrmul a V-B: N aCobNocTadSnel {f Al &eh. (V-B), 15 or
salts thereof, where "x", "j", "k", "La*", "r", "s", "t", "u", "v"_and "w'
are each as defined above in conr)zegfi_ggcv_\,idt_he_'gﬁ_e bpeferred m xed-oxi de
catal yst of forrmual V. The preferred pre-calci'ndti on conpositions can be’
inaliquid state (e.g., solution, dispersion, slurry or sol) or a solid -
state. Accorii g cE¥RtoRd. mbsering ! semupbenihat ptisfics Ippror stapisem ekmentaat i on 20
conposi tion, saktks iRthelfh@uyari ous el enents are’ conbined to form-a-sol.ution
or liquid dispersion thereof, ("precursor solutions"). The netal salt

precursor sol uti.ons Heaickgcatlystafie invnianisprefsrablyiasarsornahentalyst. Thapi cal | y

include metal catdlyansanthdrbfofeTihitted bbiiie, i fdfoh &bk bPRbRICHRL €S, acetates,
oxal ates, and halides, anong others.” The metal salt precursor solutions

can al so be or (HPFEECRINNGE PURROVAGS 0F GPuppsitignse el SUAPAY OSCRETEINERSIUPPSL Sat | ons

and count er kPNSpref@mbied pordts sOJRR! witPAIrekit c_:a;(@ réhging Ah 1N iElESdion VIEN
hal i des are used as a _counterion, the resulting catalyst is preferably

|

subsequent | y r i B abous 2ngyieipheut y10p emgnd viyth'e srriaen wea tyrierlly sipsing. Withaude .

Particul arly prghRifor0fsakiicut 5 8/ghb aboki 300 ni¥e; Tibiapa%ﬁ&laZFuﬂtp&@ biiGerierf OF
eJ

exampl e, nickel nitrate, titanium oxalate, niabium oxala t ant al um
oxal ate, and ziPeeEhtldhee rarols critivsh apd saa énclvde. A9t cxymnle. gaatariabslectedn t hen be

30 inpregnat ed fréth theprdiiRRiting BE BTl Abhia Fedlitd, ativated RRAY, fitanilhe Vol une of
m xed-netal salt solutions used for inpregnating the catalyst will depend
on the por e Yol Hirenigimagnssia, 2eRliiesrand clayigaraeng othyssi & arixtyres therpel threfsiretbout 0. 1

to about 2, prehghaPidtefiiio MRBOUHENS,; rcorif) sRRRIdlor dlidd MRSl BsR Ok gery@L une
t hereof. The pH |s@_§referabl g mai nt ai ned at about 2 11 21 August 2003 WO
o}

00148971 PCT/ Usbeporameiscipldisghisihe gme shenechthapiplored pamuopemit €6~ Wfhdet can
then be dried, RBI&fahfbl donfonéi®ihe 8&bport material itself may effectively form a part of

the catalytically active material. In other cases, the support can be entirely inert to the

Or Sal tS ther eof , mere "X"1 llj ll, 1 k1 1 , n La*"1 N r“, "S"1 "t"1 llull IIVII and

20  dehydrogenation reaction of interest. Titania is a particularly preferred support, and
-can be obtained, for example, from commercial vendors such as Norton, Degussa or -
Engethardt. . )
General approaches for preparing the nickel catalysts of the present invention
— as supported or unsupported catalysts — are well known in the art. Exemplary
25  approaches include, for example, sol-gel, freeze drying, spray drying, preciéitation,
impregnation, incipient wctﬁcss, spray impregnation, ion exchange, wet
mix/evaporation, dry mix/compacting, high coating, fluid bed coating, bead coating,
spin coating, physical vapor deposition (sputtering, electron beam evaporation, laser
ablation) and chemical vapor deposition, among others. The particular tech_nir;al or
30  non-technical technique employed is not narrowly critical. Preferred approaclies,
- include, for example, impregnation tecfmiques, precipitation techniques, sol-gel,

15



pressure (i.e., under vacuun), at a tenperature ranging fromabout 20 'Cto
about 100 'C fora period of time ranging fromabout 5 mnutes to about 2
hours ' to forma sem solid or solid pre-calcination conposit#bfugest2003
According to an alternative approach, various aqueous solutions conprised
of water-sglyhlg-yretal precursors can be conbined in prppgfsiRlagetric
ratios to obtain  conbined solutions (or m xtures) having desired netal .
conpositions. Water can be separated fromthe netal -salt.conponents of the
conbi ned solutions (or m-xtures) by Ilyophilization, precipitation and/or
evaporation. év}l;%?.i_@ioh'iﬂ&ﬁiéxﬁ%e(n@é‘s%ﬁ@sp&a%,diﬁ@gﬁ%in&gg §th&@s. e bR Aa1 Xt Ure
(e.g., under liquid nitrogen), and then 5) acing the mxture in a high
-vacuum so t 178 syisble g fe.q. alas Ahletners.), 25 disistrg Ibesnistdetdilbelees of dry
metal precursors.ackir@g iohebicRlaledploach for HeR@ihah kot aMledsbdiet al i ons
by adding one or nore chem cal réagents that will precipitate sparingly
sol ubl e sal t soxiste catlgstpEths InveRies, 2 compesiiQRfamPEUPS sk BiEhe desivgy elsmsws de i ons.
that shifts i Qffiag 286 dxide CorHOnk:@s SaNetatalyst (.07 KB HiaRP cathpdregihiBheoet @l salts
(comon ion effect), or may bind with netal igns_ to I1gorm unchar ged, :

i nsol ubl e coORYF BT BHROBANY GRLks foenstymd Sher papnally Frlcrndite fosm the such
reagents my Qxk&bidndthixbEAEFR! &he hrodf cihRichThipdsRbinGad BE fdriied, ihat.
produce insoluble salts. O her precipitation nmechanirsnms incl ude
hydrol ysis, ithe (it isante foapxamplimin aligaidistalg asi soltien: disprriam sprsitle of a weak
base to for minsebitilsehdBlje compbdests ﬂl@ﬁrsggxiﬁohé‘orﬁ;ﬂﬂéﬂtgﬂ@n@f) Raem, ;e €. 9.,
al cohol s) that affect the polarity of the solvent. egar_cﬁess of the
parti cul at® me¥HEARRHEr thirmispreempPreal®. dhfrpEaispion PRROTHGHTRREY emai ni ng
sol ution by fudtatmea@ass §diif HNREhE DigheSQhitlerdS oARE vArRaS colREMbis ey t he
supernatant; residual water can_be renpved by evaporati on of water fromthe
preci pi t at es TETPISrHNL4InG FBRFSTSSH o, Sivakop.Pr rere w4 et BASHPABSS ti on.
Evaporation r@hek & 4 Qid RE@iatich SAbiedel appRakiés) ¢t LxaipRNE bR caltih@ihn Vacuum t o
forma sem -sold or solid pre-calcination conposition, The solid
pre- cal ci nat | BPPEBHPTTIHGRa EAHIOB 6T EEHCEI WA BLEWFBRHE. 1Y AATROBE  known in
the art. Gal cipsdd o RQNFiel | RRSnAR8y,3hd-8MdindiBe s@ion\ok Hip&ibiok b KAt al yst,
and can be optinmzed by a_person _o¥ skill in the art, particularly in
connect i on wi PRCIB{tady eraveed pnddbencaed e CRERPISISPY BRPaftFbEclERyRIr ogenat i on
reaction C0ndfohh%%on&ﬁéxﬁlﬂ@%&lﬁ&%n?@sidonwm Rhsel pralchiginkGeh coripRbigbab! v _
effected at tenperatures ran mg rom abouf 200 'C to about 1000 'C, -still
&

preferably fré¥hbapepvisigated e asatseired (e.geto dsvepEsalyERfS) r om “about 250
' C to about 500 '(I"rrefél%p@éa?cirﬁﬁ&fé%h%@éiffonfs'b@ﬂ?lbﬁ-@@xﬂfon%@c&nﬂrﬁeﬁ&o!ﬂ 400 !8 21
August 2003 WO 00/.48971 PCT/ USQ0/ 04478 C. In some enbodi nents, it is :

pr ef er abl O f ofltcgnativalyepnsis sssenia s o fafcampamnd sgpresepdepr Barwied-Bf  about 400 ' C
or |ess, about 350 "C or less, or about 300 'C or less. The calcination is

preferably effected for period of tune, and at a tenperature
Ni,A:BupCe (I-B),

or salts thereof, where “x7, “A”, “B”, *“C", “a”, “b™ and “c” are each as defined above
25  in connection with the preferred mixed-oxide catalyst of formula I. A particulatly .
preferred pré—calcination composition can comprise, or alternatively consist

essentially of, a compound represented by Formula II-B:

Ni, Ti;TayNbLa Sb,Sn,Bi,Ca,K, Mg, (II-B),
30 '
or salts thereof, where “x”, 7, “k”, “La*”, “r”, “s”, “t", “u”, and “w” are each as

defined above in connection with the preferred mixed-oxide catalyst of formula IL.

b



sufficient to provide the desired netal oxide catalyst conposition.
Typically, 5 calcination is effected for a total, cumulative E)el’l od of tine
of at 1east about.0.1.hour, typically at |east about 1 hour 21 AHgrst 2003
preferably ranging up to (or nore than, in sone cases), about 24 hour s,
preferably up ut 12 hours, with actual calcination t endi ng
on terrperatur‘é‘(bac"coﬁdl ng to approaches ‘known in the art. C{é’a{‘lpc[ﬁﬁoa??ﬁ% 4
periods of from1l hour to about 6 hours can be enpl oyed. The cal cination 10
environnment is preferably an oxidizing environment (e.g., conprising air or
other - sour ce 1gf gk &S RHIRAIERBpositRk &AL ith ifluBSaflle E&iagNVi T onment .
In the case of %ert cal ci nation, 8 dation o corrponents of the
cat al yst can bélsettf*l@rsﬁ]edYPT}SOl)Sirta@Oltﬁﬁtﬂtmg the reaction, by oxidizing under
reaction condition. 0 di ng:
the catalyst into aor C%E%ér?aﬂzrghgah%&raﬂa %@h@?f%ﬁlgﬁbﬁ%ﬁ%h HIP F% ggt ed’in
situin the reabemasnely sensishessentialiyof; peompanad mrpscth bycfeenale IHtB‘ie '

cal cinationsconditions can affect the activity.of the catalyst depending on
the catal yst conposition and dehydrogenati on reacti on conditions. - For
exanpl e, .by lowering the cal cﬂ‘ﬁa‘{ Pigh t enper at ufe{II#®)- Nb- Ta oxi des are
generally - nore active for catal yzing ethane oxidative dehydrogenatl on at

| ow tenperature with 20 hi gher conver si ons As specifica shown in the

exanpl es, a calogsaatheisel, pherpeXal 1B 161 ‘M- Kbamital oxe ersh avdefiapdehova 00C gave

general |y |ower, %H%ﬁ&éﬁrﬁl@&e'p&f&%mudsﬁﬁhe c%@ly@t JFbdil O phRERESAL Ure of,
about 300C. Finally, regardl eéss of the particular approach used to formthe

catal yst, tWe Psefiried prsraalcination spmmogitionesmeompriseoer aliernatinslyccansistnat i on pr oduct

(catal yst) caneggntgflpgpgcomgo@n@ggphggdt FoRh&gsee. and/ or sieved to ensure a
consi stent bul k density anong sanples and/or to ensure a consistent '

pressure drop across a catalyst bed in a reactor. Further processing can

al so occur, as discussed bell\q\@%ﬂ;l@aag ?%ﬁ(leFeﬁat al ysteyafy, the invention can be
included in a catal yst. conposition rfsing other, i nactive components.
The catalyst may, for exanple, be di I uted 30 (e.g., have its concentration

reduced) W i i QS RAAUAEIE “kAOK! 151 il 5y, I R1-@ SukiNG LR Glipae of

skill in the art, including for exarrpl e quartz Chlé) sand or cenent.
Di | uents may belefirpd@bovedn eqracqsian Hith dhe proferadanietherddatatalystof famawl Vo t o about

30% by vol une m@5@&%@pllevcaicﬂlaﬁ&ﬁco&@eg@mefcaé b O 2OM ek Qe b0 s@BRE 25 % by
vol unme. Preferred 19 21 August 3 "WO 00/ 48971 PCT/ USO0/ 4478 dr | uents can

i nprove the heeﬁlSPFrélﬁ@)\FbliffY@FSQDa%ﬁ”PNaﬁ%‘Fer of the catalyst to help avoid hot

spots or to modify ne&rapg&%neﬁaemggf&f&ﬁm@tﬁég,rxfe%pwe@acm@m cal strength
to the { catalyst and be added in the range of from about 0-30% by

vol une, preier gemyositipn, &ahéoﬁ‘hﬁwotﬁ elm@m aapenmbid tefogp ggelutien opligpidy ol une.
Useful binders dlﬁgxlmU)q ﬁ'xeﬁe'oh ' %@ecﬁﬂbn solutions™). The metal salt precursor solutions are
preferably aqueous solutions, and can typically include metal cations with counterions
selected from nitrates, acetates, oxalates, and halides, among others. The metal salt
precursor solutions can also be organic solutions or sol-gels comprising such metal
25  cations and counterions, as well as other counterions (e.g., alkoxides). When halides
- are used as a counterion, the resulting catalyst is preferably subsequéntly rinsed
extensively (e.g., with water) to remove halide. Particularly preferred salts for Ni, Ti,
~ Nb, Ta and Zr include, for example, nickel nitrate, titanium oxalate, niobium oxalate,
tantalum oxalate, and zirconium oxalate. The mixed-metal A,_salt solutions can then be
30  impregnated into a support, preferably a titania support. The volume of mixed-metal
salt solutions used for impregnating the catalyst will depend on the pore volume of the
-suppoit, and can typically range from abt.)uf 0.1 to about 2, preferably from about 0.1

to about 1 times the pore volume thereof. The pH is preferably maintained at about 2 -
n :



5 silica, alumna, diamataceous earth, hydrated zirconia, silica alum nas,
al um na phosphates, naturally occurring materials and cenent and

combi nations thereof See, s e.g., the discussion of suppor.25Augiudios

bi nders -and fillers in U S. Patents 5,376,613, 5,780,700 and 4, 250, 346,
each of whic orporated herein .by reference for all & The
per cent ages 2?53W%§ﬁts of binders, fillers or organics referrgga@4§ﬁerein_-
10 relate to the starting ingredients prior to calcination. Thus, the above
is not intended to inply statenents on the actual bonding ratios, to which

e L IVent 01 il THERREH ekl SARLERINEL ARICTLEIDA BT
reacti on zone pfessre(éacinger, vace, at@a@nmram@ rg@fgé?@bﬁﬂ“azq Cteaborsd0® | ow -
reactor, but ot t}%tng actors
and flow react oérlgor gkﬁédao% %?gg&gg} egtﬁ)lrugg%tl%lr%% %%ga%g%&%g g?g) oyed
The cat al yst |§01piroe$<é\dab¢ wlm@mmex@pqsmonhe reaction zone (e.g., in‘a fixed-
bed) as a sypporte orted
oot Al yat © (APPOr e {ERlRlg bn AUl TBUROR vah i s o 00P "
form includi ngvawoméﬂemetgmrmursogwcanm eqmbing lnet%’erdfollan%waq@é@s t@@bﬁhyst

such as tabl et\% héh%}uuﬁ %ﬁﬁn{uﬁ )ﬁ&ﬁﬁgsc%esg& rfx&t ngapé?ﬁanSWaﬁi‘&{n‘b@at €s,

etc., each of are ose he art For exarrpl e,
t he shapl ng of seratedifiom themefal- salmomﬁ@n@mfﬁwm@nd prdytiope (ar amiktueed) Ut by
conpaction (fo i or
kneadi ng step, o ??lﬁ%\ggggspg%%ﬁwl?&%d%F%FB%% n) lr%\ll\l/l-%atr?lltﬂ|9(I"Senfxaﬂs E‘mwzl I é%r es
(e.g., graphit ecsoltingmidure e acurdevliquid niwogen), end then plating amiyyre inahighe case
of unsupported émlsx?cfamem rﬁegamﬂegnewage&h&%&ém%ﬁ dg«aqmﬁat al yst
geonetry di rec ow cyli rs may:have an external aneter, and

| engt h of frompzecur@oraci’mmmn seforald sepdspiirigrlissalved metelipnsbytaddize pumor
General ly, the ed

i ther bot or o G aeBi Rafluarhdt thl PGRUp AkhD BB Bhe PEUe B G
exanple, by corfuindieiniegl rergcgisimadipreyidetiens that ghiffienipequilibeiugto fvoer

cal ci nati on, 180 3‘&&9&% olubielrRethNGHk cmpfp{)h%ﬁt&) Bfﬁ%ﬁd GRR bR il

catal ysts. |scusse I'n greater detal el ow, "co-catal ysts can al so be
provi ded to t hdo formandhaiged, inswhble coodinatien cqmuonndsr(eor@d@xau@tﬁt Ippdditipe, pr esent
invention (in n?@strp ition).
21 August 2003%%%%%@%%@?5%%% EJJISI(SBO 83‘%%%%&3% kan ééé%/sﬁ%?t%?%ﬂgg%ant to. be
dehydr ogenat ed inssluplesalisd €fher precipétatieaeachonsmsoeiededtydrofysisy iagdhielr metaht ai ni ng
the catalyst. THRLEA b A RUR/SERRIGr WS pACIYEROARABNL AR LRI Al €
reactant is provi e reaction zone as a gas Oor in a gaseous state..
Li qui d reactntthe siditiobef agapio (4.2 exlcdbylshbetadigs! Wlmpﬁbgsﬂmmegﬁdk& t he
B e o 21 el B Sh RO OB AASEM Scrlalachom T0Raliiage can be

substituted or unsubstituted. els pre erab
solution by first centrifuging the solutions and then decantmg the supernatant

residual water can be removed by evaporation of water from the precipitates to form a
semi-solid or solid pre—calcination composition. Evaporation refers to removing water

25 by heating and/or under vacuum to form a semi-sold or solid pre-calcination
composition.

The solid pre-calcination composition can be calcined according to methods
known in the art. Calcination conditions can affect the activity of the catalyst, and can
be optimized by a person of skill in the art, particularly in connection with a particular

30 catalyst composition and/or dehydrogenation reaction conditions. Calcination is,
without limitation, preferably effected at temperatures ranging from about 200 *Cto
- about 1000 *C, still preferably from about 250 °C to about 600 °C, yet preferably from

about 250 *C to about 500 °"C, and more preferably from about 275 °C to about 400
13



al kane having from2 to 6 carbon atons (a "C2 to C6 al kane") or a
substituted C2 to d6. al kane, and preferably an al kane haV|n? from2 to 4
carbon atons (a "C2 to C4 alkane") or a substituted C2 to CAlApgushel03
Preferred C2 to C6 alkane reactants include 10 ethane, propane,

i sopr opanol , i sobut ane, and isopentane, with eth n
partlcularly prgﬁ ed The oxi dative dehydrogenation reac??gﬁg? 4%8
conversion of ethane to ethylene is representative: C2H6 + %02 -) C2144 + .
H20 15 The correspondi ng al kenes for other preferred C2 to C4 al kanes

i ncl ude propy' G@EPSQHCQ%E&%HQQW Pc‘fe?{xb‘iy‘ﬁré <¥19?H:'0h§oor§%re?f3@t@@%t) 1 butene
and/ or 2-butene (from n- butane t'ene rom | sobut ane |soanylenes
(fromi sopent arteperages ¢f§b@¥téﬁ% COIIiFSéa‘aé’PIFtédo SCibsledst artabelt @00 {@omddssal kanes |

i ncl ude hal i de~gURSLhtddh 88 LR ted B perfdd Loride can be
oxi datively dehydrogenate%mhsﬁhg ?ﬁ% cat ggagg mghﬁ¥hr&gtscrlbed _
herein to for mspfﬁelcs}titﬁptoveﬂqm@qde@@d rmqtqlnwégmtalm‘mms@nu Typiealiyi on i's
described and yefRldnfil 6%k RSB toial chdiul BS&E Jeeh, tion of
t he af orenenti oned al ﬁaneg ééh droéena?ﬁ%% %f e??&QFggﬂﬁg{ﬁgﬁﬁg the
catal ysts and mwﬂnstlmss@boaébhpw pwfqréﬂsanasmnmm@m«aw@,mswand is:

Wi thin the scopg faﬁoﬁ?ltiﬁb\ﬁ?éq{:’ﬂe%blf@rto%mﬁour%:mgct}@ BN G s

oxi datively dehy rogenated over the'nickel catalysts o e Lnvention to

f orm benzene. Nepeaging pn tempgeatyye adeardingse mm@@owmﬁmrﬁﬂ@mﬂh@an al so be
used for dehydrogenathhd 19k abax%rh%@w% ki ahe Salciikiol as al kenes, to
one or. nore dehydrogenatlon product (s) ehydr ogenation of butene to
form a but aldi erﬁ’é“fo&mnttlhéreﬁ?é?}b}édﬂdg‘éh@tlﬁ @er@fm@l@(qgs@ampmmgr erptiesr m

| soprene are eé&ﬂpé&%m&ﬁr%@ntbufc%naiséﬁcmgywﬁﬂomm&hﬁnﬁﬁga%ébpn zone of
t he reactor containin . The, oxi dant refera gaseous
oxi dant, but camﬁﬂaﬂabmanm oxidation qfﬂt?l!’i“ﬁai coRpQaRis ofghe @t%!ﬂt pan-bsteffeetedii dant .
The gaseous OXisfRaRlrreShdHefitoh Y HKidiRAGIEIEAYY SnBitions ML Yatinafid3 VO

00/ 48971 PCT/ US00/ 0“4578 gnd Cgﬁ,l ble prgggll ded as oxylé]lon$2 as or as an

oxygen- cont ai nicagberffectetndorinyesding thesatalytintag repstionczaane, l@ealaqmﬂtwdm@xygen or
air that has beguetiddth S i thlrealifn SbnoRbSolibikhioflases such as nitrogen.

Q her gaseous oxidants, such can al so be used in the

oxi dative dehydr ogetmaaneal, ﬂ@avelcme%on qoﬁdIB%é’Em #fiectthe adtivithef the patalpsti s
oxidatively 5 %E%Wn@gﬁ%&Qlﬂsf‘cohﬂ;@s@&%ﬁﬁ%)‘d?dgefilﬁ%fé‘&&mﬁ cortifiéis SRS

oxi dant during t reaction e.g., using a‘sol1d oxidant), the oxidant may
be peri odical | wxmywri@wwglheeqa chratomtgmperatiieoli- Vel pxides drelgenstally t he

catal yst from the. mﬁsmr@@ta@%ag eﬁasm%da@&eazﬁ ce&geegmhfa@owqahﬁérm& wifh Situ in
the reaction zone (during or in-between reaction runs The sequence of .
provi di ng tMe dughar spaversipeschsanecigally shovaamtheeramies, 7 ealaination tenperabie i s not
critical. Typicgl b RExRed &absi 4GP idladn) RuARESoksQh ciRpdibed

above,

to a calcination temperature of about 300°C.
Finally, regardless of the particular approach used to form the catalyst, the
solid pre-calcination composition or the calcination product {catalyst) can be ground,
25  pelletized, pressed and/or sieved to ensure a consistent bulk density among samples
and/or to ensure a consistent pressure drop across a catalyst bed in a reactor. Further
processing can also oceur, as discussed below. |
The active catalyst of the invention can be included in a catalyst composition
comprising other, 'inactive components. The catalyst may, for example, be diluted
30 {e.g., have its concentration reduced) with binders and/or inert fillers, which are
known to those of skill in the art, including for example quartz chips, sand or cement.
Diluents may be added to the catalyst in th'.;: range of from about 0 to about 30% by

volume, preferably in the range of from about 10 to about 25 % by volume. Preferred - -



even fornmed in situ in the reaction vessel froma pre-cal cination
conposition), and the al kane gas and oxi dant gas are providgﬂﬁB
'subsequently -- either together as a nmixed gas through a c st 2093
line, or alternatively, separately, but sinultaneously, through different
feed lines. kwp@aperal, the sinmultaneous supply of al kane paflugnmaeess 15
oxidant to the reaction zone is referred to as "co-feed" regardl ess-of the
particular feed configuration enployed. The amobunt of catal yst | oaded to -
the reaction zone of the reactor, together with the relative anounts of

al kane (or ot hliemteaaimpbye heabead xintaator hea tiatsfel df thetchrlyseta bikipanoiddene, can
vary, and are preferabl ontrolled - together .with reaction conditions, as
20 Ui seussed BBVSR © A AReRS, hB%er eSO SR URe e FREM DA avor abl o
and i ndust r i alatalystaid fragbe uddep bt theranpncffran aiant 0-80¥ ity volumd, pregeamy al , t he
cat al yst | oadi to he reacti o will vary endi ng, on fhe type of
reactor, the stﬁgrén%ef‘)f%rﬂgl ﬁbglg{ (P Sﬁ“%g_gﬁ"e‘?y‘f Lgn?‘oqﬁ?g‘ggmpﬂé‘ &Fﬁls{]@?'?ot['r equi r ed
cont act ti res,silizacheding, diandesdons darthypyinitedzircohilapaticaati@singf alo@aat ant s and/ or
products. The absol ute anmpunt of al kane or other 25 reactant and _oxidant .
o |t ke so vyt FuRiPR G s PR R st oo i SRR BRI o Py o and

canf be opti m zag, thydigassans sqiposk ishdpes, bindae and filléroindd.Bi maugmlm‘;ﬂsr "
erfornmance. | [ r oxidant. concentrat.ion tends to.limt the
gxtent of oveﬁ%ﬁ?@%’ﬁ%%%Oggﬁ’cfa&h%t?%f‘g}léfmf’ﬁ\?&m%e iy elE‘@‘r‘fEf‘gé‘ﬂ]ecti vity.

Such | ower oximgrkes. Thapaaintagts @nswultovEhinders, Gillers at argarchrefesed 1o lafdiect t-he

al kane conyersion. For. 30 conversion of ethane .fo hyl eng usin | ecul ar
oxygen, fo¥0 EG RS cftﬁ‘gmﬁﬁl}ggﬁd 1en %Of)tooﬁaﬁ&aﬁ%rhe{qu&%#‘r%%{’é’(‘fmsé’f)t ’8&%&%

C2H6: 02, in theimgipsthiementz omehe fcnalbbending factids, towhibiethe irv@atidndengtone) can
range from about'.%%ﬂ;l to abcru% .40:%1,. géf)efg{ab fromabout 2:1 to . about
40: 1, more prdFEPSsh frerEIRIGHETE CRE NP FheL BBIFES WY PMMang nost pref erabl y
from 21 August 20Q8e MWD bARARK: CGIHOLEONIsQidvIBdEdh reaBioh3BD6O1DRLISIDOCKk et
No.: 98-25CI P

preferred enbo@(eggaﬁqoélas-%g%ﬂéﬁy %\gt"%@%a%ﬂ}%ég‘ft%r’ B‘:’tg’ag})?‘g%@?%%%&’gb%%%ﬁ | oyed,
as di scussed hatlading batdhaedcRiriGind Alomattiotors ()., fiiditeitabkeacionhgeard sleamabout 5: 1
T IR T P St A S
5 al kanes sucibedpasatstysoeted\cddlysabuemay ato beprgdted dsah urvuppgated catalyet rel ati ve
amounts o o 5Lk A QXL I3 SN AP LY SARSSaRRLr (o o
of in the reaciligpraadaepdleagas shapabcatdfst,caet Bedblag mihyg vyliidem gtarsM t h
oL ecul r gYOSh LS L0 00 b O SHO, 0, L SRROH 0 DY
al kane pr ef er afidr¢xdngiyg tHeghipigraf aieohixtibdo 04t drin godaripbsiféh Haple saediadas by and
preferably fr Ocrgm%lgc?ti%% (fg? e:?é}ntp% tg)tfgt}'rli% o?gxt%)s%%) \\{18;{1 grrr‘%mol'p ae pr?or uQa:[dh?gf ster;g?l ecul ar
if necessary with addition of conventional auxiliaries (e.g., graphite or stearic acid or
its salts as lubricants). In the case of unsupported catalysts, the compadtion gives the
25  desired catalyst geometry directly. Hollow cylinders may have an external diameter
and length of from 2 to 10 mm and a wall thickness of from 1 to 3 mm. Generally, the
mixture of starting composition metal may be shaped either before or after the
calcination. This can be carried out, for example, by comminuting or grinding the
mixture before or after calcination and applying it to inert supports to produce coated
30 catalysts.
As discussed in greater detail below, co-catalysts can also be provided to the
-reaction zone, together with the catalyst of the present invention (in separate phases or

as an integrated catalyst composition).

20



oxygen nore preferably ranges from ab6ut.0.01 %to about 20 % by vol une,
andt he anount of  al kane nore preferably ranges from about 10 % to about 99
% by vol une, and preferably from about 80%to about 99% by 246p 3
Flammability limts should 15 be observed for safety reasons. O her
materials may al so be provided to the reaction zone. For exagr}:!A)F t he
react or feed WaPP/44¥30 i ncl ude diluents such as nitrogen, 0%B4Bar bon .
di oxi de. For some reactions, and/or for sone enbodi nents, d| scussed in
greater detail below, the reactor feed may corrprlse wat er vapor, or
amounts of vari ous tion rodu kenes ;s yl ene,
propyl ene or butene‘é‘}ﬁﬁaﬂe?ﬁ grlrﬁaaﬁa@ts ad%)(gm&ensa%gls r%?‘liéﬂ%{&'%(%aﬁtﬁélgt t he
catalyst in a ﬁ@ﬁ@fﬂﬁﬁeazmﬂa)rﬁuu@me myaannn@ﬁyamtmeﬁemblyeﬁhereactl on '

condi ti ons, e al kane.is de ondi ng-

al kene(s). H%MPWSEPH‘Q" BBt rﬁa L‘ngv © g g‘r?%z%%n ’%Q cat al yst
in the pr esencgaseéustsfa&: cnquﬁﬂafmctmtmbanbc d@hgzzhd(bgmrﬂtoddandtdemchwldnwgen atons 25
conmbi ne with an oxy (gn fromthe om%%%&o f(%r u,ltdhe correspandi ng al kene(s)
and’ water 3&s a"t’l":"t"iH FPEFSE et LoV EhTat ! BEEFWEER “t he reactant substrate, .
gaseous oxi dant armaemmtaad:yasxtbecsabmmcedtorunsﬁbmnmdarfhbdkamssprefcrabﬁmre of the

feed gasses pas es :thro e I bed
catal'yst and/ of G}Talgﬁgrggflpﬁ sur grcrzlgea'ofj ?“h ﬁah?i? g%ubgﬁkﬁteﬁ d('é‘lct time
(or residence tikam) agiyefembly, an alkehedaving fom 2t tb Aicarech ajgms(}t ‘ftsOns  of skill
in the art. ner al,, t nge
from about O. 1@‘&% L%"sa%%gsq%eé?qgg‘gﬁé%lgngéﬁ%% g"P‘é era% &E@?tg?@a %ut 0.5
seconds to mab(a:ﬂianépﬁ:pmnﬂ@ropmolmmuadq mhmmd 1Sbmtagasm§'p@tmebeh@m ty SV
in the vapor phase . reac ut 1 . ut 10, 000
/hr, preferabl ya‘gﬁ"‘é}Fﬁﬁ%?JS{J °°’§ a?‘ 983“3? @%"ég‘?"ijég%‘}"%@?’%soo/ 04478
/[ hr to about 6, efMifk tolthyleaiid reppesentgtivef erably from about 300 /hr to about
2,000 /hr. Inert gas(es) can be used, if desired, as a diluting gas to

adj ust the space velocity. The -tenperature and pressure of the reaction
zone can |ikew se vary, and can |i keHsse:te> @Bt +B2ed by persons of skill
inthe art. Wthout limtation, the tenperature 5 preferably ranges from
about 200 C%o about 500 C, nore preferably fromabout 200 C to about 400
C, even nore prefkesasbyndingaitkeadsifor disd pfard & outs all@fes@clede drépylarer e _
preferably from.about 250 t 0, .abaut 320 1Cq 10 ably from
about 275 C t o GBBHOPAT. Feetoug (FroMJIqprabs @é?agfgge ?%’ﬁ?g %B?E%I?gﬁc to about
300 T. "In one mme)dlsnmmnea;ﬁom I'mebutm)anSaaoUIcnesr{&omewpeﬁmc]uraad obpree r eact i on
zone during th [ ondrolled to be
| ess than aboutePrﬁ%’G de@g “39&3 Tr“g lqdélgghl gﬁﬁbg{)t%{ea@ %%é'gg_&and nost
preferably bcESSextaiaglta ali;ﬂ)umoﬁm{baﬁ:bed)dxdeamdy dd»ydubg@naméud@wp@fgh'ﬂawd)n is an
exot herm c reacti and egddrbe uatt tv;%rlaﬂl%nﬁe (cooling) can be ‘achi eved
usi ng net hods KREHRISIARSFR L ° 161 UG $'6F “exanpl e, cooling with steam
Wthout limtation, Alhleug‘rﬁacpneant1measawsécscahedraadlgerrdphﬁm primarily in

connection with dehydrogenation of the aforementioned alkanes, dehydrogenation of

other alkanes using the catalysts and methods disclosed herein is also contemplated,

25 and is within the scope of the invention. For example, cyclohexane can be oxidativc;y
dehydrogenated over the nickel catalysts of the invention to form benzene. Moreover,
the nickel catalysts df the invention can also be used for dehydrogenating other
hydrocarbon substrates, such as alkenes, o one 61' more dehydrogenation product(s).
The dehydrogenation of butene to form a butadiene, and the dehydrogenation of )

30  isoamylenes to form isoprene are exemplary.

An oxidant is also provided to the reaction zone of the reactor containing the
" catalyst. The oxidant is preferably a gaseous oxidant, but can also include a liquid

oxidant or a solid-state oxidant. The gaseous oxidant is prefe;ably molecular oxygen;

aH



I s atnmospheric pressure to about 20 bar, and preferably ranges from about 1
bar to about 10 bar. The relative al kane and oxi dant feeds, zf%H ?/%{9

| oadi ng,. and reaction conditions are preferably .controlled, 3lly
and coll ectively-anong the various possible pernutations, to achieve a
reacti on perf $M4#8¥1that is suitable for industrial 20 appbdwedodoass Mre
specifically, the al kane and oxi dant . feeds, catalyst |oading and Treaction
conditions are controlled such that the al kane is dehydrogenated to its
correspondi ng al enelg%%jr Wi tc{I an al kane conversion of at |east about 5%
preferably at 18581 PLBYedRsyaaR@aaer asleR exvEcEsPridining gesy ToE omigeheast about

70% and prefe I’(ﬁ)biaitu@,t gas taasd airBosst ygglﬁof{oaulﬁdt Agk HebEaibAlAl Mo o?moxbep maress
e

di scl osed herein, ‘gl af or ement i on 25 reaction paraneters
controlled to aﬁ?ﬁ‘fse“{'} a3 niEgGR r Qihsneagsous pxifms suchiss DO or NO, @nelasbéleusdﬂan 15%

and nore prefe rlﬂlﬂie)bxaianifm&draﬁ&!dﬁor?xga/@ti@ﬁ 1 Q085 wibHmk glkﬁl?cm 8% t{velgo%

selectivity for | kene of | east about or greater an a .
preferably at d@é%cﬁ ﬁﬁ‘?m&ﬁ i}"gét antigl asaags of p srseorg Didansiduting toreactiomef er abl y
at [east about (eg., gsiepi ﬁi’hddﬂlﬁﬁl Mdﬁpﬂy%mﬁﬁlygé 9{5@9' &ﬂ%t | east

ex

about or greater t an ah 5% 30 Wthin Bl ment error,” Yect|v1ty
i s substanti al By PHicAlySH ﬁf"”‘&ﬂ‘ E&%‘éﬁtﬁomrhmﬁcﬂog@mcehnmmmgme 21

August -2003 V\Dcﬁﬂlyﬂﬁﬁ?ﬂuﬁ@[é%é%ﬁ@ @u&%&%@getﬁ%n hﬁuonﬁ_gg}verm on"refers
to the percentage o the anoupt of  al kane rovid to the reéaction zone

that is converted tdREfABEIGe B HFaviding, th“eﬁ%ﬂ)@hFPaﬁéﬂt apd prida tdtheadtion| ows: The
nmol ar al kanm- e%hdﬁh@%ﬁ&ﬂ”@ﬁ@ﬂﬁ@&egﬂﬁl&&)ﬁ pebiadd b a&\?ahpep &%Eeﬁ'agt'w%g

products, excl udi n% the alkape in the éffluent. 5 % conversi-on x 10
42-1 Wbl es of SXFKRAREY I sk thercaction yesseldam eprewnicinptidnsofipdsitian) tand tieat al yst

in the reactor aﬂanugeedn@emm gos EpRGEI hbNequéetly S A9 m%lsas%fr%ukﬁéncy) or
equi val entl vy, sel e t|V|ty refers to t Eerc tage o anount

of converted al a(‘f‘mE“On Stline, oralemativebr é@a@t% etisimuliagecpgpvbrongld to t he

specifically delsﬂfdfraﬂfe’éhkiﬂébe R EaREL the AMAIARISEnIRX B DS EhafRsd QL | Ows: Mol es
of desired 1%' ke £ pro uced 15 % sel ectivity gpd)? : ik
xidant to the reaction zone 1s referred to as “co -feed” regardless of the particular feed

configuration employed.

The amount of catalyst loaded to the reaction zone of the rcéctor, togeﬂler with |
the relative amounts of alkane (or other reactant) and oxidant provided to the reaction
zone, can vary, and are preferably controlled — together with rcaction-conditions, as

20 discussed below ~ to effect the dehydrogenation reaction with favorable and
industrially attractive performance characteristics. In general, the catalyst loading to
the reaction zone will vary depending on the type of reactor, the size of the reaction
zone, the form of the catalyst,_ required contact times, and/or the desired amount or
flow-rates of reactants and/or products. The absoh-.lte amount of alkane or other

25  reactant and oxidant can likewise vary, depending primarily on the aforementioned
factors, and can be optimized by persons of skill in the art to achieve the best ,

B performance. In general, lower oxidant concentration tends to limit the extent of

- over-oxidation, and therefore, favor higher alkene selectivity. Such lower oxidant
concentrations, however, can also adversely affect the alkane conversion. For

30 conversion of ethane to ethylene using molecular oxygen, for example, the molar
ratio of ethane to molecular oxygen, CyHg:0,, in the reaction zone (or being fed to the -
reaction 2one) can range from about 1:1 to ebout 40:1, preferably from about 2:1 to

about 40:1, more preferably from about 66:34 to about 20: 1, and most preferably from.
A



20 The nol ar al kene-equi val ent sum (carbon- basis) of al

carbon-cont ai ni ng products, excluding the alkane in the effluent. These
expressions are the theoretical expressions for selectivity ah uﬁﬁﬁy@?siqn.
Sinplified fornulas have been used in the exanples herein, and may be used
by those of Skl|| in the art for alkane oxydehydrogenatlogcﬂgﬁﬁﬁkgns wher e
CQ2 is the pr WVgQS side product ---'for exanple, where the only products

observed in the_ethane oxidative l n (using an ethane and :
mol ecul ar oxyg%%“?@éﬁsﬁgﬁg"é{‘ﬂﬁe ﬁg”zgﬁgﬂ?ﬁcaéﬁbon di oxi de. In such cases,
the sinplified §apgygaal 2% GRRMEE SRy pleret i diodin@hts= shks Wbl es of
al kene + ((noles of carbon dioxide)12)) 1(m)l es of alkane)].. The sinplifi ed-
formula for % geiliestegarpaciors aye ogplayédets discpsped-beleyn—fha GalsiCagatigrean 3 :

al kene)/ (ol es errah}fﬁ!age fforh (atEH%t %81 t@fab&m@@rhndbwfér@tﬂ}/&3&1)a]aeutW1a61aﬁohe al kane
i s ethane or |Popane only one- enation pr Ogﬁé"’%‘lf |b| e, and the

cal cul ati ons allﬁé @taitaﬁﬂWtYOﬁ'MﬁH"“tWé PepLPel- ikor ﬁ%%ﬁ‘ver, the

dehydr ogenat Orﬁlli]agésgg&ﬁ% Atk Wit 195!@013% oRFYes, foff exhmblél @8 olatide Exﬁblﬂi&ﬁ)f or
, 3- but adi ene for butane hydr ogenatl pn reacti ons t he rJper cent ages

for sel ecti vi tye@hat@éﬁv@wgpwlwﬂ ressediing ARl Vol esFEe it Rese

but ane dehydr ogenal kR (B AHEEFRd cd-RR4 Bbrﬁi@ﬁ}att&ﬂloéﬁtﬁle fﬂaﬁﬁﬂzﬂﬁ(&igaﬁwmde
catal ysts of the present i nvention offer signi f%ﬂ:@ rfor nce

advant ages as %‘éﬁeédoqﬁﬂuﬁﬁ?ft)e‘tﬁh?‘ﬂ&%%@?‘%ﬁequ t catal ysts.

For exanpl e, ”t?m@%%&ﬁts@n ?eé@datul)oﬂorﬁatsbutewlmolaamab@%b;a 20% ~5
21 August 2003 WO 00/ 48971 P /USOO 04478 conver si \%1 go/o 90%
o 0‘59 RYs

sel ecti vi t y}0 asvolumepanddhe allang pesfirably 1oging fow pkewyAC Brivity

of the current Ana%tt%éramyahwabdmeé $A0 bl bwunarwome km:ammﬁ pftuuemar
space=tine yield achi eved based on bul k-scal e te %%g e |nv |on
catalysts in |eyewaneeyebedherapgm fpreahtetiod A °’3 Y &e H’;T/‘Féiﬂ r oduced

per nB of cat al ysduniiffaikand1Abte prefaauy fﬁﬁé&\fﬁ)ﬂﬁdbbutqfo %8 td LY WfbyakRi:, t en
(10) as conpared to known MV- based cata kel

|
oxi de / mixed- n@td@ref%sﬁbluﬁowt’%ﬂt%ééf’ thout??ey W&l‘é‘ﬂ‘t Elﬁ‘t)’é'ﬁ‘f‘}]grtma‘iséh"“ abl e

Wi th respectst o, el iaGeenpty @oact i vity and performance characteristics.
Stability of the catalyst is denonstratedsé)éd}lllfetl me testing, f WhICh a
C2 to C4 al kane 10 Qhermatgiglsmay glsefe peovid SHRGHAR 200 T GAEBISUE oxi dant

are co-fed to arh&aGbddQn amctu@@muamama aé fi@ogaal Ak yiBér cafdoh Giokide.Mcai ni ng
the reaction zone (and the catalyst) at,  te ,erat re rag%{cpaggro about 200

'C to about S500SONE regstipsetndisy {Pr smBsFalRdime Seugse t”bgrﬁf)t “and nore
preferably fromaboutedrs) cofaphi® i Whpc2(d} amounkbef kik@yreaction products (e.g.,

20  alkenes such as ethylene, propylene or butenes).

The alkane and the gaseous oxidant contact the catalyst in a reaction zone of a
reactor under controiled reaction conditions, and the alkane is dehydrogenated to form
the corresponding alkene(s). Without being bound i)y theory, the alkane contacts the
catalyst in the presence of the oxidant and is dehydrogenated; the hydrogen atoms

25  combine with an oxygen from the oxidant to form the corresponding alkene(s) and
water as reaction products. Contact between the reactant substrate, gaseous oxidant
and catalyst can occur, for example, as a mixture of the feed gasses passes through or
around the interstices of the fixed-bed catalyst and/or over an exposed surface of the
catalyst. The contact time (or residence time) can vary, and can be optimized by

30  persons of skill in the art. Generally, and without limitation, contact times can range
from about 0.1 seconds to about 10 seconds, and preferably from about 0.5 seconds to
about 5 seconds. Without limitation, t-he.gas space velocity SV in the vapor phase

reaction can range from about 100 /hr to about 10,000 /hr, preferably from about 300
ad



is contacted with the catalyst in the presence of the gaseous oxidant to
dehydrogenate 15 the al kane and to formthe correspondi ng al éi%e' T, 3

al kene, unreacted al kane and unreacted gaseous oxidant are Lt or
ot herwi se renoved fromthe reaction zone. The steps of co-feeding the
reactants, dehy¥P8yBMati ng the al kane, and exhausting the akkfosioans:
unreacted reactants are effected for.a ¢umul ati-ve reaction period of not.
| ess than about 200 hours, preferably not |ess than about 400 hours, 20
nore preferably not |ess than about 600 hours, even nore preferably not

| ess than aboufhr I0Ou{RAOLT, andimorssirefprblly droabdbourBeid /kes soouhB00IRO Her 2000
hours. In commesd LB ALt friuadireS CAl 6y lications, the catalyst is
preferably stab| e@sgéranat ['east ugg’oa%taedggg% aggor%(ﬁuséﬂ’ﬂ SPAST ¥elesitgf dhabl y at-

| east about 800tsmReraREe andipgrssure obtie rypctiantmene cakidewiso V4] Al Bgh IHewedpaet al
oxi de cat-al yst gftinti@ RH8S60 of R 1h BLERL | h ctivity for selectively .
converting al kaﬁéa to t ggcorroe'é?ponlla:&lﬁgﬂél‘g%hoélgﬁmﬁ%qoé‘f':hﬁye(“(??‘r@t.“{e ethane to
et hyl ene) evén PRicRY rpraes Eamabart 20056 taatonbs002EMBteDrefirad) k6 Abdut 260 €f | N
(e.g., ethylenelciombddif0d €2 Ehd:GHoB RR8: L Gl ey sctne al kane can'be
oxi datively dehydrogenated to o tﬁgﬁggrg’?leagé%répn%%aﬁ%ﬂ‘gﬁgof(FrSiﬂﬁe -
reaction zone - "BFSFFIGHENfommboMEIOrT tmatoohs0Cepdi yeemork Brgsbly 85RoNdi ng
al kene in a ol goucneety fidhi 73 -&f .t bou %.selative to total
mol es of hydrocarbon, during the ’o>_<yrﬁ%gl}%?e%a;btgﬁ%ﬁlgﬁou?g/%\ﬁtﬂal%ﬂ‘l“é@%ézne
conversion of at® MeeRbodiman: pf Bedgveniiona thea¢rkmaeure oéihe edatrintzpnddur@f teeast

about 50 % 1A CORYRSSEhADIRLacabn O d.a selectivit of at

| east about 50%%& ikev?/i sag b% S?gﬁ%rgvggtjl\r}%oglr&é%n%cele b A0S r ati on of
the 21 August -Peigrablydssythen goppt 3P, BSd s parerably lesetpostdinmoatk angqd n t he
reacti on zone ra@ese deh dn R% bR 1 % .o _.where the pol ar
concentration thereqf ig(mz)a “least about ’g&%eggég’lagégqeq‘é%ﬁﬁ“%@ ffat | east
about 30% at |ENe)8RNe 2chizyedpsing medods kool in the @8y incledin fov exatpld Ot al

nol es of  hydr aeakipGhith MIEEWSIout BhiARE ions as high_as 10%wth

al kene selectivity as 5 high as 70% can t‘gg&\é‘?ﬁl Ved WHBFEEE 8| ar
concentrati bh t3BOeRsricPEssHITEfoaRport Hehae and prefduebly magdsifiom abomd bastoabolteast
about 30 % rel aipipye to total noles of hydrocarbon. The relatively |ow
product-sensitivity_of the catalyst activity is surprising, particularly
with respect to ethaherelegnsdkanecind ofidan fierds,attalysenalings addygicaad oydiiomhse
reactive than ekdyaeerapV@bntIdel, A&l ALY L ack of product-inhibition
on catal yst actief}iﬁt V. cgn IE)e_ advant age%@?fg’&c%ﬂ%'%@l% tﬁehv OPIRPEERIe of ways.
First, for exarffeuatgny, fxachiske a reagiiotentribweance thenipsuitbladoridatuliial kane and t he
correspondi ng apleafons aNoR&pe&iesl ¥ek | i the alkene. For

exampl e, a 70% et hane /. .??0%pet ﬁyl Iglhe f%ce sfi(ragl‘;ﬂ%lt %}95’\%@5 oadng,and ;o
enriched by corffA&1¥) WRditiepsareeuiretiehaveh thanbeslbateis dehedmpgeandisd o igt r eam by 15
vol une, or fur tcheésporddmeal @RI BN REaLRRY & roduct stream b

vol une. As a r epspecgi fi ce(%e}igrrpl P afé%x?\%g%,éloﬁ”%%ig?%o%sﬁ’é’r%?rﬂﬂﬁﬁ ne;
2-but enes and 1e%hibeitd 0%, andanall@ne selectivity of at least about 70%, and preferably at

least about 75%. Using the cétalysts and process disclosed herein, the aforementioned

25 reaction parameters can be controlled to achieve a conversion of at least about or
greater than 15%, and more preferably at least about 20% or higher, and to achieve a
selectivity for the alkene of at least about or greater than about 80%, preferably at
least about or greater than about 85%, still more preferably at least about or greater
than about 90%, and most preferably at least about or greater than about 95 %.

30 Within experimental error, selectivity is substantially independent of conversion for

some embodiments.
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gasses) can be selectively enriched in the butenes at the expense of

butane, ultimately resulting in a nore uniform stream conposi §| on. Such
enrichment schemes may be particularly inportant if enpl oyea Anssbfifact i on
wi th separation schemes that are 20 nore effective with streans having

hi gher al kene_content. As anot her enbodi nent, exenplary of_the advant ageous
catalytic act AWt the catalyst, a single-stage react of“Y¥t¥MEcan be
configured to recycle the product stream (or a portion thereof) back to .
the feed stream resulting in an overaII _inprovenent in conversi on and
selectivity. Mire s eC|f|caLI)4 { he al kane
(o 0. oty nd geBontd Mefme oy Elegs B lelhyl of b G AT athaE
conduits 5 to @rmﬁhdtdﬂharﬁﬁmzbﬂeﬂﬂntmmbmm teeboo atedbyrs tndlddf bet he al kane i's
dehydr ogenated _i n t feﬁctl -on zone 10 to formithe correspondi ng. al kene,

the resultingSFoad catS 78am 15 ( compld SiiRUnbhe bRt E’rﬂ %gbggsgene

unr eact ed al kane and optional |y any ez&gﬁ austed
fromthe reaction zone 10, 30 and ﬂ%%?xﬁ%f%ggé g%é cP‘Ee%é and

unr eact ed- al kane- cgg%la}epgl&g_pr olg)g ream 15 Is then recvcl ed back to the
reaction zone via recycle line (and | reconbl ned wth a
fresh feed stream5). As a variation of %l %@;& 6”@[: ﬁl August
2003 WO 00/ 48971 PCT/ US00/ 04478 enbodi meAto dr S¢isset “""’“’

i mredi at el yropr ecedi ng par agraph, the product stream can be parti al I y

separ at ed af t erAsheedigren,aelsttiwity’ajalio mfvarag effeiendy), loec:cyaudakgutly, Falgenturt her, -and
general ly pref e dvantage a
nmul ti - stage re%‘%’:1 cﬁgﬁ?ggsq%@a%&%ggg‘lf éffe% ;{eﬁg),uh{bﬁ | ceﬁq?ﬁ}éé(? gFagduct stream
froma first reanbbmmndlzczbs)ehatmrcoavqmdtqtbmsmﬁ’étraénﬁqsirm@nesmdm aﬁ@ead stream
for a second r re specifically, with reference to Figure 1B,
an al kane (e %ggk%%gﬁf%gﬁ%mg@gaseous oxi-dant (e.g., 02) can be co-fed -
through feeth conduits 5 to a f| rst reactM@imcz"dcﬁHedlﬂkencpmvlmedh t he al kane

i s dehydrogenated ta,f &% gs pondi-ng—at-kener—and—the—f+st—pr oduct
stream 15 conpri si ng °f correspondTlmgncairlaBaa& aanictalem sea (dagtabndbdidne from
the first reaction zone 10 is - exhauséfatl calbet-ehtaming pfdiacts lekanding thad

unr eact ed- al kane- cont ai ni ng product st aliemminlibe efflieom t he first reaction zone
is then fed20to 'a second reaction zone 20 - preferably with a co-feed of
fresh gaseous oxidant via feed conduit 5 to the second reaction zone 20.
The al kane is flhescrapreshidnpdrashetiaereiral expresions &varletiviserndiconyesione 20 to. form
the 15 correspopg Md%&ﬁﬂ%dﬁb@ﬂe%hﬂsed fe Bl K@fé@h&&{?%& | e XMBYiSLRd from

t he second react on zone as a product stream 15' |t| onal stages of
reaction zones qfiskillémthe agfonathage peehydrogynatiomrerdipmswhse (e isthdpdmarYhe second
(or Turther ,addhdd 00k fof BEHIAL AR ELEL BRLY LRI RS il kene al
a ol ar concentration of at 16adt about o ative to tot ? nol es

hydr ocar bon, ardthydeeebationi (y$ing angthane andyoelecubOogysenssanised) agesctijtenc and

carbon dioxide. In such cases, the simplified formula for % conversion is %

fn_

conversion = 100 x [(moles of alkene + ({moles of carbon dioxide)/2))/(moles of
alkane)]. The simplified-formula for % selectivity is % selectivity = 100 x [{moles of

30 alkene)/(moles of alkene + ({moles of carbon dioxide)/2))]. When the alkane is
ethancﬁor propane, onl.y one dehydregenaﬁoh product is possible, and the ealculations
are straightforward. When butane is the atkane, however, the dehydrogenation |
product can be one or more of 1-butene, 2-butene or 1,3-butadiene. Thus, for butane
dehydrogenation reactions, the percentages for sdectivify and conversion may be

35 based on one or more of these buitane dehydrogenation products. -

| The nickel oxide / mixed-metal oxide catalysts of the present invention offer

' significant performance advantages as compared to current industrially-important (V-

Mo) catalysts. For example, the catalysts of the invention can result in about a 20%

25



20 one or nore of the internediate | evels as descri bed above.
Significantly, because fresh gaseous oxidant (e.g., nolecul gg ox?%?zeo(ré% can
be added between each stage of - the nulti-stage reactor, the

gaseous oxi dant can be controlled at each stage to achieve an optim zed
selectivity aw@oyéuer si on for the dehydrogenati on reacti OBcEroSddfoid7g 1 N
that stage. This is particularly advantageous because l.ow oxi dant 25 -
concentrations in the feed typically favor nore sel ective
oxydehydrogenation reactions, with | ess formation of side-product (e.g.,
carbon di oxi de90nV¢rnowwahebmd90%mﬁwwmamssoxﬂpmredetb bisuaea SapaVRFRIWRMHH ON to
ethyl ene, the g, -Q en_in t e first and second
reaction zones |s/a§:%%’?%f$fttgg%dér% ran ueS un%%‘&ﬁ'ta tEmahves Maseaven 48 o
preferably frowprestone yigld¥shieved basst oﬂBul%scamueﬂmgroeﬁxeﬁrarbhtjbnfdaﬁms@lﬁout 5 30 %

to about 20 %2k % to aboyt 15 % i n each

case relative Fo e?ﬁg%gle%l‘l%ﬁénqeraﬂtscon tﬁ@mb&r’?ﬂé‘?ﬁl CAPer W Of GRS P et hane

dehydr ogenat i drur + an ineprbyementeofisifadioraf abrdut ten $10hgecompalet to kwnlyel oxygen .

co-feed syste ﬁqég’% [ bed herein is preferably at |east about 5 % al kane
! .

conver si-on an about 70% a8 21 Augusi 2003 WO 00/ 48971
PCT/ US00/ 04478 aI k dibe nipkstlaside ¢ imixed Mbaﬂabdtqumoﬂﬂmqﬁéseﬁbm&xnﬁﬁa:% al kene

selectivity, % ene sel ectivit and nore
preferably at pﬁr%gﬁﬁglbope@%tgsas/? qgﬁ%ﬁg%cu ﬁé &t VI PV‘“& ‘%‘afaﬁteﬁﬁ ‘her
enmbodi ment, pr¥tlicief thegetalystdsdensipgtuited by 1¥stmddaniag, it ohicR &<, @CAARaRL | east

about 80% # kape SR b Ly bl R koMot b oeiriguentc  vi 1y, 1
particul ar 'y -proatagingsie eattiptivhilonnsintaining thyeaaioh zewudhé emalyss at | east

about 30% a fro hout 30%
to about 45%nqg,ﬁ%&}%(ﬁlfe%%{(§y fr‘ﬁ aﬂ(ﬁ ect ?3? you?SSO\bab Wrgﬁg'pggnﬁ’g?ﬁb"? /5% ﬁo
preferably at tpebmt 3%{!)&;@n@nmalpwéerﬂém§pmgtbomQ@Qﬁ(htb(ahcbut 30046Q. OTHldkake 85% 10
Regar dl ess of t nfiguration (e S e- st age,
singl e- stage l\smbﬂ&?egw&l%%m @?’-‘@'{%5% ée& Egaseto"é\s%”%ﬁ'ttﬂ dﬁfm%?‘?&ew? dant
feed, etc.}5 ttheakengsnd tdfagn @p@dmspomnga&qm ymeeadehqumemwmmaehﬁm pr oduct
al kene / ol ef | unreacte ane, OSSI bl y

unr eact ed gas ed&aéé&tg&)l(?%sg%ﬁ%hdantta E i %E{Eda\éqﬁ &Herwcf & re"?c'vﬁ‘gg?m?lée rﬁa‘m ®O=) . . The
desired al kenezops- oﬂmepsaff\cc'kfeedsmdm m@mﬁ detydtolgenafifg ﬂheal&aneomdpr oduct stream
by net hods kn J al kene product
can be recove?ggadfs th @gﬁeéﬁeggc%ﬁgﬁc&%%aﬁtm{sgm e?écgtﬁ%gla E‘f’rg)gaévﬁlr%a “epar at i on,
by pressur e- sviterigd efdmt fept tharabpat 290 ) houm mrefahbly est)less i siejue 00 argbsor pti on.
Addi ti onal |on roduct st.,r eam can be used,

W t hout fu%{%’heﬁ&e?g’%ﬁ%ﬂ{}f%%&%ﬁ;%h%bﬁt é@?}%l al cvgemglfe ?fgﬁbl é‘“‘g]cs h rem)val
of C2) as a f e@téﬂ%hmr&@nfanS(DpdﬁWMMcam ﬁxmaaiioorzoomhﬁme t:he al kene
product can b

oxydehydr ogengtt fr%?ie%ﬁgcq)nda U%Lﬂ% lc% hg%tfé)ggt ﬁhgﬁastaﬁslflgcﬁm ¥ yﬁt\,\glgﬁﬁa ey,

about 5000 hours, and more preferably at least about 8000 hours.

Significantly, the nickel-containing mixed-metal oxide catalyst of the present

25 invention has activity for selectively converting alkane to the corresponding alkene /
.olefin (e.g., ethane to ethylene) even in the presence of substantial amounts of alkene /
olefin {e.g., ethylene) in the reaction zone. Specifically, the alkane can be oxidatively
dehydrogenated to form the corresponding alkene in the reaction zone — even when
the reaction zone comprises the corresponding alkene in a molar concentration of at

30 least about 5 %, relative to total moles of hydrocarbon, during the ‘
oxydehydrogenation — with an alkane conversion of at least about 5 % and an alkene
selectivity of at least about 50 %. A corivefsion of at least about 5% and a selectivity

of at least about 50% can likewise be achieved where the molar concentration: of the

Ao



et hyl ene, propyl ene, butenes, pentenes) can be further reacted to forma
nunber of comercially inportant downstream products. 25 Et?ylgnegﬂﬁgduced
by the oxydehydrogenation of ethane using the nickel oxide ﬁ19§ -net al
oxi de catal yst of the present invention can, for exanple, be further
reacted to for t hyl ene, styrene, ethanol, acetal dehy . acid,
Vi nyl chloridgbgg%%ﬁlene oxi de, ethylene glycol, ethylenqugﬁﬁgﬁ%?g, et hyl
acetate and. vinyl acetate, anong others.. Morre specifically,  ethylene can
be formed by oxidatively-30 dehydrogenating ethane in the presence of a

(1S S emmnt & - obtripslihe eenely b r¥icionéhapdl £58) bo@isolosblll 696 rer P01 o Anc
Nb, Hf, W Y, ZwheZthe mflar concertersion theneefis at leastiabowt 10, atHeasedbiont 2996, 6 xt ur es of

such el enents Oges%%g%?%ﬁ“%%ﬁ‘}e%—gg%%@&@o %Sk A&a%@& SHA! 212806 thi1GAY !és)d/of~9 21

i
August 2003 WO 04478 characterized as described above.
The et hyl ene . cahydrecathon. Miaegovey, aliane ¢anuersionsas highes 10% withiedens selestivy 250 form

a downstream.re i o : ‘ i : of the
s s_a?'g)o/f?ﬁag%léﬁ%m&fed %{»}ﬁ&ﬁ%@%ﬁﬁﬁgg p@cgn&pa{mngr%se |

fol |l owi ng- sche l'yethylene. E ene_cap merized to form
pol yet hyl ene ac dwthdieagfion goneds atdaaighant RO Saslatine ofietalapales pf hyidjocariogt Ahg/ st

having acti vi tyr&afveag@civymadcz.%eagﬁﬁymﬁratamt acBAME LAV SN parfri AR ATy
pol ymeri zati on approacles 1 nclude free-radical polynerizdation, and

pol yneri zati on oxibmresgictiglethang qoaversions bedausg| ekhplepe isdymigally more spqfive fan

Et hyl ene can be e&g@&ﬁ%yg{g&t&lﬁgf\zene in the presence of acid catalysts such
as alum num chloride or zeolites to form ethyl benzene, which can be

catal ytical | 10 dehVihlesyehnrodet-{nditing oa caalysiapdtitysn baadvamigsptshon or known

dehydr ogenati on o Gatal v §hehbdr Of Qs MFSHoLAGmpR! ¥ @R flixalfe@ be forned
directly fromt ﬁg‘%r gaclti on of e?’rﬁyl en'gawi thpbenze@. Et hanol .. Et-hyl ene can

be hydrated to feompisingbathcikapeand s 9gesprrdingilkeng sandissrscivilveracist it usi ng a

catal yst conpri sid\iead 1 BRiMe, 970% SRRAUNDY, dAANnR GeedSitda, by vdiGhe, Ridr at i ng
ethylene to ethanol. Preferred ethyl ene hydration 15 catal ysts include

oxi des of B, Gabeaprichghby cgpvessiontna69it efsang { {04 ethylens prqduchsiga®s bywat er i s

preferably cef edohhel HudiRAES d 3% &RAEG/ sl@%ieﬂl?leh@ﬁomeﬂmhﬁa%y Voagd. i an
Acet al dehyde.” . Acet al dehyde can be formed from etg%l ene according to

met hods known i rmarpepegifie exampleeraiigaie i@ ppxtugsof PRERfy diutgRes ek fpiene

internediate. | nacdichBflsclt@t en®hbyinRSouitdneONirch kfhsd or ABAE AlBRIFe Usi ng
a catal yst conprising an elenent or conpound havjng, 20 activity for -

oxi di zi ng et hy| eAwltng ingmers paERpEEcaTTaEmesHey Schgirichae Sehemes BAY bait al yst s

for acetal dehyde,finE8 inPBrin? FleHERy Rih d6itmet onRrth sephrativn @8hefals th@fardTl Xt Ur €S
of such oxides. 1n an alternative, indirect route, ethylene is hydrated to

f or m et hanol 2§ asmorg effesiivasueth sEseiEAvian BicBensAieas CEM% hen oxi di zed to form

acet al dehyde in the R’é@&%&?&n@dimﬁt,%@én@dl%?hfﬂ@!&ﬂﬂa@&ﬁi Micdiytichaetivigxr di zi ng
et hanol to acetal dehyde. Preferred ethanol 25 oxidation ca%tgl ysts for
acet al dehyde f ortaedtayst @ ioEleg@esREcHIr SYSR FBYbe paRtigured e Faxcloife pgdugsy  Ag,

Re, Ru, Pt, Bi, S$Ram®aphition BereoffPackkd the ¥oed Greatt, rd¥liliingdih affio¥drall €S Of such

improvement in conversion and selectivity. More specifically, with reference to

25  Figure 1A, the alkane (e.g., C2Hs) and gaseous oxidant {e.g., O;) are co-fed through '
feed conduits S to a reaction zone 10 containing the catalyst 100, the alkane is
dehydrogenated in the reaction zone 10 to form the corresponding alkene, the
resulting product stream 15 (comprising the corresponding alkene, urireacted alkane
and optionally any excess gaseous oxidant) is exhausted from the reaction zone 10,

30 .and a portion or all of the alkene- and unreacted-atkane-containing product stream 15
is then recycled back to the reaction zone via recycle line 25 (and is typically

recombined with a fresh feed stream 5). As a variation of the basic recycling

M



oxi des. Acetic Acid. Ethylene can be oxidized to formacetic acid according
to nmethods known in the art using a catal yst conprising an eéfgent

conmpound having activity for oxidizing ethylene to acetic a ugupfed03
catal yst preferably conprises a 30 noble netal or an oxide thereof, and
nmore preferabl wodddsser Pt or oxides thereof. Water .is prefesaiihsfopdssi €d tO
the reaction zone during the ethylene oxidation reaction. Vinyl Chloride.
Et hyl ene can be chlorinated or oxychlorinated to formvinyl chloride
according to nethods known in the art. In a chlorination reaction, chlorine

or other 3D 21 AufyodiineRAR3uE ia@eABdlcllidnGHEIM OSSR thoplobak kR@magent
are preferably co-fed tq the r&a tion z%e, gnd et‘gyu)e_ne is_ chlorinated in
the presence of ‘A" RIPHIAIE SPRRA r?éle Reing sxhgusteg and BefosF peige rerycled-hyl ene to © .
vinyl -chloride, or - alntacfurledr) e lpynerally préferrebattivdindaf e@mpBtyiigngd . Preferred
et hyl ene chl oria??gti on %gt ‘Iﬁésts' for, .pr eEari nog Vi n Imﬁgl %Ti de .copprise a.
metal halide or *HEYHT%? %@ fagtd Mulfitage mpetonsysyem sanhg aftzeted in ghish e de of
Cu, Fe .or O 5 | prainctztreanxfyah b dirst neiiqzone,at kipoition thefhas Bedtind@tiedast and H(-
or other chlori na

ting agent, ar r ef er abl -fed.to the reaction zone, -

and ethyl ene is OWC%’I' TR SO e ?rg§%eﬁ§'%gﬂibmtgreé%ff’éﬂe§%?‘gﬁ'§\)ﬁn§“ s
aﬂ] i ?/i ty for ﬁrp&!atc(i:z.:gnE&Hg)?ncfaig?sh@?exxtd@nt\(ie.g.ybz)(ﬁahpéi:c,d&d :1?5@@&5_ ; éed

et hyl ene oxychl qri n al ysts [ pr ring, vin chlori conprise a
et al 10 hal | de BiHREL Bk A8l mRaSh Zorl o RGN bl Bt Riepvatasinaes oot
?xyhal i‘ﬂel of QJ,tl}eI;wrremoxﬁing_ al&?ﬁndﬂ&tmlﬁmucﬁt@g@eﬂsoﬁﬁﬁ&irtg&h@xi di zed EOI - :
ormethyle oxide accordin o__ne S own i.n e.art using a catalys
conpri si ng g(r?i" el‘@nmeht“0r a@‘&‘ﬁ%%“&%‘é"%&&??ﬁ‘gmﬁgw e Ot Feaptionyzops L4 g et hyi ene
to ethyl ene” oxi debauiitheafrahyShe gkafeeamiinycacledplicupasntaiing mohiat itetemtiber eof |

o0 orde et eololn et lohi e st Shenh el LY ShEdB o oo
above, and hydr atcpiiggd of frgsheasouxd:ddant via e roetultyst Riike Ghotaialeactibh katerral i vel y,
cthylene. can, bayeSpuEs LR AUIMLEDS BLYESh SLlEE bt e B
et hyl ene by ISeacbirssgondirigylenethenint Theakbeprafiuchis ethadredfRmbME segandXi de to
Lorm ety ene CothEeatl ALY 0Dl SL 00 b ene oo, 2
acetate. Ethyl acevetrecos)codifeoisbd alldadniTae sdcomrl (acfuetherad éipianaeadtion
deser D20 2001 o RS I8, TS SRS el e Bhons” Dl B e
aci d and oxygen relgivefo @mtaPaoleabydry@thon2mdRanpyhighne up oo omedh) ys wheas at
B LR AT IO e e T
f orm pol ypr opy! dreh gasepnobddant (e rmydleaniaokgbenpeabe bdkled pétapytl @bl stage of
: the multi-stage reactor, the amount of gaseous oxidant can be controlled at each stége
to achieve an optimized selectivity and cpn.v'ersion for the dehydrogem;tion reaction
occurring in that stage. This is particularly advantageous because low oxidant
25  concentrations in the feed typically favor more selective oxydehydrogenation
reactions, with less formation of side-product {e.g., carbon dioxide). In preferred
- embodiments for ethane dehydrogenation to ethylene, the molar concentration of
oxygen in the first and second reaction zones is controlled to range from about 3 % to
about 40 %, preferably from about 3 % to about 20 %, more preferably from about 5
30 % to about 20 %, and most preferably from about 8 % to about 15 %, in each case
relative to ethane. The overall conversion and selectivity for ethane dehydrogenation
. to ethylene with a multi-stage, multi-iow—ievcl oxygen co-feed system as described

herein is pi-eferably at least about 5 % alkane conversion and at least about 70%
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oxi de and propyl ene carbonate, anong ot her downstream reaction products of
propyl ene. Mre specifically, propylene can be fornmed by OXId tively 30
dehydrogenating propane in the presence of a catalyst corrprl g‘(sf%/

Ni oxide, a N salt or mxtures thereof, and (ii) elenents or corrpounds
sel ected from{he, %Eﬁup consi sting of Ti, Ta, No, Hf, W Yoerffoodding A -
oxi des t hereof, Salts thereof, or "m xtures of such el enents or -
conpounds. The cat al yst can be nore specifically 31 21 August 2003 WO :
00/ 48971 PCT/ US00/ 04478 characterized as descri bed above. The propyl ene can
be optionally pikh geﬁéémang reh 8y atfstm%ﬁt sro%gﬁ(@& BEGRAY ! JiGredaly QlEacP 10T
of the foll ow ng schenes ol ypropyl ene. Propyl ene can be pol y rized to

f or m pol ypr opy|2&ae 85%alsnelpaietivisy. od mersProlerabli af lnast theudt®o aliknry a cat al yst

having activi tysefe&[v:t? QY ARfies krﬂgod?rﬁé}i?)ﬂréf&%bl?gt gt m&pﬂw &fkane Exenpl ary:
propyl ene pol ynerization catalysts include or exanple, alum num al kyl

cat al ysts.. Acr cloaysssionmang gi/leash éb@é 80% alkersseleria, Eféfefab]b'rﬁ lgast ahout B5%ccor di ng

to methods KOV chDsel ddBvif), hnd BbRGr&eraRly ad ¥t aboﬁ%%hﬁ;bﬁ&eﬁ&»@t&ef}?m or »
compound having activity for oxidizing pr 4 epe to_  acrolein The catalyst
"1"@36

preferably conprartiselaryprefiymed mbpdippents, privisiag s atlsestabe 38%, of such .

oxi des. ACTYl i G bieerBIPRYIEAIMboBAIVARR rbiri Rttt F097 86 ¥sd:Car el
according to nmethods known in the art using a catal yst conprising an

el ement or corRY&@HEeleraiyithis aaka@ﬁt@bw79"(9rm9fﬁptﬁf%hhgat§%@p‘éﬁéfalﬁaéraasmg| ic

aci d. The cat alysh abolf RIGLIABbLY: 830410 | ses an oxide of M, V or W or.
m xtures of such OXI des Acet one., Acetone canbe produced from propyl ene by

oxi dati on of® propy! 8fgardipssgbihearrionlsr rpgtereoniEdipn fe gl fRgeoiisR zed to

form propyl ene @k deth 8&5aE Fhig-stage, FRINLOESe wikHQWE. dxmaﬁtffeed,aéé) lﬂ%! ng a
catal yst conprising an el enment or conpound having activit for oxidizing

propyl ene to pr‘@%‘}‘}“éﬁ?dﬁ%sﬁém@ﬁécaﬂhf‘é‘llﬁj’é?s tht prpdichkepe LpMepR PLiBS e Si oxi de

or PdTi Si  oxi deogaMeplvith LifireadtédN¥dne 1R HRY BRBAtE gl iiRRCaORIDARR} € can be
formed by preparl ng%F '(r)ﬁpyl ene. oxi de .as alclescrl bed above, and by reacting the
[=4

20 propyl ene oxji¢fFr Balish thediesierd kﬁﬂﬁ?@"éﬁ@“@ﬁﬁf’%‘l&% El B rect |y

converted tQ@s pPreifiyh £108uct AT BethtisknSiRltee £i. EReREKG FoSexahBR, the
oxydehydrogenatl on product s of |sob§t ane and n-butane can |i kew se be

further react ecfkeEpI9GNcE A REFACAEFF HHOMHTRT FeRLIQR PEUCt FEFAMAY AHPBENICt o f or m

met hacrylic  acdcParation Pyt ERue AV iMpEdbdipAdARE. o) BaEdoltds), ByOseleCk@B@ptiohO for m
but anol , butanedi ol , 25 butadi eg nmet hyl et gyl ket on

met hyl vi nyl ket oh@itiqpel, or plifmatixely ereeet*aflaw Pfaéﬁfgﬂabcan%wéds‘fﬁé@fﬂrﬁue%ﬁr| Y,

i sobut ene or n-RPARA of Hith RertibIepR St Y e. gomﬂﬁﬂowaloycd@hydrf@gﬁft&wt@g t he
respective butane in the presence of a ca E) %gél Si (i) N, a N
oxi de, a Ni 28al{ov@straamiearatsWhee e grencsy “(Ci 72N dgfFe@ ghey o ‘c¥npounds

sel ected from tfieuge®bdlowpnsi sting of Ti, Ta, No, H, W Y, Zn, Zr, A,
The oxydehydrogenation products of the reactions disclosed herein {(e.g.,
ethylene, propylene, butenes, pentenes) can be further reacted to form a number of
commercially important downstream products.

25 ~ Ethylene produced by the oxydehydrogenation of ethane using the nickel
oxide / mixed-metal oxide catalyst of the present invention can, for example, be
further réacted to form polyethylene, styrene, ethanol, acctaldehydé, acetic acid, vinyl
chloride, ethyléne oxide, ethylene glycol, ethylene carbonate, ethyl acetate and vinyl
acetate, among others. More specifically, ethylene can be formed by oxidatively

30  dehydrogenating ethane in the presence of a catalyst comprising (i) Ni, 2 Ni oxide, a
Ni salt or n-uxtures thereof, and (i) elements or compounds selected from the group

- consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, oxides thereof, and salts thereof, or

mixuwres of such elements or compounds. The catalyst can be more specifically
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30 oxides thereof, and salts thereof, or m xtures of such elenents or
conpounds. The catalyst can be nore specifically characteri F%ﬂas 0

descri bed above. The isobutene or n-butene can be optional |§ ﬁ%%é’&, and
then further reacted according to one or nore of the follow ng schenes.
SaL 21 August wWaD®@AssAD 00/ 48971 PCT/ USO0/ 04478 Met hacrvlic Ap%l% Oblﬁpﬁsutene
can be oxidized to formnethacrylic .acid according to nethods A in the
art using a catalyst conprising an el enent or conpound having -activity for
oxi di zing i sobutene to nethacrylic acid. The catalyst preferably conprises
a pol yoxomet al Kharasteri2@Ms, desmited abopar TheCdshydsrie cEi\/B@opt%alB\ﬂH-iﬁEH}%ﬁ(L@,wg 5 POM

But anol . But angl.4,ca0, h& tggg&ag%;&{n?%e hi/(%r a i n? n-butene to form butanol.

But adi ene. n- But ene can OXI WD FFasy e Pl chulergacrerding iuoreditene

accordi ng to weeeafthefolewipg sthamepr esent i nvent'i on (and/or according to

ot her et hods knownpi . Usi cat.al yst. conpri sing an element or
conpound havi ng act}ibd\ﬁk{@%g‘r%%&?eaca‘faf@g}pglyﬁgﬁ B ¥egwieng eacerding to -
but adi ene. Themethodd kpown in &f ertakihya cadlys Gaying mtﬁf&p%ﬁ%eﬂﬁ%&% a N
salt or mxturgg RO byl (pl el enent s Ofs €O unds sel ect'ed fromthe
group consistin y%wﬂ_', Elf‘a, o ,e"ﬁlo??Pgﬂ?cgﬁf_;{“d ¢ freegpdiends t her eof ,~ and
sal ts thereof , POYmenzaten; eyl milysuizition cyeEDieslen). e ¢ RRROMRAScatal 3G Sgag,;ael yst can
be nore specifg .zed as descri bed ove. But anedi ol .  But.ane
di ol can be pr e%glffllé%wg?g}%rg%g%&gﬁ%ﬁ% ‘?Pf85§“ﬁﬂe‘§'gF'idts@eﬂY§bwb,as and then 15
hydrating but atiteivemtcbloride on dsalitemedomi cthlbéraytes whithk! WanLlMEIRy. Nn- But ene

b iiglat g ped: d ta f. .but adi descri'bed above),
and but ad ene * ear paeSt RGIIRIRGS i Rihot bilyrReroReemig accor oing fo

the met goﬁs ken@¥atysts) w_ffh@stmenc.mge mq&b?kiﬁncﬂ_ﬂﬁw@?‘ioﬂgwgﬁfka_&}iﬁg@nt or t
conpound havi NnghagkixH n. of but adi epe to . e .catalys
preferably corrpr}ia?gs %‘i%‘ﬂ?ts??é'nféw-%q?ﬂﬁéﬂ%& @"Cg%}f’ @ femettsgnplaceording

Met hyl vi nyl ket'@methoisgownrin Bitasrusing amatolystasimpeiting eh semete by shg@enat ed to

f orm but adi enep (& Iel a nd,butadi ene ,can be oxidized to form
met hyl vi nyl ket c';lneﬁ(a %VK f%‘?‘?grrag'?%ég/tﬁ’%%neﬁ ﬂgmﬁ%oﬁ-hgﬁger{gﬁg%lc%h}[dﬁa@on art using a
cat al yst cbhpriaiahisy inpludsiosidernf By GacAlySeyStdortZay bingixaess ofskch ofbs. Oh@at i on

of but adi ene t;@ T I . preferabl opprises Bi/ M, M/VIW VPO
or a 25 pol yoxlo%b?ya%%dqggfegﬁ%po ara %m&ga%e géé%?%‘dﬁﬁcﬁﬁf‘-b@fe@de@l’#i ng

n-butene. O chtrkleldordebe frmedi dblicdeacanditpao pletRad 8&whYn HeHANY

but adi ene, as &GS e L then.oxidizing butadiene to form.
crotonal dehyde. _In %‘g%orot?m?%g%a?%aggﬁen.l q\%&l Ip ﬁé{r FoufasthylpRsis of t he
oxydehydr ogend¥ided iprcg@ldehisic pieinga catalystyehmpssingaroayth@nes colipb@iGR)ingt e
reactants gy e Jf s M j t he reaction.zone in the -presence
of the respect] &gtygg@%{g?%gx#lﬁgqgg%ﬁ%& 4 ‘ecs)gr?%i’e‘% ﬂg"lerti‘d\ﬂﬁlé"tl?”ééﬁlyﬂs
reaction(s) cdfrdsetaldehydafainysansingudesixities of Bd, e VER D8, dr@@tiuicd B ZQRE | N

oxides. In an alternative, indirect route, ethylene is hydrated to form ethanol (as

1

described above) and ethanol is then oxidized to form acetaldehyde in the presence of
a catalyst having activity for oxidizing ethanol to aéetaldchyde. Preferred ethanol

25 oxidation catalysts for acetaldehyde formation include metals and/or metal oxides of
Cu, Co, Ag, Re, Ru, Pt, Bi, Ce, Sb, In, Pd, Rh, Ir, V, Cr or Mn, or mixtures of such
oxides. Acetic Acid. Ethylene can be oxidized to form acetic acid according to
methods known in the art using a patalyst comprising an element or compound having
activity for oxidizing ethylene to acetic acid. The catalyst preferably comprises a

30 noble metal or an oxide thereof, and more preferably, Pd or Pt or oxides thereof.
Water is preferably co-fed to the reaction zone during the ethylene oxidation reaction.
Vinyl Chloride. Ethylene can be chlorinaied or oxychlorinated to form vinyl chloride

according to methods known in the art. In a chlorination reaction, chlorine or other
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whi ch t he oxydehydrogenation catalyst is situated, or alternati veI y, can be
provided to a physically separate, down-streamreaction zong Prow ded
as a co-catalyst in the 21 August 2003 WO 00/ 48971 PCT/ USO0 bﬁ

reaction zone, the catalyst for the downstreamreaction can be pr epar ed and
provided to the reaction zone as a separate conposition frp(gf L4t al yst
of the presefP®Mi&ntion, or alternatively, can be prepare ancf provi ded
to the reaction zone as a single conposition in separate phases or as an-
integrated catalyst conposition 5 having activity for both the

oxydehydr ogenatj.on rea SREME tEiondOMNdr8R E gACT i ON Of

i nterest. Regal’: Raagng ewﬁé}f'ﬁl% I{I}gm(r)geyg ﬁydrobognatl on ¢ regctl on and the
downst r eam r eachloimtaiin ithetpesseste ofiz eatdpyt hindng antivity far ehirsingtngeetivenc i

separat e reactl on ! I 9618 é)&tali @qiréfgpedaéaq,lgn@e ‘downst r eam
reaction(s) aré B’ Zfi‘?er a’b(f ﬁ%@aﬁge&ﬁgsequentfa 7 g., where anal kane |s
10 oxydehydr ogehiatisaioh oathlpstafor preparingrvinyh dﬂqmchgoraprk% r*%éneé@% haligg or metal"
oxydefy dr 00Qnal, gy PLOSMEk a1 nkilE oBLKRRRIOGE ChiIRb EHTAgT - Teacted to
form the downst: mpr I nterest | om ng exanpl es

il lustrate the opyéhiminpliengeattion, mmuse@@@nwdtﬂfé ar othgF SRICTIRAYNE RBEDERANPLES
General. 1n ge”efér%lyc ?e%i% U TSl z%nQraﬂ@@ﬂiWné 1§'0x§3ﬂhﬁna%4ﬁliﬂetﬁré§nc€e g. -

100 ng) or in Pa uantities usi ng convent i onal
precipitation axﬁd/cm!yﬂ@a‘evawm f@nmpmam@ylemlvwhﬂm et Yredated| yst s

ner e generall y B £RaLEibkidion bORRE b flunaceshgikdhaka (Cavro

Scientific Instr rrent ass vials® contained in an al um num
substrate. @at aﬂam@rmaiexﬁ@h@em&m%pre&mhlmaththe@r OXYéaéldaaf PVeFe or Cr.

dehydr ogenat i Orh;ﬁ)f (ﬂ%ﬂ anbE: 8Qaized ﬁ)sfﬁmpéthﬁléh% ofig@hRoingltb €par ation,
in a parallel reactor substantially as disclosed in PCI patent
appl i cati on V\Dm@ﬁocgghﬁmrﬂ.@@e(w arewlysolosyIiaEg an shenent oreempawnd bivingyHE

O o o i, Dlidall oQbesier, Cal iy Shide, THERARIBIASARDIonkiaisR ysts -

were prepared in s uan Ities from ni ckel nltrae30([N|]
1.0 M, titani u&g,@mh@qtberec{fﬁn]ome@hwﬁomsal*rﬂiwfuﬁ‘ﬁx!ﬁfm%ffé’ ¥PKste = 0. 569

M, and tapfa l 00 Mnc36 HaR Uy B OSkiesO lekciinas by
precipitati Egn V\#%ﬁ)é&b@ ?Od(l&-gq%'gm?%rlu um%nder oxi de (E%NMMB OH =1. 44&2‘?§

Briefly, a |ibrahoye ghd byiraing s%ylem @drrte S shpfeme B est o lismalyely <Ly
various amounts_of,aGUeAUSNSRE end @iy%l'd@@@tly,  a singRktoPipeiesds. Z0PBne

Carbonate. Ethylene carbonate can be produced from ethylcne by reacting ethylene

ing

with carbon dioxide or carbon monoxide to form ethylene carbonate, or alternatively

. 20 by forming ethylene glycol as described abave and then reacting the éthylene glycol
with phosgene. Ethvi acetate. Ethyl acetate can be formed from acetic acid, prepared
as described above, according to methods known in the art. Vinyl acetate. -Vinyl
acetate can be prepared by vapor-phasa reaction of ethylene, acetic acid and oxygen
over a Pd catalyst.

25. Propylene produced by the oxydehydrogenation of propane using the nickel
oxide / mixed-metal oxide catalyst of the present invention can, for example, be
further re;acted to form pélypropyléne, acrolein, acrylic acid, acetone, propylene

oxide and propylene carbonate, among other downstream reaction products of
propylene. More specifically, propylene can be formed by oxidatively

30 dehydrogenating propane in the presence of a catalyst comprising (i) Ni, a Ni ox1de a
Ni salt or mixtures thereof, and (i1} elements or compounds selected from the group
consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zf, Al, oxides thereof, and salts thereof, or

mixtures of such elements or compounds. The catalyst can be more specifically
31



i d Iiquid handling robot to
WO 40/ 48971 PCT/ US00/ 04478 using a Cavro autonate ng (
an array of glass vials held in an alum num substrate. The 5@3%‘&#(’% i ng
agent; NWe4OH solution, was added to the various catalyst p (
cgrrpozsi'ti ons in about 1.3 equivalent of acid and netal ions, by high-speed
injection frowaemsgsmnge head. The hi-gh-speed injection of i’@ﬁ?%?]?‘gﬁ 5
provi des m xi ng of the catal yst precurseor fsoI u]t! gn a?gl 5;?(::72![ ra o

[ ipitation of solid ca .S.

agents, thereby effecting precipita of s¢ |yst materials. To
further insure well m xing, _addl tional _ l'i qui (e_. g, ,
iﬁ sone cases, "&P@@ﬂiﬂr‘ﬂié@3€Gdnb¢dtab0trdnéfhtlp&ipyleﬁ@éﬁu%@bﬁlﬂaﬁ}m&,%d@lggcur sor

. = ) , ! FUr €5
ti and b . nt. The resulting precipitate m xtur
nere ol loned to- o froeRr AP R ot i s olomngstbesiesand vere 10 then

centrifuged at 3000Pppmioppere Pamateee sl tiethomesiz ib & pbiypMph g SOl ution.

i i i 60 Cin a
- | ution ; s_were dried under 'vacuum at - r
Igguumsooeen. ‘Igg%?%ﬁ?ﬁzﬂ iﬁ%?ﬁg t%‘%%ng%ﬂ%%‘éﬁmtll’%ha%&c‘éﬁﬁ@m s of ‘the _

various cat dl y#PyMEEApSBlopylsnsto Holypeoplylens Exsmpla prépyRas boBALSadNe dried

e ol i ere of air
catal yst compoghiiy@diciRE Sol aﬂg[&%uﬁn?nug%ﬁlsggg%gﬁ%. rldcg%?f%t ﬁ@gﬁ@mm at
with an oven tenpérature profiler”ramp T ) pebs at.
300C for 8 houPsidizghipfows agelein agearding tonintthods ksipRh i the arliing A WaR4; - MTEL.
Xi ; d in the fjxed bed parallel reactor.
The per for mance it delenll & el Ay oo KAt b dat | ve

: nce ¢ oS .
ggﬁyg re{)g g :1 g? i oficraleing (e catalyptimeferablyichmprides ampadest BfMETRAR S, 3} LE,A9EN: 0Xygen

: ; i.zed in Table | B (ethane conver si on)
and Tabi o 16 (et rol aas gy R Ae AL b oriesdh hemreuir gt 1 hese
catal yst were §FEEB§%'@J@ mefpds keewroiniechrt wingQO@talyéd dotpasisd 44 di@fent §MPEr at ur e

i jstics of these catalysts for et Iha'ne_
Db dat 1 ve Qe e A R o oL BB e 1 spmtic PR T caitboB00 G i t

25 rel ative fiBifFEbbscogprisesrarxideiof Mg ¥nuroNyg enixtafs 6 sdd: Qidd L.H88 scent

[ i [ hyl ene
edAcdiéh b€proRadef el nversian) and Table |E (et ;
Sel cct | vi 0 5.2t Anocee BeB I RBRS B Byl drontme 1
0

Cat al yst ¢ Yife. ofropyieiecsan pa exidized tO(fbm!i\onMdeﬁEioxﬁidccbﬁrdin}ag;lgﬂ{rafassor
o eon.  RowCol 1aaqon R BB A HhP05hE 0" Bhen Stompetmagping nctuiy
screen. RowCol 123456 Ni 1. 00000. 8 "6690. . . ; ‘
1Nb0. 00000. 00080 HHEE PrFYIFOe BUBN/1GREBGIde. The catalyst preferably comprises TiSi

10’ 00000 00000 90606, 50000, BUUGE" 000 = FegHesee 4Egmdene calgntsmbe

Ni 0. 91190. 9091 BYYPrerpung PRPEVTeXidkOB @escribed above, and by reacting the
20 propylene oxide with carbon dioxide. Propylene can also be directly converted to

propylene carbonate in a single-step process. 7

The oxydehydrogcnation products of isobutane and n-butane can Lkewise be
further reacted. Isobutene can be further reacted, for example, to form methacrylic
acid. n-Butene can be further reacted, for example, to form butanol, butanediol,

25  butadiene, methylethylketone (MEK), methylvinylketone (MVK), furane, or
crotonaldehyde. More specifically, isobutene or n-butene can be formed by
oxidatively dehydrogenating the respective butane in the presence of a catalyst
comprising (i) Ni, a Ni oxide, a Ni salt or mixtures thereof, and (ii) elements or
compounds selected from the group consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al

30 oxides thereof, é.nd salts thereof, or mixtures of such elements or compounds. The

catalyst can be more specifically characterized as described above. The isobutene or

n-butene can be Opﬁonﬁlly purified, and then further reacted according to one or more
of the following schemes.

aa



2Np0. 08810. 00000. 00000. 00000. 00000. 0000
Ta0. 00000. 00000. 10420. 20760. 31030. 4124

Ti 0. 00000. 09090. 09060. 09030. 09000. 0896 an50. 249. 550. 350. 549. G4 GuFst 2003
Ni 0. 82140. 81880. 81630. 71170. 60790. 5048

3Nb0. 17860. 0 00. 00000. 00000. 0000 PCT/USDO
Ta0. 00000. 00%8@9%%%’8- .. 0.10520. 20970. 31835 104478

Ti 0. 00000. 09210. 18370. 18300. 18240. 1817 m49. 549. 549. 350. 45050. 3
Ni 0. 72840. 72610. 72390. 72160. 61630. 5118

4Nb0. 27160. 18Qx20n 29LUcHD Q%uQQQQQ-BQ @48ized to form methacrylic acid according to
Ta0. 00000. 00000. 00000. 00000. 10630. 2119

Ti 0. 00000. 0934vethgs kepvayig Al atrsng 2onglystraYPrising 2 Amenipr sopepogndhaying

Ni 0. 63290. 6309@y§ BAZHP 10 1&H8Racrylic acid. The catalyst prefcrabljr
5Nb0. 36710. 27440. 18240. 09090. Q0000. 0000 :

Ta0. 00000. 000COTEHTFS A POYOLTNWBBIPPNY.Lnd in particular, PVMo- or PVW-containing

Ti 0..00000. GO4G8yN; 8848028 Bhiknd| 1R Be Sréed 55 Ry &Bihg 3fhcad B HAbfEE1 4
Ni 0. 53480. 53300. 53140. 52970. 52800, 526

6Nb0. 46520, 37 Hidbene 4ty Brasag eerds ropsBtstylehydrogodated to form butadiene acoording

Ta0. 00000. 000G 12K BPME pRELH thvEHHIA (and/or according to other methods known.in * . )
Ti 0. 00000. 09590. 19130. 28600. 3801Q..4737, nb0. 722. 650, 449. 549_950. 6- Table |B:

Et hane conver shefsing afatalystcampasiag 3o plemen of cpmpousdlaving SeKiY s - 300C

Wi th et hane/ nid4Daedy BygRBeratitnh-Bhitest 14 Bhtkhiod/ Dhdd3B180préforablizt hane .
Conversion (9% of N -Nb-Ta-Ti K Oxi deak/lxtures 123%56 .

19. 417. 919101 FoTPEs 1 Ni> 21181 oxids;, hpsalf pymixuresdhegeod and @D glementser 9177619, 318. 6
419. 418. 219. 41%nfbGad? t8ededhrdnd heditdhp orMishigof I, T2 HE W, Y, Zn, Zs, Al

619.016.217.9 1(?;& e]s't 'er8e]6 ,'agd ga}tg ﬂze:ze]éﬂﬁlrjglyxsrﬁrés% gu%h € emgxg)tsil' ér%%%%ou%ds. The =~
catalyst can be more specifically characterized as described above. Butanediol.
Butane diol can be prepared by forming butadiene, as described above, and then
15 hydrating butadiene to form butanediol. Methylethylketone (MEK). n-Butene can be
t:;xidatively dehydrogenated to form butadiene (as described above}, and butadiene |
can be oxidized to form methylethylketane (MEK) according to the methods known
in the art using a catalyst comprising an elemenf or compound having activity for -
oxidation of butadiene to MEK. The catalyst preferably comprises Bi/Mo, Mo/V/W,
20 VPO or a polyoxometallate. Methylvinylketone (MVK). n-Butene can be oxidatively
dehydrogenated to form butadiene (as described above), and butadiene can be
oxidized to form methylvinylketone (MVK) according to the methods known in the
art using a catalyst comprising an element or compound having activity for oxidation
of butadiene to MVK. The catalyst preferably comprises Bi/Mo, Mo/V/W, VPO or 2
25  polyoxometallate, Furane. Furane can be prepared by oxidizing n-butene.
Crotonaldehyde. Crotonaldehyde can be prepared by forming butadiene, as described
above, and then oxidizing butadiene to form crotonaldehyde.
In each of the aforementioned further reactions of the oxydehydrogenation
products (e.g., ethylene, propylene, butenes), the reactants are preferably provided to
30 the reaction zone in the presence of the respective catalysts. The catalyst(s) for the -
downstream reaction(s) can be co-catalysts provided to the same reaction zone in
. which the oxydehydrogenation ca;alyst'is situated, or alternatively, can be provided to

a physically separate, down-stream reaction zone. If provided as a co-batalyst inthe |

23



PCT/ USO0/ 04478 Tabl e 1C. Ethyl ene selectivity f?r t he c?lt al ysfs I n Table
1A. Test conditions: 300C w th ethane/nitrogen/oxygen ow

0.4210. 54/-0. 088 sccm Ethyl ene Sel ectivity (% of N -Nb-Ta- TP CREEE03

M xtures 1.23456 147.282.884.383.7="'.84.783.3 279.578.584.285.0- 81.284.9
384. 583. 683. 58W018439485. 0 484. 284. 183. 484. 184. 884. 8 PCT/US00/04478 ‘
584.884.982. 182. 382. 183. 8 682.681.179. 980.578.879.0 Table 1 D. Ethane
conversion for the catalysts in Table-1l A but recalcined to 400 C. Test
condi tions: 300C wth ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 sccm
10 Et hane ConveF&Poisagting zete, e coplyst for thie C@Umdeeamrxacuo:e&nbz@&ﬁ:&ed and

3
15,811 912 212, 4iich 1 fdr i A8 %2l 082 JA1 112 013. 812.
412.811. 513, 31111’110 111.6 i3 215 013 %%ﬁ’ gﬁ%‘l‘%m © cafalyst'o
613. 09. 013, 013. Bﬁﬁ@HC@GFa‘EfIaBefmatEdYElahWBmaarsbindcptowdaiyo fheredctien £at al yst S

in Tabl e | A but af £6akie caashshin f‘fps@pa%tc phg,g% é)r @%&@9{23 cqply t%ﬂgpémoﬁ

et hane/ ni trogen/ oxygen fl'ow of 0.4210
Sel ectivity P99 DBHRKRCHKISyY o5 both heerpishydroacnation reaedotE@d the respective

134. 283. 185. 484 44@@stré8R reactoh of #nf esd e e oxydehvd Ho
385. 184. 182. 784. 083, 884. 1 485, 484 583 8%@%‘5@%@% ‘g oxydenydrogenation

586. 485. 9. 79. 3752y 218 thexdogpeiresm geagtion of firerdsy zre £7tie@ovrimthe@smt biinar y . of
Ni NbTi  oxi de Cabepaid:8actiBs z0Heg BRI HANRSI AR fi‘éacé{olnaaglfi uﬂ]e Gl bec' above and

havi ng the conposition and amounts™ sunmar | ze
per f o? mance chafe3eHaBfy) ateireeferaly perfosmedsaauanyiallyde owhet Iaaalkamms dat | ve

10  oxydehydrogenated to form the corresponding alkene as the oxydehydrogenatlon
. product, and the alkene is then further reacted to form the downstream product of
interest). '
The following examples illustrate the principles and advantages of the
invention.
15
EXAMPLES
" General. _ '
In general, catalysts were prepared in small quantities (e.g. ~ 100 mg) orin
larger, bulk quantities (e.g., ~ 20 g) using conventional precipitation and/or
20 evaporation approaches. Small quantity catalysts were generally prepared with
automated liquid dispensing rabots (Cavro Scientific Instruments) in glass vials
contained in wells of an aluminum substrate. Catalysts were screened for activity for
oxidative dehydrogenation of ethane (ODHE), regardless of the scale of preparation,
in a paralle] fixed bed reactor substantially as disclosed in PCT patent application WO
25 99/64160 (Symyx Technologies, Inc.).

Example 1. ODHE over NiNbTi Oxide and NiTaTi Oxide Catalysts.
(#14839/15156) .
Catalysts were prepared in small quantities (~ 100 mg) from nickel nitrate
30 ([Ni]= 1.0 M), titanium oxalate ([Ti] = 0.713 M), niobium oxalate ([Nb] = 0.569 M),

and tantalum oxalate ([Ta] = 0.650 M) aqueous stock solutions by precipitation with

tetramethylammonium hydroxide ([NM'e4OH]=1 -44M). Briefly, a library of catalyst
precursors were prepared by dispensing various amounts of aqueous stock solutions

34



37 21 August 2003 WO 00/48971 PCT/ US00/ 04478 dehydrogenation in the
paral l el fixed bed reactor at 300 '"Cwth relative flowates, _ of

et hane: ni trogen: oxygen of ‘0.42:0.54:0.088 sccmare sunnarizealaﬂgﬁgﬂmé 1G
(ethane conversion) and Table 1H (ethyl ene selectivity). 3z 21 August 2003

WO 00/ 48971 PGho\de4,04478 Table | F.- Catal yst conposition qurg'%ﬁaﬁtions)
of N NbTi oxide catalysts and sanple mass (ng) used in paral e? fixed bed

react or screen. ' RowCol unmm123456' Ni 1. 000 1Nb0. 000 Ti 0.000 mass49.9 (m}?.
Ni 0. 8410. 885 2Nb0. 0000. 115 Ti 0. 1590. 000 nass45. 056.3 (ng) Ni 0. 7140. 7480. 784
3M0. 0000. 1030. 2difg TCHBrRBAEa&Nliquid FRRHinFR®SHQ a3 49373431 s (B heid in an

Ni 0. 6120. 6370. 6650. 696 ANDO. 8900. 0930Q. 1940% 4 Ti.0.3880.2700. 1410. 000
mass49. 651. 451, GBFIETNHETAG JPEPEBPIE eheEsEal Med I sefytion, was added to the

5Nb0. 0000. 0850. Vs 2arAft Bifddirsbir CondpbdifioRGOBboRAD RS euddfenPOhcid and metal ons,

nmass44. 946. 346. 744. D47, 8“’%’ %i‘ 10,4550, 471Q.4880. 5060..5260. 547 - -
5RO, 0000. 0780, PE Figrarssdinierkdn ynng gh-speed njection of the base
5 provides mixing of the catalyst precursor solution and precipitation agents, thereby
effecting precipitation of solid catalyst materials. z'=§0_x_i“urthosr insure well mixing,
additional liquid (e.g., distilled u-rater-was, in so_mej cgges, also injected into the vial
‘containing the metal precursor solution and base precipitating agent. The resulting
prcci;_)itate mixtures were allowed to settle at about 25 °C for about 2 hours',- and were
10 then centrifuged at 3000 1pm to separate solid precipitate from the solution. The -

' solution was decanted and solids were dried under vacuum at 60 °C in a vacuum
oven. Table } A summarizes the compo‘s‘iti'b.n'and amounts of the various cafa]yst o
compositions. _

In a first set of experiments, the dried catalyst compositions were calcined to

15 300 °Cin an atmosphere of air with an oven temperature profile: ramp to 300 °C at
2°C/min and dwell at 300°C for 8 hours. Samples w;:rc ground with a spatula. The
mixed metal oxide catalysts (~ 50 mg} were screened in the fixed bed parallel feactor.
The perfoﬁnance characteristics of these catalysts for etﬁane oxidative .
dehydrogenation at 300 “C with relative flowrates of ethane:nitrogen:oxygen of

20 0.42:0.54:0.088 sccm are summarized in Table 1B {ethane conversion) and Table 1C
(ethylene selectivity). ' -

After initial screening, these catalyst were subsequently recalcined to 400°C
with a similar temperature profile. The performance characteristics of these catalysts
for ethane oxidative dehydrogenation in the parallel fixed bed reactor at 300 *C with

25 relative flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm are summarized

- in Table 1D (ethane conversion) and Table 1E {ethylene selectivity).

25



Ti 0. 5450. 4520. 3510. 2430. 1260. 000 mass48. 850. 546. 148. 552. 054.1 (ng) 5 -B9 21
August 2003 WO 00/48971 PCT/ US00/ 04478 Table 1 G Ethane conver ilugurgtio%g
catalysts listed in Table IF. Test conditions: 300 C wth ,
et hane: ni t rogen: oxygen flow of 0.42:0.54:0.088 sccm 23456 18.4 216.618.
317.516.516. 9 WO@K7B. 317. 016. 1 515.916.217. 115.917. 9 FCTSOOAT
6--)-16.617.515.515.217.214.4 5 Tabl e éH Et hyl 388 s<ca:l ec% IhVI ty fo

sts listed in Table 1F. Test conditions: Wi
E?LZLZ ni t rogen: oxygen fl-ow of 0.42:0.54:0.088 sccm 123456 143.3 281. 582 8
383.181. 982. 5 4Bpled A7 Canlyst @BipssiBAY (n®IBfratTidn) i T8-MB0i fHd Ni-Ta-Ti oxide
677.876. 975. 47@83@5%8@1;»1%5&1@1(mgusmﬂmaxuwb?@ttormeﬂe Cat al ysts.
(#16160116223) Catal yst_conpositions conprising various relative anounts of
oxi des of Ni, |Row!T&olardd T viere2prépar®ed qn smal] (5- F00 g1g)] quanti ti es
by precipitatijon [siNistlahDDed |10.8869 de6.g9ddhed. 6927CPOBEET 1|ORadfaTh Exanpl e 1.
Tabl e 2A summiirlzg¢s Nbhg 0.600001.00600n a.o0bea oi)_o_t)bga V@hdoguls cat al yst
conposi tions. {15 |inTa fli 8.0000s ¢t0.1981 gxP20SATLIU.3073t h@.4083 ¢ saRka] VSt
conposi tions yere|cdliciin@@0d0o] G3W00C 0.00GN ag.onne pheneo®f| @dopWi th an o_ven
tenperature ptofiliemrdnpid®d BOG0E gt s8C M mogand dyg]T [al5p30dC for 8 . 4
hours. The m xed fe®al [okbrie ¢XwOY St 6.86525P o1 PWBEGIFTTERIED | n-the fixe
bed paral | el feactoNb Th@OF&r | @ovenqeo.ofm aqi@bnstb%od)f Qédagse cat al ysts20
for ethane ox{dat i v&adéhy.oeagbmeiober| atoB0D o 4574t baied ?tdéﬁ% | owrates -
of ethane: ni t{ogen: Gxygemoado D 041209.|568060s08%.030 M BbGocs Yk, 4ed in Table
2B (ethane cpnvelsimon) a0k Thbkes2¢ (sishy| €BEsSEl exgg v 2IY N fhe cat alhysts
were al so scfeengdNiol| @Ehank o®{kg3T o ¥R3TEYATPIACH G 015.04 g0' C wit
relative flowases Bb | 0.1786 | 0.0890 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | -
Ta | 0.0000 | 0.0000 | 0.0000°| 0.1052 | 0.2097 | 0.3135
Ti 0.0000 § 0.0921 | 0.1837 | 0.1830 | 0.1824 | 0.1817
m 49.5 49.5 49.3 50.4 50 50.3
Ni 0.7284 | 0.7261 | 0.7239 | 0.7216 | 0.6163 | 0.5118
4 Nb 0.2716 | 0.1805 | 0.0900 { 0.0000 | 0.0000 | 0.0000
Ta | 0.0000 { 0.0000 } 0.0000 | 0.0000 | 0.1063 | 0.2119
Ti 0.0000 | 0.0934 [ 0.1861 | 0.2784 | 02774 | 0.2764
m 493 49.4 493 50.1 49.4 49.3
Ni 0.6325 | 0.6309 | 0.6289 | 0.6270 | 0.6250 | 0.5189
5 Nb 0.3671 | 0.2744 | 0.1824 | 0.0909 | 0.0000 | 0.0000
Ta 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.1074
Ti 0.0000 | 0.0946 | 0.1887 | 0.2821 | 0.3750 | 0.3736
m 50.3 50.3 49.3 49.9 49.6 50.4
Ni | 0.5348 | 0.5330 { 0.5314 | 0.5297 | 0.5280 | 0.5263
6 Nb 0.4652 | 0.3710 | 0.2774 | 0.1843 | 0.0919 | 0.0000
Ta 0.0000 | 0.6000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Ti 0.0000 | 0.0859 | 0.1913 | 0.2860 | 0.3801 | 0.4737
m 50.7 22.6 50.4 49,5 499 50.6

Table 1B: Ethane conversion for the catalysts in Table 1A. Test conditions: 300°C
with etlmne/mtrogcnfoxygcn flow of 0.42/0,54/0.088 scem.

Ethane Conversion (%) of Ni-Nb-Ta-Ti Oxide

Mixtures
1 2 3 4 5 6
1 9.4 17.9 19.0 19.1 18.6 16.8
2 16.3 15.7 18.1 17.1 17.6 19.2
3 18.6 18.3 18.9 17.6 19.3 18.6
4 19.4 18.2 194 18.6 18.9 19,2
5 19.4 18.9 16.5 19.1 18.6 17.1
6 19.0 16.2 17.9 18.0 16.8 16.8
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et hane: ni trogen: oxygen of 0.42:0.82:0.022 sccm The perfornmance
characteristics for these experinents' are summarized in TagL éﬁ%hane
conversion) and Table 2E 25 . (ethylene selectivity). 4D 21 g

00/ 48971 PCT/ US00/ 04478 After these screenings, these catal yst were
subsequently reggglgbfed to 400C for -8 hours wi'th a siml arpdiafRRakur e
profile. The perfornance characteristics of these catalysts for ethane

oxi dative dehydrogenation in the parallel fixed bed reactor. at 300 'C
with relative flowates of ethane:nitrogen: oxygen of 0.42:0.54:0.088 stem5
are summarized in Tabl e 2F (et hane conversion) and Table 2G (ethyl ene

sel ectivity). The recalcined catalysts were also screened for ethane

oxi dative dehydfagenatEgiendbeledWly fobthd hilyks bt dokee A, reeaafDn®Booec

et hane-. ni t r ogegRxuaRMiipelotyzedNér ofo 028 550088 scchhe per f or mance
characteristics for these expertnents are summarized in Table 2H (ethane

conversi-on) and |ao|eEﬁ$khgggma§ﬂ§@@ﬁﬁngmyygygOmgy rabre 2A: Catal yst -
conposition (male raﬁlkﬁﬂ% nd sanpl e mass, (mg) of bulk N NbTaTi
Oxi de M xtures [T ROWQOI IP325 6N 0G40 :3144u, b4J58U. 51T240748320. 4542
NbO. 10650. 1188013100 12307 1]9Q0 {160 53847 R '
1Ta0. 09480. 11336~ %:317 = <5570 5 ‘1@37 gi‘; ' -'v'ﬁl‘z 33; .
Ti 0. 19730. 19640 13:60. 1§4’3f0' 1:;3'30. ‘“"5 n'OS}#?O. 0%3'43"0._8—35-(]9. b50. 5
Ni 0. 48890. 4730045590437 01 4440399911548 | mag |
Nb0. 08080. 1089(3+—313926% 21101245 - - : :

o 2onn oh $A9 - 9 82.3 821 3.8
2Ta0. 26990. 25140-23230—721H1-38- 64 9
Ti 0. 16040. 1662017260 1%e%0 118540 11988 +ho8880 led880 | 59:%54b 649, 4

Ni 0. 60040. 57310. 54480. 51540. 48490. 4532

NbO. 11630. 12790. 13990. 15240. 16540. 1788 . .- . _ ) .
3Ta0. 12950. 1424‘§a‘oj_ SEe %96@{“’%@960 tleggptalysts in Table 1 A but recalcined to 400 °C.
Ti 0. 15380. 156601 4%edtions 680" Coytrrtepenipayyayeendloy of #42/954/0058 sepm.

Ni 0. 64350. 6185058350 55350 52340, 4934

NbO. 11730. 1315d. 14570 EtisogGonverng. (%%BQNI-Nb-Ta-TI Oxide

4Ta0. 13060. 14630 1621 Mixtarasn 109370 2095

Ti 0. 10860. 1087.10. 1087P. 1b88® 1E@390 10R9 4 5 6
1 5.8 119 12.2 12.4 11.8 9.6
2 -9.8 9.2 115 | 92 11.3 13.0
3 12.0 12.7 ‘11,1 12.0 13.8 12.3
4 12.8 11.5 13.3 11.1 10.1 11.9
5 13.5 12.0 12,9 11.1 11.9 10.4
6 13.0 9.0 13.0 § 13.6 11.3 11.0

Table 1E: Ethylene selectivity for the catalysts in Table 1 A but recalcined o 400 °C.
Test conditions: 300°C with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 scem.
15

Ethylene Selectivity (%) of Ni-Nb-Ta-Ti Oxide
Mixtures
1 2 3 4 5 6

34.2 83.1 854 1 84.4 85.2 85.1
772 [ 753 84.9 86.4 80.8 84.6
85.1 34.1 82.7 84.0 83.8 84.1
85.4 84.5 83.7 82.2 83.9 84.5
86.4 85.9 193 78.7 80.4 83.1
80.1 78.4 79.3 77.1 72.1 71.2

Ohitn | W B

Another library of NiNbTi oxide catalysts was prepared substantially as
" described above and having the composition and amounts summarized in Table 1F.

.20 The performance characteristics of these catalysts for ethane oxidative
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nmd9. 549. 349. 649. 550. 150. 3 15 L41 21 August 2003 W 00/48971 E thane
Conversion ( %9 of N -Nb-Ta-Ti Oxide M xtures 13456

110. 717. 018. 119. 419. 2136 29.017.518. 716. 819. 015. 6 312. 117. 518! 18§H2003
19.116.8 47.816.819.518.8' 17.7.-18.2 5 Ethylene Selectivity (% of

N - Nb- Ta- Ti - Gyp@gudshixt ures 123456 |82, 983.184.385.184.283, 2. =
280. 486. 685. 184. 784. 584. 1 370.984. 484.984. 784.684.0

476.984. 784. 884.584.885.0 10 Et hane Conversion (% of Ni-Nb-Ta-Ti Oxide

M xtures 123456 10.511.21-1.411.911.%$11.0 28.2i 1.411.811.311.911.5

39. 311. 611. 311441 4x o i i dr. ~4 . Tabl.e 2E: Ethyl ene
selectivity for %hg?%%?%l égc?af%aéﬁ%&%%cg#é&%i%ﬁqcfﬁ??l%tﬁf :ﬂ%?f)ag?i"ol;vm th

et hane/ ni t r ogeHPEEFHOSH-PREeA L 0012402540 ¢R8 3¢ @n O Sumzrmaized it TaplediG(eahect i Vity
(% of Ni-Nb- T@mbirs 'QQTMMH@%,&@%@@ 191. 692. 792. 993. 592. 992. 5 .
290. 193. 493. 393. 493. 292. 6 386. "99 . 093.593."393. 392. 7 -

487.793. 493. 493. 093. 292. 9 . ‘ '

-y

s V-“;‘P'

2%



PCT/ USO0/ 04478 Tabl e 2B: Et hane conversion for the catal ysts in Table 2A
Test conditions: 300C w th ethane/nitrogen/oxygen flow of O 4%/ 0. 5245/?8- 088
sccm " Tabl e 2C. Ethyl ene selectivity for the catalysts in Tab} QUK st
conditions: 300C wth ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 sccm
Tabl e 2D: Et hargo grmser sion for the catalysts in Table 2A. Jeghshpnditions:
300C wth ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 sccm 4,k 21
August 2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 2F. Ethane conversion for the
catalysts in Table 2A. Test conditions: 300C wth ethane/nitrogen/oxygen
flow of 0.4210. 5141,13.19.8eatslgammﬁsnﬁa@mgemaroai)@@m&ﬁﬁ%d%%&ﬂg%&%%ﬂi? Oxi de

M xt ures 123456 .sarkfle k. (A Pused thdaralid. :éd Bedddactlderdeh3. S11.
38.112.613.314.6'-- 14.6- 11.1 43.710.414.314.814.814.4 5 Table 2G

Et hyl ene sel ect|{VvRby T @olddg cafalysts 11 Tapl €] ZA4 Tast Lonfitigons: 300C
wi t h et hane/ ni t fogen/ oXygeN [f 1@YpoO] U- 427{0. 547 0] 088 sqrnT Etfiytemne o
Selectivity (% | of 1N {Nboxga-{Tip.goyi fle M xtjures 1pP345. "4
183. 480. 982. 184} 183. 884. 9; 281 o@dg- P84. 384. 583.6B5. 1
367.983. 583. 783} 683. 6§41 a A 18 - (83. 883- 283,6p4-5 tg—Tabler2
conversion for the cafjakygts in Taple 2A| Test*:fiondi tilons: 3P0
et hane/ ni t r ogenf{ OXyQgem T pW [0%.dd7 287 §sd384/ 0. 022 s cemp—Ethang
(%9 of N -Nb-Tar TipOxildenM Xt wiogs L2336 [15. 710} 78. 411. 511. 9Y.
Ti 0.159 0.000 '
mass 45.0 56.3

H—Etlhane

C wijth .

Coﬁvﬁrsi on .
5 >

(mg)
Ni 0.714 | 0748 | 0.784
3 Nb 0.000 | 0.103 0216

Ti 0.286 0.150 |. 0.000
mnass 492 403 . 450

(mg)
T Ni 0.612 | 0637 | 0.665 | 0.696
4 Nb 0.000 | 0.093 | 0.194 | 0.304

Ti 0.388 0.270 0.141 0.000
mass 49.6 514 51.9 50.8

(mg)
Ni 0.526 | 0546 | 0.568 | 0.592 0.617
5 Nb 0.000 | 0.085 | 0.176 | 0275 0.383

Ti 0.474 (0.369 0.256 0.133 0.000
mass 44.9 46.3 46.7 44.0 47.0

(mg)
Ni 0455 | 0471 | 0488 | 0.506 | 0.526 | 0.547
6 Nb 0.000 | 0.078 | 0161 | 0251 0.348 | 0.453

Ti 0.545 | 0452 | 0351 | 0243 | 0.126 | 0.000
mass 48.8 50.5 46.1 48.5 52.0 54.1
(mg)

24



25.310. 211. 110. 711.78. 6 38.411.3. 11.211.511.810.6 44.110.111.711.611.311.2

15 Table 21: Ethylene selectivity for the catal ysts in Tabl eng T{a%)g)
condi tions: 300C wth ethane/nitrogen/oxygen flow of 0.42/0 éﬁ% 3
sccm Ethylene Selectivity (%9 of N -Nb-Ta-Ti Oxide M xtures 123456

188. 992. 192. 4930 @&&H7890. 9 287. 493. 293. 193. 093. 291. 7 PCT/US00/04478

385. 792. 593. 093. 293. 092. 3 485.592. 693. 192. 993. 192. 9 4D 21 August 2003 WO .
00/ 48971 PCT/ US00/ 04478 Exanpl e 3. ODHE"over N NbZr / Ni TaZr Oxide

Cat al ysts. (#14840/15157): Catalysts were prepared in small quantities (-
100 ny) from niTeklel GnEthrast @nidriibg forcatalgktd\)stedrin Tidilel hi. OReat aiﬁéiti@fxd‘.\lbmoec 0. 569
M, tantal um oxathathendittegenox ket Howf 0.420340i088 swrmum oxal ate ([ Zr] 0. 36
M aqueous stock solutions.by precipitation with 5 tetranethylammonium
hydr oxi de. The| sol'ifd lnaj eri a] s3wey e4sgpas afjedé f'rrom sol uti on by-
centrifugation|] The¢ &apernathnt wahs dgcant¢d anjsolid materials were dri ed
at 60 C under| a2r ¢dgsep 18enpsphefe. Tabl e |3A-symmari zes the conposition
and anmounts of BNh¢ 193r| Qgs fasal yst qonpogitions. In a first set of
experiments, tfiezdied Facal yav.ocpimpdit1ons werle calcined to 10 300 Cin
an atnosphere pTsalns§ {Hean yen| §E9HE[A§ YT e Ppriofile: ranp to 300 C at - -
-2Chni n and dweT 3¢ §0DG7 50 185Ny 5| HE 4}9 met al- oxi de catal ysts (-
50 ng) were S.,Feeneu r—the - f1rxedbeo parat reactor. - The performance

charact eri sty Csp,Q 11t {f5iEnd Bloltof t?h&@d‘ﬁﬂ%‘lk‘i'?t i osifitesdLaggnat i on at
300 "Cwth I
5 08 %MLM%IEE E t%%‘q_ﬁ%P'ské@@ggc e%lggzeoconverm on) and

0. 42: 0. 54: 0. 088 'sccm ar & s%ﬁé"?

Tabl e 3C (et hylene btil ept I2VI yé “g‘ 1 |$|| tri aﬁ Mcreenl ng, these catal yst
wer e subsequentty .e;gl eHredit+0—4pocC trra—siji | ar tenperature profile.
The performance rgﬁ§t :.“2 +Hes—ef—tHh se egtatygts for ethane oxidative
dehydr ogenat i op—E+ t._\1 b 888 o1 £l vodlbeddeactdr at 300 'Cwith relative
flowates of e hyn\.:g.fit A ,:3,2\‘59 A—oH—0-—42-0-54: 0. 088 sccrn are sunmari zed
20 in Tabl e 3D(AthS tdidel 83dnh 83nd Taplle 3E|(ethyl ene selectivity). 44
21 August 2003 wh aYiAb784 | 77.9 |.78.1 { 80.6
6 | 778 ) 769 | 754 | 78.8 | 80.1 | 73.0

.10 Example 2. ODHE over NiNbTaTi Oxide Catalysts. (#16166/16223)
Catalyst compositions comprising various relative amounts of oxides of N,
Nb, Ta and Ti were prepared in small (~ 100 mg) quantities by precipitation
substantially as described in connection with Example 1. Table 2A summarizes the
composition and amounts of the various catalyst compositions.

15 In a first set of experiments, the dried catalyst compositions were calcined to
300 °C in an atmosphere of air with an oven temperature profile: ramp to 300 °C at
2°C/min and dwel! at 300°C for 8 hours. The mixed metal oxide catalysts (~ 50 mg)
were screened in the fixed bed parallel reactor. The performance characteristics of
these catalysts for ethane oxidative dehydrogenation at 300 *C with relative flowrates

-20  of ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm are summarized in Table 2B
(ethane conversion) and Table 2C (ethylene selectivity). The catalysts were also
screened for ethane oxidative dehydrogenation at 300 *C with relative flowrates of
ethane:nitrogen:oxygen of 0.42:0.82:0.022 sccm. The performance characteristics for
these experiments are surnmarized in Table 2D (ethane'convcréion) and Table 2E

25 (ethylene selectivity).

uo



PCT/ USO0/ 04478 Tabl e 3A: Catal yst conposition (nole fraction) of N -Nb Zr
and Ni -Ta-Zr oxide mxtures & sanple mass, "m' .(ng) used in Egrall fixed
bed reactor screen. RowCol 123456 Ni 1.00000. 89690. 79440. 69270258456 483 4
1Nb0. 00000. 00000. 00000. 00000. 00000. 0000

Ta0. 00000. 10310. 20560. 30730. 40830. 5086

Zr 0. 00000. 0008 BEBED. 00000. 00000. 0000 MA9. 849. 549. 6?- 49. 6%%”‘132?5’"“5”3

Ni 0.91190. 9328' 0. 82620. 72030. 61520. 5108

2Nb0. 08810. 00000. 00000. 00000. 00000. 0000

Ta0. 00000. 00000. 10 1300. 3184 o

Zr 0. 00000. 06720. oeggﬁ ‘%%%%‘6 “TEER 36%%5"%1#:&3"?&"%@63“&12{§“’°§1§6‘€§&©4%° c

Ni 0. 82140. 8405&r. ﬂﬁﬂﬁ&nmlzﬁnﬂﬁﬁﬁraﬁﬁé.&oﬁie The performance characteristics of

‘?'ggo Oégggo 08831&0 %838695{0 b%%%ﬁ g)% v§ gg-évgrogcnanon in the parallel fixed bed reactor.

Zr 0. 00000. 068 EO3U3eAAthtBIBOE: o384, of BihenenmiBodtnthxhth FANSDLD):GIER Qem
Ni 0. 72840. 74560 76370, 7.8260..6 0547 . . .
ANbO. 27160 .°18 %W&@ﬁeddﬁ goﬁ %Bégﬁnebﬁ)eﬁersmn) and Table 2G (ethylene selectivity).

Ta0. 00000. 0000he 261010 e DERDHs Mct30s022&Ened for ethaﬁe oxidative dehydrogenation at

G0 20000 0000 40 LR RN LR L BB

5Nb0. 36710. 28190 pdri2miondd 9BaZa:t DB Por036 experiments are summarized in Table 2H

770 00000, 07008 3T IR0 0! GhtneadeiiYb a0, sa0. 549, 049, 7 -

Ni 0. 53480. 4780. 56140. 57580. 59090. 6068
6Nb0. 46520. 38 [fable283Catalg8G40Dpdsipg (mae @ction) and Sample mass, “m” (mg) of bulk
Ta0. 00000. 000CUNDTOH @xBIBOOBRMAES000. 0000 . -- '
Zr 0. 00000. 07100. 14550. 22390. 30630. 3932 rrBO 049. 850. 350. 6 150. 049 9 5 Tabl e
3B: Et hane conv@pwi dn €or fhelcatial y&ts|i n3Table 3A. [fest condi &i orl]s: 300C
wi th et hane/ n§trogen/ odNigen 4004y j0D.501442/ @584/ O. DBR4s £ OM83Et harksaZdnver si on
(% of Ni-Nb-Ta-zr (rxi e M L1o6es 0.1188 | 0.1310 | 0.1431 | 0.1550 | 0.1669
1 Ta 0.0948 | 0.1133 0.1317 0.1498 0.1679 | 0.1857
Ti 0.1973 | 0.1964 | 0.1956 0.1948 | 0.1939 | 0.1931
m 50.0 50.0 50.3 50.5 49.5 50.5
Ni 0.4889 | 04730 | 0.4559 0.4375 0.4176 | 0.3959
Nb 0.0808 ;| 0.1089 0.1392 0.1718 0.2071 0.2454

2 Ta 0.2699 | 0.2518 | 0.2323 | 0.2113 | 0.1886 | 0.1639
Ti 0.1604 | 0.1662 | 0.1726 | 0.1794 | 0.1868 | 0.1948
m 49.5 50.6 50.0 | - 505 49.6 494

Ni 0.6004 | 0.5731 | 0.5448 | 0.5154 | 0.4849 | 0.4532
Nb 0.1163 } 0.1279 | 0.1399 | 0.1524 | 0.1654 | 0.1788

3 Ta 0.1295 | 0.1424 | 0.1557 | 0.1696 | 0.1840 | 0.1990
Ti 0.1538 | 0.1566 { 0.1595 | 0.1626 } 0.1657 | 0.168%
m 49.9 49.3 49.5 49.6 49.7 50.0

Ni 0.6435 | 0.6135 | 0.5835 | 0.5535 | 0.5234 | 0.4934
Nb 0.1173 | 0.1315 | 0.1457 | 0.1598 | 0.1740 | 0.1882

4 Ta 0.1306 | 0.1463 | 0.1621 | 0.1779 | 0.1937 | 0.2095
Ti | 0.1086 | 0.1087 |. 0.1087 | 0.1088 { 0.108% | 0.1089
m 49.5 49.3 49.6 49.5 50.1 50.3

15
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123456 19.118.218.919. 218. 615. 7 216. 014. '3'318. 016.417. 319.5
3.18.418.115.417.613. 116. 7 419. 319. 116. 7"14. 715. 215. 3
519. 419..013. 715. 313. 616. 1 618.919. 012. 111, 312. 712. 4 L15 21 AdHEE"5H3 wo
00/48971 5 PCI/US00/ 04478 Table 3C: Ethylene Selectivity for the catalysts
in Tabl e 3A. YWO“¥Tnditions: 300C with ethane/nit rogen/ oxxggaisoddsary of
0.42/Q.54/0.088 sccm E thylene Selectivity (% of NN No- Ta-Zr Oxide
M xtures 123456 | 46. 083. 884.484.0' = 84. 88360322(739414.548123.7481. 180. 783. 6

L T777.2 . 981.5 484.484. 279.576. 673. 679, 7
S04 B3 110 Dl RO IS ST 52 e
Conversion for the ceé g eg{oéygeﬁ‘ p-2R0-HUP-08%%csmci ned to 400 C. Test. _
Coﬂ\éi ti ons: ' i flowof 0 42/0.5410.088 sccm

rleion (oF® VRIBOT A7 ot RiRNbrd 21 Qixiflees 123456 . g
Eghggg gﬁgYEgjf?glfNUi ffﬁplﬁﬁlgéglgln 811415 1 312 213, 81Q. 211.-98. 011; 2
41;3 21;3 211. 46—83+0—1 1n:‘iQ 5i3. 21’2. 58 811 [29 912 2 614.{713647./56.48.07.5
- . T 10.7 17.0 18.1 -19.4 19.2 13.6 |
2 9.0 17.5 18.7 16.8 19.0 15.6
3 12.1 17.5 19.0 19.0 ¥ #19.1 16.8
4 7.8 16.8 19.5 18.8 "17.7 | .7182

Table 2C: Ethylene selectivity for the catalysts in Table 2A. Test conditions: 3b0°C
with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 scem.

Ethylene Selectivity (%) of Ni-Nb-Ta-Ti Oxide
Mixtures RN
1 2 3 4 5 6
82.9 83.1 84.3 85.1 84.2 83.2
80.4 86.6 85.1 84.7 84.5 84.1
70.9 844 84.9 84.7 84.6 84.0
76.9 84.7 84.8 84.5 84.8 85.0

oo |ro{—

10

Table 2D: Ethane conversion for the catalysts in Table 2A. Test conditions: 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 sccm. '

Ethane Conversion (%) of Ni-Nb-Ta-Ti Oxide
Mixtures
I 2 3 4 5 6
1 10.5 11.2 11.4 . 11.9 11.8 11.0
2 8.2 11.4 11.8 11.3 11.9 11.5
3 9.3 11.6 11.3 11.6 11.8 11.3
4 7.1 - 11.6 12.0 11.6 C11.7 11.4

15 Table 2E: Ethylene selectivity for the catalysts in Table 2A. Test conditions: 300°C
‘with ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 scem.

Ethylene Selectivity (%) of Ni-Nb-Ta-Ti Oxide
Mixtures .

1 2 3 4 5 6
91.6 92.7 92.9 935 | 929 92.5
90.1 93.4 933 | 934 93.2 92.6
86.7 93.0 93.5 93.3 93.3 92.7
87.7 93.4 93.4 93.0 93.2 92.9

PSR Y § oS RO
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Tabl e 3E: Ethylene Selectivity for the catalysts in Table 3A but recal ci ned
to 400 C. Test conditions:.300C with ethane/nitrogen/oxygen_ fl ow of
0.42160.54/0.088 sccm 15 Ethylene Selectivity (% of Ni-Nb- TAl 2peusiiagd

M xtures 23456 | 33. 483. 385. 484. 686. 086. 7 278. 866. 283. 3. 81. 080. 983. 5
386.484.170.639 é%% ?81.1 485. 884. 878. 669. 169. 378.5 5 PCT/US00/04478
86.583. 771. 97 % 57 7.0 E 680.482.972.362.971.774.9 Exanple 4. ODHE over.
Ni Ti Zr. Oxi de Cat al ysts. (#14332) Catalysts were prepared in snall .
guantities (- 100 rug) fromnickel nitrate 20 ([Nl =21.0 M, titanium

oxal ate ([Ti] TablePEEMncabiverisiconitemanialsal Tald Z& [Test OnBond @087 August
2003 WO 00/ 489 %AthREEAMSOLEMAT e ovaafi@arrs.58/0@8K s@ml ut i ons by preci pitation
wi th tetramet hyl anmoni um hydroxide. The solid materials were separated
from sol uti on Py, CENT EmhatOBddveRion (VG of MP-BILFRL- Bidxidavas decant €d and sol i d
materials werej dried gfixth@s C under a reduced atnosphere: Tabl e 4A ‘
summari zes thefconpogitipn gndsanopnti g of [the vari osus ¢at gl ysit 5

conposi tions. [T q TI[F5§¢5€] Qb3expenBiEn| s, j4ane di4.6d|caf.al yjst
conposi tions were,Talci Gyt 0 14300] C1RE ap aj qOSPNgLE ¢f g1 M th an oven .
tenperature prpfT §e. ragg tT qléijb arig,rgzu TR gend Vet 71 0C for 8 -
hours. The m x u 'ti""t i gX deTgtat /stlg‘g( J4B0)} TEE € sqrqened ‘in-the

fi xed bed par aHet—reactor—Fheperformante character bll(.,b of 10 't hese .
catal ysts fqr ethane oxidative dehydrogenation at 300 "Cwith relative

flowates of &l pane. piy feggsenecﬁwf%@t éﬁ 91 088 &ﬁ@ﬁ&@rﬁo@m“ zed
Tabl 4B 41 21
gt 5005 m"‘%} et é%%%%% 5373%@ st comoel 111

Cat al yst conposi tion (nole
fraction) of N

- 5 d in parall el
fi xed bed reactor scr ﬁ:;is?ol y {" 4%1

1 2 3 4 3 - 6
83.4 80.9 82.1 84.1 83.8 84.9
81.6 83.9 84.3 84.5 83.6 85.1
67.9 83.5 83.7 83.6 83.6 84.5
78.5 84.7 83.8 83.2 83.6 84.5

A | b |

10  Table 2H: Ethane conversion for the catalysts in Table 2A. Test condltlons 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 scem.

Ethane Conversion (%) of Ni-Nb-Ta-Ti Oxide
Mixtures
1 2 3 4 5 6
1 5.7 10.7 8.4 11.5 11.9 7.6
2 5.3 10.2 11.1 10.7 11.7 8.6
3 8.4 11.3 . 11.2 11.5 11.8 10.6
4 4.1 10.1 11.7 11.6 11.3 11.2

15  Table 2I: Ethylene selectivity for the catalysts in Table 2A. Test conditions: 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 scem.

Ethylene Selectivity (%) of Ni-Nb-Ta-Ti Oxide
Mixtures

1 2 3 4 5 6
288.9 92.1 92.4 93.2 92.8 0.9
374 93.2 93.1 03.0 932 91.7
85.7 92.5 93.0 93.2 93.0 923
85.5 92.6 93.1 92.9 93.1 92.9

I R |-
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Ni 1.000 | Zr0.000- Ti0.000 nmass54.1 (My)- ; N 0.9300.913 2Zr0.0700. 000

Ti 0. 0000. 087 massb52.347.6 (ng) N 0. 8620. 8470. 833 3Zr0. 1??2602§8ugu(3t02003
Ti 0. 0000. 0850. 167 mass54. 850.352.3 {ru ) Ni 0.7970. 7840 47.450.2 (M)
47r 0. 2030. 1330. 0650. 000 Ti 0. 0000. 0830. 1630. 241 mass52. 054. 0

Ni 0. 7350. 7230.W2 2¥#87110. 6 00 5Zr 0. 2650, 1950. 1280. 0630. 000  pcr/US00/04478

Ti 0. 0000. 0810. 1600. 2360. 310 nass52. 052.945. 346.4' 49. 6 () 610. 000

Ni 0. 6760. 6650. 6540. 4440. 6350. 625 6Zr 0. 3240. 2550. 1880. 1240. 0 2 46 21
Ti 0-0000 0800. 1570. 2320, 3050. 375 nmass53. 045. 250. 647. 351. 852.5 m) f
August 2003 oo/t g’% Y%Wbﬁﬂ’ﬂ‘élmadﬂsataﬁtshaﬁummsesﬁg ogn g)r( gen
catal ysts in Tabl e ddalystestre %%%e& i8Rl g aggne?(w‘lédqmg)eéorz]r?%%kerfﬁt;a 2 y

m 123456 1738
flow of 0.42: Q.0 OB8 scem oxalate {[Nb] = 0.569 M), tantalum oxalate ([Ta] = 0.650 M),

and zirconium oxalate ([Zr] = 0.36 M) aqueous stock solutions by precipitation with

5 tetramethylammonium hydroxide, The solid materials were separated fromi solution
by centrifugation. The supernatant was decanted anctgol:d materials were dried at 60
°C under a reduced atmospherc Table 3A-summarizes the composition and amounts E
~of the various catalyst compositions. _

In a first set of experiments, the dried catalyst compositions were calcined to

10 300 °Cin an atmosphere of air with an oven temperature profile: ramp to 300 °C at -
--2°C/min and dwell at 300°C for 8 hours, The mixed metal oxide catalysts (~ 50 mg)
were screened in the fixed bed parallel reactor "The performance characteristics of _
these catalysts for ethane oxidative dehydrogenation at 300 "C with relative flowrates
of ethane:nitrogen:oxygen of 0.42:0.54:0.088 scem are summarized in Table 3B
15 (ethane conversion) and Table 3C (ethylene selectivity).

After initial screening, these catalyst were subsequently recalcined to 400°C .
with a similar temperature profile. The performance characteristics of these catalysts
for ethane oxid‘ative dehydrogenation in the parallel fixed bed reactor at 300 "C with
relative flowrates of ethane: nitrogenzoxygen of 0.42:0.54:0.088 scem are summarized

20  in Table 3D (ethane conversion) and Table 3E (ethylene selectivity).

HY



215.514.9 317.016.516.6 413.314.317.217.3 514.215.415.817.720.6
612.414.913.013.516. 119.1 5 Table 4C. Ethyl ene selectivity fﬁ{ cat %?t sin
Tabl e"4A. Test conditions: 300 C wth ethane: nitrogen: oxyge
0.42:0.54:0.088 sccm 12345'6 146.1 272.978.5 375.876.581.9

471.378.881. 08P 0pMA%7Y (074, 872..181. 284.7 669. 071. 376. 870. 97RCT/GN0/41)
Exanple 5. OD$E over NiTiCe / N ZrCe Oxide Catal ysts. (#14841/15158)

Ni -Ti-Ce and Ni -Zr-Ce oXi de cat al ysts were prepared and screened in a
manner simla '

([Ce] = 1.00 :A}fg‘o ebaRs g}qr{lﬁ S%HNP‘*P&%S}? 2 nglfiiogs e conpos 1 on

and anounts o FPK T ot T APEIE i od; §ea°'i°ﬁs°FF?é initial '
screenin Caf-ethatHen—at—300—C—8—-hours eenl n-fixed he aral lel
react or gt(BOLLR?,ww. +hCPh ol ades lof 20t Hangd i {rofenloxyhent af 6 | parel”
0.42:0.54: 0. 0B8 nNi as %@9 L8900 JoPAdiHe @r.s?-éfﬁl"'v h104934 flor t he -

Ni Ti Ce oxi de Fo 03| t| aéz d $9%Mh 00809, ¢ 9090 ¢ $,0909nk 0NBPRdt i vity of
66.5 %9 to 17{6 % (it aet h -GS ¢ 82034, 143043 7@4@301059% et hyl ene
sel ectivity vhl ues rlang&d—PdNed 0 0 1c6AQ08 £i0AR0BE| 9.6 % fo

80.1 % (wit-h pthanelcofersi 8%8ofl #2.50 loa49.Gt HaAR6 donifel sl gA9-allues for
the Ni Zr Ce ox| de conpo@?‘ﬂ b1 % 1 3828 [0 RB262 b (h/gzg t BH6ER2h/ 106188 del ecti vity
of 69.1 % to} 1624 % (WPth é’tﬁgghn%oo%l eBPPAA { P-Q9P0 750.6000 | 00980 [et hyl ene
selectivity vhl ues ran%éd OHPE 9. K0P (IWL-LPF% 1 193180 JoPddis| @289 |13.4 9% to
25 78.2 % (with etha L £,0000, 1 Q3673 5 0.0649: | AxQ6AT |, @B4fi4c] 910662 (|400 ' C,- 8
hours, as desgribed) tthe FaftRBydt O8erle MC edf8d | (0sul t 49-Rot shown) .
14q 21 Augusti 2003 WO 0B/ 4898219 (10-8985 0/ DAL | Pitsh2 [SR6406af 815359 |-
conmposi tion (yol & friacNPon) 0df78&\i|-0rf91€d BAPON| 02000 SRG08e| 0B8ORIlysts and

sampl e mass, I'rn" (rg) Tasef %4990%arHI00Q | [. 6080 | Held 09 a2 B0 | Or386h.
Zr 0.000 0.0681 | 0.1394 | 0.1389 | 0.1384 | 0.1379

m 49.8 50.6 50.5 49.5 50.6 49.9
- Ni 0.7284 | 0.7456 | 0.7637 | 0.7826 | 0.6682 | 0.5547
4 Nb 0.2716 } 0.1853 | 0.0949 | 0.0000 | 0.0000 | 0.0000

Ta 0.0000 | 0.0000 { 0.0000 | 0.0000 [ 0.1153 | 0.2296
Zr 0.0000 | 0.0690 | 0.1414 | 0.2174 | 0.2165 | 02157

m 50.1 494 49.5 49.6. 40.5 [ 50.6
Ni 0.6329 | 0.6481 | 0.6640 | 0.6807 | 0.6983 | 0.5796
5 Nb 0.3671 | 0.2819 { 0.1926 | 0.0987 | 0.0000 | 0.0000 -

Ta 0.0000 | 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.1200
Zr 0.0000 | 0.0700 { 0.1434 | 0.2206 | 0.3017 | 0.3005

. m 50.3 49.6 49.8 49.5 49.9 49.7
Ni 0.5348 | 0.5478 | 0.5614 | 0.5758 | 0.5909 | 0.6068
6 Nb | 0.4652 | 03812 | 0.2931 | 0.2004 { 0.1028 | 0.0000

Ta 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Zr 0.0000 | 0.0710 § 0.1455 | 0.2239 | 03063 | 0.3932
m 50.0 49.8 50.3 50.6 50.0 49.9

Table 3B: Ethane conversion for the catalysts in Table 3A. Test conditions: 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 sccm. :

Ethane Conversion {%) of Ni-Nb-Ta-Zr Oxide
Mixtures
1 2 3 4 5 6
9.1 18.2 18.9 19.2 | 18.6 15.7
16.0 14.8 18.0 16.4 17.3 19.5
184 18.1 15.4 17.6 13.1 16.7

19.3 19.1 16.7 '14.7 15.2 15.3-
19.4 1.0 13.7 15.3 13.6 16.1
18.9 15.0 12.1 11.3 12.7 12.4
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RowCol 123456 Ni 1. 00000. 92590. 84750. 76420. 67570. 5814

| Ti 0. 00000. 00000. 00000. 00000. 0000- 0. 0000 21 Ausust 2003
Ce0. 000Q0. 00000. 00000.700000. 00000. 0000 s :
Zr 0. 00000. 07410. 15250. 23580. 32430. 4186 _ 9. 549. 4 . 49. 748. 649. 249. 8
Ni 0. 90910. 9474¥ 0@/ #80L 78300. 69280. 5967, PCT/US00/04478
2Ti 0. 09090. 00000. 00000. 00000. 00000. 0000 ‘ -
Ce0. 00000. 05260. 05420. 05590. 05770. 0597

Zr 0. 00000. 00000. 07810. 16110. 24940. 3437 nb0. 650. 749. 550. 049. 750 6

Ni 0. 81630. 85110. 88890. 80280. 71090. 6127 3Ti 0. 18370. 0957

' . 0. 00000. 00000, 00000, 0000 Ce0.00000. 05320. 11110. 11470. 11850. 1225

Zr 0. 00000. 00000t BI5F60 Mmﬁeiemw forghg catal Pstoid Tabls B AST st CABiHR0300°C

Ni 0. 72160. 75270% e/pitragrn/oxpayn flow 269.42/0.54/0.088 scomi.
ATi 0. 27840. 19350.-10110. 00000 _00000. 0000

Ce0. 00000. 0538(. 11240EthylgsFeleeds (IBEONI-ND-Ta-zr Oxide _
Zr 0. 00000. 00006.-0000Q £R) 08760, 1814 mé9. 950. 650. 449. 350. ¢50. 0
Ni 0. 62500. 65220.68180_ 71430 75D00| 6437 4 4 5 6 '
5Ti 0. 37500. 29350. 20450.46071l0. 83000D. 8080 | 84.0 7| =848 83.0
Ce0. 00000. 0543(). 12360. BPg6d. 2BODO| 2592 | 81.1 80.7 83.6 '
Zr 0. 00000. 0000p._09009. 39800. (E3000] 0923 T RIAFI| 6490990 §p§ 150. 4
Ni 0.52630. 5495D. 5747(. ®a24(. G&290| 6663 | 76.6 736 1T 7011 -

6Ti 0. 47370. 39560. 310308236908k k390. ARO[ 766 | 734 | 793
Ce0. 00000. 0549D. 14490. 28670 ZaF0[ 3¢ | 702 | 730 1. 765
Zr 0. 00000. 00000. 00000. 00000, 00000, U000 HB0- 049 649-956—650—450. 4 5 Exanpl e
6. ODHE over NiTiSb 1 N ZrSb Oxi de Catal ysts. (#14842115159) Ni -Ti -Sb and

Ni - Zr - Sb OXIdeT@ﬁ&@byﬁﬁﬁwwﬁﬁﬁkﬁmlmﬁ$ggnﬁﬂﬂ;E%%ﬁeﬂﬁﬂ; ”er Lmi | ar

the catal ysts mesExmRhe30ECHM edandiSlcd “10 0. 234
M aqueous st ock solution. Table 6A su _he co ‘&’Hd anount s

of the various| catal Y&kt PHRRIoh (TN the i ak—ser eﬂn ng (cal cination
at 300 C, 8 hours, sakgsepisng n f(é)l 1::PIlbed apép ﬁe reactorjat 300 "Cwth
flow ates of efhane P THoggm: gXYgEN 3u| 0 4%:0 549 088

6

1 6.3 122 126 1. 125 11.5 89
2 9.1 10.8 122 | 108 114 15.1
3 12.2 13.8 10.2 11.9 8.0 11.2.
4 13.2 13.2 11.4 8.8 10.3 10.8
3 13.6 13.5 8.6 11.2° 9.2 12.2
6 14.7 134 7.5 6.4 8.0 7.5

“Table 3E: Ethylene Selectmty for the catalysts in Table 3A but recalcined to 400 °C.
Test conditions: 300°C with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 sccm.

Ethylene Selectivity (%) of Ni-Nb-Ta-Zr Oxide
Mixtures i
1 2 3 4 5 6

334 83.3 85.4 84.6 86.0 86.7
78.8 662 | 833 |.81.0 | 809 83.5
86.4 84.1 70.6 80.2 72.9 81.1
85.8 84.8 78.6 69.1 69.3 78.5
86.5 83.7 71.9 75.8 69.7 77.0
80.4 82.9 72.3 62.9 71.7 74.9

bW b —

15
Example 4. ODHE over NiTiZr Oxide Catalysts. (#14332)

Catalysts were prepared in small quantxtles (~ 100 mg) from nickel nitrate

20 ([N:] = 1.0 M), titanium oxalate ([Ti] = 0 713 M) and zrrconmm oxalate ([Zr] = 036 - .
Yo



scene. as described), ethane conversion values for the N Ti Sb oxi de
conpositions 60 21- August 2003 WD 00/ 48971 PCT/ US00/ 04478 ranggd fr%)ré] %
(withethylene selectivity of 73.3 %9 to 15.8 % (with ethyl eR §|V|ty
of 79.2 %, and ethylene selectivity values ranged from73.3 % (wth
et hane conver siguu®h: 1.0 %9 to 81.8 % (W th ethane conver sipepyefinds?
Et hane conversion values for the N.ZrSh oxi de conpositions rangec? rom
1.4 % (with 5 ethylene selectivity of 75.5 % to 11.9 % (with ethylene -
selectivity of 74.7 %, and ethylene selectivity values ranged from63.2 %
(with ethane cw\aqueei:mnoakfsélﬁuaa% praipitdifon3with tetbdrhdihyPdnasiBuk ARHELE on of

11.3.9. After |CI in 400 - hqur.s,. as des crlbed) the catalysts
Were rescreene r%gﬁi sg fe%ﬁ%ﬁ'ﬁ‘jg"ms@@“%ﬁy‘fim gatien Thesupemeamo/ 48971

PCT/ US00/ 04478w’£ﬁdﬂcﬁlteﬁlﬁand@‘atcﬁhatsﬁa1£ﬂéfpﬂﬁbd 4t@0 °cﬁmdeea§édaséd'aaﬂas pfre, NI Ti Sb /
Ni Zr Sb oxi de and sample mass, 'm (ring) used in paraIIeI fixed
bed reactor sc %W}F%glﬁ%mﬂﬂweeefb@nwm ADYPSTABWH0. 66950. 5365 |
1Ti 0. 00000.@006@:@@1@9& 00000. 00000. 0000 Zr 0. 00000. 06230. 13580. 22360. 3305

-0. 4635 Sbh0. 00000. 000 0. 0Q000. OOOdOO 0000, r n49. 450. 650. 450. 649. 349. 5.
Ni 0. 92330. 94030. 8668 @ﬁ@ %Xflfgﬁle%éhf ried catalygp‘tcomposmons were calcmed to

2Ti 0. 07670. 00086n ‘Qﬂﬁ@@a r&ﬁ@ﬁﬂvx@ﬁﬁ@vem temperature profile: ramp to-300 °C at
Zr 0. 00000. 00008 é 0. 240880

Sh0. 00000. 0597 C%B‘S‘ #. 89%@%@@ FhomiPtsd Tt oG dacalB 5 60 me)
Ni 0. 83590. 8523&&86&5&’133 Sl6OfiLefidAQ mreactor The performance characteristics of
3Ti 0.16410..08370. 00000. %6813&0000 0000

Zr 0. 00000. d600 cﬁd:étﬁlgsté Mﬂéﬁtlﬁg@ydmgenauon at 300 “C with relative flowrates
Sb0. 00000. 06406¢ diRabRkrddadiy 4aHE0.42:086:0.6:8 s@a&émﬂnﬁéﬂeéﬂﬁaﬁﬁ%ﬁ

Ni 0. 73530. 75090, 76720. 784
4Ti 0. 26470. 180 aﬂ@%TU“ﬁBédeg%@%e@géﬂaémﬂSﬂﬂﬂwﬂﬂ
Zr 0. 00000. 00000. 00000. 00000. 08360. 1877
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Sb0. 00000. 06890. 14080. 21580. 23950. 2691 n%9. 249. 349. 850. 750. 649. 8

Ni 0.61840. 63260. 64750. 66310. 67950. 5455

5Ti 0. 38160. 29280. 19980. 10230. 00000. 0000 21 August 2003

Zr 0. 00000. 00000. 00000. 00000. 00000. 0943

Sb0. 00000. 0746%0 dH2%H. 23460. 32050. 3603 nb0. 849. 549. 350. 050 p24Bcehro447s

Ni 0. 48080. 49280. 50550. 51880. 53290. 5478 - -

6Ti 0. 51920. 42580. 32760. 2241 ML510. 0000

Zr 0. 00000. 00000. 00000. 00000. 00000. 0000

Sbh0. 00000. 08143 2bl6640CREYHBBERDON {HAR frac1d0) FITHS OxiBSEut DR A4d Qar1S Exanpl e
7. ODHE over NPRpNeng) usgd iy pagaliekfixhd b@hteadtysesen. (#15154/ 15420) Ni- Ti - Nd and
Ni -Zr-Nd oxide.catalysts were prepared and screened in a manner simlar to
the catal ysts [LiR®kaffobsnn [ antl 3] ugi nd neddyfii um nijtrafe [[Ng] % 0.50 M
aqueous stock [|soluti¢n. Nt Tadl.@o7p sunmgri zes. { he corfpositrpn and{anount's
10 of t'he varijous! cafal ¥st [cdf®6siti ons.] In the initilal screening :
(calcination gt 300 1C T8 hoW®0 $creenijng in fixed lhed parallel {reactor .
at 300 "C with fl ow at emssof] efdiang: ni trggen: oxygen off 0.4270.5470]088
sccm as descriibed), | efthgihg convefsi on (|O) -and}Jl;et hyl ¢ne selfctivity (S)
val ues for thd N Ti Nd Bki aeocmcrp)sti,gjsor,s ranged fromo.3 % C 4511 %S to

18.1 % C,~ 84.4 %S, P21 Zugustn.c2008 0/4d00014897]| PCT/ U$00/ 04478 Et hane -
conver sion valjues fo[l tfTe N 2080l pxi.e8y qonposiftions fanged [from4f5 %
(wmth ethylenq sel ecyiinatsy |of52488l. b Hhetd 13. 4 Po (W T ethytene sefjectivity
of 71.8 %, 4gnd ethyl én® del ectiVity values rianged from4l. 5 % (W th

et hane converdi on of | 4.5 %| otgg2 7\V.@gLp (Wpigks ef hane gonversrom of(13.1 %9 .
5 In a second [screen| ngzi n |t ha3gi kagbdsed pan@ll el reactor gt 300 {C with
different flqw ates| (eTiharieomodr pgesgsoxyeegy of 0.4210.082:[(62 scem,

et hane converdi on (Q. mad [et9ad enesgel gchui Ty (S) yatues [for—the N Ti Nd
oxi de conpositjions rpanggd firom 49 % Cj 62.7 %S to{11.0 % C, 933 % S.

Et hane converdion (O agd 4t OYHENF 0. 58 EChyi Ty k7§9 ratuesjf-or—the N Zr Nd
oxi de conposi tli ons rangad fir epu#. R @135, | 5§ obs llg gs to 10.J0 % C,]90.7 % S.

0 .0
- After recal ¢ining (408 "G o3odourgogsas g[q;&crqi B ,{the cdtalystp were

o

rescreened (1rfesul ts| NQhssSTTOEI)- Bdp 2T AYYUSt— 003

{(mg) :
Ni 0.735 0.723 0712 { 0.701 0.690
5 Zr 0.265 0.195 0.128 0.063 0.000

Ti 0.000 0.081 0.160. 0.236 0.310
mass 520 52.9 453 46.4 "49.6

(mg)
Ni 0.676 | 0.665 | 0.654 | 0.644 | 0.635 | 0.625
6 Zr 0324 | 0.255 ] 0.18% | 0.124 | 0.061 | 0.000

Ti 0.000 0.080 0.157 0.232 0.305 0.375
mass 53.0 45.2 50.6 413 51.8 52.5

ug



WO 00/ 48971 PCT/ US00/ 04478 Table 7A: Catal yst conposition (nole fraction)
of NiTiNd I N ZrNd oxide catal ysts and sanple nmass, "in" (ng? used in
paral lel fixed bed reactor screen. Rowcol 123456 August 2003

Ni 1. 00000. 92590. 84750. 76420. 67570. 5814

1Ti 0. 00000. 00000. 00000. 00000. 00000. 0000 _

Zr 0. 00000. 074 W@ru82%50. 23580. 32430. 4186- PCT/US00/04478 .
NdO. 00000. 00000. 0000. 0. 00000. 00000. 0000 i n49.649.7. 49.350.349.5 49.5> -z,
Ni 0. 92590. 94740. 8677 ' 0. 78300. 69280. 5967

2Ti 0. 07410. 00000, 00000. 00000. 00000. 0000

Zr 0. 00000. 00004d" ablpg@g Eﬁ@gq@nzqggam fyr gafajysts in Table 4A. Test conditions: 300 °C with

NdO. 00000. 05266thesuBitogssw e Slovw et B49. 5ﬁﬁ93398°°150 850. 449. 449. 450. 0 .

Ni 0. 84750. 86770..88890_80Q280.7109.0. 6127 .

3Ti 0. 15250. 07810_0podoogodo Hodod _Aodo s 6
Zr 0. 00000. 0000L__b. 0B8N0 108260, 17060, 2647 _ ' :
NdO. 00000. 054200.211110-53114#2 11850, 1225 9. 949. 249. 450. 349.749. 4
Ni 0. 76420. 78300. 30280.823%53. {960. 6297 ' '
4Ti 0. 23580. 1611104 08260. 10800| 0DD(H07.8000 gt
Zr 0. 00000. 000010. HOOOA.2000B0C. PBYH(.113140.6
NdO. 00000. 05590. d 14 72.4176303. 1826(.11.8$960199.849. 550 049. 849. 849 8
Ni 0. 67570. 69280. 71090. 72990. 75000. 6477

5Ti 0. 32430. 24940. 17060. 08760. 00000. 0000 '

Zr 0..00000. 0000@26¥e @G0 EGIHHAO s 1083 aalysts in Table 4A. Test conditions: 300 °C

Nd0. 00000. 0577 Qithldhabe:dig 3502 pA Alon29 8.42:0420048sc649. 850. 049. 450. 1
Ni 0. 58140. 59670. 61270. 62970. 64770. 6667

6Ti 0. 41860. 343[70. 26470. I8140] 0933040006 | ¢
Zr 0. 00000. 00000 POPTRF,OYO00. POOOY. O0YU | - ,
NdO. 00000. 05970 TZ¥51.¢L88RG. Z59TY. 33§31 1j50. 349. 349. 550350. 645. 0 5 Exanpl e
8. ODHE over N T Vb5 adN[ZGsVPgFi[0e Caranysty. (#15155/15421)

4 713 | 78.8 | 81.0 | 81.7
) 71.0 | 748 | 72.1 | 81.2 | 84.7
6 69.0 | 71.3 | 76.8 | 70.9 | 77.7 | 83.2

p

N Example 5. ODHE over NiTiCe / NiZrCe Oxide Catalysts. (#14841/15158)
Ni-Ti-Ce and Ni-Zr-Ce oxide catalysts were prepared and screened ina
manner similar to the catalysts in Examples | and 3, using cerium nitrate ({Ce] = 1.00
M) aqueous stock solution. Table 5A summarizes the composition and amounts of
15  the various catalyst compositions.

In the initial screening (calcination at 300 "C; 8 hours, screening in fixed bed
parallel reactor at 300 “C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.688
scem, as described), ethane conversion values for the NiTiCe oxide compositions
ranged from 9.6 % (with ethylene selectivity of 66.5 %) to 17.6 % (with ethylene

20 selectivity of 79.3 %), and ethylene selectivity values ranged from 66.5 % (with
ethane conversion of 9.6 %) to 80.1 % (with ethane conversion of 17.0 ‘;A:). Ethane
conversion values for the NiZrCe oxide compositions ranged from 134 % {with
ethylene selectivity of 69.1 %) to 16.4 % (with ethylene selectivity of 75.9 %), and
ethylene selectivity values ranged from 69.1 % (with ethane conversion of 13.4 %) fo

25 78 2 % (with ethane conversion of 15.4 %).
After recalcining (400 °C, 8 hours, as descnbed) the catalysts were rescreened

(results not shown).

19



Ni -Ti-Yb and Ni-Zr-Yb oxide catal ysts were prepared and screened in a
manner simlar to the catalysts in Exanples 1 and 3, using ytterbium ,
nitrate ([Yb] = 10 0.456 M aqueous stock solution. Table 8A2§§H$ﬁ§ﬂ0?és t he
conposi tion and amounts of the various catal yst conpositions. In the
initial screemo@qsbral cination at 300 'C, 8 hours, screeni pgTiugdoddsaeed bed
parall el reactor at 300 'Cwith fl owates of ethane:nitrogen: oxygen of . .
0.42:0.54:0.088 sccm as described), ethane conversion (C) and ethyl ene
selectivity (S) values for the - S~f 21 August 2003 WO 00/48971
PCT/ US00/ 04478 Ni Ti Yb oxi de conpositions ranged- from4.1 % C, 41.6 %S to
16.8 % C, 83. 4 Tol&5A: Gatdhwhempositiar @adnfr{fcGpn)ahiNi-Ei-Oy hehNi-EelCeokidei ty ( S).
val ues for thecigiynsdod ssmrplemasoirgdeig) ied s pasatigkfikefl bedeactor 8réén. 46. 8 % S'to
132. % C, 75.6 %'S. In _a second screening in the fixed bed parall el .
reactor at 300 'K»wi t hGolfflerdnt | 5 21 ol aBtes |( ethang: niZ roflensoxyjgen of.
0.42:0.082: 0. 022 scc ,Niet Ranen0oon0se3s ¢ro.84T5 jandesst hyd.eTss bl sakivity (S
val ues for thel NiTi Yp ORi de @eispojsDODdans ¢.¢00gedonomm! B0 @.0008.19 % S to
10.6 % C, 91.8 % S. FEt hzne |{chodoeris 6000 €)0.aood jeogdoened.oomel exgdouilty (S) -
values for thel Ni Zr Yp & de @®endpols DOF4ing 0. 5n6ddbP338 60.5724% C 041869 U8B to
10.3 %.C, 89.9 % S. [0 Aft dr 40ecall c49d ng @400 I' G8.8 howo, hs 4dgsdri bed),
the catal ysts pwere rpsavieenemoost riesiokiss | rods7shoomsso 21o.dagutin 59863 WO
00/ 48971 PCT/ Us00z 04478riTalyl osda: | Catal yt.o000nposodo ¢ro.gomol E ofgoagtfi on) of
Ni Ti Yo / N ZrYp oxide aat allymomo [aodsxami.es4pese.nssom| dom)y Poagborn paral-l el
fixed bed reacftor scfeefr. RoyR0D1L2846066 | 0.0781 | 0.1611 | 0.2494 | 0.3437
Ni 1. 00000. 92590. 8475[ 0.146420.56.65/[0. 5B14] 495 50.0 49.7 50.6
1Ti 0. 00000. 00GO0. 000PO- YOOI HBEO00BIN0 | 0.8889 | 0.8028 | 0.7100 | 0.6127
Zr 0. 00000. 07410. 1525D. 2§58(. BB43- 0043836 0.0000 | 0.0000 | 0.0000 | 0.0000 |
Yb0. 00000. 00000. 00000. ARN0Q. NEROO. 008 | BA10-- 01147 {-0.1185 | 01225+
Ni 0. 90910. 95180. 8718D. 78690. ®&640. b3 | 0.0000 | 0.0826 | 0.1706 | 0.2647
2Ti 0. 09090. 00000. 000P0. HOUY0.40Q00; U4)P0V =05 497 49 4 503
Zr0..00000. 00000. U785 TGIVY. @I 60 g95% | 0.7865 | 0.8235 | 0.7299 | 0.6297
Yb0. 00000. 04820. 0497D. OF13¢. 5290. 03475 P10t £86bol PD.8bD- f2bodo
Ni 0. 81630. 85510. 8977D. &4090. (3B40. 659% | 0.1124 | 01765 | 0.1825 | 0.1889
3Ti 0. 18370. 096R0. 000p0. HO00% RPBAOC0BARL | 0.0000 | 0.0000 | 0.0876 | 0.1814
: m 49.9 50.6 50.4 49.3 50.0 50.0
Ni 0.6250 | 0.6522 | 0.6818 | 0.7143 | 0.7500 | 0.6477
5 Ti 0.3750 | 0.2935 | 0.2045 { 0.1071 | 0.0000 | 0.0000
Ce 0.0000 | 0.0543 | 0.1136 | 0.1786 | 0.2500 | 0.2591
Zr 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 { 0.0933

m | 49.7 49.6 49.9 50.6 50.1 50.4
Ni 0.5263 | 0.5495 | 0.5747 | 0.6024 | 0.6329 | 0.6667
6 Ti 0.4737 | 03956 | 0.3103 | 0.2169 | 0.1139 | 0.0000

Ce 0.0000 | 0.0549 | 0.1149 | 0.1807 | 0.2532 | 0.3333
Zr 0.0000 | 0.0000 | 0.0000 } 0.0000 | 0.0000 | 0.0000
m 50.0 49.6 49.9 50.0 50.1 50.4

Exaniple 6. ODiE[E over NiTiSb / NiZrSb Oxide Catalysts. (#14842/15159)
Ni-Ti-Sb and Ni-Zr-Sb oxide catalysts were prepared and screened ina
manner similar to the catalysts in Examples 1 and 3, using antimony acetate ([Sb] =
10 0.234 M) aqueous stock solution. Table 6A summarizes the composition and amounts
of the various catalyst compositions. A
In the initial screening (calcination at 300 °C, 8 hours, screening in fixed bed
.parallel reactor at 300 “C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088

scem, as described), ethane conversion values for the NiTiSb oxide compositions
50



Zr 0. 00000. 00000. 00000. 08340. 17240. 2676
Yb0. 00000. 04870. 10230. 10570. 10920. 1130 mi9. 749. 349. 850. 049. 549. 1

Ni 0. 72160. 75630. 79440. 83650. 74180. 6404 2T August 2003
4Ti 0. 27840. 1945_0. 10210. 00000. 00000. 0000

Zr 0. 00000. 0000®0@@8d. 00000. 08900. 1844 PCT/US00/04478
Yb0. 00000. 04930. 10350. 16350. 16910. 1752 n¥49. 550. 349349. 850. 250. 6 '
Ni 0. 62500. 65530. 68870. 72570. 76690. 6628

5Ti 0. 37500. 29490. 20660. 10890. 00000. 0000 '

Zr 0. 00000. 00000r0£GRdODO G(WHA Y109 Eelectivity of 73.3 %) to 15.8 % (with ethylene

0. 92030, 98230°480RY A1AGoR AL Bt o eI AR, 203 90

6Ti 0. 47370. 39756thait3aveBR040 1.0 2636 808 with ethane conversion of 7.2 %). Ethane

Zr 0. 00000. 00000. 00000, O 0) o

7bo. 00000, 08040 TR TS rdeiyprroh kgte camposifions ppeslfoma 1.4 % iy, " Exanpl e
9. ODHE over 5N &hBenelselitiZitBof TS e to0d 19 YwittsethylatleseRBUVIGDT 74.7 Wi anfli - Sm and
Ni - Zr - Sm oxi de cat.al ( r 0 e [ [ lar to
the catal ysts i Eﬁ“ Sﬁf&vﬁvg“%r%%%ggrﬂggga r&ﬂ}aé]nﬁﬁftc%vt%resm?‘[%g%3 ;Jtmlo 0..506
M aqueous st ocHks.38 (withehanckablasi@rofdlmitki zes the conposition and amounts
of the varl ous - cat al [ S &l nation
2t 300 ¢ 8 nours. ARysEARRS R %%ﬁ%@g iy Be R SRR W L
fl owates of et hasmhsmtshcmg&n oxygen of 0.42:0.54:0. 088 sccm as.

descri bed), gthane conversion val ues for the N| Ti Sm oxi de conposi tions 56
21 August 2003 WD 00/48971'" PCT/ US00/ 04478 ranged from 10.4 % (wi th

et hyl ene selectivity of 57.5 % to 19.0 % (with ethylene selectivity of
81.8 %9, and ethylene selectivity values:ranged from57.5 % (wth _ethane
conversion of 10.4 %9 to 82.8 % (wth ethane conversion of 18.3 % . Ethane
conversion values for the N Zr Sm oxi de conpositions ranged from11.5 %
(with 5 ethylene selectivity of 60.7 %9 to 13.7 % (wth ethyl ene
selectivity of 71.0 %, and ethylene selectivity values ranged from 60.7 %
(witb_ ethane conversion of 11.5 9% to 76.7 % (wth ethane conversion of
-13.4 %9. In a second screening in the fixed bed parallel reactor at 300 'C
with different

51



fl ow ates (ethane:nitrogen: oxygen of 0.42:0.082:0.022 sccm,
10 values for the N Ti Sm oxi de conpositions rang
(with ethylene selectivity of 75.1 %9 to 11.5 % (with ethyle
selectivity values ranged from75.1 % (w th

conver si on

of 92.2 %,

and et hyl ene

et hane conver swWomi4sP716. 8 %9 to 92.7 % (with ethane conversiypy
Et hane conversion (C) and ethylene selectivity
oxi de comnpositions ranged from7.7 % C, 80.3 %S to 10.3 15 %, 90. 4%8

After recalcining (400 'C, 8 hours,

rescr eened

as descri bed) ;

( r esTablessAn Ghta@h%ﬂ)poszt:oxﬁ(nible?&aoﬁumlfﬁg3?4129@[7%9@%

PCT/ US00/ 04478 Tea banfémadsatmalt (i) usadippaiilel GRed 58l r@acfor 8GE4ON)

et hane

AP v

(S) values for the

Yo
y

23 -
ZrSm.

the catal ysts were

%?Z‘ﬂ\’lf"f‘i Sm /

Ni Zr Sm oxi de catal ysts and sanple mass, "nf (ng) used in parallel fixed
bed reactor scrEeRowRJWCGbAZ23458 N 1. HO00 0. 3259, 84757 7642067570814
Ti 0. 00000. 000004 00000.1000R0. OOLOO. 009877 | 0.8642 | 0.7764 | 0.6695 | 0.5365
12r0.00000. 07419. 1525(. 23%80{ 325680. (488600 | 0.0000 | 0.0000 | 0.0000 | 0.0000
SnD. 00000. 00000} 0000. J. 0GRO0) GOKAO. [000Ex3 N4R 349 %Eﬂgsg)noogggg :‘5354225
Ni 0. 90910. 97300/ 89190./808b0. } 153600 §16.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Ti 0. 09090. 00000| 00000.[00QRPO. POEAFY. U0 ¢ 50.4° |- 506 493 455
2Zr 0. 00000. 0000p. 08030. 16k 70| 25TV [358403 | 0.8660 | 8.7790 7 5387
SnD. 00000. 02700f 02790.{0288§0. )mgycsagod@ru.momg_ﬂ%g%. 7%@0549. 5000
Ni 0.81630. 87430 94120.185%60. V33608 (668000 | 0.0681 | 0.1496 | 0.2488 | 0.3724
Ti 0. 18370. 0984. D. 00000¢. 08900| AHAH- 108857 | 0.0651 | 0.0715 | 0.0793 | 0.0890
32r 0. 00000. 0000 : 9. 00§00 B7B6Us38140. 45201 s0. 494 1 500 502
SmD. 00000. 02730[ 05880 {U6RGU- Up3E5s 08853 % azal 46.‘781’63("(;"6")"4431905’;09
Ni 0. 72160. 77350} 83330.190320. BO388s 99%9hs37 | 0.0000 [ 0.0000 | 0.0000 | 0.0000
Ti 0. 27840. 19890} 10710, 00800. D@GH Q0P8hoo- |- 0.0000 | 0.0750 | 0.1665 | 0.2804
4Zr 0. 00000. 0000D. 00009. 08900} GYd- 12980 | 01305 | 1434 | 01501 | 0.1786
SmD. 00000. 02760 05950 /09GBS0 {LOGRY. J0%3 P JFe 550575 y AT
Ni‘0. 62500. 6704017229078 09 | 0.7672 | 0.7842 | 0.6769 | 0.5432
Ti 0. 37500. 30170} 2159011 0.p ( 2 | 00921 | 0.0000 | 0.0000 | o
52r0.00000. 0000p. 00009. 09000} GHEHR | 1Wibbo | 0000 | ooy | Gooee | 00000
Sb__ | 0.0000 | 0.0689 | 0.1408 | 0.2158 | 0.2395 | 0.269]
m 492 | 493 | 498 | 507 | 506 | 498
Ni | 0.6184 | 0.6326 | 0.6475 | 0.6631 | 0.6795 | 0.5455
5 Ti | 03816 | 02928 | 0.1998 | 0.1023 | 0.0000 | 0.0000
Zr | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0943
Sb__ | 0.0000 | 0.0746 | 0.1527 | 02346 | 0.3205 | 0.3603
m 50.8 495 493 50.0 50.2 49.7
Ni | 04808 | 0.4928 | 0.5055 | 0.5188 | 0.5329 | 0.5478
6 Ti | 05192 { 04258 | 03276 | 0.2241 | 0.1151 | 0.0000
Zr | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Sb_ | 0.0000 | 0.0814 | 0.1669 | 0.2570 | 0.3520 | 0.4522
m 20.2 50,6 50.5 50.8 50.4 49.0

5

manner similar to the catalysts in Examples 1 and 3, using neodymium nitrate ([Nd)

Example 7. ODHE over NiTiNd / NiZrNd Oxide Cataiysts. (#15154/15420)

Ni-Ti-Nd and Ni-Zr-Nd oxide catalysts were prepared and screened in a

0.50 M) aqueous stock solution. Table 7A summarizes the composition and amounts

10

In the initial screening (calcination at 300 “C, 8 hours, screening in fixed bed

of the various catalyst compositions.

parallel reactor at 300 “C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088

sccm, as described), ethane conversion (C) and ethylene selectivity (S) values for the

NiTiNd oxide compositions ranged from 6.3 % C, 45.1 % Sto 18.1 % C, 84.6 % S.
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Sn0. 00000. 02790. 06020. 09800. 14290. 1488 nb0. 649. 649. 848. 650. 748. 8

Ni 0. 52630. 56500. 60980. 66230. 72460. 8000 i 21 A 20

Ti 0. 47370. 40680. 32930: 23840. 13040. 0000 - ugust 2003

6Zr 0. 00000. 00000. 00000. 00000. 00000. 0000

Sn0. 00000. 0282 @EdHH. 09930. 14490. 2000 nbO. 449. 550. 451. 049. 9-49. 3 5 Exanpl e
10. ODHE over Ni Ti SnxX (X = Cs, My, Ca,-Sb, Bi, V, Nb, Ta) P4A¥SoxgameNbTaSm
Oxi de Catal ysts (416297/16506116650) €Catal yst conpositions conpri sing
various N Ti SnX oxi des, where X is Cs, 10 My, Ca,.Sb, Bi, V or No were
prepared in s-rr_alEtha(necoﬂ:ﬁé&id’rf@)ﬂu%ﬂﬁilﬁ\iiﬁﬂ[j .precipitation substantially as
described in cor}nﬁﬁtw@ with Exanple |. Ta fdéc?m Mo RRsAem ¢4 &6

conposi ti on and ‘RHBERYSORleibvpif-8 60 t@élél‘}ys&ighcedrm%élédﬂﬂﬁyoﬁﬂf%bi nitial
screeni ng (cal ciamabthylenedeled®ty viiu sBraxlik%'dr cigening in fixed be aral | el
reactor at 300 tcﬁ\ﬁ %1 f.@owr af es 8f. e hé’%& ﬁ'{?ﬁ‘é’étﬁzg%wwﬁmn of 4.5 %)

0. 42: 0. 54: 0. 088 2173 Qi Etospreenyesione2idolr%).PCT/ USO0/ 04478 sccm  as

descri bed), 6thane CHIWRESGQEeMAUE Thel L il S0es oxide conpositions .
ranged from 13. %og%agw %‘F et hyl engiseleecte?b?fg/a%lfi o %‘%é(éot Svilgl.rtgff@@(ltvm th-
ethyl ene sel ectPVHS (BPaismitipgonoxyapmiofit 43/0.682:0/092  seait), sthiry c¥Relfsh (gnged
from76.5 % (w tahd etifieriaele@Riy B)VhRE Bf kR PindoilQ 84 7. % (Wi th ‘et'hane
conversion of 18.Q % E{,/héme 5oconversﬁonlgﬁ%’e“sdgfc?)rf’pqsﬁémﬁmﬁﬂ@rﬁ@ oxi.de
conposi tions rangedt Pofrrsiod 14,% 6 98-3 % Sh Plenecawtsion (@) e®fichS 2 W to
19.1 % (with et holdceviey (82 kaiadsifor th NZENS 8xie % X et hyl.ene selectivity -
val ues ranggg fs/‘pﬂoq%. 9 §(9Wl t h et hane ’é‘o?}\c?en’rlpsc’?lgﬁnsol?ngf§fr§rr%z Yaf, 58 7 o

0, .
(wi th et hane conversi ghte 9"7.9@5% . Ethane conversion values for fhe

Ni Ti SmCa oxi de conposfidriresiginingnaRcc § g 9 i ,h ethyl ene selectivity
of 78.7 1o % tﬁesglgs. 1.9 %trﬁ % hyl ene%é’%ég?sf/%%%&“‘ég.&sW%ﬁfﬁ%ffranﬁ hyl ene
sel ectivity val ues réﬁ%ﬂ from78.7 % (with ethane conversion of 14.5 %
to 85.6 % (with ethane conversion of 15.9 % . Ethane conversion val ues for
the Ni Ti SnSb oxi de conpositions ranged from15.6 % (with ethyl ene
selectivity of 83.2 %9 to 18.7 % (wth ethylene selectivity of 83.1 %,
and et hyl ene selectivity values ranged from81.5 15 % (with ethane
conversion of 16.3 % to 85.1 % (with ethane conversion of 17.9 % . Ethane
conversion values for the N Ti SmBi oxide conpositions ranged from11l.1 %
(with ethylene selectivity of 60.1 % to 17.9 % (with ethylene selectivity
of 86.1 O D), and ethylene selectivity values ranged from59.0 % (wth

et hane conversion of 11.3 % to 86.1 % (with ethane conversion of 17.9 %.
Et hane conversion values for the 20 N Ti Snv oxi de conpositions ranged from
12.1 % (wth ethylene selectivity of 76.5 9% to 16.9 % (wth ethylene
selectivity of 83.5 %, and ethylene selectivity val ues

o3



ranged from 74.8 % (with ethane conversion of 13.3 % to 83.5 % (wth

et hane

conversion of 16.9 %,

selectivity (S) values for
16.0 %% C, 80.4 %S to 20.0 % C, 85.5 25 % S. Ethane conversi on val ues for

the N Ti SnTa yaxh@k@erg0onposi tions ranged fromé6. 1

Et hane conversion (C) and eth
the N Ti ST\b oxi de conpositions

% (Wi th ebbyhQRR4s

selectivity of 72.7 %9 to 20.0 % (w.th ethylene selectivity of 85.5
and et hyl ene selectivity values ranged from72.7 % (w th ethane conversion

of 6.1

% to 87.3 % (with ethane conversion of 18.8 %.

screeni ng in thg)efiax athddRtcdodihibs (mbie Eekesn) af NBENd / Rizmdloxdiefcherant
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Example 8. ODHE over NiTiYb / NiZrYb Oxide Catalysts. (#15155/15421)

Ni-Ti-Yb and Ni-Zr-Yb oxid.e catalysts were prepared and screened in a

manner similar to the catalysts in Examples 1 and 3, using ytterbium nitrate ({Yb]= -

10 0.456 M) aqueous stock solution. Table 8A summarizes the composition and amounts

of the various catalyst compositions.

In the initial screening (caicination at 300 "C, 8 hours, screening in fixed bed

- parallel reactor at 300 *C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088

scem, as described), ethane conversion (C) and ethylene selectivity (S) values for the .
54



21 August 2003 W) 00148971 PCT/ US00/ 04478 Table I QA: Catal yst conposition
(nol e fraction) of N Ti SmX oxide catal ysts, where X is Cs, é/ﬂA Ca, 03? Bi,
V or Nb, and sanple mass, "nl' (ng) used in parallel fixed b peists
screen. RowCol 123456 N 0. 66670. 65930. 65220. 64520. 63830. 6316 ,

Ti 0. 30560. 302296 ¢9a#4- 29570. 29260. 2895 PCT/US00/04478

1SnD. 02780. 02750. 02720. 02690. 02660. 0263 ,

Cs0. 00000. 01100. 021 7, 0. 03230. 04260. 0526 M48. 849. 550. 3. 50. 250. 250. 5.

Ni 0. 66210. 65570. 64950. 64340. 63 5-0. 6316

Ti 0. 30340. 300505@'&%%%94&9%&%%9:& om4 1%C,41.6%S1016.8%C, 83.4%S.
2My0. 00690. 01640. 02570. 03490. 04380

SnD. 02760. 02730 ES2n ePnyerEen %@@é@%@a@%@%@ velss B Sheddigrinpyidy
Ni 0. 66210. 65570 0B G5 .0688646.8 % S to 13°2% C, 75.6 % S :

Ti 0. 30340. 30050. 29770. 29490. 29220. 2895

3Ca0. 00690. 01640. 025171@ seg:gxg@cre%wné‘@jgcedbed parallel reactor at 300 °C with d1fferent
Sn0. 02760. 02 £30 fi@v/etd3- Qﬂzﬁﬁ@u 3@&' 0145%0.0829. @5 QcBB0ethbhi cdfrshn ©)
Ni 0. 66240. 65600. 64980Q. 64370

Ti 0. 30360. 30070 %Me@gglgglwé%va T the N1T1mex1de compositions ranged from
4SnD. 02760. 0273@ 00’2@-@2 92686 IXOGQ, 09'-’163%8 Ethane conversion (C)and cthylene
Sbh0. 00650. 01600. 02530. 03450. 04350 0524 nb0. 749. 649. 649. 850. 649. 7

Ni 0. 66210. 655705?}%’3@@?&]@356%17 f@oxxdecomposmonsmnged om67%C 75.9
Ti 0. 30340. 300505287/ 1. 32%@&9_@932&0. 2895 ' :

5Sn0. 02760. 02730. 0271 0..02 0263 )

Bi 0. 00690. 01840. 02576%t>f§ﬂ .llﬁa%g‘ggo@%g""m&ga.s§8%9F89f’é’.‘§e4@?%\§f“§&@¥esmenﬁd
Ni 0. 66210. 65570 (£48&QcGA3¥R). 63750. 6316

Ti 0. 30340. 30050. 29770. 29490. 29220. 2895 .

6Sn0D. 02760. 02730. 02710. 02680. 02660. 0263

V0. 00690. 01640. 02570. 03490. 04380. 0526 nb0. 345. 049 549. 750. 650. 0

Ni 0. 65540. 63600. 61770. 60050. 58420. 5687

Nb0O. 01690. 04600. 07340. 09930. 12370. 1469



7Ti 0. 30040. 29150. 28310. 27520. 26770. 2607

SnD. 02730. 02650. 02570. 0250. 0. 02430. 0237 i n49. 550. 349. 549. 450

Ni 0. 65410. 63500. 61700. 60000. 58390. 5686
Ti 0. 29980. 29110. 28280. 27500. 26760. 2606
8Ta0. 0188' 0. Owibdaf3750. 10000. 12420. 1471 SA0/0447
SnD. 02730. 02650. 02570. 02500. 02430. 0237 + n49250. 249. 951. 150. 1?6”8 ‘gﬁsn

anot her

i ndependent experi nent,
conposition Nio.(BTio.joNbo.joTao,joSno. 020 ,

2 ISAugust 2003

a N Ti-NbTaSm oxi de catal yst having the
was prepared and screened in

the parallel tT2bRBAAGGuMEAt RRH3sHND @OIBATbn) ofREFAVYIRREBAAES S %12 bed
reactor. Bri ef lapd sdnipée teds| ‘ontl (k) aspden paralid] Gikkd se@lrebcioPBgedpfer € ad toa
glass vial in t_he ampunts.indicated: nickel nitrate ([Ni]J=1 .0M 2.0n),
titani um oxal at o[ Wi | €6l 713M1 w fh oxalfj c aCcrq-U4L 8V, gm falate
([ No) =0.569M W th oXal g ac¢i dodbollIM259. 53 &aTS @@@tﬁ llﬂB'B’f 5ETa 7
([ Ta] =0. 650M w; t h1oxgl i criacil do.odp00i Addoo Ot 42800L) @Hshos o (5' fe
([Sn =0.506M D.116 i) zr Tete.eevet py, NipyB2AY ds £368dE o WgzNE/E 4 M
3.06mL) was injected|i ntyd t lheo.osmat ploysmbo rg@g@j@cromppsddob n, ngch.l ting in
precipitation.|To induremyadéquaioe m XL0g,| distifiTed iLEI_ O was.
al so injected [ nto tTHe WiXTUrEansINE o e t I W NaLS
settled at 25 C for 3 hayrs| ®gghot h%r?oggntg%géggegfi%g% %’964 Eggﬁl) :
solution was decanted amg t1q1@mb|d%(m@@aeg@y§p qpﬁ% v aGHRIN g Cin a
vacuum - - - bven. Thevri ¢d ombel iod)482 6g4gﬁeqi&ﬁﬁc %ﬁ g; % Ihg to
320 C at 5 mpn and gal RLal N g 3at| 349k f[oT 081 TpUTsy o 1 ahga A'S‘OM
subsequent coof TNg TG 2N $Q3@s NgH SJiJ'id@lgng“ A\ = ni ned
and 48.7 my theregf Wasiesteqd;dzor| ot € 08 % ' n in the
paral |l el fixed| bed regactor atg e [Colh gg ah odod € gﬂ&qg '
0.42:0.083 sccm Ethaneygon\qj@mgn 8Eg3ﬁndag wer e
determ ned to pe 22.\%)h1an g 74 /ogbizc upi : A Sn /
Ni Zr Sn Oxi de Catalysts—(& 1p4y eSO TCat &by st—6 stET6HS APy i Sing
various N Ti Snj ang Ni}Zr oaLbMI{S %ggﬁ)r;g g,q“d 3 ‘égcr % S 0ant lally
as described i connecthgn i &p Tﬁg % (Y =] 0. 249
M) aqueous stjck sollut bQH§3 ag' ¥st gp i rS‘%ﬁﬁ anount s
are summarized in TaU|cn+|H WbS' R T f% P2 Lg Y 10-FR2 2t 5
OXi deS) For tfe—iNT ollNUAI b i "‘.6"“ A 83' S Q . rﬁlﬁ .
(cal ci nation at 300 Lﬁz gr%g% ngj gﬂ fi ‘7%§7 Hea-"g%? a1 94281 bact or
at 300 C with [fl owr at es bf 0.0000 | © 2066 | 0.1089 "1 0.0000 | 0.0000
. .0000 | 0.0000 | 0.0000 | 0.0000 | 0.0954
Yb 0.0060 | 0.0498 | 0.1047 | 0.1655 | 0.2331 | 0.2418
m 49.3 49.9 50.0 49.5 50.6 498
Ni 0.5263 | 0.5521 | 0.5806 | 0.6121 | 0.6473 | 0.6868
6 Ti 0.4737 | 03975 { 03135 | 0.2204 | 0.1165 | 0.0000"
Zr 0.0000 { 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Yh 0.0000 | 0.0504 | 0.1059 | 0.1675 | 0.2361 | 0.3132
m 49.4 49.6 50.3 49.6 50.5 49.8

10

Example 9. ODHE over NiTiSm / NiZrSm Oxide Catalysts. (#15935/16221)

Ni-Ti-Sm and Ni-Zr-Sm oxide catalysts were prepared and screened in a

manner similar to the catalysts in Examples | and 3, using samarium nitrate ([Sm]=

0.506 M) aqueous stock solution. Table 9A summarizes the composition and amounts

of the various catalyst compositions.

In the initial screening (calcination at 300 "C, 8 hours, screening in fixed bed

parallel reactor at 300 “C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088

scem, as described), ethane conversion values for the NiTiSm oxide compositions
56 |



et hane: ni trogen: oxygen of 0.42:0.54:0.088 seem as described), ethane
conversion values for the N Ti Sn oxi de conpositions ranged { m 11 %
(wi th-ethyl ene 30 sel &ctivity of 79.4 % to 19.2.% (with et hyl Sfest2003
selectivity of 85.4 9%, and ethylene. selectivity values ranged from 79. 2
% (W th ethansvooawer sion of 14.8 % to 86.1 % (wth etha&qﬁgg‘g&/ rsion of
18.2 9%9. In a second screening of these-catalysts in the fi Xed B §‘par al | el
reactor at 300 Cwth different flowates (ethane: nitrogen: oxygen of
1.04:0.21:0.055 sccm, ethane b7). 21 August 2003 WD 00/ 48971

PCT/ US00/ 0447 Srasgut i 00N%\(aithl e@ylefld sefebiviBiicF 559 9% ) %?&gﬂgﬁ% 11;;%5 ' ﬁ“lgec'
0 et hyl ene

from8.5 % (wth .eth selectivity of 90.8 9% to 10.

sel ectivity ofSBBaﬁt.‘thy‘ﬁg. %?SS@’ m@teﬁvaeéﬁ?)(%’é}“é’c‘@i‘\% apseddioge’y. Y% Ggithl from 90.8 %
(Wi th ethane catunecsiverionfor 80.59%ko 208 Adwih Unba¥dobiveRidAAP 83§99V B ShON Of 9.9
%9. 5 1n athird screeni of these catalysts in the fixed bed parallel
reactor -at a %?PY?@?’&W?“&FE%{}&@%%?H mpesitionsdanged fogd 1.5 & @vith 1 owr at es
(et hane: ni t 5 ogmiylenegeletiviry of 60.70%) Q.1@&2,'4,@w@2aﬁy1e@tsaedﬁeigpgfrw%@§j iy val ues for
the N Ti Sn oxi de.co o§jtio S ran gd from3.5 % (with ethylehe selectivity
of 86.0 % to “g‘?’%""f%g%iﬁﬁ &W%ﬁh?l‘@ﬁé‘g URORL % g’rlth;ﬁﬂwe @pvegsion of 1345t%) tet hyl ene
sel ectivity valees (wanghshefcovarsdmnof1¥#exi th 10 et hane conversion of 4.4 %
to 93.4 % (with et Eﬁanee conver si ond_ﬁf@épg (‘@qx FoI(e ttor}e N|0IZ_r Sn .%x| de :

catal ysts, in an init{ar-sereens ighg PhearslishreagiorabiP0 g with diffesenf s |
screening in fliocaatedietiapatinbdeaioxy@a 6f O42:a0880022 ety &dhnt bMefogs of

et hane: ni trogen;.ax n .0.42: 0. 54: 0,088 sccm as described), ethane.
conver si onwv:‘{hl}]gsé%?glrcPﬁjﬁlgwxﬂ%ﬁmﬁ%“ﬂ’é‘s BRI P8 He(with sthalend r om 15. 0 %

(vv: th ethyl -en?emaixg@g)émi %O)Iwuﬁs ‘l’/o7(%it8 e&ﬁ/llea@seglezt_.i&y%ﬁzlt\é 2R &xhgﬁef 7 o o
selectivity o . an g, Selectivity val ues ranged from 77. 0
(with ethane csgﬁ\gtévrugivolﬁcstff“gfg%rgx'f’?;nt{‘3(‘g‘i}.‘gfh%e CORYCEIAT 8t B LBl %r si on of

17.1 % . In a (véthehdesonersiome 103 vheBareabmleystindC) dhdleh§lchd efdiRgd paral | el

reactor at 30 ' i ¢ tferent flowates (efhane:nitrogen: oxygen of
1504 3 3 0235l Hor N S RN oS rat s 1708 Co e WA B ot e
conposi ti ots rangeddtam 8.2 % (with ethyl ene selectivity of 87.8 %9 to 9.3

% (with ethylene seglectivity of 90.9 %, and _ethylene selectivity val ues
ranged from 87.8 W? ik Q{%?lé%ﬁ‘goc@r@@?{%i% ¢ ‘b@sé%‘/fb 121y§ts WTE T8SCuReReli t h

et hane conver Sicswitsabt DodmPH. In a third screening of these catalysts'in
the fixed bed parallel reactor at a 25 different tenperature, 275 'C, -and
with different flowates (ethane: nitrogen: oxygen of 1.04:0.021:0.055),

et hane conversion values for the Ni ZrSn oxi de conpositions- ranged from5.8
% (Wth ethylene selectivity of 83.3 %9 to 7.8 % (with ethylene :

%
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selectivity of 88.3 %, and ethylene selectivity values ranged from82.2 %
(with ethane conversion of 6.3 %9 to 88.9 % (wth ethane co grsm f 7.6
% . 30 b3 21 August 2003 WD.00/ 48971 PCT/ USO0/ 04478 Tabl e | 19%\ %W
conposi tion (nmole fraction) of Nl Ti Sn oxide catalysts and sanple mass (ng
used in par al‘bgbmjsg,ﬁed bed reactor sereen. RowCol urm12345q,d§1i,[§§0%],§,31ﬁ 0. 125
Sn0. 000 rmass51.7 (ng)”.. N 0.8620.787 2Ti 0.1290.213 Sn0. 0090. 00
mass54.248.2 {m) Ni 0.8470.7710. 708 3Ti 0. 1340. 2200. 292 Sn0. 0190. 0080. 000
mass53. 946. 146. 6 (ng) Ni 0. 8320. 7550. 6910. 637 4Ti 0. 1390. 2280. 3010. 363

Sn0. 0290. 0180. QQ@Q&QO@atﬂ?si%éﬁ cQﬁQn 316@&4&109) SBNITIND) NhiZpsin £:3B0 e pils 6180. 572

5Ti 0. 1450. 2360 a&ﬂZl%x@&Eéh:@&ﬁQ sQE4.
mass45. 052. 350. 052. §46 1 60 7170. 6520. 5980. 5520. 513

6Ti 0. 1510. 24501 3g4F" nggblmuu. fRS/ bmg 0520 D38 0460.]016H. 0070400
Mass49. 546. 452 0AF9SOR_RIITIT 0000 | 0.9250 | 0.8475 | 0.7642 | 0.6757 | 0.5814 |
Ti 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000.} 0.0000

1 Zr 0.0000 | 0.0741 | 0.1525 | 02358 | 0.3243 |- 0.4186
Sm 0.0000 | 0.0000 | 0.0000x] 0.0000 | 0.0000 | 0.0000
m 49.6 498 50.0 ¥] +50.5 50.3 50.0

Ni 0.9091 | 09730 | 0.8919 | 0.8055 | 0.7134 | 0.6150
Ti 0.0909 | 0.0000 | 0.0600 | 0.000¢ | 0.0000 ; 0.0000

2 Zr 0.0000 | 0.0000 | 0.0803 | 0.1657 | 0.2568 | 0.3542
Sm 0.0000 | 0.0270 | 0.0279 | 0.0288 | 0.0297 | 0.0308
m 49.8 50.8 49.5 49.7 50.3 49.7 .

Ni 0.8163 | 0.8743 | 0.9412 | 0.8516 | 0.7557 °| 0.6527
Ti 0.1837 | 0.0984 | 0.0000 | 0.0000 | 0.0000 | 0.0000

3 Zr 0.0000 | 0.0000°1°0.0000 | 0.0876 | 0.1814 | 0.2820 |
Sm 0.0000 | 0.0273 | 0.0588 | 0.0608 | 0.0630 | 0.0653
ps3] 49.5 50.4 49.7 50.1 50.3 49.9

Ni 0.7216 | 0.7735 | 0.8333 § 0.9032 | 0.8032 { 0.6954
Ti 0.2784 | 0.1989 -} 0.1071 { 0.0000 | 0.0000 | 0.0000

4 Zr 0.0000 | 0.0000 | 0.0000 1 0.0000 | 0.0964 } 0.2003
Sm 0.0000 § 0.0276 | 0.0595 | 0.0968 | 0.1004 | 0.1043
m 49.5 49.5 50.7 R 49.5 50.7

Ni 0.6250 | 0.6704 | 0.7229 | 0.7843 { 0.8571 | 0.7440
Ti 0.3750 | 0.3017 | 0.2169 | 0.1176 | 0.0000 | 0.0000

5 Zr 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.1071
Sm 0.0000 | 0.0279 { 0.0602 | 0.0980 | 0.1429 | 0.1488
m _50.6 49.6 49.8 48.6 50.7 48.8

Ni 0.5263 | 0.5650 | 0.6098 | 0.6623 | 0.7246 | 0.8000
Ti 0.4737 { 0.4068 | 0.3293 | 0.2384 | 0.1304 | -0.0000

6 Zr 0.0000 | 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0000
Sm 0.0000 | 0.0282 | 0.0610 | 0.0993 | 0.1449 | 0.2000
m 50.4 49.5 50.4 51.0 46.9 '49.3

Example 10. ODHE over NiTiSmX (X = Cs, Mg, Ca, Sb, Bi, V, Nb, Ta) and
NiTiNbTaSm Oxide Catalysts (#16297/16506/16650)
Catalyst compositions comprising various NiTiSmX oxides, where X is Cs,

10 Mg, Ca, Sb, Bi, V or Nb were prepared in small (~ 100 mg) quantities by pre_cipitation
substantially as described in connection with Example 1. Table 10A summarizes the
composition and amounts of the various catalyst compositions.

In an initial screening (calcination at 300 “C, 8 hours, screening in fixed bed

parallel reactor at 300 *C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088 -
5B



m) 5 cog 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478 Table 11B. Catal yst

conposition (nole fractions) of Ni ZrSn oxi de catal ysts and anpl e S
(nig) 'used in parallel fixed bed reactor screen. -RowCoIunnf%gﬂ%%$ﬂ$50.914
1Zr 0. 086 Sn0. 000 mass45.8 (m Ni 09010.849- 2Zr0.0890. 151 Sn0. 0090. 000

mass52. 951. 2 ( | 0. 8880. 8340. 786 3Zr 0. 0930. 1570. 214 SnO. ‘ ' 0. 000
mass50. 950. 647 ”PNB% Ni 0. 8730. 8180..7700. 727 4Zr0.0970.1636£%8@%8%%§ _

Sn0. 0310. 0190. 0090. 000 mass55. 654. 453. 151. 2 (ng)
Ni 0. 8570. 8010. 7520. 7080. 670 5Zr 0. 1010. 1690. 2300. 2830. 330

Sn0. 0430. 0300. 0190 1 8- sy

N0 8350, 7920, 7350+ LB, TRAE Sputbp Ak e Byt Side composiions

Sn0. 0560. 0420. 028@:DEBH 108 ID(GOGhykns SlecBBY, B16.5 5530 DHDY%BHh ey
selectivity of 83.7 %), and ethylene selectivity vaiués. ranged fro:.n 76.5 % (with :

ethane conversion of 13.8 %) to 84.7 % (with ethane conversion of 18.0 %). Ethaﬁc
5 conversion values for the NiTiSmMg oxide compositions ranged from 15.9% (with
ethylene selectivity of 85.2 %) to 19.1 % (with eﬂg’i:{gne selectivity of 85.4 %), and
ethylene selectivity values ranged from 83.9 % (v.f!itﬁ:ethane conversion of 17.3 %) to '
" 85.7 % (with ethane conversion of 17.3 %). Ethane conversion values for'the
NiTiSmCa oxide compositions ranged from 14.5 % (with ethylene sclectivity of 78.7
10 %)to 19.1 % (with ethylene selectivity of 83.5 %), and ethylene selectivity values
" .. ranged from 78.7 % (with ethane conversion of 14.5 %) to 85.6 % (with ethane
conversion of 15.9 %). Ethane convefs’idh values for the NiTiSmSb oxide
compositions ranged from 15.6 % (with ethylene selectivity of 83.2 %) to 18.7 %
(with ethylene selectivi'ty of 83.1 %), and ethylene selectivity values ranged from 81.5
15 % (with ethane conversion of 16.3 %) to 85.1 % (with ethane conversion of 17.9 %).
Ethane conversion values for the NiTiSmBi oxide compositions ranged from 11.1 %
(with ethylene selectivity of 60.1 %) to 17.9 % (with ethylene selectivity of 86.1 %),
and ethylene selectivity values ranged from 59.0 % (with ethane conversion of 11.3
%) to 86.1 % (with ethane conversion of 17.9 %). Ethane conversion values for the
20 NiTiSmV oxide compositions ranged from 12.1 % (with ethylene selectivity of 76.5
%) to 16.9 % (with ethylene selectivity of 83.5 %), and ethylene selectivity values
ranged from 74.8 % (with ethane conversion of 13.3 %) to 83.5 % (with ethane
conversion of 16.9 %). Ethane conversion (C) and ethylene selectivity (S) values for
the NiTiSmNb oxide compositions ranged from 16.0 % C, 80.4 % S to 20.0 % C, 85.5
25 %S, Ethane conversion values for the NiTiSmTa oxide compositions ranged from 6.1
% (with ethylene sélectii_.fity of 72.7 %) to 20.0 % (with ethylene selectivity of 85.5
%), and ethylene selectivity values ranged from 72.7 % (with ethane conversion of 6.1
‘;A:) to 87.3 % (with ethane conversion of 18.8 %).
In a second screening in the fixed bed parallel reactor at 300 "C with different
30 flowrates (ethanemitrogen:oxygen of 0.42:0.23:0.061 sccm), ethane conversion values
for the NiTiSmCs oxide compositions ranged from 15.0 % (with ethyléne selectivity
of 80.4 %) to 19.3 % (with ethylene ﬁele'ctivity of 88.4 %), and ethylene selectivity

values ranged from 80.4 % (with ethane conversion of 15.0 %) to 90.2 % (with ethane
=9 '



5 Exanple 12. ODHE over Bulk N Ta, NiNb, N NbTa (Various Forms), N NbTaCe,
Ni Ta(Ce, Dy), and Ni Nb(Ce; Sb, Dy, Sn) Oxide Catalysts.. In Qlkgéggﬂﬁgoup
of experiments, various N Ta, N TaNb, N NbCe and Ni NbSb io0o 0xi catal ysts
were prepared in large, bulk quantities (-20g), and -50 ng thereof was
screened in thwopadsedil el fixed bed reactor at 300 Cwith  perasaomnss

et hane: ni trogen: oxygen flow of 0.42:0:54:0.088 scem as follows. &%falysr
conmposi'tions, sanple mass, and resulting ethane conversion and ethyl ene
selectivity are summari zed in Table 12A. (#12087) N 0"s3Tao-17: Aqueous

sol ution of ni ckeiversion pht&3 ). ElMne ¢GweRivh)valvasfor fife NITS@Mpbkide t ant al um

oxal ate (0.66M j . i oxaldc,acid, 53.0n To 105 21 August
2003 WO 00/ 48975&?%%‘%6%%358@2@%% it ?‘?‘ﬁ@“ﬁﬁe%w‘&( °6¥59ﬁi 2X81200 %r at e and
t ant al um oxal-at &¥ithteghylcametlévyilvanoliAsi i), ah ethyixicielcaiieodRies findéd B 61342M
210.0 m) was agy ' &CIAltal] Oy e . water-in the nixture was
renoved by freezer-§r§?lﬁ%%an33{1§h%ﬂ'r&tgs%1 &o{bﬂ& ng'lae cPReFsonaf Iihél under
an at nospher & oEthaierconyertidnevabies for thy Ni@itSen@f oxldeGortipBsitions thigell @aRersatyr e 5 of
120 C, dwell ed gaf; A to.{ he heati te of 1 Cmn to 180C, .
dwel | ed at 180 @l?lg)erag' gﬁ%g‘{,}c%{&%‘g B%e{a&litlo(r?g‘%r%k‘gﬁ%?é@e?etsr‘i{cﬁ“‘flﬁ’ #§-9Chnd -
dwel | ed at  400a@ ethyteng sdbgctivitayedies rmpedcioah 88L91% (With éhanBeenvessidd ¢ 1bioTa oxi de
(18.0g) were obf @y 4 er sted in. the fixed bed
paral I el react o??? o@%{méﬂ%“%%ﬁé‘ O‘ggﬁﬁﬁféﬁ P FUYeRpgRlvep for the _
af or ement i oned VIainsY ewide compogitioh? 24ngsd fibro 162 Pa ewitldddnereSelcdaigirgs50! ut i on
of nickel niyfrai (15 (Wiwi 2 . oxal at e agyeous sqgl ution
(0.66Min vvelé e?&m%‘g?ﬂé‘%ﬁ%‘ygf‘}%‘e %%tr'{‘j’?%g%'g%)hﬂ%,eg’éﬁeﬂe ﬁ?lf%%’iv%" REl ate
aqueous sol Ut i ofinged fEENES oWtk pthevietcan GrSGM 0T %ol todBilds (with eflasid ) Wer e
mxedina?2lL &%@éf%nof"i’é!l'e%).gﬁﬁnéégn%rkigﬂv%ess %@gézgﬂ%gég,%yed by a

mechani cal stir, anmmoni um car bonat e aqueous So 285.0mM ) was
added 15 in a comppsligrsdangethivemn 13.3 % twith dthyderfecalecivity of BT.4e4) tsll@wky to give

Centrifuged ai Ga00 Tiony Fer i ores RBL B il sER G il et o

sol i d mat er &l sWitlethanechriersiimiof d4.4£6)80 8E9 Ybi(vér ethizne vasdrspmeg6/7e4) or 5
hours. The res ' | ' - cal ci ned .under at here of
air at 3¢/ nin %&%%%%ﬁghs&qggmgﬁgﬁgﬁ £ %?cogpﬁ%ﬁ?‘?,r%g%ﬁ‘eﬁyé ~caol ed
to 25 C. Dark o) edwgleneisciictianiof 8846 t¢ 199 Oy fwieshibicatleatlityafid450:)0) ny

t hereof was tesigdmi @'ﬂ%al | teactor. for -et hane oxidative
dehydr ogenat i on undgiran% %Caf rgﬁnﬁaﬁ%%gmgﬁ’éi@%nse. YDA GPn of 5.

Ni 0. 62TaoaoNbos4) toRGd &6 (4itheathage cenversfon i &% & Mo)nEthust convetsiGMC)30d Sthylahd ,

t ant al um oxg} atLi.afk QR I ter..with 0, 26M lic acid,
16.0° 25 ni o g R R e AR ARSI P el i

0. 35M oxal i ¢ aci4l, %570 49619 Cuidk % ktbdng spnaerBoh ()emk ethyleihidietiving(syol ut i on
was Vi gorously gief fof the RHT@mND oxide compositions ranged from 7.3 % C, 72.8 % S to 20.3

% C, 89.5% 8.

L0



nechani cal stir,
added

preci pitation.

The
centrifuged at 4000 rpm for

in a control |l ed manner

15 30 m nutes.

ammoni um car bonat e aqueous solution (1.62M 143.0mM ) was
so that the foamwas forned s
m xture was transferred to containers,

The sol uti on was decanted and

P

solid material wowewssrif urther dried at- 60 C under reduced pPpEFE36HsaFOr S

hour s.
air
25 C. Dark gray

8 hours,

The-resulting solid materials.were cal ci ned under
at 2 mn to 300C and dwell ed at 300 C for
solid N TaNb oxi de
August 2003 WO 00F2bigfd: Sarlyscomposiuongmets

and then
(12.0g) was obtained and about 50 ;fv 21
ftahgong of NitESmX exide dathigstt, Réhere

an at nosphere of
cooled to

paral l el fixed bel if €adinCaf . Bot\henhdb, exd statpiewsass, fetiyoigpaped at paetllcLfitar  t he

af orenenti oned c

obrdirearieREcresp#14560) Ni p_65Nbo. 33Ce0. 020X:

Aqueous sol ution

of nickel nitrate_£1_0M 15Q. m ). niobjium oxal ate aqueous sol ution
(0.58M in water 1489 oxal ik a¢id2 5 131301|), 4and]cers unni &ratle .
(1.OM 4.6 m) wgre mixpd Nin g 2.6667beakéi93 WAiss2z2 t|he64520l 6380 PVa316
vigorously stirred by al neBhar|i 83056si rQ.3028mpRIi2088 Gad.PesTal 0. Z2PYEDWR895
sol ution (1.62M [214. 7njl) Smas |aBl62T8 | r0.GR760N0I0QY] ¢d6.0Benero.exs6t hatooshg f oam
was formed slowiy to gE veCspr ¢c-H080al i GOLI0 The.081 ktjud.e328a$ d.0428sf @gsesl [t o
contai ners, whiclh_was clentmifdgetB.&t [ 4868 rljpnsd.Br {1500 niit &8.2 esgol Ution
was decanted and|solid | 1QNimatje®.66d1s | vies587 f luniches |do.66d pto.&75T OBed _
reduced pressureifor 5 houfis. [TOB034r 00005 Ng020T7i d areger | al Baver @284 di ned
under an atnosphére2of [ai Mgt [2€0069Nn t030164%80.@2ﬁnc cloeiol edb.@z8300@ 0624 qr 8.
hours, and then ¢ool ed [t oS85 . 0.0k | dxG2y73 siobiop7] N bXds 0>0.0086 (R0.09490)] was
obt ai ned and 45. 8ng_t hefreah was 4%t £d 502 thespar al l40ls {1 %ed bEdsggagt or
for ethane oxi-dafive dehyd¥iog¢naséxin| welsr [t be4ss ¢resent | ds 1P 06316
condi tions. (#14620) Ni[0. 65Nbg, ®3@eo| aws [Nohble [oxigke [ 104l popsenar ed
as described abgve3in [cornect i @oossi | f0.0160riaoy25714566340a5 ofgant hepesad ¢i ned
to 400 Cat 2 Amn and Suwel ljeglozts AQW2E3 flo0.0871f i rGo268dE0.286 At gRsPher e of
air. Solid N NoCg_oxidg (0. 19gi.mab abpailnesh.g and s43. 2| MggpNer egf ; Was
tested in the pafallel ifixad hesleedd [ @am3b0r] ©8Eo] BB TOKIURYY VI 0 6318
dehydrogenati on yinder tfhe Tf of eorso¥si proexdor AngbdisoNso 2050142933 | 02896
Ni 0. 7j Nbo. 27Sbo. p204: Aqusaus | smbarsi pro.oh3 rfi 6lset1 hid.oke| Glo2tM| 8290 | ).
ni obi um oxal ate fqueous s@but i omede3. p odlYsd 1| weser [ ve.633s50| oldls dxgloksy dci d,
98.3nml), and antinony gcetat e]agagoup 39k utji ofy U 238K W T, gXai T so #Cijd
1.27M 18.1 ml)were I xeq 11 @egzil| RRBKFT| 0.005 ¥ 08182 SPIEErP Wasie |
vigorously stirred by g 25jmechasuizqal osdobs .| 85BN Whdaar PARALE [agyeas
solution (1.62M |228§. 4nl) swas | aslgied | iom2gs qopbiAl | @Po2EBNNQlp288 tgﬁgghe
foamwas forned $lowy |t oggi ve @0l Piotakd 9Ne.odfe] 0.0349 | 0.0438 | 0.0526
m 49.5 50.5 49.8 49.5 51.3 495
Ni 0.6621 | 0.6557 | 0.6495 | 0.6434 | 0.6375 | 0.6316
Ti 03034 | 0.3005 { 0.2977 | 0.2949 | 0.2922 | 0.2895
6 Sm 0.0276 | 0.0273 | 0.0271 | 0.0268 | 0.0266 | 0.0263
\4 0.006%9 | 0.0164 | 0.0257 | 0.0349 | 0.0438 | 0.0526
m 50.3 45.0 495 49.7 50.6 50.0
Ni 0.6554 | 0.6360 | 0.6177 | 0.6005 | 0.5842 .| 0.5687
Nb 0.0169 | 0.0460 | 0.0734 | 0.0993 | 0.1237 | 0.1469
7 Ti | 03004 | 0.2915 | 0.2831 | 0.2752 | 0.2677 | 02607
Sm 0.0273 ] 0.0265 | 0.0257 | 0.0250 .| 0.0243 | 0.0237
m 49.5 50.3 49.5 49.4 50.5 49.6
Ni 0.6541 | 0.6350 | 0.6170 | 0.6000 | 0.5839 | 0.5686
Ti 0.2998 | 0.2911 | 0.2828 | 0.2750 | 0.2676 | 0.2606
8 Ta 0.0188 | 0.0475 | 0.0745 | 0.1000 | 0.1242 | 0.1471
Sm 0.0273 | 0.0265 | 0.0257 | 0.0250 | 0.0243 | 0.0237
m 49.2 50.2 49,9 51.1 50.1 50.0

In another independent experiment, a NiTiN'bTaSm oxide catalyst having the

composition Nig.6s1i0.10Nbo.16T20,105mp,020; Was prepared and screened in the parallel

b



m xture was transferred to contai ners, which was centrifuged at 4000 rpm
for 15 mnutes. The solution was decanted and solid nmateri a%s were further
dried at- 60 C under reduced pressure for 5 hours. The resul 1ﬁ5g“§b:fqog '
materials were cal cined under 30 an atnosphere of air at 2 Cmn to 300 C
and dwel | ed &0®B&7C for 8 hours, and then cooled to 25 GcrRaudesgiay solid
Ni NbSb oxide (18.75g) was obtained and 54.8 ny thereof was tested-in the-
paral l el fixed bed reactor for ethane oxidative dehydrogenation under the
af orenenti oned conditions. 1,7 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478
(#14624) N a. 7iM8bpdsseon AhefllyNhrifdlpwing alwequs s8gpiytioapesreaddad tadescr i bed
above i n connegtd ] 1 : h calcined.to 400 C at 2
ot e and dweRrsdn ?ﬁ? %%%&%‘QF%E‘M‘.cgt%ﬁ?‘?ﬁl\rﬁ%‘r@ st aﬁrs%[s%ﬁ“e‘p’gﬁ%‘?“%i . Solid
Ni NoSb oxi de ¢@lagdghilwlal 3¥bwvith axalic agidd. 18M).nishjurh heslao Nk, 560Mtvéth i n t he .

paral | el fixedyhed.&eaeva Psif gﬁgg ' v ogenat.i.on- under the
af orenenti oned conz(lji ti on?.i’ @Sl'lgg‘f_%% : 8%%%?@2%] @g%!géﬂpf)ga 1c(aﬁ‘gl e '
fractions) ;s st GrPanl) ang samarm piratedfSmine.80@hAx d6tmd).i stics of various
N Ta, N TaNb, NpdbieeyaRhoMNPSR-o! t ditjons: 300 'C.
wi th ethane:nitr ogenzyaxygeﬁ1 Tl ovﬁlgggg@qgéb&i}%% @gﬂig%%&ggl&eﬁéegﬁ%?’%zy -
#Conposi t i onVeEEEHRIF@siey e9BRsHDe) weuling in pro@itaicn. Beilisud eyt Bixing]l ¥Y85. 0%
12277Ni 0. 62Ta0g P Q2kOOBAN W:R-AYBE 4% : . .

12442Ni 0. 62Ta0. | oNbo. 28 DD e into the mixure. The resuling precipitate

14560Ni 0- 65NoonEBrRwasiled 8t 213 898 Bowgpand then centrifuged at 3000rpm. The

14620N a. 65Nbq ( 9%84. 0% 1 /N 0-1 o '

Nbo. 275500, R0l B detii dtind s Vet (RO el uonon 0160 °Cna yaumosos |
anot her group ®kn.eKigadretentesials wae that saldihditby HkihaGe3208CABYC/mM MaTaCe, 15
Ni NoDy, NiNb and titania s ogged Ni NbSm oxi de catal ysts were pr.epared in
| arge, bul k quﬂPWi“@?t?‘gOZég-% QS P ST SRERGHTN caakias X5 Geseld screened i n

the parall el WiTResTaBRLERICLISg)das 30Qined it 4317 B 1hBREE Wstd:RASH mygen flow
of 0.42:0.08:0.022 sccm as fo%lows. Cat al yst conposi tions, sanple nass,

and resul ti ng S¥RHHdehydRgErdomin thrpprdichfixedhed rastercat 390 G Witk &0 sunmari zed in
Tabl e 12B. 120 dHthe83%kn HB\Qo§@IQQ}.G’B%@fc'm.AﬂH&Q‘éénv%RloH}(bf&d%fh(%hgke' nitrate

(I.OM 150.0 nil), . ‘and tantal um oxal ate aqueous sol'ution OM in water
with 0.19M oxaicleeinaRi(d) wergdetemined jorbe 233 %eClandB52 % SL beaker. Wile the
solution was vigorously stirred by a nmechanical stir, amoni um carbonate
aqueous solution (1.62M 150.01 ) was -added in a controlled nmanner so. that

the foam was fofgfe p1.CUDYE!dVed NIEiSR RN il OBatal}NE (2Rs4T ) was
transferreghto caont ai ners, whiech was cent rni fdgeda%} 3(()00 4??3)%%3% 15

Catalyst compositions comprising various NiTiSn and NiZrSn oxides were

prepared and screened substantially as described in connection with Example 1, with
tin acetate ({Sn = 0.249 M]) aqueous stock solution. The various catalyst
compositions and amounts are summarized in Table 11A (NiTiSn oxides) and Table
25  11B (NiZrSn oxides).
For the NiTiSn oxide catalysts, in an initial screening {calcination at 300 *C, §
hours, screening in fixed bed parallel reactor at 300 *C with flowrates of |
“ethanemitrogen:oxygen of 0.42:0.54:0.088 sccm, as described), ethane conversion
~ values for the NiTiSn oxide compositions ranged from 11.1 % (with ethylene
30 selectivity of 79.4 %) to 19.2 % (with ethylene selectivity of 85.4 %), and ethylene
selectivity values ranged from 79.2 % (with ethane conversion of 14.8 %) to 86.1 %
{with ethane conversion of 18.2 %).
. Ina second screening of these catalysts in the fixed bed parallel reactor at 300
"C with different flowrates (ethanenitrogen:oxygen of 1.04:0.21:0.055 sccm), ethane -
- ba



m nutes. The solution was decanted and solid materials were further dried
at 60 C wunder reduced pressure for 5 hours. The resulting sglln%‘g%\r%%toﬁél al s
wer e cal cined under an atnosphere of air at 2C/ mn to 320C d at
320 C for 8 hours, and then <cooled to 25 C. Dark gray solid N Ta oxide
(15. Og) was okpgdongst;and 45.6 ng b K. 21 August 2003 WO 001%@,3%0 04
PCT/ US00/ 04478 t hereof was tested in the parallel fixed bed 078 £ or
et hane- oxi dative dehydrogenati on under the aforenentioned reaction
conditions. (#15915) N 0.65Tao. 31Ce0-040X: Aqueous sol ution of nickel
nitrate (LOW LE3fclionValyes WEMAHEQARL A B! 69M i n vat er
with 0.19M oxali.c ea(l:c:nd ues l , %ﬁ?oﬁﬁ%gm t §§%§q§u52%6$nqgol ution
(0.50M 15. 0Omi )eﬁwkeﬂésqh%éay Pf190a3 )@Iﬂaé/ak»elth ctiuhink eelectivinsaoni %) ands
vigorously sti lef§fint ecBvitp el édéénl,é@s ' nat ous
solution (1. 62Mh§174 om v@{;vas arﬁ@ in con [ﬂ igﬁcf&’g‘?le?sg? sf‘c?); ﬁﬁﬁgt the -
foam was for med4SI%(Wih ¢ a’&l“?’é"eﬁi@@fﬁﬁt@tl on. The mxture was transferred
to containgrs, whifglh Ma8 s&edidg dreetaalys3HPR E*Pé&‘ §. The
sol ution was 10 ecant ed esmd sg lid rrataerylsa I's e b%(?{’arépel;ga&?rea “at 60 C -
under reduced SHEEIEEPERIUS 27516%@5‘1“’%@&13@8@@“{@1@ (ethtrienitrogeeoxygksofier €
cal ci ned under 123:02080R2DE fetha conldrsiéi m%@fdffm&ﬂﬁs{? ﬁil?,s%, ed-at 320 C
for 8 hours, and then coo??ed to 25 Sl. v[a)la ! sogllgig:e %e II’OSX| de” (21 99)
was obt ai ned afdgshiram 3 %HBF%S‘F‘Y%‘?IF@%%Gf 610 thie 8.p%r(with ethyleneced bed =
reactor for et haé&vwbﬂ%s'{/g a@l@@ﬂﬁ%ﬁ%ﬁawl Qaluél%rge&ﬁ&n%%@f@ﬁ ntioned.

0

reaction conditions. (#159 Ni 0. 73Tao ueous tion of
ni ckel nitridte E“F“‘G?P"%S‘B“Gf thoﬁti*a’n%éww %’élcaft"éfs@q&‘ébﬁ%)sol ut| on (0.51 M

in water with O. 67M=&XHéNEr@1€bﬂde cafd slglh)m uﬁﬁﬁjsc‘fjééﬁaé @:ﬁfc%’%ﬁ@cﬁgﬁd & aqueous
e.

sol ution (0.294M B%/were m xe sol uti on
was Vi gor ousl yh?;‘frF rsFré‘Ef“ maﬁ’&’?%é??amraéallfe&&qfﬁt3002@W&hﬂemamot‘:ar bonat e aqueous

sol ution (1. 62MhaftréFthloxyias 080420 54:0.088 Scoft &%écﬁﬁ’ed) BRRELnSsibat the
f oam was forrred sl OW%&I@%‘ ve, reC| pitation- The mXxture was transferred

to containers, YHHFIA Aexid ERj‘&f?S‘H?“SSH@Gd Fomls-80 (thethylenes. The

sol ution was deqedtivegdorrwh std o 9B (Rt ahylenbRERctviy b482N0 A, h@@etﬁﬁaﬁo C under
reduced pressure for hours, . The_resulting solid materials were cal ci ned

under an at nos 5?%%‘1“8‘%33'6?5 ‘??gfed femyE2 ﬁ”‘fhoet@%@“&%ﬁmm@mée@ 98182 C for 8

hours, and thewigtpahed cboveddion d£17.085)k gray solid N TaDy oxide (21.99) was
obt ai ned and 50.0 \r,%%&t hereof was _tested in the parallel fixed. bed reactor
for ethane oxidati SERPGS GG R f s fstrbrstsim e Txgdded puraildl maeter 2888t i on

condi ti ons. (#wgfaa)ilmmx nem&s@a@@nng@myge@m Havepns: sQhildupne of ni ckel
nitrate (1. t.al um oxal at.e aqueous solutlon(O 51 Min

water wth G?WVS'S?’:?P |"81u§1g}°ﬂ theagg‘sﬁ fRrife C"r‘i‘i‘H?E)‘PEﬂﬁTHBB%ﬂ fera 83¢a60its sol uti on.
(0.62M i n wat e ethylehdselecditMN BT RI% )0 &Gl"/d(wuh ethylene selectivity of 90.9 %), and

ethylene selectivity values ranged from 87.8 % (with ethane conversion of 8.2 %) to

91.8 % (with ethane conversion of 9.1 %).

In a third screening of these catalysts in the fixed bed parallel reactor at a
25 different temperature, 275 “C, and with different flowrates (ethane:nitrogen: oxygen of
1.04:0.021:0. 055}, ethane conversion values for the NerSn oxide compositions-
ranged from 5.8 % (with ethylene selectivity of 83.3 %) to 7.8 % (with ethylene
selectivity of 88.3 %), and ethylene selectivity values ranged from 82.2 % (with

ethane conversion of 6.3 %) to 88.9 % (with ethane conversion of 7.6 %).
30 7
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26.0m ),
1 L beaker.

and ceriumnitrate aqueous solution (0.50M 4.0m) were mxed in a

Wil e the solution was vigorously stirred by a hani

stir;- amoni um (cA 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478?13‘5?%‘8@%

aqueous solution (1.62M 235.0nl) was added in a controlled nmanner so

t hat

the foam was WOOH#aTIs| oWy to give precipitation. The m Xtpd1@usb@gars

transferred to
The sol uti on was
ressure for 5 5 hours.

m nut es.
at 60 C under

r educe

d

contai ners, which was centrifuged at 3000 rpmfor 15
decanted and solid materials were further
The resulting solid materials

dri ed

were cal ci ned GpRieH AarCaialyn sprmosion(naé fraatonRE/NITISnbgid3 208Gyanghawel | ed at
320 C for 8 hotAmple masg (mpatsedcio phreldel finedted@eacardecengr ay sol i d Ni NbTaCe oxi de

fixed

(20.7 g) was qgbtained and 68.5 ng thereof was tested in the parallel
bed react or 'f qr Bavhah€olmindat ilve ldeh¥ydr ggersation @ndgr {she Bf ogemgnti oned .
reaction condiftions.{ 10N( #3503879 |Ni 0. 68INbossDyj. 07Dx] Aqueops sofrqgti on of
nickel nitratg (2 OV -Tii - 05280 ), ﬂni obi unp oxal aje aquepus soljution
(0.62M in watgr wi th{ Q.3 M{oR&00 c] acid, | 89. ), andl dysprjosi um dcet ate
aqueous sol utifon (0.pR9%As $3.50M )| were M xed 1n -a [Tbe T Wile the
sol ution was \vigorous!lfmgdtiirred by a ne¢hani caé: stir{ amoni um carbonat e
aqueous sol utifon (1.52Nfi 2060.65d )j Wwaz7afided T4 a conjrol I'ed 15 TnNner so
that the foamjwas fof ned sllo0di3o t{o ogiye|preci gi tation. The |m xturg was
transferred t¢ contaj neéins, {whoesh jwaposentri fuged at BO00 rpm.for 15 .
m nutes. The |sol utiponmuA@s |dagantjed4gand] solTd jmater gl s werje further dri-ed
at 60 C under {reduced (mpessure flor 5 hpurs. The resplting solid materials
wer e cal ci nedjunder .| arNiat frog.pdrerie 0,761 fi 6768 (2 M nj to 328Cand—gwel | ed at
320 C for 8 hours, and Tihenp eom gdotkeg2p @8 C.| Dark pray sdlid N NoDy oxide
(19.4 g) was o¢btai ngd &®ad 470.0197d ©loes epfobsmstied . infthe pgrallel [fixed bed
reactor for efhane oxifiakl yesslehydrggenatypgg ynder— tye af grementd oned
reaction conditions.{ (#kp981) N q.a2Noo} !l 80,,: Aqueopls sol ytion of nickel
nitrate (1.0OM 150.( niNi, |anghonijogi798N PXGEFAT e g@eFops sotgtion—9. 62Min
water with 0.21 M oxalil agi@li3923 932€ML)oYRr € gied)in a I} L beaker. While
the solution ywas vidoragdsly @bdor Nedopy R 0. raﬁjoaéll stir, famoni Um
carbonat e aqueous sl GhisON[ (33 52V shRA- IS{Och /e g eont+l | ed
nmanner so that the flogmeyap forngd sl'ow y"t'o give prlecipitdtion. The .
m xture was tfansTerreq;To| CEgIsaTTE,S5 UG .ER tingged—at—3000 rpm
for 15. m nutes. sThe sayut| qpag gesant efs g rifjal s wefe further
dried at 60 Cf 30 urdeg,refdused PrggsH E J& : esultipg solid
materials werg cal ciffieg OMTHE] g at_,; s : mA—te-—320C and
dwel l ed at 32p C for ggjépws, ‘and tH'en .%rk gray|solid
. . MY - H -l el 47 1D oy 0
Ni Nb oxide (1gTT) CRENElg iy i o) E e 38z 90508 o35 GE
6 Ti 0.151 0.245 0.322 0.386 0.441 0.487

Sn 0.052 0.038 0.026 0.016 0.007 0.000

mass 49.5 46.4 520 44.9 50.6 49.1

(ng) -

LYy



21 August 2003 WD 00/48971 PCT/ US00/ 04478 thereof was tested in the

paral | el

fi xed bed reactor for
af orement i oned reacti on conditi ons.

Ti @ support in pellet formwas dried at

cooling to 25 Guqolkfd4 support was inpregnated with the
nitrate or oxal ate sol ution. -Catal yst
wei ght of the catal yst.
obtained were dried at 60 C under vacuum and then calcined to

300 C at 2C m nTanad Bl \Watalyettoaipodth (RofedfacBitsFof Nik&n {3 SMB%isdGq Was

relative to tot
materi al s

al

et hane oxidative

I oadi ng was about
After centrifugation,

dehydrogenaﬂ'
(#15944) Ni 0. 63Nba, 34Sm,
100 C for over 8 hrs.

the solid

Af t

L RBbeis. "

er

obt ai ned and 14gnifk mdsH@H aed WopardlREERM bedrchéir LRERI | €l fixed bed reactor
for ethane oxidative 10 dehydrogenation under the aforenentioned reaction

condi tions. -11 HowAUDO&EmZ P03 VO[O0 RABIYT 5 PET7USO rabge32B.
Cat al yst conpogition [ MNi€ 1T@6id qns), sSanpl € ass (nyg) amd { per-ofmnce
characteristicg of) vari gys N dggs Ni TaCe; {Ni TaDy, N NbfTaCe, N NoDy, ] Ni Nb
and titania sugported NghbSm @sadqg catal ysts. Test cZEdi tions: 300}j"Cwth
et hane: ni trogen: oxygefm f1.0W 0fs Q- 427 0. 080 02Z fScCmi .| tirbr= . '
#conposi ti onMags m} jslonSel gctive i
15891N o. g6Tao. i Yo L[S H8a0 ' ,
15915. Ni 0. 65Tad. 31Ce0l 04Qx5]. 35ak0.[5%83; 2P 15916Ni o, 73jTao. 240 . '
0. 03Ox50- 0ni Vi ,{10. 2903. 3% 1b9%gd¥ q_¢4a0k0f oaTao.[17Ceo.[010. 68.[5rri 10,|8%04. 3%
15927Ni 0. 68Nb0.{125D o. o70x2 7 O y- ; X -
15931N 0. 82Nb0.{180x 47| . PU93. 1% 944 Ni 0. é3Nbo. 34SnD. 030xr 1' e@R*142. 8
nB. 6993. 0% * Qatatyst hgadyT Tt g3 UP g s about—6%by—wetghy. In a
third group”of-jexpgeriments, T4 931'5519 %}1 | ysts of| a single conposition
were prepared ijn l'arge, dpul k @Gﬁ)nti 5108@: .-«O-'GO%OQ) and Jin varilous physi cal
10 forms, and vari ous|guumnys sh Gened, ae 64?5,|ttrllcd Hr-t-he—parat+eh fi xed
bed reactor at {300 '( VM h et ﬁa‘ne: ni'trogen: oxygen fl ow of 042: 0. 54:;0. 088
sccm as fol | ows—Fher- g)
: ' Ni 0.873 0.318 0.770 0.727
4 Zr 0.097 0.163 0.221 | 0.273
Sn 0.031 0.019 0.009 0.060
mass 55.6 54.4 53.1 51.2
_(mg) '
Ni 0.857 0.801 0.752 |- 0.708 0.670
5 Zr 0.101 0.169 0.230 0.283 0.330
Sn 0.043 0.030 0.019 0.009 0.000
mass 55.1 51.8 '49.2 53.8 492
(mg)
Ni 0.839 0.782 0.732 0.688 - | 0.649 0.615
6 Zr 0.105 0.176 0.239 0.293 0.342 0.385
Sn 0.056 0.042 0.029 0.018 0.009 0.000
mass 51.8 513 455 590 | 50.7 50.6

10

(mg)

Example 12. ODHE over Bulk NiTa, NiNb, NiNbT2 (Various Forms),
NiNbTaCe, NiTa(Ce, Dy), and NiNb(Ce, §b, Dy, Sm) Oxide Catalysts.

In a first group of experiments, various NiTa, NiTaNb, NiNbCe and NiNbSb

oxide catalysts were prepared in large, bulk quantities (~20g), and ~50 mg thereof

was screened in the parallel fixed bed reactor at 300 °C with ethanc:nitrogen:oxygéri

flow 0f 0.42:0.54:0.088 sccm, as follows. Catalyst compositions, sample mass, and

resulting ethane conversion and ethylene selectivity are summarized in Table 12A.
(#12087) Nigs3Taq17: Aqueous solution of nickel niteate (1.0M, 167.0ml) was
15 mixed with tantalum oxalate (0.66M in water with 0.26M oxalic acid, 53.0ml). To

Lo



catal yst conposition, physical form sanple nmass and resulting ethane
conversion and ethylene selectivity are sunmari zed in Tabl e&ﬁc é{#é?llG)
Ni 0. 63Nb0_19Ta0. j sOx: Aqueous sol ution of nickel nitrate (1 ugs

m ), niobi um oxal ate aqueous solution (0.62Min water with 0.21M oxalic
acid, 73.0r woammagrtt ant al um oxal at e- aqueous sol ution (0. 5eMbighop@ier W th
0.67M oxalic acid, 84.0mM), were m.xed-in a |l L beaker. Wile the solution
was vi'gorously stirred - by a nmechanical stir, tetramethylarnnmonium :
hydr oxi de aqueous solution (1.28M 390.01) was added quickly to give
preci pi tation. thaddiritg mbabre vhitiekel fitra©@nd Jantaluen QAQladg dedmahglafing@dmwi th the

resulting m xt The m xt tr ferred contai ners, which was
centrifuged at H&@‘B‘b‘*e PRI For° %?nﬁfméa%fﬁiw%?c{?ﬂ BreVereopiaion (b8 and
solid material wamendleﬁmxmmasdema&day ﬁ@&e@rjdﬂgjeﬁd the@kmmelg BeIRSEyRnfor 5-
hours. The. resultl id mater cal ci ne er an at nosphere ‘of
air at - 20 ni BYE %ﬂ%ﬁa‘éﬁtﬁw&%fq %ﬁuéﬁggﬁtlﬁg faf)er"fg Eﬁ&ﬂ?é"‘hﬁﬁﬂpﬁrﬁ’éﬁ cool ed
to 25 C. Dask of2B30gcabvenied itd20€ B2 ) ¥ tHEhdalin®PraB 1 WeAn@RS foaed and 50.0 ngy
t hereof was tested, as forned in bulk, in the= arallel fixed 'bed reactor.

for ethane oxi Sgliedat I§8RG dorgdenaithedisatingaeof 2 Ae/min by 408End ducledanct i on
condi tions. Fokgs@itpad [ I the cat al yst,
a portion of tlrile NI Nblbl_rg%gc)i(lﬁf nkﬁkﬁﬁf)%gt% %iafggy‘gfﬁg‘%eémém% Ve was pressed
and broken i nt@b@m@llahd3@0plgéh@sof(mﬂtesm@tntmﬁmticb)edpm‘alllallreamotﬁweﬂma eacti on
vessel s of the, ust 2003 WD 00/ 48971
PCT/ US00/ 04478 ’gﬂég%?%&gd%eﬁgﬁ%%gfﬁﬁ%gﬁm?&ém ?or]%ldgrdgssed and broken form
in the pard?lel fiX&d2bOdNi.«EaedNyo.1of baueersrahbionsi reke! ma*atdéh@l\d,rldgzenatl on
ortTon ot "t he Ry T YOS RE A R oL O SAnP B AN ot BB v s
pressed and gr@Un@dHmﬁwnﬁﬂiﬂ@tﬁrﬂgﬂ@mm@fm\m&M%m@r witn 085rogdizexiidand gr ound
form in the p%@}nc}%ergh?ﬁ@cgm%f)@ﬁ&t %hicQHe &Jﬁlﬂfi’)ﬂ%ﬁ?@ gx%}.lél}\f'&rreq.

dehydr ogenati on é]gweé t he af orerregtl oned rggg |?&h§§&‘:lgo abfe 12cC.
Physi cal form™m§ Fab stirparsmenin carhenajscaghenussolutio 28 lrg) wssadddd

Ni 0. b3Nbo. 19 Tag, 4 Bfdollel eV 8 (tﬁéﬁ;l:% 4 g th 10

et hane: ni t rogen; ox célﬁ 1% ovt\zlyoféifa)t 42: S‘)ESBL%E%SISQQ b&féoﬁ%c’g %I OnkFor MVass
(mg) Conver si gn’ﬂi@i“tfgg’ﬁwétnsﬁﬂh‘f@i t@@NBi@n@rgWh wa® chnitik@ed 8 480U for 15

Ni 0. 63Nbo.igT Tao G:.68. 019 1
184. 6 P* = prgg’édggpngc’mﬁg oﬁ’gg‘p" AR aggglanﬁéé\'r%j’ gL ﬁ’“hc#eﬁgt 6I2xgrml e -13.
ODHE over Ni NoSrdr @(qceﬂspr%tnalfyrsihoux Thesssuiiyg solia maﬁlm,alsBVe;e Mjcined upderl a
&ﬁé??i’ 1S5g)ana§%s%hé4§5fa‘%9rﬂ§9’é} i Q30 OR i 0 48 S QK s Mo S9! des,

20 cooled to 25 °C. Dark gray solid NiTaNb oxide (19.0g) was obtained, and 50.0 mg

thereof was tested in the parallel fixed bed reactor for ethane oxidative
dehydrogenation under the aforementioned conditions.
(#12442) Nig ¢2T29.10NDg 23: Aqueous solution of nickel nitrate (1.0M, 80.0
ml), tantalum oxalate aqueous solution (0.66M in water with 0.26M oxalic acid, 19.0
25 mi), and niobium oxalate aqueous solution (0.62M in water with 0.35M oxalic acid,
57.0 mi) were mixed in a 2 L beaker. While the solution wa‘s.vigorously stirred by a
mechanical stir, ammonium carbonate aqueous solution (1.62M, 143.0ml) was addéd
in a controlled manner so that the foam was formed slowly to give precipitation. The
mixture was transferred to containers, which was centrifuged at 4000 rpm for 15
30 minutes. The solution was decanted and solid materials were further dried at 60 °C
under reduced pressure for 5 hours, The resulting solid materials were calcined under
an atmosphere of air at 2°C/min to 300°C and dwelled at 300 °C for 8 hours, and then

cooled to 25 °C, Dark gray solid NiTaNb oxide (12.0g) was obtained and about 50
. .



My, Ca, Sh, Bi, V, Ti or Ta' were prepared in bulk (--- 20 g) quantities by
precipitation substantially as described in connection wth, Exanpl .

Ni ckel nitrate ([Ni] = 1.0 20 M, niobium oxalate ([ No] - %]6‘@“5?7%2%0}
samariumnitrate ([SmM = 0.506 M, cesium nitrate ([Cs] = 1.00 M,

magnesi um ni tr ateoofspdvh] = 1 AO M, calciumnitrate ([Ca]l _ »ptTRGooMhsrs
antinony acetate ([Sb] = 0.234 M, bismuth citrate ([Bi] = 0.293 M,

vanadi um oxal ate ([V] = 1.00 M, titaniumoxalate ([Ti] = 0.713 M, and
tantalum oxalate ([Ta]-= 0.650 M aqueous stock solutions were used. Table
13A summari zes a@mheofmmﬁamwpaﬂm fixa bl Seabbor foheﬂm&rdxmdﬁvd:at al yst

conposi ti ons. initia ee cal.cin t| on at 300 'C,. 8 hours,
screening in fi %5@%5%8““8‘5\”91% {S‘F écéir%f‘é negf'c’ BSC with flowates of

et hane: ni t r ogen: oxy ggn4ssh) B10452~tb933660,0£0x08&1esas:mtxmﬁ ofigisied higed)1.084 hsoe
conversion (C) e sel ecti val ues fo e NI Nb nCs oxi de
conposi ti ons raﬁrag&l #’ﬂ%‘rﬂxf% c3988005 5 é(é%frbwitﬁﬂﬁmﬁg g#alg 2640, 30 S _
Et hane converssi dAl.0wal)umg cérivm ditrate K. m&rwlpxerdmmmms Libeses Wanged from

17.5 % (Wi th ethyl ene selectivi % t h et hyl ene
sei ectivity of - iR MY sltehr S eshant o JRodr ER b m 83, 1 %
(Wi th et hane convietiai (0:62Mo21417lbwad adiial i84. c@nt%l](eﬂvntahneetschmmh&fmameiam on of

SRR LR T NN SO
PCT/ USO0/ 04478 X&s Zen%fﬁgedaB‘iQ@O%rSfdrdS ﬂﬁmﬂes%’lﬁp s@dtidm %SccaEteﬂaﬁﬂasdhdnver Si'On

C) and et hy| ene ecti es.for. the NI Nb oxi de
(o?rpom ti onglor any é(T ?vgfﬁ‘%%h%d’gf%t%slagugdq/’egu‘fcg PIESige g’ng,?‘o%. ﬂhe% S. Ethane
conversion (O)- aﬁdlueghyhmdmlw&mwldeyuﬁ&}any@{ouﬁ&rd‘dmutamc%d}ib&r@ oxi de

conposi tions ran ed from17.1 % C, _79.4:%S to 19.5 5 % C,_84.6 % S. Ethane
conver si on val ué89fmnd #W@lﬂlamfﬁﬁb‘é’rﬁé%@ﬁ?@@ﬁ@"5 An ek ry el 8 96

(with ethyl ene $GNBEd dxtdel(¥0.0dg) Hek Sbtdhed Ad 47, s%g%&yufms @hlswinqr;l%araﬁﬁi ectivity

of 84.3 %, and ethylene selectivity values range rom79

et hane conver si éﬁc‘bg d fepctyr 3@6“‘3821“%1“’%‘{W‘ifﬂgeéﬁtlﬁri@d%fdﬁ*ﬁﬁé‘?@mwoaﬁd 17.7 9.

Et hane convegr Siceslifidas. and et hyl ene sel ecti vi ty (S) values for the N NbSnii

oxi de 10 conpositions ranged from17.6 %C, 82.8 %S to 19.1 %C, 84.9 % S.

Ethane - conversi ont #\9%298@101558@0:@9@0@ W%ﬁ&%&@ieé@@cﬁhﬂﬁﬂrﬁiéﬁﬁ“@ﬁ@ed from

17.3 % (with Etabryde@rﬂ&mﬁ@cltl@&ﬁlﬂ{ 1ibhryQf1 4860 Bas Rt cggne?d t¥udorc f .eldpyiene

selectivity of 84.3'99, and ethyléne selectivity values ranged.from 83.4 %
(Wi th ethane congédwdliona00 1 i@ s wnser pugogghérgiof #ir. cYalid MeNeGneddsi on of

182% 15 In tor at 300
"G wi th di 11 er eqtOREF M SEAREUR ahd Al SR BERBT BRGS0 Gor
sccn), ethan® cam@rénrgmar(e@)udafawﬁebydn%eeﬁwnsuedi@@hqafcnrmyer(t@)edvcahdmsnsf or the
Ni NoSnCs oxi de conpo d.0 9 9 %
88.7 % S. Ethane con@ﬂeéis&?gﬁm\?/'a ues H%&Zu ﬁ%gnﬁﬁ&&ﬂ/%ﬁegpo%ls}%%ns
ranged from 16. Gni}nijohiutrhoxelateyainetous sﬁ;llt@ot(@ §/8Myn whter with 0.14M oxalic acid,

98.3ml), and antimony acetate aqueous solution (0.234M with oxalic acid 1.27M,

18.1 ml) were mixed in a 2 1. beaker. While the solution was vigorously stirred by a
25  mechanical stir, ammonium carbonate aqueous solution (1.62M, 228.4ml) was added
" ina controlled manner so that the foarﬁ was 'foﬁned slowly to give precipitation. The
| mixture was transferred to containers, which was centrifuged at 4000 rpm Afor 15
minutes. The solution was decanted and solid materials were further dried at 60 °C
~ under reduced pressure for 5 hours. The resulting solid materials were calcined under
30 anatmosphere of air at 2 °C/min to 300 °C and dwelled at 300 °C for 8 hours, and
then cooled to 25 °C. Dark gray solid NiNbSb oxide (18.75g) was obtained and 54.8
" mg thereof was tested in the parallel fixed bed reactor for ethane oxidative

dchydrogenanon under the aforementioned conditions.
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TabRé2%3A:

Caxlaﬂ%st

14624 1 act NomNbafShiodh SmA

Oxib8lé Ca

| al J4.8%,

Weg2R59K | 9

$ Cs, My,

RowCol 1234. 56- -

or Ta, and sanpl e nass,

"m' (ng) used in
Ni 0. 75280. 74390. 73520. 72670. 71840. 7103

paral [ el

fixed

Nob0O. 21640. 21380. 211302R0890@065Bp@Bds, various NiTa, NiTaCe, NiTaDy, NiNbTaCe,
1SnD. 03080. Q§041Q1N%%9}19ﬂ\%2a%3 gtagi%%é%oggdgﬁbeSm oxide catalysts were prepared in'large,

bulk quantities (~20g), and various amounts thereof were screened in the parallel

20

25

fixed bed reactor at 300 *C with ethane:nitrogen:oxygen flow of 0.42:0.08:0.022

scem, as follows. Catalyst compositions, sample mass, and resulting ethane

conversion and ethylene selectivity are summarized in Table 12B.

(#15891) NiggsTag 1404 Aqueous solution of nickel nitrate (1.0M, 150.0 m1),

and tantalum oxalate aqueous solution (0.69M in water with 0.19M oxalic acid,

35.0ml) were mixed in a 1 L beaker. While the solution was vigorously stirred bya

mechanical stir, ammonium carbonate aqueous solution (1.62M, 150.0ml) was added

in a controlled manner so that the foam was formed slowly to give precipitation. The

mixture was transferred to containers, which was centrifuged at 3000 rpm for 15

minutes. The solution was decanted and solid materials were fuﬁher dried at 60 °C

under reduced pressure for 5 hours. The resulting solid materials were calcined under

an atmosphere of air at 2°C/min to 320°C and dwelled at 320 °C for 8 hours, and then

.cooled to 25 °C. Dark gray solid NiTa exide (15.0g) was obtained and'45.6 mg

¥



Cs0. 00000. 01180. 0234=0. 03470. 04570. 0565 i N49. 449. 949. 350. 650. 650. 8
Ni 0. 74640. 73890. 73150. 72430. 71720. 7103 21 August 2003
NbO.21460.21240.21030.20820.2062g628g§5 :

2My0. 00850. 01850. 02830. 03790. 04730.
823.03050.OSOQQ;QaQﬁD.02960.02930.0291_in49.649.849.349.74%C%§@m%#”3.
Ni 0. 74640. 73890. 73150. 72430. 71720. 7103 - :
NbO. 21460. 2124. . 0. 21030. 20820. 20620. 2042

3Ca0. 00850. 01850. 02830. 03790. 04730. 0565

SnD. 03050. 03020the2EFIMs D266 B2 PN B 1 PeadBP fo? BRarkdudMSL 250. 1

Ni 0. 74680. 73920 :

3170, 72440.7172Q. 7102, , »
NbO. 21470. 21250‘.‘%&%%%5’?‘?%2‘6‘??%?8‘?@‘6%°“d reaction conditions.

4Sn0. 03060. 03020. 6298651} 64129 ego_owxgkgueous 880}1119{{03 gfé nic2:k5e(l)ni§tgt8 ( 182D§I’ 520,0
E"b 8 32238 gégégmg%%g%urg%%%%e %L;gl%sg ng k()né%g/l in water with 0.19M oxalic acid,

NbO. 21460. 21240832H0R6uPRBRA nRHE2Quadd Solution (0.50M, 15.0ml) were mixed ina 1 L
5SmD. 03050. 03020 '

2 +0296Q. 02930. 0291 ) . ) . .
Bio.00850;01850.@%égggﬂﬁéﬁ6&8%?&6?d@@%mﬁﬂé?ggﬂygSEq%ﬁyqaaga%mgmgmn.
Ni 0. 74640. 7389 (:ab8dA0aqnze8Goltionyd.6Z8) 374.0ml) was added in a controlled manner so -
gg%zégggozégg%ﬁ é}%%%%@ﬁ%%%ﬂ% g:gé\ie precipitation. The mixture was tfél}sferred to
V0. 06850. 01850. @m&sﬁﬁﬁéﬂyﬁﬁrﬁﬁﬁ@gﬁﬁ ?Dﬁ@rpﬁﬂﬁr BSMindRd.. Bt oiOn Qras
Nlbg 511(2333-8 Z ggiegaglég %{@é%ﬁ%&% &ci%égher dried at 60 °C under reduced pressure for 5
7Ti 0 0 1686. 049 4i00:s OBROE@silFGOLid 352 8ald GO calcined under an atmosghcre of %r %;

SnD. 03030. 0293Q,,02830..02750. 02660, 0258 m9. 749. 750. 649. 550. 55 U. 3

Ni 0. 73890 71 63%. gﬁggre)ﬁ) %éég@déé‘gﬁeﬁ %ég% C for 8 hours, and then cooled to 25 °C. Dark
NbO. 21240. 2059(@'@&%@6@9}:@8@@@8 Waobtained and 51.3 mg thereof was tested in the
8Ta0. 01850. 04850. 0330. 12840Q. 1521

7670 L .
Sn0;03020.02936@8g§ Behleraprctys £ Gheaoxidaive ddydmagatimmondgthe50. 0 5 Exanpl e

14. ODHE over Nifdwbsdaticheddeschin ahdighs. (#16360116511)

(#15916) Nig 73Ta024Dy0.030x: Aqueous solution of nickel nitrate {1.0M, 150.0
rhl), téntalum oxalafe aqueous solution {0.51M in water with 0.67M oxalic actd,
97.0m), and dys;:'»rosium ﬁcetatc aqueous solution (0.294M, 21.0ml) were mixed'in a
1 L beaker. While the solution was vigorously stirred by a mechanical stir,

20 ammonium carbonate aqueous solution (1.62M, 269.0ml) was added in a controlled
manrer so that the foam was formed slowly to give precipitation. The mixture was
transferred to COntainefs, which was centrifuged at 3000 rpm for 15 minutes. The
solution was decanted and solid materials were further dried at 60 °C under reduced
pressure for 5 hours. The resulting solid materials were calcined under an atmosphere

25 of air at 2°C/min to 320°C and dwelied at 320 °C for 8 hours, and then cooled to 25

. °C. Dark gray solid NiTaDy oxide (21.9g) was obtained and 50.0 mg thereof was |
tested in the parallel fixed bed reactor for ethane oxidative dehydrogenation under the |
aforementioned reaction conditions, :

(#15922) Nio.74Nbo.0s Tag.17Ce0.010x: Aqueous solution of nickel nitrate (1.0M,

30 150.0 m!), tantalum oxalate aqueous solution-(O.S 1M in water with 0.67M oxalic acid,
68.0ml), niobium oxalate aqueous solution, (0.62M in water with 0.21M oxalic acid,
26.0ml), and cerium nitrate aqueous solution (0.50M, 4.0ml) were mixed inal L

beaker. While the solution was vigorously stirred by a mechanical stir, ammonium

A



21 August 2003 WD 00/48971 PCT/ US00/ 04478 Cat al yst conpositions conpri sing
various N NbCu oxides were prepared in small (- 100 ng) quanHE%i es @6
precipitation substantially as described in connection wth: %ﬁ i

usi ng copper nitrate ([Cu) = 1.00.1\1) aqueous stock solution. Table 14A
sumari zes t hBOO¥#8Hsiti on and anopunts of the various cat FCFaI00/04478
conpositions. In an initial screening (calcination at 300 'C, 8 hours,
screening infixed bed parallel reactor at 300 'Cwith flow ates of

et hane: ni t r ogen;;,0x n of. 42: 0. 54: 8., .scc as described), ethane
conver si on (C)&gjg)aytg? %‘i??‘ésnsgﬂ%lg? gc%ﬁ/\lf?!? ggft’%)“’a@é‘{yﬁ%‘é' acgprqligd maggeRgooy oxi de
conposi tions rthstgedfoimaovms TordiedsiGylyAd gi¥e pheGpitaiod. 6TH mixiGre Wl trdnYerdd N a _
second screeni in.the fi a el reactor at,300 'Cwith different
10 flowrates’ (‘g’g ag%resf ﬂlﬁltc IE' %ﬁ%ﬂ%ﬁ egﬁ{%dpbﬁf”hé’? g_g;%u@_s.o'gf SQUlion Wasat hane

conver si on valdsemtedfand solemateddiGuere RirtHer &iaﬂramimiuem‘,rerdaéw%ﬁts{u&@mi -4 %
(with et hylseneh'sel 3ctiVvi to 16.9 % (wWth ethylene selectivity

.y of., 48.2 ¢ s
of 83.2 9%, anti 8t HVF & ‘é%f%‘éf%ﬁ“ﬁ? @eVeﬂa}.?é!?aP%ﬂ?b‘E’&“f‘?SBW%faE% (wi th
et hane conver si°GMmiafio F204C%hd 80elB3 26329 C\ibri g hoREs A hen 6EUNERE 35 O Bk 16. 2 9.
15 In a third screeni in the fixed bed paral¥®l reactor at 300 'C wi'th
different fl ﬁyﬁggw&%ﬁ’é’?‘ﬁﬁoﬁ@ﬁ%ﬂ%’é#@fiﬁé.’j&zﬁ@fﬁﬂﬂeteﬁﬁmﬂs can),
et hane conver shopar{lfe) fixedridd edabst PRetha&Rloghtiveidelydfopinatia] WS for the N NbCu
oxi de conpositi.ons rangded from 4,1 %C 54.6% to 10.2%91.4%. "1Z 21

August 2003 WOIEPFHEPId ieectioneonsjions 78 Tabl e 14A: Catal yst compositions:.

(mol e fracta on) of (NISPEGUNIRNGE,sCRLAD.Y AlgBecB thlutDA BPhifkeBE e (1.0N, (ND) " used
in parallel f%sgfggd.reactor screen. RowCol 123456

Ni 0. 85740. 792 Aiobign oxplateaguepug selytion (0.62M in water with 0.21M oxalic acid,

| NbO. 14260. 20 BPArdY, 3ddi3g#60mb8 e Bqutdukdolution (0.294M, 53.0ml) were mixed ina -
Cu0. 00000. 000(2318[; g%‘goodg%%gtg 00000. 0000 i n49. 850. 750. 749. 350. 249. 7
Ni 0. 85300. 78820" %l'.. h 6S lgg{@/asjwixggously stirred by a mechanical stir,

2Nb0. 14190. 206k{nchin CarBBBAqdddad£bldied 81.62M, 206.0ml) was added in a controlled
Cu0. 00510. 00520. 00520. 00520. 00530. 0053 nb0. 949. 550. 550, 850, 749. 4
Ni 0. 84870. 7843 PRI WA Flgf'ff wly to give precipitation. The mixture was

3Nb0. 14120. 20568sA7A0 cABAin s, 44chOvaA Cdrifuged at 3000 rpm for 15 minutes. The
CuO- 01020, 01038137585 fetinted ad S0 maictials weré Riher drit at 60 °C vinder redacnd
pressure for 5 hours. The resulting solid materials were calcined under an atmosphere
of air at 2°C/min to 320°C and dwelled at 320 °C for 8 hours, and then cooled to 25 -
.20 °C. Dark gray solid NiNbDy oxide (19.4 g) was obtained and 47.0 mg thereof tested
in the parallel fixed bed reactor for ethane oxidative dehydrogenation under the
aforementioned reaction conditions.
(#15931) Nig g2Nbo 1305 Aqueous solution of nickel nitrate (1.0M, 150.0 ml),
and niobium oxalate aqueous solution (0.62M in water with 0.21M oxalic acid,

25  53.0ml) weremixedina l L bez;kcr. While the solution was vigorously stirred by a
mechanical stir, ammonium carbonate aqueous solution (1.62M, 164.0ml) was added
in a controlled manner so that the foam was formed slowly to give précipitation. The
mixture was transferred to containers, which was centrifuged at 3000 rpm for 15
minutes. The solution was decanted and solid materials were further dried at 60°C -

30 under reduced pressure for 5 hours. The resulting solid materials were calcined under

an atmosphere of air at 2°C/min to 320°C and dwelled at 320 °C for 8 h;)urs, and then
cooled to 25 °C. Dark gray solid NiNb oxide (14.1g) was obtained and 47.3 mg

| =2



Ni 0. 84440. 7802-0. 71510. 64920. 58220. 5144

4Nb0. 14040. 20450. 26950. 33530. 40210. 4699 A 2003
Cu0. 01520. 01530. 01540--01550. 01560. 0157 nb0. 649. 450. 050. 950. O%b yeus
Ni 0. 84010. 77620. 71150. 64580. 57920. 5117

5Nb0.13970.20§§Q o4lf10. 33360. 40000. 4674 PCT/US00/04478
Cu0. 02020. 020 02040. 02060. 02070. 0209 nb0. 850. 450. 350. 049. 950. 4 :
Ni 0. 83590. 7723. 0.70790. 64250. 57620. 5090

6Nb6. 13900. 20240. 26670. 33190. 39800. 4650

Cu0. 02510. 0252@cr&3’5é9te9t25§ﬁh0ﬁ5£@1ﬁ:&ﬁ@1emﬁ@ctﬁﬂarétﬁﬁxeﬁxidﬂiik& 849.950.4 5
Exanpl e 15: CDHE over Ni Nbgo d Cat aI §sts cong%gI?SllGSlZ) Cat al yst
conposi ti ons cHHFPESIHY VALY 81?5‘ AegF were prepared in snall
(-.100 ng) quant.i t(ﬁsgmmg@wummahogmmJMﬁﬂbMﬂ xhyelmfmldhaﬂatl n

connectl on 10 with Exa I.n I trat 0 aqueous
st ock sol uti ont® Ofgtf?ré’vi&“i'u‘#rﬂﬁ ‘}IB’% ] %gﬁécéfﬁgb%ﬁpk’?fg\’% ngeg%tﬁ[m’gh% t he
var| ous cat 2l ysixeSABROS Atk Bidkalatelsblufith. ICEHtetlyﬁloaSmg e:embrogtt(%aﬂmeﬁgm on at 300

"C, 8 hours, screening in_fix a react 300."C with
flowrates of etclfiKedofgtal r"(f&’é‘ﬁ"’ﬁg"fj‘@gﬁbf‘g@“ mg%“o@ @%g)qld %tﬁ?al .
described), et H3RRdGRN&cdia060 “Calndes/abim, tah@t}&hémi‘mdcmW@mmommnons 15
ranged from7.6 % (with ethyl ene selectivity, of 80.7 t.o 243 % (W th

et hyl ene sel emdldweﬂfgdﬂéﬁo@ia/ Br Bycs. W‘E‘Pﬁ?l%ﬂé“ﬁ‘éf’@@f’?éﬁ"ﬁy AMes ranged
from73.1 % (V\g'%ltg fv%s@é’s&ﬂ &fﬂ@ﬁﬁﬁlﬁlﬁﬂeﬁcd%ct%r%@'cﬁ]%eaﬁldah% (W th ethane -
conver si on of 3 é 1" August 2003 WD 00/ 48971 PCT/ US00/ 04478 In a
second scrdeni @Yﬁmgmh@mqnﬁﬁdh%@%ﬁﬁ‘&P?defleaq*@ﬁé?‘ﬁli'“"éi 300 Cwith different
fl ow at es (ethane: nitrogen: oxygen of 0.42:0.23:0.061 sccm, ethane
conversion values for the-N NbCo oxide conpositions ranged from8.8"% (with
ethyl ene selectivity of . 81.9 % to 19.9 % (wth ethylene selectivity of
88.0 %, and ethylene selectivity 5 values ranged from77.6 % (w th ethane
conversion of 14.6 %9 to 88.0 % (with ethane conversion of 19.9 In a third
screening in the fixed bed parallel reactor at 300 'C wth different,

fl ow at es (et hane: nitrogen: oxygen of 0.42:0.082:0.022 scan), ethane
conversion values for the Ni NoCo oxide conpositions ranged from7.7 %
(with ethylene 10 selectivity of 89.4 % to 11.8 % (with ethylene :
selectivity of 93.2 9%, and ethyl ene - -electivity val ues ranged from 83 0
% (W th ethane conversion of 8.7 %9 to 92.9 % .

1t



(wth ethane conversion of 11.7 %. 2 _
PCT/ USO0/ 04478 Tabl e 15A: Catal yst conpositions (mole fracti
"m' (ng) used in parallel
RowCol 123-' 456 N 0. 85520. 79030. 72450. 6577. 0. 59000. 521- 2.

oxi de- cat al ysts and
reactor screen.

sanpl e nass,

C? 21 August 2003 WD 00/ 48971

At

1Nb0. 14220. 20%98%489300. 33970. 40750. 4762 Co0. 00250. 00250. 00CHEOsDD26H. 0026-
0. 0026 i n50. 549. 950. 949. 650. 449. 4 Ni 0. 85150. 78680. 72130. 65470. 58730 5189 .
2Nb0. 14160. 20620. 271810 33820. 40560. 4740

Co0. 00690. 0069
Ni 0. 84780. 7834
3NDbO0. 14100. 205
C00. 01120. 0113
Ni 0. 84410. 7790 a5 HHH0RER0RY RS

4Nb0. 14040. 20
Co0. 01550. 015
Ni 0. 84040. 776
SNb0. 13980. 20

-Co0. 0198-0-01

16. ODHE over
conpri sing va
guantities by
10 Exanpl e 1,

AD-26040 22520 __A0200._ARQ7

0. 00710Q. 0071 nb0. 450. 1 -50. 849. 849 4-49.1
fractlons) sample mass (mg) and

¢ o
%@%ﬁé %@@Sﬁ Wrggqsllnga NiTaCe, NiTaDy, NiNbTaCe, NiNbDy,
i 1t SABPO a 04):!5@3154@03@9\1 h
it Do o 1

L oLbEpd 1o Camposiion a1 1 Mess4ma) @gnw@sqmrewcmmq
- 15891 ' Tp ' ._45.6mg 10.3% '91.3%

P NigsEeam Canveld: 51.3mg 10.5% 93.2% K
5391801 Nenbuadyend 0205 .05 5400380 750085063 5 Exanpl e
3980 _ pNiosNimasTan. G0 @O ( 21 18 A®e] 651 30.8%t a] y 4. 0omPlosi ti ons

WAL N . ) priepdilen; iin IOk (|- AGw)
9L ni rﬂlom}!ﬁboqaﬂast ant | aI I v ddmdesicrilogd: 1 nf casnegtijon with
22 g ¢ HhingMwsSip n@/EIQT*Cr 142:8mA0 M 8.6%ue0lis o8igag K Jsol ut i on.

Tabl e 16A sumré?ﬁtﬂbéi;loﬁﬁ@whﬁmpmJ@Iabtamd%zhsrmrgu-;s of The varTous catal yst

COHDOSItIOﬂS

In an initial

screening (calcination at 300 'C, 8 hours,

screening in Tixed bathird gwnpbf esperivetst NiNtTh 0Ri@0catdlystd dria sfuewr at es of

et hane: ni t r ogeRmPYNGE W
conver si on values for t

St By e

as .descri bed),
Jid 0 yastopsplyaigalt r om 11. 7 %

et

hane

(with et hylendoses edaupus pmotntsthergoRgert srekfkdin e puialld) firtdpadeaRorsel eCti Vi ty

of 82.7 %,

15

20

25

30

angboet Dirh eBEn SRRl bYelY aeLHED . ¢ BN968

from
scem, as

Zojﬂows.%

W
]

th

catalyst composition, physical form, sample mass and resulting ethane conversion and

ethylene selectivity are summarized in Table 12C.

(#16116) Nip 43Nbg15Tag 150: Aqﬁequs solution of nickel nitrate (1.0M, 150.0

ml), niobium oxalate aqueous solution (0.62M in water with 0.21M oxalic acid,

73.0ml), and tantalum oxalate aqueous solution (0.51M in water with 0.67M oxalic

acid, 84.0ml), were mixed in a 1 L beaker. While the solution was vigorously stirred

by a mechanical stir, tétramethylammorﬁum hydroxide aqueous solution (1.28M,

390.0ml) was added quickly to give precipitation. Additional water (100m]) was

added and mixed with the resulting mixture. The mixture was transferred to

containers, which was centrifuged at 3000 rpm for 15 minutes. The solution was

decanted and solid materials were further dried at 60 °C under reduced pressure for §

hours. The resulting solid materials were calcined under an atmosphere of air at

2°C/min to 320°C and dwelled at 320 °C for 8 hours, and then cooled to 25 °C. Dark

gray solid NiNbTa oxide (15.9g) was obtained and 50.0 mg thereof was tested, as

formed in bulk, in the parallel fixed bed reactor for ethane oxidative dehydrogenation

under the aforementioned reaction conditions,

For comparison of the effect of physical form of the éatalyst, a portion of the

NiNbTa oxide bulk catatyst prepared as above was pressed and broken into small

pieces (but not ground) to fit into the reaction vessels of the parallel fixed bed reactor,

T



et hane conversion of 13.1 % to 83.8 % (wth ethane conversion of 17.7 9.
In a second screening in the fixed bed parallel reactor at 3%@‘%‘1@5’% ‘b?
different flowates (ethane:nitrogen: oxygen of 0.42:0.23; 0.1 ccr% )

et hane conversion values 20 - for the Ni NbCr oxide corrp05|t|ons ranged
from14.1 % (wvobuasssnyl ene selectivity of 80.5 % to 18.6 ;L%%@d&ohyl ene
selectivity of 86.7 %, and ethylene selectivity to 21 August

00/ 48971 PCT/US00/ 04478 val ues ranged from 78.8 % (wi th ethane conversion -
of 15.1 %9 to 87.0 % (wi th ethane conversion of 18.3 %. In a third
screening in t el Ty toedf pas ebtbd lin presed 2id badkesd @, o 1V dabhnidi £faheNt

flowates (eth t 0.42:0. 0.022 sccn), - ethane -
coﬁver5| on( ?ﬂ % i coxﬁéﬁ%&hﬁ&?ﬁgat&%‘ﬁgﬁﬁﬁﬁﬂﬁm?ﬁ SFHOMN 8.6 % .
(with ethyl enecorsleioestAddttﬁqnaW, 2B&th& p‘&ﬁ)nohlmf:b&bm%a(dmﬁelﬂulﬁtcgﬁéiy%[ﬁty ( dteﬁt I vi, ty
of 90.0 ¢ an I ect | val.ue rom o (‘W .

et hane C(ﬁlvers?sonrs%#’ (ggb%v% %8“55 Géﬁﬁ&]‘ge"&?fr’f‘(f"éﬁﬁeéﬁnof 10.9 .99 .
10 Tabl e 16A: Drgtsad ywiterowmwdfosn, in timmr(almlﬁeedtreaeéalcmﬁli‘ﬂreflim#ﬁldﬂbﬁhd \g_Oc(il de t
Cat al ysts and [ dinp e I xe ed reactor
scree% RowC Feh%a%géiﬁ% R‘ %e%tg%fo'%%ﬁ%’ﬁgﬁﬁ%%‘g%‘%gooo 5212 . L
1Nb0. 14220. 20720. 27300. 33970. 40750 4762 . : :

Cr 0. 00250. 0025020 PR8H . Rhgsied fGoR 60nplOHEE (mEend p8formance charactenst;cs of

Nig63MNbp 10Tag 130, catalysts (#16116). Test conditions: 300 *C with
10 ethanemitrogen:oxygen flow of 0.42:0.54:0.088 sccm.

Composition Form Mass (mg) Conversion Selectivity
- Nip.s3Nbg 16T a0.130x bulk 50.0 18.4 84.1
Nip.s3Nbg.19Tag.1204 P*, B* - 739 20.1 85.0
Nig 63Nbg.19Tag 150y P*, G* 68.0 19.1 84.6

P* = pressed; B* = broken (not ground); G* = ground.

15 Example 13. ODHE over NleSmX Oxide Catalyst, X = Cs, Mg, Ca, Sh, Bx, v,
Ti, Ta (#16298/16507).

Catalyst compositions comprising various NiNbSmX oxides, where X is Cs,
Mg, Ca, Sb, Bi, V, Ti or Ta were prepared in bulk (~ 20 g) quantmes by precxpxtatzon
substannally as described in connection with Example 1. Nickel nitrate (fNi]= 1.0

20 M), niobium oxalate ([Nb] = 0.569 M), samarium nitrate ([Sm] = 0.506 M), cesium
nitrate {{Cs] = 1.00 M), magnesium nitrate ((Mg] = 1.00 M), calcium nitrate ({Ca] =
1.00 M), antimony acetate ([Sb] = 0.234 M), bismuth citrate ([Bi] = 0.293 M),
vanadium oxalate ([V] = 1.00 M), titanium oxalate ({Ti] = 0.713 M), and tantalum
oxalate ([Ta]= 0.650 M) aqueous stock solutions were used. Table 13A summarizes
25 the composition and amounts of the various catalyst compositions.

In an initia] screening (calcination at 300 "C, 8 hours, screening in fixed bed
parallel reactor at 300 *C with flowrates of éthane:nitrogen:oxygen of 0.42:0.54:0.088 ‘
scemm, as described), ethane conversion (C) and ethylene selectivity (S) values for the
NiNbSmCs oxide compositions ranged from 16.3 % C, 78.5 % S to 19.2 % C, 84.9 %

30 S. Ethane convérsion values for the NiNbSmMg oxide compositions ranged from |
17.5 % (with ethylene selectivity of 83.1 %) to 19.4 % (with ethylene éelectivity of
84.8 %), and ethylene selectivity values rangéd from 83.1 % (with ethane conversion
0f 17.5 %) to 84.9 % (with ethane conversion of 18.7 %). Ethane conversion (C) and

ethylene selectivity {S) values for the NiNbSmCa oxide compositions ranged from

>



.50.049.849.750.049 4 0 0 . Ni0.85040.78580. 7203653958650 5182 . . .
2Nb0. 14140. 20600. 2714' 0. 33780. 40510 4734 Cr 0. 00810. 00820. 00%08 5%3%)0084.
0. 0084 nb0. 750. 650. 450. 750. 950 O . N 0.84570:78140.71620.6

5152 . "3Nb0. 14070. 20480. 26990. 33590. 40280 4706

Cr 0. 01370. 0138Q,Q4a34. 01400. 0141. 0. 0142 n50. 349. 550. 149, 7?&::‘}&9:044?3

18.2% C, 3.3 %S t0 20.0 % C, 84.5 % S. Ethane conversion (C) and ethylene
selectivity (8) values for the NiNbSmSb oxide compositions ranged from 16.3 % C,
803%St019.0%C, 86.{1 % S. Ethane conversion"-(C} and ethylene selectivity (S)
values for the NiNbSmBi oxide compositions ranged from 17.1 % C,79.4%S 10 19.5
5 %G, 84.6 % S. Ethane conversion values for the NINbSmV oxide comi)ositions
ranged from 13.8 % (with ethylene selectivity of 8@ 3 %) to 17.7 % (with ethylene
_ selectivity of 84.3 %), and ethylene selectivity values ranged from 79.9 % (wuh _
ethane conversion of 14.0 %) to 84.3 % (with ethane conversion of 17.7 %). Ethane '-
conversion (C) and ethylene selectivity (S) values for the NINbSmTi oxide |

10 compositions ranged from 17.6 % C, 82.8 % S to 19.1 % C, 84.9 % S. Ethane

~ - conversion values for the NiNbSmTa oxide compositions ranged from 17.3 % (with -
ethylene selectivity of 83.6 %) t0 20.2 % (\’fﬁth ethylene selectivity of 84.3 %), and
ethylene selectivity values ranged from 83.4 % (with ethane conversion of 17.8 %) to |
84.9 % (with ethane conversion of 18.2 %).

15 In a second screening in the fixed bed parallel reactor at 300 *C with different
flowrates (ethane:nitrogen:oxygen of 0.42:0.23:0.061 sccm), ethane conversion (9]
and ethylene selectivity (S) values for the NiNbSmCs oxide compositions ranged

from 17.0% C, 83.0 % S t0 19.8% C, 88.7 % S. Ethane conversion valucs for the
NiNbSmMg oxide compositions ranged from 16.0 % (with ethylene selectivity of

20 88.3 %) to 18.9 % (with ethylene selectivity of 88.2 %), and ethylene selectivity
values ranged from 86.4 % (with ethane conversion of 18.1 %) to 88.3 % (with ethane
conversion of 18.8 %). Ethane conversion values for the NiNbSmCa oxide
compositions ranged from 18.2 % (with ethylene selectivity of 86.3 %) to 19.8 %
(with ethylene selectivity of 87.6 %), and ethylene selectivity values ranged from 86.3

25 % (with ethane conversion of 18.2 %) to 87.8 % (with ethane conversion of 18.7 %).
Ethane conversion values for the NiNbSmSh .oxide compositions ranged from 17.0 %
{with éthylene selectivity of 84.2 %) to 19.5 % (with ethylene sel'ectivity of 89.3 %),

" and ethylene selectivity values ranged from 84.2 % (with ethane conversion of 17.0
%) to 89.5 % (with ethane conversion of 19.4 %). Ethane conversion values for the -

30 NiNbSmBi oxide compositions ranged from 17.1 % (with ethylene selectivity of 82.4

%) to 19.8 % (with ethylene selectivity of 87.7 %), and ethylene selectivity values
.ranged from 82.4 % (with ethane conversion of 17.1 %) to 88.7 % (with Aethane

conversion of 18.5 %). Ethane conversion values for the NINbSmV oxide

L



. N 0.84100. 77700. 71220. 64650. 57980 5122 .
4Nb0. 13990. 20370. 26840. 33390. 40050 4679 Cr0.01920..01930. 019%10 019@& g197
0. 0198 i'n50. 650. 049. 949.949.550 8 . N 0.83630.77270. 70820 ‘% 8

5093 5'0. 1391%88@%8 26690. 33210. 3982. 0.465 2
Cr 0. 02460. 0248 8. 02510. 02530. 0255 -mB0. 749. 950. 750. 550. E@U@Umﬂ‘lgl 21

August 2003 WO 00/ 48973 PCT/ US00/ 04478. Exanpl e 17. ODHE over N Nb&d /
Ni TaGd Oxi de Catalysts (#13899) Catal yst conpositions conprising various

Ni NoGd and Ni Ta des small (-10 quantl ties by
preci pitation s%g %05“ E@gcﬁ “ﬂgbctﬁﬂeneﬁe%ﬁé’%eﬂfﬁ)wq B-Béanpl e 1,
US: ng gadol i ni ufwith leﬂwhnge(ekﬁdt]y ogxs @%)MDCEQMEQM&IS&WFalﬁ@'rMIhge@ PromAf3% .
calcining to 3 mn-an g, at..320C for 8 hours in air.
The conpositi oﬁg (‘girtllgé%%ou GRVErSop of ﬂgb\fg"’}? 8%12 /&E’P e emErsien of bh8 %ar e shown
in Table 17A (BthidoGoijvemsivd vlats for the BiBETBiGK)de chingoMidb fadg4irslg 162041 ySt S
were screen bed actar. for oxjdative ethane
dehydr ogenat(:%ldo ltbg@ﬁlﬁhé(%g i © ??5V\n)%ﬁ%§§§ /Céﬁ' H’a‘?@l"rﬁ‘f’ﬁ"g%‘@%ﬂﬁ%% ) B

and ethylene selectivity values ranged from 86.3 %wath ethane conversion of 18.6

%) to 88.2 % (with ethane conversion of 19.1 %). Ethane conversion values forthe .

NiNbSmTa oxide composmons ranged from 18.1 % (with ethylene select1v1ty of 86.8

%) to 19.0 % (with ethylene selectivity of 87 7 %), and ethylene selectivity values

10 ranged from 86.1 % (with ethane conversion of 18.5 %) to 87.8 % (with ethane .

- conversion of 18.1 %).

s



of 0.42:0.54:0.088 sccm Ethane conversion values for the Ni NbGd oxi de

conpositions ranged from4.9 % (wth ethylene selectivity of
et hyl ene selectivity of 83.2 %,
(wth ethane conversion of 7.2 %9 to 83.9 %
15 The N TaGd oxi de catratrpstugiiner e
for ' :

et hane: ni trogen: oxygen of
Ni TaGd oxi de

20.3 %(with

val ues ranged from45.6 %
(Wi th ethane Wé#/éa%%i on of 17.6 % .
| i kewi se screened in the fixed bed parall el
dehydrogenation reactor (300 'C,

0.42:0.54:0.08

8 sccn).

fl owr at es of
Et-hane conversion val ues for the
conposi tions r dngelBArCaniBi CoBpdsition mat fiydtmnpoRENeSIK\DAiye Oftalpds, 4 %)

and et hyl ene

oxi dati ve et hane

2Rt os o

to

19.0 % (wi th ewhykehé SeMecCh\8h Bi, & TBer. Th, 84d, saapid n&héqyine[tﬁg)aebceiat ivity.

(wi th.ethane conversion_of

catal ysts wer ¢

et hane: ni troge
experiments,

25 1.05:1.35:0.

PCT/ US00/ 04478
oxi de cat al yst

“at

screen. RowCol
Ni 0. 8150. 820 '
Ni 0. 7400. 7450.

(ng) 52. 249. 846,

Gd0. 2370. 1590.

Ni 0. 6080. 6110.

val ues ranged p@allal Gimedticd7eadbof wirtdn. et hane conversion of 8.3 % to 84.9 %
16.2 9 Addi ti onal* screens of the N NbGd OXI de
eRévectiedCalt  di f flerept 2t enperdt ujes 4(25D" Cs 6- :
n: oxygen MNiow/ af.71234P 007430 [00088 5,00:11357an<d) 7180 | BEPAr pte
di fferend flomristels 02399 | G211t haormosoi | oaoes: [osyeen| f | ow of
221 scgn) Sfudal 0.0808 slo@and .| 80301, 210.¢39guS 10,020 ¥Erd10148971
Tabl e {174s _Chtadopst | oonpodi 002547 (0dae | oaab? dnelsast | Ni NoGd
s_and |sanpl e{ magst (Iga9.9s€d 498 par ableel | T sxgd [besh g €qct or
um123't. 486 Nd)74896( bNagy 104.7800 | WH248BE D A1) }46.7503
- 2Nb0.j0986. 18 Ha8. 08592400, 2I@Si d2082 50 08262 1 02042 |-
7492 3NYO. MR50] 10/RB5 25 10661 16688308 303960 ma™$3 | 0.0565
9 Ni 06734. 6500397900088 4Np.029302 0 2660} 34363 31d.0291
0800. 000 mmss| ( agkA9} 6hdig 949. 457. 8 497 49.9 50.4
6150. 61808822] 0.7464 | 0.7389 | 0.7315 | 0.7243 | 0.7172 | 0.7103
Nb 0.2146 | 0.2124.°] 0.2103 | 0.2082 | 0.2062 | 0.2042
3 Ca 0.0085 | 0.0185 | 0.0283 { 0.0379 | 0.0473 | 0.0565
Sm 0.0305 | 0.0302 | 0.0299 | 0.0296 | 0.0293 | 0.0291
m 49.3 50.2 50.7 49.9 49.2 50.1
Ni 0.7468 | 0.7392 | 0.7317 | 0.7244 | 0.7172 | 0.7102
Nb 0.2147 | 0.2125 | 0.2103 | 0.2082 | 02062 | 0.2041
4 Sm 0.0306 | 0.0302 )} 0.0299 | 0.0296 | 0.0293 | 0.0291
Sh 0.0079 | 0.0181 0.0280 | 0.0378 | 0.0473 | 0.0567
m 50.8 49.8 50.2 50.9 508 | 499
Ni 0.7464 | 0.7389 | 0.7315 | 0.7243 | 0.7172 | 0.7103
Nb 0.2146 | 02124 | 0.2103 | 0.2082 | 0.2062 | 0.2042
5 Sm 0.0305 | 0.0302 | 0.0299 | 0.0296 | 0.0293 | 0.0291
- Bi 0.0085 | 0.0185 | 0.0283 | 0.0379 | 0.0473 | 0.0565
m 50.9 50.6 50.2 49.4 493 49.9
Ni 0.7464 | 0.7389% | 0.7315 | 0.7243 | 0.7172 | 0.7103
Nb 0.2146 | 0.2124 | 0.2103 } 0.2082 | 0.2062 | 0.2042
6 " Sm 0.0305 } 0.0302 | 0.0299 | 0.0296 | 0.0293 | 0.0291
v 0.0085 | 0.0185 | 0.0283 | 0.0379 { 0.0473 | 0.0565
m 50.4 49.8 50.8 51.0 49.4 49.6
Ni 0.7401 | 0.7156 | 0.6926 | 0.6711 | 0.6508 | 0.6317
Nb 0.2128 | 0.2057 | 0.1991 | 0.1929 | 0.1871 | 0.1816
7 Ti 0.0168 | 0.0494 | 0.0800 | 0.1086 | 0.1355 | 0.1608
Sm 0.0303 | 0.0293 | 0.0283 | 0.0275 | 0.0266 | 0.0258
m 49.7 49.7 50.6 49.5 50.5 50.3
Ni 0.7389 | 0.7163 | 0.6950 | 0.6750 | 0.6561 | 0.6383
Nb 0.2124 | 0.2059 | 0.1998 | 0.1940 | 0.1886 | 0.1835
8 . Ta 0.0185 | 0.0485 | 0.0767 | 0.1033 | 0.1284 | 0.1521
Sm 0.0302 | 0.0293 | 0.0284 | 0.0276 { 0.0268 | 0.0261
m 49.4 49.5 49.9 50.4 50.7 50.0

Example 14. ODHE over NiNbCu Oxide Catalysts. (#16360/16511)
o



5Nb0. 0880. 1600. 2320. 3050. 378 CGd0. 3040. 2290. 1540. 0770. 000 mass

(rmg) 55. 254. 050. 549. 747. 0 Ni 0. 5490. 5520. 5550. 5580. 5610. 564 ¢

6Nb0. 0850. 1540. 2230. 2930. 3640. 436 CGd0. 3660. 2940. 2220. 1490. 0725]05%15 %98%3

(m 50. 750. 550. 751. 452. 945. 0 83 21 August 2003 W 00/49971 PCT/ US00/ 04478
Tabl e 17B. Cat slomussgpnpositions (nol-e fractions) of N TaGd, 90% g aI ysts
and ‘sanple mass (ngy) used in parallel fixed bed reactor screen =

123: 7456 Ni 0.879 Ta0.121 Gd0.000 Mass55.5 (m)kl. Ni 0.8000.793 2.

Ta0. 1160. 207 GdO. 0840. 000 Mass50. 951. 4 (I\/S) Ni-0. 7270. 7210. 715

3Ta0. 1110. 1990. 285 @il vk6efn &393&9% @dﬁ
Ni 0. 6600. 6550. G%gaﬁ 644 )ffTao l(}2%70 19 356§I %§§6‘(’(€%§16reﬁaf%‘bm000
Mass52. 753. 053 7169 ‘@HB%@YmmﬂmuMaMdescnbed in connection

5Ta0. 1030. 1840. ﬁﬂﬂmcaaﬂ,m 4 2888 §eeP=146
o e, 6 0 84 tHg%Géﬁe c?{ P %)%Zée%ugs%ck solution. Table
14 es € Composition and amounts of the various catalyst oomposnmns

5 In an initial screening (calcination at300°C, 8 hours, screening in fixed bed
parallel reactor at 300 °C with flowrates of ethane:} mu-ogen oxygen of 0.42:0. 54:0.088
scem, as described), ethane conversion (C) and ethylene selectivity (S) values for the
NiNbCu oxide compositions ranged from 7.2 % C,479%51t0169%C,79.7%S.

In a second screening in the fixed bed parallel reactor at 300 °C with different
10 flowrates (ethane:nitrogen:oxygen of 0.42:0.23:0.061 scem), ethane conversion values
" +- for the NiNbCu oxide compositions ranged from 7.4 % (with ethylene selectw:ty of
48.2 %) to 16.9 % (with ethylene selecnwty of 83.2 %), and ethylene selectivity
values ranged from 48.2 % (with ethane conversion of 7.4 %) to 83.6 % (with cthane
conversion of 16.2 %).
15 In a third screening in the fixed bed parallel reactor at 300 “C with different
flowrates (ethanernitrogcn'oxygen of 0.42:0.082:0.022 sccm), ethané conversion (C)

and ethylene selectivity (8) values for the NiNbCu 0x1de compositions ranged from
41%C,546%St0102%C,91.4%S.

1



Ni 0. 5400. 5360. 5320. 5280. 5250. 521 6Ta0. 0990. 1780. 2550. 3310. 4050. 479 d

- 0. 3600. 2860. 2130. 1410. 0700. 000 Mass49. 651. 851. 852. 855. 648. 6 éngé E@agpl e
18. ODHE over Ni NbBi and Ni TaBi Oxi de Catal ysts Catal yst conp@) fAPguSHDY
conprising various N NbBi and N TaBi oxides were prepared in small (-100
ng) quantitieswdyodesgci pitation substantially as descri be%é@gs‘i‘}%“
connecti-on with Exanple 1, using bisnuth citrate ([Bi} = 4zﬁ]ueous
stock solution. The conpositions and anounts of the various catalyst
conpositions are shown in Table 18A (N NbBi) and Table 18B (N TaBi). The
Ni NbBi  oxi de catabley8ASCaYsE cmibokitiads| Mok Gas d _parall el
reactor for oxisdaplhuﬁssetd?j;@%) hﬁf&faéé!lgﬂﬁieﬂ gg‘iﬁgfmﬂbéfgé de)&%hgf ates' of
21 August -2003 WO 00/ 48971 PCT/-US00/ 04478 et hane: nltrogen oxygen of .

0.42:0.54: 0. 088 _rewm| Etdlanke CPNVErshpHon va|3ues 105 uc NNpBr—exle :
conposi tions rianged firofg 13 ¢854 W 73:81Ny g@e tr-w eyt ‘6”._“ %) to
3'634& " gs eﬁ
9 O

19.8 % (with ethytene sgbeck byiiey | Q2084 |2 4|' vity.,
val ues ranged | from ¥2. 8y % | wobdd £toROS C@mrsh%od)f 084 9 %
(Wi th ethane conversifongpT | Sple’- P g LT Dhgial B h3) ST e .
subsequent |y rfecal CiiedNfO #F9s OL, 0788 T 55356 E P06 T whbi P9 hoo - C
for 8 hours), fandath¢n ggreepesio N oldags Rag 2§e o ¢ e of for
et hane dehydrqgenati on gpdgrgp 3%%55 ¢354ds9n gé i %
screen (300 ' G et hae Gy TTOGETE O ygﬁa fH-ayy ot { c
Et hane 10 conersTon|vauey §pls7t 75 70kl
9.9 % (with 4gthyiene eqt  yAbYy 3‘?20 (I:g
sel ectivity off 85.2 ¥, cand 0;6 y %'rb?ofelrdé A
(wi th ethane-gonversfom_of-t oh V505 uu{sﬁa vig... s i on of
13.3 1% .' Thg Tetattined —eatalyrs+SRer >c§¢-e4= LAY¥n |t he .
parall el fixed begd [5 Ilsleactéi 40dt g%ﬁ%’é %’{ISH olb et Osiﬁﬁ%enO(S:%@@ ' G
)
Dlahé

Ul

Vjé. i ohs4?4nded from

Qf[ obgiﬁl igi\;/pt h Oxl@lTlene

et hane: ni troggn: oxygen ow g Ol. 2685 4293333c r%?géit hgﬂ?%c nver si on
val ues_for the N NoBf—ox+de—taipost As—13hg oh OiLEh |et hyl ene
selectivity off—93—6 o 3050, 0294, L 80D de 5090 bepDRitly 88.793. 4 %,

and et hyl ene gelectiy
of 10.2°9% to|93.8 % (Mf{th ée g et K981 df 0-13366] 40000 THE7AI| TaBi
-oxi de cat al Y9 ts V\er B—} ;q,(C‘v‘. < il | F'_Qé(ﬁl / 0&294;,: nQ=9]20i5n IOHBOTI x8820¢ .
paral | el reactor—forloxPdativB8etlna3t dbndtd nderf80i oh #83ct/or5¢800 ' C
flowates of [et h6a nmogé}ﬁ%ﬁyg@-ﬁ"?& -§:7879 (. B#26. POST6Z 4n).50%T hane

conversion vallue? f ok 0.1390770.2024 | 0.2667 | 0.3319 | 0.3980 | 0.4650
Cu 0.0251 § 0.0252 | 0.0254 { 0.0256 | 0.0258 | 0.0260
m 50.0 50.4 50.6 49.8 49.9 50.4

Example 15: ODHE over NiNbCo Oxide Catalysts (#16365 / 16512)

Catalyst compositions comprising various NiNbCo oxides were prepared in
small (~ 100 mg) quantities by precipitation substantially as described in connection
10 with Example 1, using cobalt nitrate ([Co] = 1.00 M) aqueous stock solution. Table
15A summarizes the composition and amounts of the various catalyst compositions.
In an initial screenfng (calcination at 300 *C, 8 hours, screening in fixed bed
pgrallel reactor at 300 “C with flowrates of cthane:nitrogen:oxygeh of 0.42:0.54:0.088
scerm, as described), ethane conversion values for the NiNbCo oxide compositions
15 : ranged from 7.6 % (with ethylene selectivity of 80.7 %) to 20.6 % (with ethylene
selectivity of 85.9 %), and ethylene selectivity values ranged from 73.1 % (with

t_:thapc conversion of 14.2 %) to 85.9 % (with ethane conversion of 20.6 %).
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Ni TaBi oxi de conpositions ranged from13.6 % (with ethyl ene selectivity of
82.5 % to 19.1 % (with ethylene selectivity of 84.8 %, an&gt h‘%lﬁlﬁg
selectivity values ranged 25 from78.9 % (w th ethane conver )i TN
to 84.8 % (with ethane conversion of 19.1 % . The N TaBi catal ysts were
subsequent |y rwoabgismed to 400 'C (5 "Crain to 400 'C d"‘ﬁl.'nl at 400 'C
for 8 hours), and then screened in the parallel fixed bed r'ealy8Porsy :
et hane dehydrogenation under the sanme reaction conditions as the initial
screen (300 30 'C, ethane:nitrogen:oxygen flow of 0.42:0.54:0.088 sccrn).

Et hane conver si on vilaseeond sereenirigan e Tiaki bd&)@hdﬁel%h'&i&?&i3bb@@%vit?1%ﬁ9e?9tf rom9.4
% (W th ethyl eﬂgw§?é5§ ajngjng% %{_]o 77, 1f? tq.13.5 % (w th efhylene +
selectivity of 84.3 9%, an & WY e é‘?@@@i%ﬁt{y?c » hanAgenystsicdGameND .
00148971 PCT/ USadho% @Ova’ﬁaésnpodﬂg@daﬁgé@ﬁhﬁAt:s&A(( 'tﬂﬁc&tg%%&%%% ver si on
of 10.4 /a) togBsed1949% %th,%g@lgl%m cRoversi.on of 11.1-%. e recal ci ned

Ni TaBi catal ysts weére screene gaﬁ? FIVIRE %gr/‘éi"‘lﬂél“mﬂm%b_lmmy reactor at
different ffowaiesanged bem 77.8C0(WiG ettmhhanecmibg 69&%%?%@%;“ &@(Vetgéim |
0.42: 0. 081: 0. Ogrvasieids 198 Rane conversion (C) ,and ethyl ene ée ectivity (S)
val ues for the N TaBi oxi de conposi tions randed-from8.6 %, 87.8 %S to
11.0 % C, 93.6 % 302 thizdisersenimpin t@sfixad yat paedolreshdr kOB 'é:rmhﬁ]i{f&?,ﬁti ons) - of
Ni NbBi oxi de cadvahis ) | ) used in parallel fixed bed
reactor screen. ROWC% gl&?r@hl%%%gé&%m BF%%(??%@%SGUB\’ ShovromesEss. 9 (m) |

Ni 0. 8790. 810 2SS 1 515 NVBCapdoampositths Magsbfom 53.% (DdmMef 8670. 7960: 736
3N00. 1190, 167 0B84 eR594 43P 0 SRS AR5 50525 tytoe-

Ni 0. 8530. 7810. 7210.,

--selectivity values ranged from 83.0 % {with ethane conversion of 8.7 %) t0 92.9 %

(with ethane conversion of 11.7 %).
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4Nb0. 1250. 2050. 2730. 332 Bi 0. 0220. 0130. 0060. 000 nass56. 153. 654. 751. 4 (ng)
Ni 0. 8390. 7650. 7040. 6510. 606 5Nb0. 1300. 2140. 2840. 3430. 394 21 Aueust 2003

Bi . 0. 0310. 0210. 0130. 0060. 00. 0 nass49. 345. 553. 252. 046. 0 (ng) Ugus

Ni 0. 8240. 7480. 6850. 6320. 5870. 547 6Nb0. 1360. 2230. 2950. 3550. 4070. 453

Bi 0. 0400. 029. 0Y¥028#913120. 0060. 000 mass49. 751. 153. 947. 048. 24B-THSOMQB) 21
August 2003 WO 00/ 48971 PCT/ US0O0/ 04478 Tabl e 18B. Catal yst conpositions
(mol e fractions) of Ni TaBi oxide catal ysts and sanple nmass (ng) used in
paral l el fixed bed reactor screen. RowC | o 1123 .. 46 um N 0. 906

1Ta0. 094 Bi 0. 038blikas & atlist comppsitiony fmols fractivpyof NidiGo PEle cEalysto aaD) . 000 .mass
(ng) 46. 354. 6 NFARPiames, ‘g dmehesed orparsllaidned heggacy poreen.

Row Col 1 2 3 " 4 5 6

Ni 0.8552 | 0.7903 | 0.7245 | 0.6577 | 0.5900 | 0.5212
1 Nb | 0.1422 | 02072 | 0.2730 | 03397 | 0.4075 | 0.4762
Co 0.0025 [ 0.0025 | 0.0026 | 0.0026 | 0.0026 | 0.0026
m 50.5 49.9 509 | 496 504 45.4
. Ni 0.8515 | 0.7868 | 0.7213 3} 0.6547 | 0.5873 | 0.5189
2 Nb 0.1416 | 0.2062 | 02718 | 0.3382 { 0.4056 | 0.4740
Co 0.0069 { 0.0069 { 0.0070 | 0.0070 { 0.0071 | 0.0071
m 50.4 50.1 - 50.8 49.8 494 | 491
Ni 0.8478 | 0.7834 | 0.7181 | 0.6518 | 0.5847 | 0.5165
3 Nb 0.1410 | 0.2053 | 0.2706 | 0.3367 | 0.4038 | 0.4718
Co 0.0112 § 0.0113 | 0.0114 | 0.0115 | 0.0115 | 0.0116
m 50.9 50.0 50.0 50.5 49.3 49.6
Ni 0.8441 | 0.7799'| "0.7149 | 0.6489 | 0.5820 | 0.5142
4 Nb 0.1404 { 0.2044 | 0.2694 | 0.3352 | 0.4020 | 0.4697
Co 0.0155 | 0.0156 | 0.0157 | 0.0158 | 0.0160 | 0.0161
m 503 50.0 49.5 50.9 45.7 49.4
Ni 0.8404 | 0.7765 | 0.7118 | 0.6461 | 0.5795 | 0.5119
5 Nb 0.1398 | 0.2035 | 0.2682 | 03337 { 0.4002 | 0.4676
Co 0.0198 {0.0199 | 0.0201 | 0.0202 ] 0.0203 | 0.0205
m 453 508 | 499 50.7 50.4 50.3

Example 16. ODHE over NiNbCr Oxide Catalysts. (#16373/16513)

Catalyst compositions comprising various NiNbCr oxides were prepared in
bulk (~ 20 g) quantities by precipitation substantially as described in connection with
10  Example 1, using chromitim nitrate ([Cr] = 1.00 M) aqueous stock solution. Table
16A summarizes the composition and amounts of the various catalyst compositions.
_In an initial screening (calcination at 300 *C, 8 hours, screcﬁing in fixed bed
parallel reactor at 300 "C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088
scem, as described), ethane conversion values for the NiNbCr oxide compositions -
15 ranged from 11.7 % (with ethylene selectivity of 71.9 %) to 18.1 % (with ethylene
' selectivity of 82.7 %), and ethylene selectivity values ranged from 71.5 % (with -
ethane conversion of 13.1 %) to 83.8 % (with ethane conversion of 17.7 %).
In a second screening in the fixed bed parallel reactor at 300 *C with different
flowrates (ethane:nitrogen:oxygen of 0.42:'0.23:0.061 scemy}, ethane conversion values
20 - for the NiNbCr oxide compositions ranged from 14.1 % (with ethylene selectivity of

80.5 %) to 18.6 % (with ethylene selectivity of 86.7 %), and ethylene selectivity
©



Bi 0. 0230. 0110. 000 nmass ( 48 ) nm. 253.8:55.8 Ni 0.8590.801 '..0.7510.706
4Ta0. 1050. 1760. 2390. 294 Bi 0. 0360. 0220. 0100. 000 mass kn)54.51§pA%§%ﬁ£59.9 N
0. 8410. 7830.-7310. 6870. 647 5Ta0. 1090. 1830. 2470. 3030. 353

Bi 0. 0490. 0340. 0210. 0100. 000 mass (ng) 51.9154. 250. 054. 051. 1

Ni 0. 8220. 7620.Wa ¢@i88%50. 6260. 591 6Ta0.1140.1900.2560.31403%%T8§499.64

Bi 0. 0640. 0480. 0330. 0210. 0100. 000 mass (ng) 52. 548. 651. 548. 65T. Wpﬁﬂﬁxaane
19. ODHE over Ni NbSb / N TaSb Oxide Catal ysts. Catal yst conpositions

conprising various N NoSb and N TaSb oxi des were prepared in small (-100
nnecti on

ng) quantiti esviiyespanzed fotdBi80n (SbahAR b dry, SG L go in. c
w th Exanpl e 1c0n\5§xjsf39 gpﬂg}gny acetate ([ Sb] %naoglggﬁmpg (¥ithetdagck 10
sol ution. The conposi £1 oHs%4nd anounts of the various catal yst o

conposi tions: are - Islhdhind screefapinahd Hidd b : 19B..(Ni Tash). The
Ni NbSb oxi de Cﬁ'%@'a?é?éeﬁiawéﬁr initiall scrg%%adr%%gﬁ%ggé ?:x‘g%' fiferear al 1 el
react or forbom 1at %ehteflﬁ' 83‘?5‘%@1‘?”(?5@&&{@%:%223@@);6@%d:dn_véréicniwr ates of
et hane: ni t r bgeYelugg NiNbOr d2dOcdntpo gt'ggﬁa'% ANe. ersion (C) and .
ethyl ene 15 segeggﬁ'-wo&)é 6%9/31 65 r the i'ﬁﬁg‘}?@i letﬁ(egtg sitions ranged
from 14.8 % C, 67.‘2 Iesory 19 g of%ith edylonegglativinhef RGONG)Sdetylny ST S Wer e

screened agai recleptivityeralvay mhgedlfrotr 35e0%0RL BRRE Dhvdlion SHisfd €1 et f).owr at es
X %V%onﬁgft(%ftﬁgﬁjg? 21 August

screen (300 ' Gy . nitr.ogen: en flow of 1.04:1.

2003 WO 00/ 483%6%%%%2%9@0 éfr) Et hane conversion values for the.

Ni NoSb oxi de con&ositions ranged from 11.8 % (wth ethylene selectivity of
81.1 99 t 0!8 Tl 0h; Entalystivginporttione(msté indéda) SN 8l c.ADS, SLNY! ene

sel ectivity va&Puels magn el (hgawsed in parallel Fxedbéd YRt aRgencoONVer si on

Row Col 1 2 .- 3 4 5 6
Ni [ 08552 |-07903 | 07245 | 06577 | 03
1 Nb | 0.1422 | 02072 | 02730 | 0.3397 0.43(7]2 3'2%
Cr_ | 0.0025 | 00025 | 0.0026 | 00026 | 0.0026 | 0.000¢
o O5805.34 500 | 498 | 497 | 500 | 404
; . 0.7858 | 0.7203 | 0.6539 1 0.3 x
2 No | 01414 | 02060 | 0.2714 | 03378 | 0200 | bo?
Cr__| 0.0081 | 0.0082 | 0.0022 | 0.0083 | 0.0084 | 00084
m 507 | 506 | s04 | 507 ] 509 | o0
Ni [ 08457 | 0.7814 | 0.7162 | 0.6502 | 0.5832 | 05153
3 Nb | 0.1407 | 02048 | 02699 | 03359 | 0.4028 | 0.4706
Cr | 00137 | 0.0138 | 00139 | 0.0140 | 0.0141 | 00147
m 503 | 495 | 500 | 497 | 504 | s04
Ni [ 08410 [ 0.7770 | 07122 | 0.6465 | 0.5798 | 05133
4 Nb | 01399 | 02037 | 02684 | 03339 | 04005 | 0.4670
Cr__| 00192 | 00193 | 0.0194 | 0019 | 00197 | 00198
m 506 | 500 | 499 | 499 | 495 | so%
Ni | 08363 | 0.7727 | 0.7082 | 0.6428 | 05765 | 05093
5 Nb | 01391 | 02025 | 02669 | 03321 | 0.3982 | 04652
Cr_ | 0.0246 | 0.0248 | 0.0249 | 0.0251 | 0.0253 | 0.0255
m 50.7 | 499 | 507 | 505 | s02 | 493

15
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of 1.2.6 %9 to 84.6 % (wth ethane conversion of 12.7 % . The N TaSb oxi de
catalysts were likewise initially screened in the. fixed bed2 Far aééogé
react or ,for oxidative ethane dehydrogenati onreactor (300 'C, R of

et hane: ni t rogen: oxygen of 0.42:0.54:0.088 seem . Ethane conversion val ues
for the' N Tw®womssrde conpositions ranged from 14.5 % (w kdur/esonydsemne
selectivity of 72.2 %9 10 to-18.7 % (with ethylene selectivity of 82.1 %,
and et hyl ene selectivity values ranged from72.2 % (with ethane conversion
of 14.5 % to 83.5 % (with ethane conversion of 18.4 % . The N TaSb

cat al yst s wer ExaopldiTc @DIJE ioveri MINDIGE / DET aGd OlxideiCaedyskxa13898ct or at
different fl.owates screen (300 'C, ethane:nitrogen: oxygen. flow of-
|.04:1.34:0.22 sebaylysteompenitions perenrisingryayeys NeNbGdbmd NiEa(d s werd de -
conposi tions’ ranged: 1tho O\ = byl e ol L Vity:.0f:69:5 % to
14.2 % (with &thy ehries'}.rgg(eg%o?%gﬁ?;;{%é%%%é%&gﬁg&% ﬁ‘??f éesnde‘?g‘ésﬁé’fg‘]ie‘é‘t_ ivity .
val ues randed cprusgii@ovith Examplet I uenggadeliniern pistetsi (K] 511 .00 M) @uegussiocig3. 1 % -
(with ethane j : : 1A : o 1 :
bCT] Usa0/ 04478 AT & 4 Biing s 2o Bt St aiBTbnapIE CRARING | s
oxi de cat al ystag. dafte cospessions sralsenofintg pf the eatiouncabdlysa¢dnglosifibnsege thedmireact or -

e L2 R ghgf gl gt d 00, o o1 6 00570 0o
0.74-4 3 Nb 0. 119The N GY oxBi§ catalysts were screened in the fixed bed paraliel reactor for .
10 oxidative ethane dehydrogenation at 300 “C with flowrates of ethane:nitrogen:oxygen
of 0.42:0.54:0.088 sccm, Ethane conversion values for the NiNbGd oxide
 compositions ranged from 4.9 % (with ethylene selectivity of 48.2 %) to 20.3 % (with
ethylene selectivity of 83.2 %), and eﬂlylcr‘l-ci'séiectiviry values ranged from 45.6 %
(with ethane conversion of 7.2 %) to 83.9 % (with ethane conversion of 17.6 %).
15 The NiTaGd oxide catalysts were likewise screened in the fixed bed parallel
for oxidative ethane dehydrogenation reactor (300 *C; flowrates of
ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm). Ethane conversion values for the
NiTaGd oxide compositions ranged from 8.0 % (with ethylene selectivity of 53.4 %)
to 19.0 % (with ethylene selectivity of 84.7 %), and ethyléne selectivity values rériged
20 from 51.7 % {with ethane conversion of 8.3 %) to 84.9 % (with ethané conversion of
16.2 %).
Additional screens of the NiNbGd oxide catalysts were effected at different
temperatures (250°C; ethane:nitrogen:oxygen flow of 0.42:0.54:0.088 sccm) and, in
separate experiments, at different flowrates (300 "C; ethane:nitrogen:oxygen flow of
25 1.05:1.35:0.22 scem) (data nat shown).
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Sb 0.014 0.006 0.000 Mass 46.1 44.5 1.3 (m} N 0.854 0.786 O. 728 0. 678
4 Nb 0.125 0.201 0.266 0.322 Sb 0.021 0.013 0.0Q06 0.000 Nhgﬁ %Kgg

46.1 48:3 m) N 0.840 0.771 0.712 0.661 0.617 5 Nb 0.130 D 8% 6
0.333 0.383 Sb 0.029 0.020 0.012 0.006 0.000 Mass 52.7 48.9 52.9 48.0
50.9 -(m) N VO¥#7 754 0.694 0.643 0.599 0.56 6 No 0. IBGAFKLIS0. 287
0.345 0.396 0.44 Sb 0.039 0.028 0.019 0.012 0.006 0.00 Mass 49.7 45.9 46.6
47.3 51.4 54.8 (m) 23 45 6

Table 17A. Catalyst compositions (mole fractions) of NiNbGd oxide catalysts and
sample mass (mg) used in paralle] fixed bed reactor screen.

Row | Column | 1 2 3 4 5 6
Ni 0.896
1 Nb 0.104
Gd 0.000

mass {mg)| 47.3
Ni 0.815 | 0.820
2 Nb 0.099 0.180
Gd 0.086 0.000.
mass (mg)] 50.8 547 R
. Ni 0.740 0.745 { 0.749
3 Nb 0.095 0.173 0.251
Gd 0.164 0.083 0.000
mass (mg)] 52.2 49.8 46.9
Ni 0.67] 0.675 °| 0.679 0.683
4 - Nb 0.092 0.166 0.241 0.317
Gd 0.237 0.159 0.080 | 0.000
‘{mass (mg)] 49.6 54.9 49.7 52.8
Ni 0.608 0.611 0.615 0.613 0.622
5 Nb 0.088 0.160 0232 | 0.305 0.378
Gd 0.304 0.229 0.154 0.077 0.000
mass (mg){ 55.2 54.0 50.5 49.7 47.0
Ni 0.549 0.552 0.555 0.558 0.561- | 0.564
6 Nb 0.085 0.154 0.223 0.293 0.364 0.436°
Gd 0.366 0.294 0222 0.149 0.075 0.000
mass (mg)l 50.7 50.5 50.7 51.4 52.9 45,0

“taal
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0 00 21 August 2003 WD 00/48971 PCT/ CTS00104478 Tabl e 19B. Cat al yst

L . : . I os
conpositions (nole fractions) of N TaSb oxide catal ysts_and &0
(ngn? used in g)ar allel fixed bed reactor screen. RowCol unanS%é%mﬁt& @9

- ' 60. 000
1Ta0. 121 ShO. 51.8 (ng)l;L N 0.8680.788 2Ta0.1260. 212 Sh0. 00
NhssSO.S.52.2q?gg&%5|0.8550.7740.707-3Ta0.1310.2200.293 ShFCHAISE/3980. 000

MassS50. 052. 452. 0 (Mg) Ni 0. 8420. 7590..6910. 634 4Ta0. 1370. 2280. 3030. 366

Sb0. 0210. 0130. 0060. 000 Massb51. 451. 150.250.4 (m) ‘

Ni 0. 8280. 7430. ﬁ%@?ﬁ.légta@g%omposiﬁons (mole fractions) of NiTaGd oxide catalysts and
sample mass (mg) used in parallel fixed bed reactor screen, ’

Row | Column | - 1 2 3 204 5 6
Ni 0.879
1 Ta | 0.12i
Gd 0.000
Mass 55.5
(mg) 25
Ni 0.800 | 0.793
2 .Ta 0.116 0.207

Gd 0.084 0.000
Mass 50.9 51.4

{mg)
Ni 0.727 | 0.721 0.715
3 Ta 0.111 | 0.199 | 0.285

Gd 0.162 0.080 | 0.000
Mass 559 513 46.7

(mg)
Ni 0.660 | 0.655 | 0.649 | 0.644
4 Ta 0.107 | 0.191 | 0274 | 0356

Gd 0.233 0.154 0.076 | -0.000
Mass 52.7 53.0 53.6 517

(mg) :
Ni 0.598 | 0.593° | 0.589 | 0.584 | 0580
5 Ta 0.103 | 0.184 | 0264 | 0343 | 0.420

Gd 0.299 0.222 0.147 0.073 0.000
Mass 55.1 47.5 54.6 50.8 45.5

(mg)
Ni 0.540 | 0536 | 0532 | 0528 | 0525 | 0.521
6 Ta 0.099 | 0.178 { 0.255 | 0.331 0.405 | 0.479

Gd. | 0360 | 0286 | 0213 | 0.141 | 0070 | 0.000
Mass 49.6 51.8 51.8 52.8 55.6 48.6
(mg)

Example 18. ODHE over NiNbBi and NiTaBi Oxide Catalysts

Catalyst compositions comprising vafious NiNbBi and NiTaBi oxides were
prepared in small (~100 mg) quantities by precipitation substantially as described in
10 connection with Example 1, using bismuth citrate ([Bi} = 0.293 M) aqueous stock
solution. The compositions and amounts of the various catalyst compositions are
shown in Table 18A (NiNbBi) and Table 188 {NiTaBi). .
The NiNbBi oxide catalysts were initially screened in the fixed bed parallel

reactor for oxidative ethane dehydrogenation at 300 *C with flowrates of

13



. 1430. 2370. 3140. 3780. 431 Sb0. 0290. 0200. 0120. 0050. 000

%2251. 752.250. 352.151. 8 (m) N 0.8120. 7260. 6560. 5980. 5500. S%Ab%ﬁt 2003
6Ta0. 1490. 2470. 3260. 3910. 4450. 491 Sh0. 0380. 0270. 0180. 0110. 00 Do
Mass50. 050. 350. 551. 651. 550. 3 (ng) 5 Exanple 20. ODHE over N NbSn Tasn
Oxi de Cat al yst ¥O048BUE67/ 416469) Catal yst conpositions conp&,g_&({ag“\;@b
Ni NoSn and N TaSn oxi des were prepared in small (-100 nm) quan}ll Elxes lg 1.

recipitation substantially as described in 10 connection wt anple 1,
Esi ng tin acetate ([Sn] = 0,249 M aqueous stock solution. The corrlpos%kons
and anounts of FPAECHHPEBRXYEROANFE0.5¢:0080 sictr. ErttnedoverSBOVuds Tor kD! €

i aiNeRE | 1 Oxi.de cat al st_s_vverei;niti'al_ly
Screenct i the Trpas benperah ohel R bl ket End sl irmana2o % ’
dehydr ogenat i orf°d¢-8 Jovithetiygenpselactiviryaf 84.2 85), acdle tm;nawmtfnﬁoe@ges\ggﬁgﬁ/e 489
conver st on val o Tar i CREIBXNARR o1 o5 b Y iy rvemenar 1 o6
((:\(/)vin;/ﬁr‘zlt ﬁ;l \ésﬁeu]?;?éﬁti vity of 82.0 %9 to 19.4 % (w ]E h et hgl gnoe/0 ?\?v: teﬁtl vity
Ot hane canver o o pPICARBELAURLER L A0S AR drinp 510

0 : : T 9T
oe/; .haﬁecﬁnn Klgrsfml“ggf%dy@{l 2t 40)8r ¢ fos Shewnle andethyeri Sftrrd_enedih&le@;_afag%]]fﬁlgd E’fd; id gendf .
reactor at dif freiconfor bW RheS AR A0 sarfs SLARDSAL LY 00BN gxygen 11
of 1.04:1.34:0.22- §cc,a1.: Et'hane conversion valués _ A o
conpositions r ARG Greth: fm%ewwgereﬁmo@z?z:&a:aoss .‘i{:bﬂh)( Eg{eangel- ect/(i) vity
vai Ues. tanged (om B0 s NNGETbudéednrbboth el sgmbs B0E 58 o' vy
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\(/\?v! 'tj ﬁs e'[ ﬁgﬁgdc‘%h&g]?%ﬁelfﬁﬁ‘é%’ °f§5.-@‘_’/%q Iﬂln%:éwith Fthitleseselpetiyi 'tytdﬂSS.Bll%\j]l,?iﬁlg w(r: g'{ 2!syst S
vere screened iethylefieselRaiivady Vel haged £ 06 F 4 6%%{;&&&%}3 ﬁgr'efc%%gl%%% 2 %90t o
screen (300 'C, tD)'l ne: ni trogen: oxy enuﬂpwo 047072170 < f'rom
Et hane conversfgg'ﬁ ?/‘S'T‘{?}é’ PDINYIENE NESA %xi de conposi Bl ons 15 rﬁnlggne
8.4 % (W th ethyl enfheselaRfel Nibﬁ)\Bli %%%g?gf{%ﬁ%&é%&g i{fggevgé?ﬂalgftaceﬁ beN® o |
S K , |
?\(/am! te ﬁt | \élt Lglﬁce)f 5‘%%@?53? g/?f%ﬁ?lgéj"“g;@ysgﬁﬁt 600 C:stipnémitiopenaixpgamelonostv er sion of
10.0 %9 . In a DABH0BI:0.022R6m). ElbndNohRerfor AL Yot e MRES; SSIEENEIsilimnst " |

; € composifions
paral T el 11 xed e from 9.5 % (with ethylene selectivity 0£93.0 %) to 10.9 % (with ethylene

%

selectivity of 93.4 %), and ethylene selectivity values ranged from 89.8 % (with -
ethane conversion of 10.2 %) to 93.8 % (with ethane conversion of 10.6 %).
20 The NiTaBi oxide catalysts were likewise initially screened in the fixed bed
paraliel reactor for oxidative ethane dehydrogenation reactor (300 *C; flowrates of
ethane:nitrogen:oxygen of 0.42:0.54:0.088 scem). Ethane conversion values for the
NiTaBi oxide compositions ranged from 13.6 % (with ethylene selectivity of 82.5 %)
to 19.1 % (with ethylene selectivity of 84.8 %), and ethylene selectivity values ranged
25 from 78.9 % (with ethane conversion of 13.7 %} to 84.8 % (with ethane conversion of
19.1 %). S o
The NiTaBi catalysts were subsequéntly recalcined to 400 "C (5 “C/min to 400 ;
°C; dwell -at 400 "C for 8 hours), and then screened in the parallel fixed bed reactor for
ethane dehydrogenation under the same reaction conditions as the initial screen (300 -
30 °C; ethane:nitrogen:oxygen flow of 0.42:0.54:0.088 sccmy). Ethane conversion values
for the NiTaBi oxide compositions ranged from 9.4 % (with ethylene selectivity of

77.1 %) to 13.5 % (with ethylene selectivfty of 84.3 %), and ethylene selectivity

&S




bed reactor at different flowates screen (300 'C, ethane:nitrogen: oxygen
flow of 20 0.42:0.082:0.022 sccn). Ethane conversion- (C) and,g Bé“ﬁ
selectivity (S) values for the N NbSn oxi de conposi tions range rom 8.7 %
C, 89.8 %S towtajoﬁgﬁoc 93.8 % S. The N TaSn oxi de catalysts were |ikew se
initially screened’in the fixed bed 'parallel for oxidative T 04478
dehydrogenation reactor (300 'C, flowates of 25 ethane: nitrogen: oxygen of"
0.42:0.54:0.088 sccn). Ethane conversi on values for the N TaSn oxide

20,5 96 (wi 1h ot IrEras ety et 08 R LR IS divathnne ) 1

val ues ranged donmnlﬁmfﬂl%%mth et hane conversion of 18.3 % to 85.7 %

(wi th et hane conver 9 The N TaSn cat st e r eened
aga| nin the parall ghg#&fé}e'ﬁedé@gz?le/gg% yoSt(r% VAt e f'?ds %‘%{R;F‘i@ﬁﬁ eélé’teéen (300
' C, ethane: ni t rreagém atodifferent fovoatesstredn (G40 lc%aﬁeﬁﬂogamykenﬁ\haﬂe ‘conver si-on

val ues for the T@&q -Posh om 9 hyl ene
sel ectivity of dgg % toqg:fﬁo%ﬂ gctﬁlé‘%@%@aﬁgﬂ%ﬁ%ﬁ% tﬁ@ﬁ”/(égﬁﬁ}"?f 9(78 %,

and et hyl ene sdheliiliaBi exjdecampesitiona rapget fror0 B1688.C/ 878 (4B td1 RO PREOR@RVer si on’
of In a third.gscreen, the Ni TaSn catalysts wWErg screened in the parallel

fixed bed reactor at a different tenperature and at different flow ates
screen (275 '.C, 5 ethane: n|trogen oxygen flow of 1.04:0.21:0.-055 sccm.

Et hane conver siQge\{gah Uesaf .Itl ns ran from'6 9
40wt ethy}enesbeets dd et A T i AP ARRIS, o0
of 93.6 %, andehy ene ect V|ty values rag%’from913%(wth

et hane convers of ’Co(qnfui" t? % 12%( 't etyh coversion—oe—7.7 %

£ 4n Inloulaf\ 10291 ‘--Iglégt 2003 WO
I

10.1 % to 94. Wt hae, er-stontof—16-{0—+a)—11+6-2+-Pugs
00/ 48971 PCT/U:OO/ 04478, ;labl ey | Catalyst- corpositipns (no|e. fractions)
?g' 002 l el fijxed bed

of Ni NoSn oxi de cat aliys an pl e mags (ng)| used {n para

reactor screenj C RVVIMaSS 530
. {(mg)
Ni 0.879 0.810
2 Nb 0.115 0.190

Bi 0.007 0.000
Mass 50.7 334

(mg)
Ni 0.867 0.796 0.736
3 Nb 0.119 0.197 0.264

Bi 0.014 0.006 0.000
mass 53.0 49.2 52.9

(mg)
Ni 0.853 0.781 0.721 0.668
4 Nb 0.125 0.205 0.273 0332

Bi 0.022 0.013 0.006 0.000
mass 56.1 53.6 54.7 514

(mg)

Ni 0839 | 0765 | 0.704 | 0.651 | 0.606
5 Nb 0.130 | 0214 | 0284 | 0343 | 0.394

Bi., { 0031 | 0021 | 0.013 | 0.006 | 0.000

mass 49.3 455 53.2 52.0 46.0

(mg)

Ni 0824 | 0748 | 0.685 | 0.632 | 0.587 | 0.547
6 Nb 0.136 | 0.223 | 0.295 | 0355 | 0407 | 0.453

Bi 0.040 1| 0.029. 1 0.020 0.012 0.006 0.000
mass 49.7 511 53.9 47.0 48.2 46.9

o



n o 123_14 15 um Ni 0. 898 | Nb0. 102 Sn0. 000 Mass 47.0tJ LIN) N O .8850. 823e.

2Nb0. 1060. 177 Sn0. 0090. 000 Mass 53.6 {50.4 An) N 0.8710.80791§§§mtﬂm3
3Nb0. 1100. 1840. 247 Sn0. 0190. 009A. 000 Mass 48.3 147.0 155'088n3090 100 hos
Ni 0. 8560. 7910. 7350. 687 4Nb0. 1150. 1910. 2560. 313 Sn0. 0300. 0180. .

52.054. 152, 75WEP04#y1 Ni 0. 8390, 7730. 7170. 6680. 626 PCT/US00/04478

SNh0. 1190. 1980. 2650. 3230. 374 Sn. 0410, 0290. 0180 0080. 000 Mass
49.252.148.051.547.8 (rn ) Ni0.8210.7540. 6970. 6480. 6 660.5

Table 18B. Catalyst compositions (mole fractions) of NiTaBi oxide catalysts and
sample mass (mg) used in parallel fixed bed reactor screen.

1

Row' | Column | = 1 2 3 4 5 6.
Ni 0.906
1 Ta 0.094
Bi 1 0.000 :
mass {mg) 55.3 i
Ni 0.891 0.835 3
2 Ta 0.098 0.165
.Bi 0.011 0.000.
mass (mg) 46.3 54.6
Ni 0.876 0.819 0.769
3 Ta 0.101 0.170 0.231
Bi 0.023 0.011 0.000
mass (mg) 48.2 53.8. 55.8
Ni 0.859 0.801" "] - 0.751 0.706
4 Ta 0.105 0.176 0.239 0.294
Bi 0.036 0.022 0.010 0.000
mass (mg) 54.5 50.7 52.6 50,9
Ni 0.841 0.783 0.731 0.687 | 0.647
5 Ta 0.105 0.183 0.247 0.303 | 0353
Bi 0.049 0.034 0.021 0.010 | 0.000
mass (mg) 51.9 54.2 50.0 54.0. 51.1
Ni 0.822 0.762 0.711 0.665 | 0.626 | 0.591
6 Ta 0.114 0.190 0.256 0314 | 0.364 0409 .
Bi 0.064 0.048 0.033 0.021 | 0.010 0.000
mass (mg) 52.5 48.6 51.5 48.6 51.0 50.7

Example 19. ODHE over NiNbSh / NiTaSb Oxide Catalysts.
Catalyst compositions comprising various NiNbSb and NiTaSh oxides were

prepared in small (~100 mg) quantities by Pprecipitation substantial-ly as described in
connection with Example 1, using antimony acetate ([Sb] = 0.234 M) aqueous stock

10 solution. The compositions and amounts of the various catalyst compositions. are
shown in Table 19A (NiNbSb) and Table 19B (NiTaSb).

The NiNbSb oxide catalysts were initially screened in the fixed bed parallel
reactor for oxidative ethane dchydrogenatioﬁ at 300 "C with flowrates of
ethane:nitrogen:oxygen of 0.42:0.54:0.088 scom. Ethane conversion (C) and ethylene

15 scicctivity (S) values for the NiNbSb oxide compositions ranged from 14.8 % C, 67.6
%S810209%C, 84.4% 8.
The NiNbSb catalysts were screened -again in the parallel fixed bed reactor at

different flowrates screen (300 °C; ethane:nitrogen:oxygen flow of 1.04:1.34:0.22
'1 ' -



6Nb0. 1250. 2060. 2750. 3350. 3860. 431 Sn0. 0540. 0400. 0280. 0170. 0080. 000 5Mass
54.550. 246. 4-51. 953. 247. 8 (ng) R3-21 August 2003 WD 00/ 48971, ggé&g SOf);04478
Tabl e 20B. Catal yst conpositions (nole fractions) of N TaSn oxi catal ysts
and sanple mssq&é”&i used in parallel fixed bed reactor screen. RowCol um-
123456 Ni 0. 885VQ%48°7115 sSn0. 000 Mass52.6 (mg) $171 Ni 0. 8720. BORUS0/0478
2Ta0.1190. 198 Sn0. 0090. 000 nmass52.353.1 (ng) Ni 0.8570. 7870. 727

3Ta0. 1240. 2050. 273 Sn0. 0190. 009' ,. 0. 000 nass54. 154.549.0 (ng) "

Ni 0. 8420. 7700. 710 1%?8 4Ta0. 1290; 2120. 2820. 342 Sn0. 0290. 0180. 0080. 000
mass53. 051. 753°9: CpRYGporsYltss fas Sy dED e3ide coampsitions ranged from

5Ta0. 1340. 2200128 wcvam)wﬁ saaawﬁlgl 363 p?@@ 6@%3;?09@@09%28 selegfivity of

mass52. 753. 7508%@ 7@%% i‘%g) Ni 0, 8070. 73 !
6Ta0. 1400 2390 2/@ VYEPE 8¢ gfcéxzpty values ranged from 77.0 % (with ethane conversmn _
0f 12.6 %) to 84.6 % (with ethane conversion of 12.7 %).
5 The NiTaSb oxide cata]ysts were likewise mmally screened in the fixed bed
' parallel reactor for oxidative ethane dehydrogenahén reactor (300 “C; flowrates of
ethane:nitrogen:oxygen of 0.42:0.54:0.088 scemy). Ethane conversion values for the
NiTaSb oxide compositions ranged from 14.5 % (with ethylene selectivity of 72.2 %) |
to 18.7 % (with ethylene selectivity of 82.1 %), and ethylene selectivity valﬁes ranged
10 from 72.2 % (with ethane conversion of 14.5 %) to 83.5 % (with ethane conversion of
T .. 18.4%).
The NiTaSh éata]ysts were scrcehe‘d again in the parallel fixed bed reactor at
different flowrates screen (300 *C; ethane:nitrogen:oxygen flow of 1.04:1.34:0.22
scem). Ethane conversion values for the NiTaSh oxide compositions ranged from 10.0
15 % (with cthylene selectivity of 69.5 %) to 14.2 % (with ethylene selectivity of 80,2
%), and ethylene selectivity values ranged from 69.5 % (with ethane conversion of

10.0 %) to 83.1 % (with ethane conversion of 13.4 %).
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Sn0. 0530. 0390. 027. 0. 0160. 0080. 000 mass52. 050. 4-52. 750. 953.051.8 (m) 5
Exanpl e 21. ODHE over- Ni TaCe / NINboCe | N NbTaCe Oxide Cat al Yhs Stéd:é%23141
#11169 | #12080 / #123801 #11285). N TaCe catal yst conpositions %\l/]e e
prepared in b @Mﬂ)r ecipitation 10 substantially as described in
connection wt anple 1, using ceriumnitrate ([Ce] = 1rX00Uk§onags eous
stock solution, and calcining by heating to 350 "C at 2'Cmn and -
mai ntaining at 350 'C for 8 hours in air. The conpositions and anounts of’
the various NBRG8ACRbAlYomBOIRAS! 519%@ oS, of Ny gl A o2 11

Ni TaCe oxi de Gahalk sk e Pxisscaiplyes andeact or f or
15 oxi dative et hg[ne dszcﬁ})%roge f?im(%ﬁ afl%g E)"a"“(’fwef*h f1 ow at es of

et hane: ni t r ogENREXYIGTB; 21 Agou 2663--WD-00148971 5._PCT/ US0Q/ 04478 of
0.42:0.54:0.0 ““?f& %;dc 2 onfvabued tdsthe ST 6oxilde
conposi tions (w th ethyl ene|selectlivity ¢f 59.4 % to.
18.1 % (with ec(;dowty of 84. , and fet hyl ene sel gctivity

a
val ues ranged from\ riet-hane—convedsiondf 2 8 ¥ to §5.4 %
(wi th ethane 1%“% tp). Tab 2’_& Catjal yst s| conpodi ti ons

(nole f'racti fogfeppherass— 0k (mg) usefl in pdrallel
fixed bed reactos s¢ . O%EZO@% 3456 NN 9 . 1 -
4420 . Ce0.0d000. 00 : ﬁ%i 0b0%B¥%hd 0 000b m 40]846_65p- . 6

Ta0. 03190. 10500. 1822p. 2638Q. 3502 0

0.854 0.786 0.728 0.678

0.125 | 0.201 0.266 0.322

0.021 0.013 0.006 0.000
51.0 533 46.1 48.3

0.840 | 0771 0.712 | 0661 | 0.617
0.130 | 0209 |.0276 { 0333 | 0383
0.029 | 0.020 | 0.012 | 0.006 {.0.000
52.7 48.9 52.9 48.0 50.9

0.825 0.754 0.694 0.643 0.599 0.560
0.136 0.218 0.287 0.345 0.396 0.440
0.039 0.028 0.019 0.012 0.006 0.000
49.7 45.9 46.6 47.3 514 54.8




55.3. Ni 145.2 50.8 0.95690. 8844.0.80790. 72700. 6414 0 5507 .

2Ta0. 03160. 10380. 18000. 26050. 3457 0 4361 . | Apgust 2003
Ce0-0115-0. 01180. 01210. 01250. 0128 0 0132 . mi6. 747. 150. 652. 751 656 3 .

Ni 0. 94610. 874W0.00128740. 71810. 6333 0 5435 3Ta0. 03120. 10260. 17@%&@&% 0. 3414
0. 4304 Ce0.02270. 02330. 02390. 02460. 0253 0 0261 . nbl.645.547.243.1 3 7 58 8
. Ni 0.9 5550.86410. 78880. 00940.6 554 0 5365 4Ta0. 03090. 10140. 17570 2542.
0.3371 0.4249 Ce0. 03370.0346-0. 03550. 03650. 0375 0 0386 .

mi4. 152. 246. 3BBISWB, CablysOcompdsRiodPmidle Hadidhh) FFRBASEALRA0 cﬁéh?;ts Ghdd297 .

5Ta0. 03050. 1082ple?:B7 (rO)254dlia. p3xAE xed b&breactor screen.

Row | Column{ -1 2 -3 - 4 5 6
Ni | 0.879
1 Ta 0.121
Sb 0.000
Mass 51.8
(mg) : RS
Ni 0.868 0.788 i
2 Ta 0.126 0.212

Sb 0.006 0.000
Mass 503 52.2_

(mg)
Ni 0.855 | 0774 | 0.707
3 Ta 0.131 | 0220 | 0293

Sb 0.013 | 0.006 | 0.000
Mass 50.0 524 | 520

{mg)
Ni 0.842 | 0759 | 0.691 0.634
4 Ta 0.137 | 0228 | 0303 | 0366

Sb 0.021 0.013 0.006 0.000
Mass 514 511 502 | 504

(mg) . :
Ni 0828 | 0743 | 0.674 | 0617 | 0.569
5 Ta 0.143 | 0237 { 0314 | 0378 | 0431

Sb 0.029 0.020 0.012 0.005 0.000
Mass 51.7 52.2 503 52,1 51.8

(mg)
Ni 0.812 | 0.726 | 0.656 | 0.598 | 0.550 | 0.509
6 Ta 0.149 | 0247 | 0326 | 0.391 0.445 | 0.491

Sb 0.038 | 0.027 | 0.018 | 0.011 | 0.005 | 0.000
Mass 50.0 50.3 50.5 51.6 51.5 50.3
(mg)

Example 20. ODHE over NiNbSn / NiTaSn Oxide Catalysts. (#16467 / #16469)

Catalyst compositions comprising vé-n'oﬁs NiNbSn and NiTaSn oxides wére
prepared in small (~100 mg) quantities by precipitation substantia.lly as describedin -
10 connection with Example 1, using tin acetate ({Sn] = 0.249 M) aqueous stock
solution. The compositions and amounts of the various catalyst compositions are
shown in Table 20A (NiNbSn) and Table 20B (NiTaSn). | _
The NiNbSn oxide catalysts were initially screened in the fixed bed paralle}

"reactor for oxidative ethane dehydrogenation at 300 “C with flowrates of

§o




. Ce0. 04440. 04560. 04680. 04810. 0494 0 0508 mM9. 255.744.143.0. 54.1 55.6
Ni 0. 91490. 84460. 77060. 69250. 6101 0 5230 6Ta -0.03020. 09910. 1%?@3%@%3
0. 3289 0.4142 Ce0.05490. 05630. 05780. 05940. 0610 0 0628 M45.656. 1 58. 4

55.1 10 NiNbCe t | - ca t including freeze drying, precipitation vvith-
t et raet hyl ammuoicamsstyy dr oxi de, and precipitation with ammop &r bonat e,
and then screened as.di scussed below. Briefly, in the freez r>/ ﬂ nmet hod,

Ni NbCe catal yst conpositions were prepared by conbining various am)unts of
t he agqueous netal salt solutions to forma catal yst 15 precursor sol ution,

and then freezehale:yicogentoRyfRpBa2:081 01088 TRR:. EM@&n@%&% ¥%l§esf ositions
pr epar ed. by prlggbgl taﬁsl on wi.th tetraet h){l ammoni um hydr.oxi prepared

substantially RUHTY oEwosionzrangpd Eom 15.4 % ftheasiyilenmselectiviny ef&z[@ej = 1.00
g5 a ys. corrpostbuiM%‘(mreﬁl Rhe Rddca G 0F 838\ d August
2003 WO 00/ 48971 gc%g/gso 4478 ) qhgnd u@[% étatg{lérngeaﬁé“l"% ﬁj}l/drom de
as the precipi A e FoRYEsion At 154 fa)da 5%6’&5&haﬂbh®vcmmbﬂl ng
solid naters all®.2%).e cal ci ned by heating to 120 Cat 1 C/min and dwel i ng
at 120 C for 2 hou;rg Ni%f’éﬁ ently, heating ta 180 Cat PC/ mn and :
dwel i ng at 180 C B¢ YSt%H S &qjefard arimHiEdhe nuglielfixedbedGeatorst 2C/ i n
and dwel | i ng aliffet&d AGviaes sc&cdﬂQBﬂ(ﬁ'C ethabB@itNigDR 68 6B A ¥ 51 0&?5’982% ions .
prepared by. Preg )pia%atlon Wt h a%(‘ ni um car bonate were prepare

substantial |y “as TEPREF Y e NN 1so%ily comppsitigns Fanged feon B&e] = 1. 00

M, and using %Mﬂmﬂlyﬂﬂneﬁafdﬁﬂiﬂﬁbﬁﬂﬂs%ﬁb‘ﬂgr%%ﬂiétﬂ}tlérx@ge@&@ﬂgofstll this-
cases, the o e Lin fe?xg' ter cal ci ned by heat| 00 C at

2C/min and dwef |ng CEVWOYah@SWB%ﬁdsﬁqnhs%?%(“{l@emﬂéemmssn@ﬁWS and
amount s of thééMaBS@%s(v&NhNbﬁﬂe@afrﬁhb’r%leQnﬂQpSItlOnS are shown in Tabl e 21

B r r fr r pr r
(prepared. by fﬁ azt.%rcfi sc¥ %é N;{:%gn cate?lysts weére sg'egle(? gx tgg/ paralle] fixed bed

reactor at different flowrates screen (300 °C; ethane:nitrogen:oxygen flow of

1.04:0.21:0.055 scem). Ethane conversion values for the NiNbSn oxide compositions
15 ranged from 8.4 % (with ethylene selectivity of 91.8 %) to 10.0 % (with ethylene
selectivity of 93.5 %), and ethylene selectivity vatues ranged from 89.1 % (with
ethane conversion of 9.8 %) to 93.5 % {with ethane conversion of 10.0 %).
In a fourth screen, the NiNbSn catalysts were screened in the parallel fixed
bed reactor at different flowrates screen (300 "C; ethane:nitro gen:oxygen flow of

20 0.42:0.082:0.022 sccm). Ethane conversion (C) and ethylene selectivity (S) values for |
the NiNbSn oxide compositions ranged from 8.7 % C, 89.8 % S to 11.5 % C,93.8%
S.

The NiTaSn oxide catalysts were likewise initially screened in the fixed bed
parallel for oxidative ethane dehydrogenation reactor (300 °C; flowrates of

25  ethanemitrogen:oxygen of 0.42:0.54:0.088 sccm). Ethane conversion values for the
NiTaSn oxide compositions ranged from 16.6-% (with ethylene éelectivity of 84.6 %)
to 20.3 % (with ethylene selectivity of 85.6 %), and ethylene selectivity values ranged
from 84.1 % (with ethane conversion of 18.3 %) to 85.7 % (with ethane convers:on of
19.7 %).

30 The NiTaSn catalysts were screened again in the parallel fixed bed reactor at
different flowrates screen (300 *C; ethane:nitrogen:oxygen flow of 1.04:1.34:0.22
scem). Ethane conversion values for the Ni'i‘aSn oxide compositions ranged from 9.0
% (with ethylene selectivity of 89.7 %) to 11.0 % (with ethylene selectivity of 94.1

qi -



precipitation with tetraethyl ammoni um hydroxi de) and Table 21 D (prepared
by precipitation w th anmmonium carbonate). The N NbCe catal yphgaRf20h3bl e
21 B - prepared by freeze drying - were 15 screened in the fixed bed

paral l el reactor for oxidative ethane dehydrogenation at 300 'C wth
flowates of BCHYH8™i t r ogen: oxygen of 0.42:0.54:0.088 'SCC%T@SE%H%S
conversion values for the Ni NoCe oxide conpositions ranged fromb6.6 % (with
et hyl ene selectivity of 61.8 %9 to 11.'7 % (with ethylene selectivity of .
71.6-%, and g,}h | ene selectivity values ranged from61.3 % (with ethane
conversi on of ?)Sx‘%ed%ewefi’&qmmw-Ilahgedtﬂmnﬁ.t%r[w&ﬁ 8iheit Rfivekfornf?d - The
Ni NbCe cat al yst16.184%) td @126y, 2ditiemhs 1%9%{ recipitation wth N

t et r aet hyl anmoni umh_‘?/droxi Se_ - [\I/\ilaenrfre% [ e“\%g%fte%’s@f’)eened in the fixed bed
parallel reactor’f aWG%?W@eéil'ﬁ%ﬁﬁeca@bmsdwwh&aﬁddQﬂth%tpm%ﬁg fixkd gt h
flowates of edbang anditreReQ95h Q. 54: 0. 088 sccm Et hane A
conversion yalues faor the gg&lhﬁl%%g@%%&&gﬁ%%%g%yﬁséﬁﬁqéﬁéé from7.5 % .
(with ethyl &ne "g‘é‘reé‘t{‘mﬁﬂfww firgy & 1994:0.2100.055 Scth. Ethiahd otV dI%be e @lreCt i Vi ty
of 85.7 9%, antheNimSieagdisRtolitiv yged . from58. 9 % (with
et hane conver siggn ?éyl?l é{%}toh%dgfr%_gggmgﬁsﬁhg%ﬁ%ﬁﬂ@t}‘%‘ﬂﬁﬁéﬁ‘i“ﬁﬁ06 1.818.8 9%.
These cat al yst <Nk “a(68h ghylensmelgctivity 0A83.6 2)adnll ethylehxetkcld), vaRAS OF  at.
different flowasRlsdi300.36; (Gih@nge ol N ~PLNGEN qf 0..10:0.85:0.088
sccn) 30 (data not. sh?wn)o. (The Ni-ﬁg%;e%%g:?arhf%’t@q&gg#%“@%aﬁ- pr epar ed
by precipitati 6W # PRt AftBhi um carbonate - were |ikewi se screened in the
fixed bed parallel reactor for oxidative ethane dehydrogenation at 300 'C
with flowates of ethane:nitrogen: oxygen ge 21 August 2003 WO 00/ 48971

PCT/ US00/ 04478 of 0.42:0.54:0.088 sccm Ethane conversion values for the

Ni NoCe oxide conpositions ranged from16.7 % (with ethylene selectivity of
78.1 % to 19.1 % (with ethylene selectivity of 81.5 9%, and ethyl ene
selectivity values ranged from 78.1 % (with ethane conversion of 16.7 %
to 83.5 % (with ethane conversion of 18.5 % . These catalysts were al so
screened in an ethylene co-feed (m xed feed) experiment (data not shown).
These catal ysts were al so screen again after being recalcined by heating
to 400 "Cat 2 "C/mn and dwelling at 400 'C for 8 hours in air. (data not
shown). 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 21B. Catal yst
conpositions (nmole fractions) of N NbCe oxide catalysts prepared by freeze
drying and sanple mass (ng) used in parallel fixed bed reactor




screen. RowC ' | o0 1234 155 umm N O . 907 NbO. 068 Ce0.024 Mas 41

Ni 0. 8600. 850 Nb0.0690. 126 Ce0.0700. 025 Mass m 44.939.7 N O. 8%%% %@900392
Nb0O. 0710. 1280. 183 Cc0.1180.0710.025 Ma ( 431 ) ss .140.4 73 0 Mass
Ni 0. 7620. 7520.430,.¢34 Nb0. 0720. 1300. 1860. 242 Ce0. 1660. 1180. 071 oS,
m 44. 239. 738. 7%@ @ 1"0. 7100. 7010. 6920. 6840. 675 Nb0. 0730. 133CT188M442 60.

Table 20A. Cat'alyst compositions (mole fractions) of NbeSn oxide catalysts and
sample mass {mg) used in paralle} fixed bed reactor screen.

Row |Cohmn| 1 2 3 4 5 6

Ni 0.898

1 . Nb 0.102
Sn 0.000

- Mass 47.0 .

(mg) Hi
Ni 0.885 0.823 )

2 Nb 0.106 0.177

Sn 0.009 0.000
Mass 53.6 50.4

(mg)
Ni 0.871 | 0.807 | 0.753
3 Nb 0.110 | 0.184 | 0247

Sn 0.019 0.009: }..0.000
Mass 483 47.0 550

(mg)
- Ni 0.856 | 0791 | 0735 | 0.687
4 Nb 0.115 | 0.191 | 0256 | 0313

Sn 0.030 0.018 0.009 | 0.000
Mass 52.0 54.1 52.7 515

(mg) : - :
Ni 0839 [ 0773 | 0717 | 0.668 | 0626 .
5 Nb 0.119 | 0.198 | 0265 | 0323 | 0374

Sn 0.041 0.029 0.018 0.008 0.000
Mass 49.2 52.1 48.0 515 47.8

{mg)
Ni 0.821 | 0.754 | 0.697 | 0648 | 0.606 | 0569
6 Nb 0.125 | 0206 | 0275 | 0335 | 0386 | 0.43]

Sn 0.054 | 0.040 | 0.028 | 0.017 | 0.008 { 0.000
Mass 54.5 50.2 464 -1 519 53.2 47.8
(mg) -

E #o)




Ce0.2170. 1670. 1180. 0710. 025 Mass (n) 39. 343. 137. 843. 639. 7

Ni 0. 6570. 6480. 6400. 6320. 6240. 616 Nb0. 0740. 1340. 1930. 2500. 3059, §§3’ft 2003

- Ce0. 2690. 2180. 1680. 119' 0. 0710. 025 Mass () 40. 852. 736. 637. 939. 138"

Ni 0. 6010. 5930 g9y 80. 5710. 5630. 556 Nb0. 0750. 1370. 1960. 2540. 3100. 3650. 419

Ce0. 3230. 2700@@%.%380. 1190. 0720. 025 Mass m) 42. 338. 744. 935?@.359@4@_7. 436 81

5. 4& 21 August 2003 5 WO 00/48971. PCT/ US00/ 04478 Table 21 C. Cat al yst _

conposi tions (nole fractions) of N NoCe oxide catalysts prepar e((j bg/ sed

pr eci pi tati on Wabid 2b@t Eask L ATERRL T ANGLox] de anp) e mss (g

in parallel fixgd IPEstrﬂlg L&gi %gﬁprp tfoﬁ'%ﬁﬂ%% q%P‘JG.C@‘&IZS §/850. 058

Ce0. 000 Mass52.7 {m) L) R il e e ) ol 9q0!;008 g/igs_

43.6 42.7 (m) 0" O B47-0- Cl”Nb—SOS%O.“S4, 0199 Ce
BT 20 i s o

0.019 0.000 Ma St 5102
: 1 Ta | 0115
: sn | 0.000
Mass 52.6 .
(ing) #s
N | 0.872 | 0302 T
2 Ta | 0119 | 0.198

Sn - 0,009 0.000
mass 52.3 53.1

(mg) ,
Ni 0.857 | 0.787 | 0.727
- 3 Ta 0.124 | 0205 | 0273

Sn 0.019 0.009: |- .0.000
mass 54.1 54.5 49.0

(mg)
Ni 0.842 | 0770 | 0.710 | 0.658
4 Ta 0.129 | 0212 | 0282 | 0342

Sn_ | 0.029 0.018 0.008 0.000
~ mass 53.0 517 53.9 47.7

(mg) | . :
Ni 0.825 0.752 | 0.691 0.639 | 0.594
5 Ta 0134 | 0220 | 0292 | 0353 | 0.406

Sn 0.041 0.028 0.017 | 0.008 0.000
™mass 52.7 33.7 50.9 537 50.3

(mg) .
Ni 0.807 | 0733 | 0671 | 0619 | 0574 | 0536
6 Ta 0.140 | 0229 | 0302 | 0365 | 0418 | 0.464

Sn 0.053 | 0.039 [ 0.027. ] 0016 | 0.008 | 0.000
mass 52.0 504 | -52.7 50.9 53.0 51.8
(mg)

Example 21. ODHE over NiTaCe / NiNbCe / NiNbTaCe Oxide Catalysts. ’
(#12314 / #11169 1#1208_0 / #12380 / #11285). '

NiTaCe catalyst compositions were prepared in bulk -by precipitation

10 substantially as described in connection with Example 1, using cerium nitrate {[Ce} =

1.00 M) aqueous stock solution, and calcining by heating to 350 *C at 2°C/min and
maintaining at 350 °C for 8 hours in air. The compositions and amounts of the
various NiTaCe catalyst compositions are shown in Table 21A.

The NiTaCe oxide catalysts were screened in the fixed bed parallel reactor for

15 oxidative ethane dehydrogenation at 300 *C with flowrates of ethane:nitrogen;oxygen

G




Ni

3802853 24520‘1"?@ ”é”

of Ni NoCe oxi dgc e

San%#(gg%rgégg f‘%{j‘)egar ed

car bonat e and

52.9 (nmg) Ni

0.018 0.000 Mass 54.0 50.7 49.8 51.2 (ng) N
5 Nb 0..066 0.142 0.210'

. .064 0.138 0.204 0.263 Ce 0.062 0.039
0.875 0.823 0.778 0.737 4 Nb 0.0 ) one s o0 9

0.270 0.325 Ce 0.085 0.060 0.038 0.0

A6 Ress

6 Nb
0.822 0.771 0.726 0.686 0.650 0.617

278 0.333 0.383 C e 0.110 0.082 0.058 mrms%1g9m%17
0. 000 Mass 51.0 45.2 49.9 45.3 48.7 50.2 {m9)-- g9 21 Augusfezg(r)acuons)-
00/ 48971 PCT/US00/ 04478 Table 21D. Catal yst conpositions (no

RowCol urm123456ntyiofirigeGatdyd Grokild)]1 %30/ QR Ie

2Np0. 1150. 190
3Nb0. 1190. 198

10

15

&Rﬁ OO

(thh cthane conversion of 2.8%)t0 854 %

Table 21A. Catalysts compositions

0. 000.

s$s48. 149. 0

by precipitation wth amoni um
trarsFonYersion valuesfor fhe XeThCa@gids eact or  screen.

Sk G

| 0. 8790. 810
s, Fdeo (it

E’legéﬁty ol 84. 7 %), and ethylene selecuvxty values ranged from 31.9 %

(with ethane conversion of 16.87 %). -

(mole ﬁ'actions}of NiTaCe and sample mass, “m”

(mg) used in parallel fixed bed reactor screen. TE
Col 1 2 3 ~ 4 5 .6
Row )

Ni 0.9681 1°0.8950 | 0.8178 | 0.7362 0.6498 | 0.5580 | -

1 Ta 0.0315 | 0.1050 { 0.1822 | 0.2638 | 0.3502 0.4420 |-
Ce 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000
m 40.8 46.6 | 52.6 553 452 508 |
Ni 0.9569 | 0.8844 |'0.8079 | 0.7270 | 0.6414 0.5507

2 Ta 0.0316 | 0.1038 | 0.1800 | 0.2605 | 0.3457 0.4361
Ce 0.0115.1 0.0118 | 0.0121 | 0.0125 | 0.0128 0.0132
‘m 46.7 47.1 50.6 52.7 51.6 563
Ni 0.9461 | 0.8741 | 0.7982 | 0.7181 | 0.6333 0.5435

3 Ta 0.0312 | 0.1026 | 0.1778 | 0.2573 | 0.34] 4 | 0.4304
Ce 0.0227 | 0.0233 | 0.0239 | 0.0246 | 0.0253 0.0261
m 51.6 45.5 47.2 43.1 52.7 58.8 |
Ni 0.9355 | 0.8641 | 0.7888 | 0.7094 | 0.6254 0.5365

4 Ta 0.0309 | 0.1014 | 0.1757 | 0.2542 | 0.337] 0.4249
Ce 0.0337 | 0.0346- | 0.0355 | 0.0365 | 0.0375 0.0386
m 44.1 52.2 46.3 533 47.6 56.9
Ni 0.9251 | 0.8542 | 0.7796 | 0.7008 | 0.6177 0.5297

5 - Ta 0.0305 | 0.1002 | 0.1737 | 0.2511 | 03329 0.4195
Ce 0.0444 | 0.0456 [ 0.0468 | 0.0481 | 0.0494 0.0508
m 49.2 55.7 44.1 43.0 54.1 55.6
Ni 0.9149 | 0.8446 | 0.7706 | 0.6925 | 0.6101 |- 0.5230

6 Ta - | 0.0302 | 0.0991 | 0.1716 | 0.248] 0.328% | 0.4142
Ce 0.0549 | 0.0563 | 0.0578 | 0.0594 | 0.0610 0.0628
m 45.6 58.1 45.5 45 584 55.1

NleCe catalyst composxtlons were prepared by several different methods,

including freeze drying, prec1p1tat1on with tetraethylammonium hydroxide, and

precipitation with ammonium carbonate, and then screened as d:scussed below,

Bneﬂy, in the freeze drying method, NiNbCe catalyst compositions were prepared by

combmmg various amounts of the aqueous metal salt solutions to form a catalyst

precursor

solution,

and then freeze drying to remove water. The NiNbCe catalyst

comipositions prepared by precipitation with tetraethylammonium hydroxide were

prepared substantially as described in Example 1, using cerium nitrate ([Cel=1.00

as

5




Ce0.0 140. 006" 0.000 massb55.246.251.6 (nmg) N 0.8540. 7820. 7210. 668

4Nb0. 1250. 2050. 2730. 332 Ce0. 0220. 0130. 0060. 000 nass51. 051. 554, Kﬂus?zd(ﬁg) :
Ni 0. 8400. 7660. 7040.6510. 606 5Nb0. 1300. 2140. 2840. 3430. 394

Cc0. 0300. 021%6)30,?48978060. 000 rmassb51. 954.451.454.453.4 (m

Ni 0. 8240. 7490. 6860. 6320. 5870. 547 6Nb0. 1360. 2230. 2950. 3560 P4HE#0A41s

Ce0. 0390. 0290. 0200. 0120. 0060. 000 nmass45.452. 749. 149. 047.852.8 m N NbTaCe"
catal yst conpositions were prepared i'n bul k by precipitation substantially

as descri bed nnection.wWth Exanpl.e 1, using ceriumnitrate ([Ce) =

1.00 M aqueo&@’ %l%oué n%tst% aﬁ‘t“%ﬁ’f“&ﬁ‘ﬂ‘%&ﬁé‘flﬂﬁ?ﬁ%eﬁ CRESPE At dn g5 Og‘ Cat

2'Cmin and 1Ghesmiwotcases) thgreatludHlid Gafedbls §etQulched By HRhting 1 M0 fcﬁﬁp%i tions
s

and amounts_of the various N TaCe catal yst conpositions are shown in Table
21 E. The N NB@éé“ %‘{Yﬁﬁ%fﬂéll%t(‘sf%%wrﬁs FIbseapntly, heatingdm 88D 9Gnatt he fi xed bed

paral | el T eaqtommif aid dwelifla: Y8 & B YELAARRALLAR 8400, C W th |

flowates of _ethane: nitrogen: oxygen o C Et hane
conversi on3vaPlfeEis #id dwelingab4901°Cay®ibeur OIS NiDb0O¢tBAT donoditibis00/ 04478

Ni NboTaCe oxi d& LQ0P08hlekilis; edfrom 16 8 % (with efhyl ene selectivity
of 83.4 % tgregq. 8%};(\/{??%0(%%1% ené)mgle Bt olga{/tﬁ%%mgfcpgﬁi %‘%%"}t’agﬁﬂs et hyl'ene
sel ecti vi t%/ v&;}%@@géﬁngmdeﬂ.rwmmﬁtﬁn Bisréte[Cle] etlhahi), aﬂd)ﬁsiﬁg{)&ﬁ:ﬁbhi% g,{?. 9, 10)
to 84.0 % (W tho&la & ; .S (o) .80 5 The N.N bTa oxi de
catal ysts were scr eenecfpg%gik?{%hiﬁ%%éﬁtéfl?ﬁ%é: $e§)e rﬁ%‘l’}gﬁf‘gﬁdm @'!fgf"ﬁ? f or
oxi dati ve et ha#einddinhntingan 300 60 a2°Clen triiaiWeligrai00SC & s1RMRas Gd t0 the. -
initial sgpeerpyf 'L et hane:nit en. Oxy. flow 0.84:1.08:0.176 sccm
). Ethane goﬁ\lllegbgrgjgﬂlg\c}résla&gs Bigsfﬁggﬁnﬂb%%g%%%t CHRITEPTSIAs r anged
from 11.6 %'(vhqv&fm in Table 21B (prepared by freeze drying), Table 21C (prepared by ' 7
precipitation with tetraethylammonium hy‘cirbxide) and Table 21D (prepared by

precipitation with ammonium carbonate).
The NiNbCe catalysts of Table 21B — prepared by freeze drying - were

15 screened in the fixed bed parallel reactor for oxidative ethane dehydrogenation at 300
'C with flowrates of ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm. Ethane
conversion values for the NiNbCe oxide compositions ranged from 6.6 % (with
ethylene selectivity of 61.8 %) to 11.7 % (with ethylene Sclectivity of 71.6 %), and
ethylene selectivity values ranged from 61.3 % (wft‘h ethane conversion of 8.5 %) to

20 743 % (with ethan¢ conversion of 10.5 %).

- The NiNbCe catalysts of Table 21C — prepared by precipitation with
tetraethylammonium hydroxide — were likewise screened in the fixed bed parallel
A reactor for oxidative ethane dehydrogenation at 300 *C with flowrates of

ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm. Ethane conversion values for the

25 NiNbCe oxide compositions ranged from 7.5 % (with ethylene selectivity of 78.8 %)
to 18.8 % (with ethylene selectivity of 85.7 %), and ethylene scléctivity values ranged
from 58.9 % (with ethane conversion of 10.1 %) to 85.7 % (with ethane conversion of
18.8 %). These catalysts were also screened in the parallel fixed bed reactor at
different flowrates (300 "C; ethane:nitrogen:oxygen flow of 0.10:0.85:0.088 sccm)

30  (datanot shown). '

The NiNbCe catalysts of Table 21D — prepared by preciﬁitation with

ammonium carbonate — were likewise scrc;:ned in the fixed bed parallel reactor for

oxidative ethane dehydrogenation at 300 *C with flowrates of ethane:nitrogen:oxygen

Gl




et hyl ene selectivity of 83.2 %9 to 16.6 % (with ethylene selectivity of
84.2 %, and 10 ethylene selectivity values ranged from 80.0 ?A&W 900? hane
conversion of 12.7 %9 to 84.3 % (wth ethane conversion of f . g%/%. 01 21
August 2003 WD 00/ 48971 PCT/ US00/ 04478 Table 21E. Catal yst conpositions
(nol e fracti on¥‘j°°8f‘39ﬂl NbTaCe oxi de catal ysts and sanple rrgg,?ﬂ%@gg .used in
parall el fixed bed reactor screen. RowCol um12345678 N 0.9 68 .

| Ta0. 000 Ce0. 012 nass (n)49.2 Ni 0.8990. 904 Nb0. 0000. 085 2Ta0. 0900. 000

Ce0. 0110. 012 mmss, ( 45.347.5 Ni'0. 8150. 8200. 824 - Nb0. 0000. 0820. 165

3Ta0. 1740. 0870: OB 4-434E5A988 sor Btiodd comaesiod VL5, 85 Re gog%

Ni 0. 7380. 7410. 74%pé4Qodhb 0.1590. 240 4TaB. 2520 1690. 0850. 000

Ce0. 0110, 0110, 0110, 011 m%égfgnﬁﬁ g%?s%‘%’.“gﬁﬁ‘}“&@f?{a‘?tlwtyof78-1 %)t019.1 % |

Ni 0. 6650. 6680. 6 T’éﬁ‘thshf}%spkcmtsw:o@&w%mmmetsﬁég.gagcgg%,a%; s ranzed fron
5Ta0. 3250. 2450. %Mﬂﬁ&@@,eg&geggg pggpo S)é%g 0100.0110. T4Es Fanged from 78.1
(ng) 53. 153. 033. E@gs. 245 1 Ni 0. 5960 5590) BGIG %609t cemmoptetsion of 18.5 %),
NbO. 0000. 0740. 1496398302 a7 ScresTiadinaf 4ihyleitd-r2d 4Rl 5 R04,0800. 000

)} €xperiment
Ce0. 0100. 0100. 01t Mw&i%e&&a&sm were also saeen_é'q—again after bej

heating to 400 *C at 2 *C/min and dv{relling at 400 :C-?for 8 hours in
shown). ‘

ﬁg recaicined by

air. (data not




mass m 55. 247. 851. 348.947.149.7 5 Table 21E, Part A (OA 21 August 2003 WO
00/ 48971 PCT/ USO0/ 04478 Ni 0. 5320. 5350. 5370. 5400. 5420. 5450. 547%, August 2003
Nb0. 0000. 0720. 1450. 2180. 2920. 3670. 443

7Ta0. 4580. 3840wRBMEe7320. 1560. 0780. 000
Ce0. 0100. 0100. 0100. 0100. 0100. 0100. 010- . mass52. 550. 148. 845. 8EETHS8 ey 5 m)

Ni 0. 4720. 4740. 4760. 478Q 4800. 4830. 4850. 487 Nb0. 0000. 0700. 1410. 212t ~ -
840. 3560. 4290. 503 8. Ta0. 5190. 4470. 3740. 3010. 2260. 1520. 0760. 000 '

Ce0. 0090. 0100. OTasle MK OCHARL QAL m@ﬂ%o@éﬁaggén@ f NlEIBCe E;@:f!

mass53. 853. 045. Prtpartis; fdk8e 85200 PSNi TaYb /
Ni NbYb Oxi de Caméeyng? (#61&3 34 #1§946%5 aP;‘?a“f’ne fireene

conpri sing various. Ni TaY and. Ni NbYb oxi des wer e, prepar ed in small (100 ny)
quantities by PR PIEMMHPN SUQS[mlzdl | Y a5 degscytboed ,5.“. nnnnm‘lnn wi-th
(A

/ I'\/lr-\ —

Exanpl e 1, usirg y{terh;um il g5 & pentghydrat Y
stock sol ution and| cal sgni ng @390 ' C, |as descrl bed The c_orrpo_si
amounts of the |var | ouscgat all Y@ho4CpnPOSi tli ons are shopn in Table

(N TaYb) and 10 TaDygsfgB (N TP = The N-Tap-exi-dp—catal

screened i n thg Tixed Tp@d pEllT eT 5 actor fcr";oxida{-i_—ue gt hane
dehydrogenati or at|3005iC W tg% 9I ng' § of etfhane: n| troger: oxyggn . of
0.42:0.54:0.088 scfm gghane'ﬂ(::@ava_r Sien|val ued for tne N TgqYb oxijde
conposi tions rgnge Més‘s"(&hg)" 54 it th mHend-selectivity fof 7541 %lto .
20.0 % 15 (w tethyre se %\,1 Hy=—af1-83-9 %,_a,nd ethyl gne sellectiyity.
val ues ranged flrgm 75. EE % (W etgnl e c@ﬁ%rsion of 13.5{% to|84.7{%
(with ethane cgnvey si O, of L%‘ ) . '0 he &I&zﬁb\’b oxi de catallysts were

| i kewi se screened fMé-S”F ) L% 0»-\;2, Y AR 25 deactor! for opi dati ye et hane

0,

Low & 30¢ At hane i t rogen: oxygen of
vielsiPén] vaf43ed £334 the 20 Wi NbYb |oxi de
(

dehydr ogenat i of—at th b
0.42:0.54: 0. 088 sckm i han c(g dk
conposi tions ranged fr 10 % /g wiltii0et iy 18ne 88#2dtivity|of 68{8 %Il to
19. 4 % (with efhyl pre—seteetivioty 11831 .04 15082%t|hy| enelsel eclivity
val ues ranged —f—FeLm%ﬂ 43 Hahe r%@ersﬁ@ﬁ daf 10.5{% to]84.0| %

(with ethane conyefsi oﬂl‘} of 118:7300p 0.701 | 0.692 | 0.684 [ 0.675
0.073 | 0.132 | 0.189 0.246 0.300

b

>

Ce 0217 | 0167 | 0.118 | 0071 | 0.025
Mass (mg) | 393 | 431 | 378 | 43.6 | 397
Ni 0.657 | 0.648 | 0.640 | 0.632 | 0.624 | 05i¢
6 Nb 0.074 | 0.134 | 0193 | 0250 | 0305 | 0.350
Ce 0269 | 0218 | 0.168 | 0.119 | 0.071 | 0.025
Mas;(mg) 408 | 527 | 366 | 379 | 391 | 385
i 0601 | 0.593 | 0.586 | 0578 | 0.571 | o
7 Nb 0.075 { 0137 | 0.196 | 0254 | 0310 o.ggg gﬁg
Ce 0.323 | 0270 | 0219 | 0168 | 0119 | 0,072 |o.005

Mass (mg) | 42.3 38.7 44.9 35.1 35.8 374 | 36.1

a8




Table 21 E, Part B it 3 21 August 2003 WO 00/48971 PCT/ US00/ 04478 Tabl e

: \ . nd
22A. Catal yst conpositions (mole fractions) of N TaYb. oxgﬁe ?z@%ﬂ@{*ﬁ%‘ﬁ’aﬁn .
sanble‘ mass (ng) used in parallel fixed bed reactor screen.

53.9 51.0 (m)
i Ta 0.121 Yb 0.000 Yb 0.021 0.000 mass

: 25451 g Nkn3$8z?mg.855 0.793 Ta 0.124 0.207 Ni 0.8310. 76¥gI/Gspe/dars

3Ta0. 1270. 2120, 285 Yb0. 0420. 0190. 000 na3551.054.054.66ggE%400 1150 000

0. 8050. 7430. 6900. 644 Ni 4Ta0. 1310.2170. 2910. 356 YbO0. 0650. . C

mass49. 552. 653.Ta66 2 KC. (GailyH caﬂi&itizmo@ﬁé&ti%gﬁf {f}’%g§yi66i6{e catalysts
Ydroxide

5Ta0. 1340. 2220 Pro8&d BGBecigi2fonRiih R8N AL € and sample mass (mg)
mass49. 447. 9504882 fadalleBfiXeBpd reactor screen.

Row | Column 1 2 3 4 5 6

Ni 0.942 '
) i Nb | 0.058

Ce 0.000
Mass 52.7 -
(mg) 3
Ni 0.921 0.870 |

2 Nb 0.060 0.131

Ce 0.019 0.000
Mass 43.6 42.7

(mg)
Ni 0.898 | 0.847 | 0.80]
3 Nb 0.062 | 0.134 }.0,199

Ce 0.040 | 0.019 | 0.000
Mass 46.4 53.1 51.3

(mg)
Ni 0875 | 0823 | 0.778 | 0.737
4 Nb 0.064 | 0138 { 0204 | 0263

Ce | 0062 | 0039 { 0.018 | 0000
Mass | 540 [ 507 | 498 | 512

(mg) :
Ni 0.849 | 0.798 | 0.752 | 0.712 | 0.4675

5 Nb 0.066 | 0.142 | 0210 | 0270 | 0325

. Ce 0.085 | 0.060 | 0.038 | 0.018 | 0.000

Mass | 48.0 52.9 52.1 49.2 52.9 )
(mg)
Ni 0832 | 0.771 | 0726 | 0.686 | 0.650 | 0.617

6 Nb 0.068 | 0147 [ 0216 | 0278 | 0333 | 0383

Ce 0.110 0.082 0.058 | 0.037 0.017 0.000
Mass 51.0 452 49.9 453 48.7 50.2




0. 7490. 6880. 6370. 5930. 5550. 521 Ni 6Ta0. 1380. 2280. 3050. 3710. 4290. 479

0. 1140. 0840. 0580. 0360. 0170. 000 nmass51. 654. 053. 453. 352. 553. 1 éﬂ%ﬁ@#%} ﬁl
August 2003 WO 00/ 48971 PCT/ US00/ 04478 Tabl e 22B. Catal yst c 4% S
(mole fractions) of N NoYb oxide catalysts and sanple mass (ng) used in
paral l el fixewdeddrr eactor screen. Colutm N | Nb 0.896 pofyfedd 2 -
. Row mass 0.000 .820 1 (My) 51.8 0.180 356 2Ni 0.873 0.000 Nb _

Table 21D. Catalyst compositiohs'(mole fractions) of NiNbCe oxide catalysts
prepared by precipitation with ammonium carbonate and sample mass (mg) used in
- parallel fixed bed reactor screen.

i

Row | Column 1 2 3 4 5 6
Ni * 0.890
1 Nb 0.110
Ce 0.000 o
Inass 48.5 ﬁ:
(mg) 1"
) Ni 0.879 0.810
2 Nb 0.115 0.190

Ce 0.007 {.000
mass | 48.1 . 49.0

(mg)
Ni 0.867 | 0.796 | 0.736
3 Nb 0.119 | 0.198 "} -0.264

Ce 0.014 0.006 | 0.000
mass 55.2 46.2 51.6

(mg)
Ni 0.854 | 0.782 0.721 0.668
4 Nb 0.125 0.205 0273 | 0332

Ce 0.022 0.013 0.006 0.000
1nass 51.0 51.5 547 '} 479

(mg)
Ni 0.840 0.766 | 0.704 | 0.651 0.606
5 Nb 0130 | 0214 | 0284 | 0343 | 0.394

Ce 0.030 0.021 0.013 0.006 0.000
mass 51.9 54.4 514 54.4 53.4

(mg) : )
Ni 0.824 | 0749 | 0.68 | 0632 | 0587 | 0547
6 Nb 0136 | 0223 | 0295 | 0356 | 0408 | 0.453

Ce 4.039 0.029 0.020 0.012 0.006 0.000
mass 454 52.7 49.1 49.0 47.8 52.8
(mg)

NiNbTaCe catalyst compositions were prepareﬁ in bulk by precipitation
substantially as described in connection with Example 1, using cerium nitrate ([Ce] =
1.60 M) aqueous stock solution, and calcining by heating to 350 °C at 2°C/min and
10 maintaining at 350 “C for 8 hours in air. The compositions and amounts of the ,.
various NiTaCe catalyst compositions are shown in Table 21E.
The NiNbTaCe oxide catalysts were initially screened in the fixed bed parallel
reactor for oxidative ethane dehydrogenation at 300 *C with flowrates of

ethanemnitrogen:oxygen of 0.42:0.54:0.088 sccm. Ethane conversion values for the
100 '



0.107 54.5 Yb 0.021 nmss 49.0 (ng) N No 0.848 0.795 0.749 Yb 0.109

0.185 0.251 3mmss 0.043 0.020% 0.000 (ng) 53.748.845.9 N lz\lpAQgLﬁngO@ 770
0.724°0.683 4Yb 0.112 0.189 0.257 0.317

WO 00/48971 . PCT/US00/04478

NiNbTaCe oxide compositions ranged from 16.8 % (with ethylene selectivity of 83.4
%) t0 20.8 % (with ethylene selectivity 0f 84.0 %), and ethylene selectivity values
ranged from 81.6 % (w1th ethane conversion of 17.9 %) 10 84.0% (w1th ethane
conversion of 20.8 %). . . -

5 ~ The NiNbTaCe oxide catalysts were screened again in the fixed bed parallel
reactor for oxidative ethane dehydrogenation at ice the flowrates as compared to the
initial screen (300 °C; ethane :nitrogen:oxygen ﬂow of 0.84:1.08:0.176 sccm). Ethanc
conversion values for the NleTaCe oxide compositions ranged from 11 6 % (with
cthylene selectivity of 83.2 %) to 16.6 % (with ethylene selcct:vn:y of 84.2 %), and

10 ethylene selectivity values ranged from 80.0 % (with ethane conversion of 12.7%) to
84.3 % (with ethane conversion of 15.5 %).
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mass 0.066 0.041 0.019 0.000 (ng)52.552.246.252.4

Ni 0..7940. 7430. 6970. 6570. 622 5Nb0. 1150. 1940. 2630. 3240. 378 21 August 2003
Yb0. 0910. 0630. 0400. 0190. 000 ' nmass52. 049.148. 352.253.4 m) &b

0. 7650. 7140. 6498 ofagPR- 5950. 564 Ni 6Nb0. 1180. 1990. 2690. 3310. ﬁ%] 436

YbO. 1160. 0870. 0610. 0380. 0180. 000 nass49. 951. 848. 946. 854. 847 "?ﬁ?ﬂ?“‘%“
Exanpl e 23. ODHE over N TaEr / N NbEr Oxi de Catal ysts. (#13950) Cat al yst
conposi ti ons conprising various Ni TaEr and Ni NbEr oxides were prepared in

smal | (-100 nm) muaamtc@myméoﬁb@s%as tftid RASHY SF ﬁmﬂﬁbézﬁfﬁéf:ﬂ%ﬁ%&ég@ed in

connection Wi thskxaephe (he) kel MpAd1e] £10H BELlAls: soxef at e
aqueous stock solution and calcining at 300 'C, as described. The

conposi ti ons angawaputee W0 of the various N TaEr and N NoEr OXIde catalyst
conposi tions arm@rowuhﬂ rabj e 7 43K |@e T THET dng N I\IUI&I AZ _
catal ysts (- S50 o) WeGE€ SETgagaep 1 tjme fyed— bgdpargttet—y-eaetor Hor

oxi dative ethane dghydnpgenagidggn| at -34d0 C wifth flowateq of 1lU-S Z1 August
2003 WO 00/ 489711 1PET/ 4500/ P4 ‘et hang: ni tr ¢gen: okygen gf 0.74p:0.54:0./088 -
sccm Ethane conver|si i val yafafpr thq N TaEr, ox{de corposi tf ons jranded

A 0L

from12.9 % (with §(ﬁ{§f SFj ECfTVIty UI 6'.[-’% to—tg—4—%%-witH—etHyl ene
sel ectivity of 9 ATH g8 b? setectitvttyrvatdes -
% (Wt h- et hane er §goen 30: §.90 5 tlo 84.} % (WMth eth

ver-sl on '9E650'86 t he N§ NbEr pxide @

17.9 % . Ethan
from12.5 % (w echioYs t|y of 5.0 %4 to 2Q.

se!fﬁtirLty of 83'Srﬁﬂyﬁn I?.' gy, e ac:;b -y el aes
(with ethane c TG 5 D315 | 0.820 | 0.824

Nb 0.000 | 0.082 | 0.165
3 Ta 0.174 | 0.087 | 0.000
Ce 0.011 | 0.011 | 0.01]
mass {mg)}| 52.8 53.5 47.4
Ni 0.738 | 0.741 | 0.745 { 0.749
Nb 0.000 | 0.079 | 0.159 { 0.240
4 Ta 0.252 | 0.169 | 0.085 { 0.000
Ce 0.011 | ¢.011 | 0.011 | 0.011
mass {mg) | 52.3 51.7 514 | 514 :
Ni- | 0.665 | 0.668 | 0.671 | 0.675 | 0.678
Nb 0.000 | 0.077 | 0.154 | 0232 | 0311
5 Ta 0325 | 0245 | 0.164 | 0.083 | 0.000
Ce 0.010 | 0.010 | 0.010 | 0.011 | 0.011
mass (mg)} 53.1 | 53.0 | 53.8 | 502 45.1
Ni 0.596 | 0.599 | 0.602 | 0.605 | 0.608 | 0.611
Nb 0.000 | 0.074 | 0.149 | 0225 | 0302 | 0.379
6 Ta 0.394 | 0.316 | 0.238 | 0.160 | 0.080 | 0.000
Ce 0.010 | 0.010 | 0.010 | 0.010 | 0.010 | 0.010
mass (mg)| 552 | 47.8 | 513 | 489 47.1 49.7
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% to 85.0 % (with ethane conversion of 18.2 % . 10 The N TaEr and N NbEr
oxi de catalysts (- 50 ng) were screened again in the fixed bgf 'arfﬂé)ltogl
reactor.for oxidative ethane dehydrogenation at a different éﬁ%

(250 ' C, ethane: nitrogen: oxygen flow of 0.42:0.54:0.088 sccm. Ethane
conver.si on valO8¥4@dr the N TaEr oxi de conpositions rangeddrusmsg % (with
ethyl ene selectivity of 55.1 % to 7.8 % (with ethyl ene selectivity of 65.0
%, and 15 ethylene selectivity values ranged from55.1 % (wi th ethane
conversion of 3.6 %9 to 76.6 % (wth ethane conversion of 7.1 % . Ethane
conversi on val Jdeble2dy. PethB Ni NbEr  oxi de _conpositions ranged from3.5 %

(Wi th ethyl engl s¢l é6tiyi0t5p2 df 0.825 3 0437t b 0B4d | 96.542M Jt D.5e3 Hybsae kel ectivity
of 74.4 %, and ¢t Npl eh®.08@1(e@07i|t&145a| 0238 | a0 If 0.067 440343 % (Wi t E
et hane conversfdn-di 3| 9.458 |t 388.|60.368( Wo2h2 ¢t trdsee {conyeSpooo of .6.6{% . 20
INn 21 August [2003CeD D0/038d760RCT/AB00] 00478 Takl d a8 |Capad yist
conposi tions (Jnoll emdss acti2dng) S0 N 4&8Er { /45/d NbBES.1041 88.0 ¢alaglsysfts usped. in
paral |l el fixed bédmepaktor dcreen| RowCbl' 12845.6 e R
Ni 1. 0000. 9190.8420.N1680 0895Q. @28t | 10NE. P0G 0004300(00.480000 G T. HIE%
Ta0. 0000. 081. 0. 1580W®23R0.080400.8A2 | B.0110p0Q21DQ0f2810(00.8600. HA8P. [0§Sh3
Ni 0. 9150. 9670. |880. 8860, B309.|668472Na0372850.300000.9000. 0.0§0.| 00068 J08ooo
Ta0. 000. 0. 0000. 083@e16{30.093900.8101 | Fr.@00P0D1OP3M0BJ00.6820. 6.1 . |00.6R30
Ni 0. 8350. 8810. [9320m848).5283(. 63.0 JN3)7 1553.0087d9.60(048000. BGPY0.|[0WF s
Ta0. 0000. 0000. [009m@B6D. 1670. 245 Er 0. 00p0. 0320. 0687. 0670.0650. J64

Ni 0. 7590. 799 =0. 8440. 8950. 8090. 728 4Nb0. 2410. I700. 0900. 000U. UU0U. 0
Ta0. 0000. 0000. 0000. 0000. 0880. 172 Er 0. 0000. 0310. 0660. 1050. 1030. 100"

Ni 0. 6860. 7220. 610 8060, 8550. 768. 5000, 3140. 2480. 174. 0. 0920. 0000. 000
Ta0. 0000. oooo ‘68@0‘?@%&" ﬁ"%%/é\%ﬂb?bM%ﬂ!%ﬁﬂ%ﬂ%@@%ﬁ).

Catalyst compositions comprising various NiTaY and NiNbYb oxides were

-

prepared in small (~100 mg) quantities by precipitation substantially as described in
connection with Example 1, using ytterbium nitrate pentahydrate ({Yb] = 0.456M)
agueous stock solution and calcining at 300 "C, as described. The compositions and
amounts of the various catalyst compositions are shown in Table 22A (NiTaYb) and
10 Table 22B (NiNbYb). |
The NiTaYb oxide catalysts were screened in the fixed bed parallel react.o.r for
oxidative ethane dehydrogenation at 300 *C with flowrates of ethane:nitrogen:oxygen
of 0.42:0.54:0.088 sccm. Ethane conversion values for the NiTaYb oxide
compositions ranged from 13.5 % (with ethylene selectivity of 75.1 %) to 20.0 %
15 (with ethylene selectivity of 83.9 %), and ethylene selectivity values ranged from 75.1
% (with ethane conversion of 13.5 %) to 84.7 % (with ethane conversion of 19.1 %).
The NiNbYD oxide catalysts were likewise screened in the fixed bed parallel
reactor for oxidative efhane dehydrogenation at 300 *C with flowrates of
cﬂlaneinitro_gen:oxygen of 0.42:0.54:0.088 sccm. Ethane conversion values for the
20  NiNbYb oxide compoéitio'ns ranged from 10.5 % (with ethylene selectivity of 68.8 %) |
to 19.4 % (with ethyl'ene selectivity of 83.0 %), and ethylene selectivity .valucs ranged
from 68.8 % (with ethane conversion of 10.5 %) to 84.0 % (with ethane conversion of
18.3 %). .
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Ni 0.6170. 6480. 6830. 7210. 7640. 813 6Nb0. 3830. 3220. 2550. 1790. 0950. 000

Ta0. 0000. 0000. 0000. 0000. 0000. 000 Er 0. 0000. 0300. 0630. 0990. 140%)1 %ﬁ;}sg@arrpl e
24. ODHE over Ni TaDy / N NoDy Oxide Catal ysts. (#13949) Catalys

conposi tions corT(Pri sing various N TaDy and N NbDy oxides were prepared in
smal | (-.100 %qtahtiti es by precipitation substantially pag dfsgigbed in
connection with Exanple 1, using dysprosium acetate hydrate ([Dy] ="0.294
M 10 aqueous stock solution and calcining at 300 C, as descri bed. - The :
conpositions and anounts of the various N TaDy and N NoDy oxi de catal yst
conposi ti ons arkeblsRdén CatalystRatipesi@ehd(mdledrablicha)dr Naray N R R R4 gy cat al yst s
(- 50 ng) wer e sa@pleared(nighusel & paralebifixddedd pactat defden I €aCt OF tfa% oxl dative

et hane dehydrogenation at 300 'C with flowates of 15 -
et hane: ni t r ogeh: Bty gdrCafmr0j 4210. §4: @ 08B sgcmf -Eifianf CoTVE STomyal ues
for the N TaDy] oxi de jcoMpos] t0.879s |r anged| from J4 T % (W tiTgthyreng -
selectivity of{ 7112 49 Tao LD.R1%{(wi th pthylerfje sel'ectivity of 84f4 %,
and ethyl ene sgl ecti Vit¥bval ustoor gnged 1Pl 21 August 2003 WD 00/ 48P71
PCT/ US00/ 04478| from T1lnsfo | Wsr.h ¢t hane gfonvergronm off H—1—5—to—84.7 %
(with ethane cignversiiofmgf | 17.3 4. Ethpne cdiver si C4n val u¢s for fhe "

Ni NbDy oxi de clonposi tli ON$ riamgsd fir ome3l0f 9. % (w th ‘ %:I vity of
63.1 % to 18.9 92 (withTet hylogme $ebegtiyvity of hyl ene

Lilyi cITg— oSt

selectivity val ues r&ng‘ﬂd fir 0263 . d.o86 (WM th et an of 110.9 %
to 84.7 % (w tjh et hapemp@nviersy®n|ok; 48 @ | THE NFNBBy—OoXi de .
catal ysts "( X50 np) |wahg dcreened again. in the fixgd bed parallgl reactor
for oxidative let hane| deRydr{oQ@Rat | Of;g [@ gijE grent—jtemperptu-e—{250 ' C
et hane: ni troggn: axygen td o @f129. #25 £:-54: %;zé 8fsccrn)l. (datph not {10
shown) . These jcat al y§t symerie pauso| falgidiar oGgahc| ned atf 400 '}. and -tthen
screened agairn, in bepaiafl€ AXPEITREFLY, qtg 2p0 € gne—at—p86—LC4 in each
case W th ethgne: nit[oggs: gxygen [l ow of| 0. 2162: ): 54, 0./088 secm (dgta not

shown). | of .41 Augupt U033 ¥GLH0i TPE R SPo S+ {8—Fabte—24A Cat al yst
conposi tions ({nole fiactd olsy ;8 \Ii%a / g Kb)yo‘ﬂi ge catplysts|used in
i6C] D345

paral l el fixed bed rpachpr [Sgpeen © 0.000
Ni 1. 0000. 9190.{8420. 768Q,8900.4648 | 55 ¢ 535 505
| ' (mg) :
Ni | 0777 0.716 0.664 0.619 0.580
5 Ta 0.134 0.222 0.298 0.363 0.420

Yb 0.089 0.061 0.038 0.018 0.000
mass 494 47.9 50.8 52.7 47.8

{mg) :
Ni 0749 | 0688 | 0.637 | 0593 | 0.555 | 0521
6 Ta 0.138 | 0228 | 0305 [ 0371 | 0429 | 0479

Yb 0.114 | 0084 | 0.058 | 0.036 | 0017 | 0.000
_mass 51.6 54.0 53.4 53.3 52.5 53.1
- {mg)
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1Nb0O. 0000. 0000. 0000. 0000. 0000. 000 Ta0. 0000. 0810. 1580. 2320. 3040. 372

Dy0. 0000. 0000. 00g. 0. 0000. 0000. 000 Ni 0.9150. 9640. 882: 0. 8030. %gg— 0. ﬁ%%,j

2Nb0. 0850. 0000. 0000 0000. 000. 0. 000 Ta0. 0000. 000" 0. 0830. 1620. g8

Dy0. 0000. 0360498 gk QESO. 0340. 033 Ni 0. 8350. 8780. 9260. 8420. 7630. 687

3Nb0. 1650. 0870 00 6 000. 0000. 000 Ta0..0000. 0000. 0000. 0850. rcBOsEHL73

Dy0. 0000. 0350. 0740. 0720. 0710. 069 N 0. 7590. 797 %®. 8390. 8860. 8010. 721

4Nb0. 2410. 1690. 0890. 0000. 0000. 000 Ta0. 0000. 0000. 0000. 0000. 0870: 170

Dy0. 0000. 0340.0 @ 0.109 Ni 0.6860. 7200. 7570. 7980. 8430. 758

5Nb0. 3140. 2470. % }% gﬂﬁ TR9S tiensdmoly fecmen DIV D606 EOR:00A

Dy0. 0000. 0330. 0 ed;ig parjlel figedAsd gengior ®TBB. 7140. 7540, 799

6Nb0. 3830. 3210. I:BJDC 4178()! 00080 Ta0_ 0000 0000. 0000. 0000. 0000. 000 :
Dy0. 0000. 0330. W ob OHmilc 20 12011 5 Fxaitm| 8 29, - @HEbves NiIJNbSs T }Ni NbCs
Oxi de Catalysts. (# 1b8 apégg/ sf conpsitiors conp}ising vari ou$Ni NbSr
and N NbCs oxi des re er in small (-140 ng) puantitjii es di $pensi ng
vari ous anountd of aq soluti ons (nijckel njtrate |([Ni]=1.0M, -
ni obi um oxal at € ([ Nb] :CF’ Qﬁ/l 5é>§cess oxalic 1Qlacid [H']=0. 346N, $trontium
nitrate ([Sr]=Ik-eM, RBegiumniltrate [[Cs]=1:00M | with gn aut opat ed

| i qui d handl i ng r%bot i Ao +n0-§?3ra 0820 g ass vilal s i q an al'gm num |

substrate. l\/agretl c dtifPars Mdd% a@dé@i [0 eachh of the glasg-vials ‘and t he
precursor sol Utions jwer@ hda®8 At 0090 IC on alhot pllace wifh- vi gof ous .
magnetic stirrijing, sych®asghat 4P-He \wededr "J n t he[sol utijons boijl ed-off after

about 2 hours. |The drli dB®mieriald were 15 thep cal cijned by {heating to 320
C at 5C/min and are dwelii ng @848330C79%r| 8. 16ufs in jair, afd subsequently
s N Nb
0q 21

cooled to 25°CJ|" Fhe [coMBos{t§-H¥s |aBd8anpwass ¢f the| vario i NbiSr and
Ni NbCs oxi de catal yst noti$9469ng 8020'shévagoi n Tabl § 25A. August
2003 WO 00/ 48971 PCT/ UE(JEF@%‘ 0na787 48.8 459
mg
Ni 0.822 0.770 0.724 0.683
4 Nb 0112 0.189 0.257 0.317

Yb 0.066 0.041 0.019 0.000
mass 52.5 522 46.2 52.4

(mg) : 1
Ni 0.794 + 0743 | 0.697 | 0657 | 0.622
5 Nb | 0115 | 0194 | 0263 | 0324 | 0378

Yb 0.091 0.063 0.040 0.019 0.000
‘mass 2.0 49.1 48.3 32.2 334

(mg)
Ni 0.765 | 0.714 | 0.670 | 0630 | 0.595 | 0564
6 Nb 0.118 | 0.199 | 0.269 | 0331 0.387 | 0.436

Yb 0.116 | 0.087 | 0.06! | 0038 | 0.018 | 0.000
mass 49,9 51.8 489 46.8 54.8 47.6
(mg) :

5 Example23. ODHE over NiTaEr / NINbEr Oxide Catalysts. (#13950)

' Catalyst compositions comprising various NiTaEr and NiNbEr oxides were
prepared in small (~100 mg) quantities by precipitation substantially as described in
connection with Example 1, using erbium acetate hydrate ({Er] = 0.268 M) aqueous
stock solution and calcining at 300 *C, as described. The compositions and amounts’

10 © of the various NiTaEr and NiNbEr oxide catalyst compositions are shown in Table
23A. |
The NiTaEr and NiNbEr oxide catalysts (~ 50 mg) were screened in the fixed

hf:d paraliel reactor for oxidative ethane dehydrogenation at 300 "C with flowrates of

==



The N NbST and N NbCs oxide catalysts (-- 50 ng) were screened in the fixed
bed parallel reactor for oxidative ethane dehydrogenati on at ggo Cb%}ioéh
flowates of ethane: oxygen of 0.42:0.058 sccm Ethane convefS{8#'*s es
for the N NoSrwouides conpositions ranged from17.4 % (wt t},&kg%%l ”—,%
selectivity of 84.4 % to 22.0 %S (wi.th ethylene selectivity 5 9%,
and et hyl ene selectivity values ranged from82.3 % (wth ethane conversion
of 18.1 % to 89.6 % (with ethane conversion of 21.2 3k Ethane conversion

(© and ethyl eng . JeMi YA Hes h j xi d onposi tions
ranged from 5.2 %%%ﬁ%’%eé og%vgéﬁoﬁ)o %fié gggﬁ)o%é,)& ; gmgé%gﬁﬁge}mﬁ\ﬁ’ﬁbeéﬁorgﬁed Ni NbCs
oxi de cat al yst s NiTalggxigg pomposisionsgangsh Edmadg % (with ethplend @lebiivigabised %par al | el
reactor for oxidgidy ] ) _ j n enperat ure-
and different flow a?e@t?gg‘ge%%g%ﬁg%g?%iy é%df%ﬁnggsg)c%@ WEQF\?W n .

Et hane conver si dFPmARTGSWith pthang songergigof 4% Veddo 86 hPobvith atrase conaamgiad of r om
10.6°% (with etihylogne selectivity of 84.5 % to 15.5 % (with ethylene )
selectivity of 91.4°9%, and ethylene selectivity values ranged from83.7 %
(Wi th ethane coffi¥pgsagnergipn yalues fortheliNpEr gxidelcamrositions resged fremdars/%r si on of
15. 5% . Et hane (¢ROMBSie Bhwleney, csahembieyd C for the
Ni NoCs oxi de corgpos(i)itﬁ)iF onga?g%%g@r%mg%@o/ (@éiigﬁ %Iex‘(%ﬁegﬁ%ﬁ%ﬁ%?ﬁgo' 196.
lit) 21 August 2pbghxmecdedtiyty valwmsrmegsbivn $5-956 twith ehasponveatanlofd2.5
conposi tions (MB4)Re 84,894 tweShatf colbeo o 18DiAPCs oxi de catalysts used in

paral L el fixed bed reactor screen. RowCol unml*'1234 5 6 :
Ni 0. 8980. 8834. 8670. 85t NiTaErang NENUEr pxide catglyss OBONA) Mo0e Sctebndl 4paB in e 123
Sr 0. 0000. 000, 0. GRa0sA0Ra0e 090 0PsP 1230 036. 0 0.065
mass51. 251. 551. 43 -50.9'0 “48.3 §4€°29’?drf§?9ﬁiﬂ%g8h§g%‘?'§§°g%ﬁ’g‘ﬁggs‘?g?gg. 769 0. 748
2Nb0. 1060. 1770. 18952199250 19 phenexgiuospgxyeen Gopod Q.40 00 GURS seunOBthan000
Cs0. 0000. 0000. 0%deRBA vRuEFEr fle RABEPBIEEInDoridRGadRd 68m3ls 3 (@5 M)

Ni 0. 8670. 8050. 7530.7 4 - 0.714 0.693
] ethylene selectivity of 55.1 %) to 7.8 % (with ethylene selectivity of 65.0 %), and

15 ethylene selectivity values ranged from 55.1 % (with ethane conversion of 3.6 %) to
76.6 % (with ethane conversion of 7.1 %). Ethané conversion values for the NiNbFr
oxide compositions ranged from 3.5 % (with ethylene selectivity of 44.3 %) to 7.4 %
(with ethylene selectivity of 74.4 %), and ethylene selectivity values ranged from 44.3
% (with ethane conversion of 3.5 %) to 83.6 % (with ethane conversion of 6.6 %).

20
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Nb0. 1100. 1830. 2470. 256 0. 264 0.273 3Sr0. 0230. 0110. 0000. 000 0. 000 0. 000
Cs0. 0000. 0000. 0000. 010 0. 021 0.033 nass52. 452. 151.-649. 500 48 ggo 5é§$80
(nmg) N 0.8500. 7880. 7340. 687 0.667 0. 646 NbO. 1140. 1900. 2560. 313 183 . 333
4Sr0.0360.0223mgé%9.000 0.000 0.000 Cs0.0000.0000.0000.000 0. 010 0. 021
mass52. 250. 653 8518152 300 54. 400 (mg) Ni 0. 8320. 7690. 7140 X6MEY¥E 0. 605
NbO. 1180. 1970. 2640. 323 0. 374 0. 385 5Sr 0: 0500. 0350. 0210. 010 0. 000 0.000 . .
Cs0. 0000. 0000. 0000. 000 0. 000 0.010 mass46. 451. 149. 251.5 49.9 54.200 (m)

Ni 0. 8120. 7480. 6930, 605 0. 569 NbQ. 1230..2040 . 385, 0. 431

651 0. 0650. 0480, O3 5%&fﬁgﬁﬁmﬁgs&@h’%ﬁmﬁagﬁéégbﬁgé@%05%5 0. 000
mass52. 353. 650, 02878 BoC B RAING TKed fed FRactas FrRify st 2003 WO 00148971
PCT/ US00/ 04478 Pxgrpte—as—ti-otHnp—Tpstq—tar— —N-Ng—Fa—Ti ,

LI g
e Ovy I‘!‘i_\l‘k’ :54,
\ Lyn P nt Han tar
A

ZI‘ -baSEd O(l de A= ous 3\ [= 2 sere S “Ct BELE 12 S FRvAl efm C
st?atbility and perf or ncdl ic% &a'g ud MR, %23T, o
Zr)(Ce, Dy, Er,|Nd, Bi 1 oxtd atlal S 080 o1/ a uat ed
in a 200 hour |ffeti t?. S‘E(l)-gf erli fent’s, Q%Q erm
stability and pg AeE—c . ooy at Mi—Ch Fa—) (Sm
Sri, Co- Cs, Sb g)(h/g,N i 4307t Di88a & AR Bate&ﬁﬁﬁ ) 400
hour lifetine test? A d‘lé: [ ] dgo it an%‘cg eral0 Voh-
net hods were 10| varied i 53 gs Tesi tondi té §ns g ,lin the
200 hour test, hi-so-variEH Cw“)322)0'gwdr SALZ) e In the
200 hour lifetifre est, ] anO-RE ( NoO-3%, ﬂﬁgzr)gggl Dy, Er, .
15 Nd, Sm Yb, pr,~Cd, S@b elgéjpg Neg'gogore ;ﬁOQd a ?d ng to
one Of the a .00 .08 167 0.245
. Er 0.068 0.067 0.065 0.064
Ni 0.844 0.895 0.809 0.728
4 Nb 0.090 | 0.000 | 0.000 | 0.000
Ta 0.000 0.000 0.088 0.172
Er 0.066 0.105 0.103 0.100
Ni 0.761 0.806 0.855 0.768
5 Nb 0.174. | 0.092 0.000 0.000
Ta 0.000 0.000 0.000 0.091
Er 0.064 0.102 0.145 0.141
Ni 0.683 0.721 | 0.764 0.813
6 Nb 0.255 0.179 0.095 0.000
Ta 0.000 0.000 0.000 0.000

0.063 0.099 0.140 0.187

Example 24. ODHE over NiTaDy / NiNbDy Oxide Catalysts. (#13949)

Catalyst compositions comprising various NiTaDy and NiNbDy oxides were
prepared in small (~100 mg) quantities by precipitation substantially as described in
connection with Example 1, using dysprosium acetate hydrate ([Dy] = 0.294 M)

10  aqueous stock solution and calcining at 300 C, as described. The compositions and
amourits of the various NiTaDy and NiNbDy oxide catalyst compositions are shown
in Table 24A. -

The NiTaDy and NiNbDy oxide catalysts (~ 50 mg) were screened in the fixed
bed parallel reactor for oxidative ethane dehydrogenation.at 300 *C with flowrates 6f

15  ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm. Ethane conversion values for the
NiTaDy oxide compositions ranged from 14.1 % (with ethylene selectivity of 71.2 %)
to 19.9 % (with ethylene selectivity of 84.4 %), and ethylene selectivity values ranged

o1




foll ow ng net hods, designated as Method A through Method F. The vari ous
catal yst conpositions and their nmethod of .preparation are s i bl e
26A. Method A: Catal ysts were prepared by precipitation vvithapmguspm-B§

t et ramet hyl ammoni um hydroxide to the m xed netal nitrate or oxal ate

sol ution. Afteroed®d7centrifugation, the solid material s obtedbisdemwse dried
at 60 C under vacuum and then calci.ned-to 300 C at 2C/ mn and dwel |l ed at.
300 Cfor 8hrs. Method B: Catalysts were prepared by precipitation with

t et ranet hyl ammoni um hydroxi de to the m xed netal nitrate or oxal ate

sol ution. Aft erfors@n? & (withathaonconvirsios of 14/1 fdtte B4.2Pe(voltatiisnednygssien ofr i ed at
60 C under vacuu];[l{K gnd 25 then calcined to 300 C at 2C/ mn and dwel | ed at
300 C for 8hrs kG cooling. down to 25 C, those catalysts were cal cined
agai n to 400-C BtharkCbiversicanelugyior thealiNGDE oRide gpmpesitions fapdddiprCl 0.0%t al yst s
were prepared b r d netal
nitrate or oxal é’f‘& g‘@dg eg%hw f‘\#eﬁtrﬂce [%;ug #g%ﬁ@@ﬂé&%%y&gm@en al s
obt ai ned were dmdMy&heﬁdlbcﬁvxwmrcsmgcmﬁpmaﬁﬁd % lwith ethdngicaengrsias @9 C at

2C m.n and dwel ] 0..C Cat al ysts were prepared by
precipitation 5??%%‘%2 rﬁﬂilcarcgona erl\%ﬁoﬁé%n*xed nmetal nitrate or .
oxal ate sol uti on. Af'lIl-:eN’C:é)ytandﬂﬁUhDyomdemelystSbw‘5%“89&?@?#‘&¢ﬁ§eiﬁﬁﬁlallmed wer e
dried at -60 Cu r gust 2003
U0 00/ abovs porone B PRl A B e by dRGerdb ot derdigg ot 2008
cool i ng down tOteﬁﬁaerurd(aﬁEE ethancuitreges:oxyeen oy of (X0 3A0%8 scemubigtamohy . -
2C/ mn and dweII I form
was dried at?1080 Cm? e ?/ceara y§tsﬁ€%§m%ﬁ%m9€c3§ﬁ% a%osug}ﬁ%én'lglug)%&gh%gf)rt was
i npregnat ed wi t kn depeaterspedmens, at 250 "Craati@t 300 Oélrb@@ah%@ﬁ%‘”&bl ution. After
centrifugation, he solid C under
vacuum and t hefi E%%?Q%HO%EISBBQ&? 99'?%“%%?‘{ d@éﬁaﬁghﬁg}v@goo C for 8hrs.
Met hod F: Catal ysts were prepared by precipitation with

t et ramet hyl anmoni um hydroxide to the mixed nmetal nitrate or oxal ate
solution. After 10 centrifugation, the solid materials obtained are dried
at 60 C under vacuum and-then calcined to 400 C at 2C/ mn and dwel | ed at
400 C for 8hrs. The forty-two catal ysts of Table 26A (- 50 ng), together
with six blanks, were screened sinmultanteously in the 48-channel parall el
fixed bed reactor for oxidative ethane dehydrogenation at 300 'Cwith

et hane: ni trogen: oxygen flow of 15 0.42:0.54:0.088 sccm Table 26B

sunmmari zes the anount of catal yst screened, as' well as the ethane
conversion (C) and ethylene selectivity (S) for each of the catalysts,
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measured after various tinmes during the test. 115 21 August 2003 WD
0014897] PCT/ USO0/ 04478 Table 26A: Catal yst conposition and BLE‘H%%OQ
met hods. for catal ysts screened in 200 hour lifetine test. Par t
A Cat al yst ConpositionPreparati on Method N o.a6Tao. 140xA - Ni a-65Ta0O 31
Ceo- 040. A Ni 0. 82f¥B?719Tao0. 19Ce0. alOxA Ni O 73Tao. 24D 0. 030« APGITS0GEAMISO. 25D
0. 07OxA Ni 0. 68Nbo. 26Er 0. 060OxA Bl ankn/a Ni 0. 62Nbo. 380xA .
Ni 0. 7] Tao. 23Ndo. 060xA Ni O. 63Nb0. 34SnD. 030xA Ni 0s4Tao. 45Snmp. ol OxA-
Ni 0. 72Ti 0. 2sOxA Ni 0. 66Ti 0. 29Yba. o0sOxA bl ankn/ a  Ni 0- 62Nbo- 34Ceo- 040xB
Ni 0. 62Ta0. 34CeO. a2 AANCA2ENsnPPTiEPRs OISR CpRs) $8¥EeD 2 EHNDDy TEKB
Ni 0. 60NbO. 19Tao. SHtaly&isused dmRasaiigl Gixedhdaemtpssesd2 OB bl ankn/ a Nlo. 63NbO. 370xB
Ni 0. 51Tao. 42Zr 0, 070xB Ni D-73Ti Q0 27(zB Ni o _saTan.. 34CGdo. o7OxB
Ni 0. 68Nbo- 24Gdo LoBews Ini 8eladhha 119h0 2 1 1oxB bllanks/ a 5 6
Ni 0. 82Nb0. 14Sb0J 040xB Ni 1.000 0.919 0.842 0.768 0.696 0.628
1 " Nb 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 | 0.081 {-0.158 | 0232 | 0304 | 0372
Dy 0.000 0.000 0.000. 0.000 0.000 0.000
Ni 0.915 0.964 0.882 0.803 0.728 -0.656
2 Nb 0.085 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000° | 0.083 0.162 0.238 0.311
Dy 0.000 0.036 0.035 0.035 0.034 0.033
Ni 0.835 0.878 0.926 0.842 0.763 0.687
3 Nb 0.165 0.087 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.085 0.166 0.244
- , Dy 0.000 0.035 0.074 0.072 0.071 0.069
Ni 0.759 0.797 ;| 0.839 0.886 0.801 0.721 -
4 Nb 0.241 0.169 0.089 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.087 0.170
Dy 0.000 0.034 0.072 0.114 0.112 0.109
Ni 0.686 0.720 0.757 0.798 0.843 0.758
5 Nb 0314 0.247 0.173 0.091 0.000 0.000
Ta 0.000 0.000 0.000 (0.000 0.000 0.090
Dy 0.000 0.033 0.070 0.111 0.157 0.153
N1 0.617 0.645 0.679 0.714 0.754 0.799
6 Nb 0.383 0.321 0.253 0.178 0.094 0.000
Ta 0.600 0.000 0.000 0.000 0.000 0.000
Dy | 0.000 (.033 0.068 0.108 |} 0.152 0.201

Example 25. ODHE over NiNbSr / NiNbCs Oxide Catalysts. (# 16892)

Catalyst compositions comprising various NiNbSr and NiNbCs oxides were
prepared in small (~100 mg) quantities dispensing various amounts of aqueous metal
solutions (nickel nitrate ([NiJ=1.0M), niobium oxalate ([Nb]=0.569M, excess oxalic

10 acid [H'1=0.346M), strontium nitrate ([Sr}=1.0M), and cesium nitrate ([Cs]=1.00M)
“withan automated liquid handling robot info an array of glass vials in an aluminum
substrate. Magnetic stirbars were added to each of the glass vials, and the precursor |
solutions were heated at 120 °C on a hot place with vigorous magnetic stirring, such
that the water in the solutions boiled off after about 2 hours. The dried materials were
15 then calcined by heating to 320 °C at 5°C/min and are dweliing at 320°C for § hours
in air, and subsequently cooled to 25°C.”  The compositions and amounts of the

various NiNbSr and NiNbCs oxide catalyst compositions are shown in Table 25A.
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Ni 0. 6aNb0. 39Sbo. 01 OxA Ni 0. 72Nba. 27B i 0. 01 OxB Ni oa3Tao. 2sBi O. 020xB .

Ni 0, 63Nbo. 33YbO. 040xB Ni 0. s9TaO. 37Ybo. 040xB bl ankn/a Ni o. 6SN?P §3%220(C
Ni 0, 71Nb0. 27Sho. 020xC Nlo. 6sNb0. 33CeQ. 020xD N 0. 63Nb0. 19Tao. a‘6< I 02E

N 0. 71NbO. 278@09‘%@%@ Ni 0. 65Nbo- 33CeO. 020xF bl ankn/a (kj 21 August 2003 WO
00/ 48971 Tabl e 26A, Part B Ni 0. 74Nbo: aaTao.i 7Ceo.0 i OzF ¥CI/US00/04478

Ni 0. 75Nbo. 24Ceo0. 0i OXF Ni 0_ssTao. 40Gdo_070OxA Ni a. 74Nbo. 08Tao. 17Ceo_o | OxA
Ni 0. 74Tao. 22Ybo. 040xA Ni a. 65Tao. 3sBi 0. o) OxA |- 3 PCT/US00/ 04478 115 21 -

August 2003 WD 00/ 4 6 HPRAOAA (8 Tabl e 268 tal yst conposition,
sanpl e nass (ng% ang%ét lﬁ%{aggnvers&loé%ef %%ly%\tﬁﬁ E)e?" eé?\%“%"‘&?de‘etﬂ}e\%? (S)
measured at var bespstati¢lreastay forsixidative ethand dehydrogerationg 3001 C2REh AhQUEs bi T et i me

(555 (59 C 01 o SaPbgeipehr SRRt SR AR P0G B pealhBl i oo ©
_ compositions ranged from 17.4 % (with ethylene selectivity of 84.4 %) 10 22,0 % - '
5 (with ethylene selectivity of 87.5 %), and ethylene selectivity values ranged from 82.3
% {with ethane conversion of 18.1 %) to 89.6 % (\fﬂ} ethane conversion of 21.2 %).
Ethane conversion (C) and ethylene selectivity (S)?vai‘:lés for the NiNbCs oxide .
compositions ranged from 5.2 % C, 15.2 % S t021.7 % C, 87.5 % S. . -
The NiNbSr and NiNbCs oxide catalysts (~ 50 mg) were screened again in the
10 fixed bed parallel reactor for oxidative ethane dehydrogenation at a different i
- temperature and different flowrates (275 °C; ethane:oxygen flow of 0.42:0.033 sccm).
Ethane conversion values for the NiNbSr oxide compositions. ranged from 10.6 %
(with ethylene selectivity of 84.5 %) to 15.5 % (with ethylene selectivity of 91.4 %),
and ethylene selectivity values ranged from 83.7 % (with ethane conversion of 11.2
15 %) to 91.4 % (with ethane conversion of 15.5 %). Ethane conversion (C) and ethylene
selectivity (S} values for the NiNbCs oxide compositions ranged from 3.3 % C, 14.4
% S t0 14.4 % C, - ' '
90.1%S. | |
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Ni 0.
Ni 0. 62Nbo= 19Ta0. | gCeo. 6f Ox50. 416. 484. 314. 384. 6 Ni O 73Tao. 24D 2003
0. 030x50. 519. 183. 818. 984. 2 Ni 0. 6aNbo- 250 0. 070x49. 818. 683. 6181 888"k

Ni O- 68Nbo. 26ErweehidyA9. 819. 083. 018. 183. 1 Bl ankn/ a0. 146. 00. 146. 7

65Tao. 3| Ceo. a40x5017. 8 -82.418.5. .82.8

. PC
Ni 0. 62NbO. 380x49. 219. 685. 218. 285. 5 ‘ 170500704478
Ni 0. 71Tao- 23Ndo. 060x49. 617. 381. 517. osgé e23
Ni 0. 63NbO. 34Snm. 030x50. 4' 21. 185. 020
; 5
Ni n. 54Ta4- 45SnD. PlebesQ. @agayysﬁg E gﬁf‘&“’k‘ &2 gﬁ@z\gﬁgﬁgg g18 385.
Ni 0. 66Ti 0. 29Yb0. g g;gfg%seﬁl,gpgﬁg,l .
Ni 0. 62Nbo. 34Ceo. 040x42. 615 781_914’n§1n .
Ni 0. 62Tao. 34Ce0dA QG 7- @&m%g N GRS L P O |
Ni 0- 76Nbo. 17Er 0| OOOXAS T334 Gt I TEANE oG- .
0- 070x44. 213. 283. 311. 98332 N ho §§ ao.g mgg 45%5;1%1%43% %33?4 883.4
Ni 0. 64Nb0. 34Prajo2x4q§. 1X5.5 16g. og) platkn/a 0001 “Caco 1 %000
Ni 4. 63Nba. 370x45. 912. 486411 Nb B 1 0023 L 50594 P05243. 5 :
51Taa. 42Zr 0. 070x44. 5185: 3 NG TP 2 Y 483 542
Ni O 58Tao. 34Gdob70x45. 3. . : _
Ni 0. 68Nbo. 24CGdo ( . 27°2u 0 7 > £
Ni 0. SONbo. 19Sho 14 7% bigan] B 7454, %blgf] 3918
Ni 0. 82Nbo. 14Sbo =080d; | 0.000 | 0.000 | 0.000 | 0.000
m! 0. ggmgo- g?g.bg >0god, | 0011 | 0022 | 0035 | 0.048
1 0. 0. : ' ~S01° | 500 51.8 51. 5
Ni 0. 73Tao- 25Bi o} 020x5Q1 3‘5’5% 7 3 475
N 0- 531D0. 33 ¥bo 1 b %506, i1 873/ b0 130 Jo®- 148 ] 20.693
Ni 0-59Ta4- 37Ybo 8‘210(25' (O3 | 0247 | 0256 [ 0264 | 0273 '
Ni a. 6sNbo. 33Ce0 ) -~ 0 |9 _
' D 0-09603 NO0DOML48971
Ni 0. 71Nbo. 27Sbo] 020x49. % doc ggg@ 10%@50_021 900

52.1 51.6 | 49.500 | 48.300 | 51.100

0.788 0.734 0.687 0.667 0.646
0.190 0.256 0.313 0.323 0.333 -
0.022 0.010 0.000 0.000 0.000
0.000 0.000 0.000 0.010 0.021

50.6 53.8 51.5 52,300 | 54.400

0.769 | 0.714 | 0.667 | 0.626 [ 0.605
0.197 | 0264 | 0323 | 0374 | 0.385
0.035 | 0.021 | 0.010 | 0.000 | 0.000
0.000 | 0.000 { 0000 | 0.000 | 0.010
mass 46.4 51.1 492 51.5 499 | 54.200
(mg) : '
Ni 0.812 | 0.748 | 0.693 | 0646 | 0.605 -|- 0.5690
Nb 0.123 | 0204 | 0273 | 0333 | 0385 | 0.43]
6 Sr 0.065 | 0.048 | 0.033 | 0.021 0.010 | 0.000
Cs_ | 0000 | 0.000 [ -0.000 | 0.000 | 0.000 | 0.000
mass 52.3 53.6 50.0 48.8 50.5 54.4
(mg) : :
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Tabl e 26A, Part A2 PCT/ US00/ 04478 N 0. 6sNbo33Ceo. 0, Ox49. 313. 082. 512. 580. 4

Ni 0. 63Nbo. 19Tao. | sOx | Ti G, 145. 97989. 15. 989. 8 Ni D. 7) NbO 27Sb029%0x5920%}1 2.
81.58.8. 77.6 N 0. 65Nbo. 33Ce0. 020x49. 716. 785. 216. 2- 85.1

bl ankn/ a0. 137..40,. 143. 1 Ni 0. 74Nbo. osTao. 17Ceo. 01 Ox50..16. 184,
Ni 0. 75Nb0. 24C¥EW#Y 50.2 19.4 85.8 19.1 86. 4 %C%g““%g‘”
Ni 0. 53Tao. 40CGdo. 070x48. 916. 878. 816. 277. 4

Ni 0. 74Nbo. osTao_17Ceo. 010, , 50. 917. 384. 315.685. 0 .

Ni a. 74Tao. 22Yb%FO4O

N o Gotas Soni Bxguakds yildiiotsG b @é%“"fi“‘/m?f%t GuEP 25850800/ 48971

Fc/:;/ EJ%JOI 04478 % 26B, Part Bl 108.24189. 3207. 98 Library #. c (%A IsnC
WS(AHC (% (N 8 140 .17 083 217 483 113 Ni O _
17. 882. 516. 682. 01761§*’33“‘feé’§?’é? CHMENS, longerm Stalifs aﬁfgpg@ﬁméﬁ 884 212.884. 6

62NbO0. i gTa05| O Chacttirie¥cs-of varfous Ni(Nb, Ta, Ti, Zr)(Ce, Dy, Er, Nd; Sm, Yb, Pr, Gd, Sb, Bi)

oxide catalysts were evaluated in a 200 hour lifetime test. In a second set-of

experiments, long-term stability and performance charactensbcs of various Ni(Nb,

Ta, Ti)(Sm, Sn, Co, Cs, Sb, Ag)(Mg, Ca, Li) ox:de catalysts were evaluated in 2 400

hour lifetime test. As described below, compositions and preparation methods were
10 variedin 'thé lifetime tests. Test conditions were, in the 200 hour test, also vaned

(data not shown).

_ 200 Hour Lifetime Test ,
In the 200 hour lifetime test, forty—two dlfferent Ni(Nb, Ta, Ti, Zr)}{(Ce, Dy, Er _
15 Nd, Sm, Yb, Pr, Gd, Sb, Bi) oxide catalysts were prepared according to one of the
following methods, designated as Method A through Method F. The various catalyst
compositions and their method of preparation are shown in Table 26A.

Method A: Catalysts were prepared by precipitation with

' tetramemylarhmorﬁum hydroxide to the mixed metal nitrate or oxalate solution. After
20  centrifugation, the solid materials obtained were dried at 60 °C under vacuum, and
then calcined to 300 °C at 2°C/min and dwelled at 300 °C for 8hrs.

Method B: Catalysts were prepared by precipitation with
tetramethylammonium hydroxide to the mixed metal nitrate or oxalate solution. After
centrifugation, the solid materials obtained were dried at 60 °C under vacuum, and

25 then calcined to 300 °C at 2°C/min ahd dwelled at 300 °C for 8hrs. After cooling
down to 25‘°C, those catalysts were calcined again td 400 °C at 2°C/min and dwell at
400 °C for 8hrs.

Method C: Catalysts were prepared by precipitation with .ammonium

carbonate to the mixed metal nitrate or oxalate_solution. After centrifugation, the
30  solid materials obtained were dried at 60 °C under vacuum, and then calcined to 300
°C at 2°C/min and dwelled at 300 °C for 8hrs.

Method D: Catalysts were prepare(i by precipitation with ammonium

. carbonate to the mixed metal nitrate orloxa‘late solution. After céntrifugation, the

solid materials obtained were drif_:d at 60 °C under vacuum, aﬁd then calcined to 300
W




Ni o 18.484.218.084.018. 784.2 73Tao. 24D 0. 030x . 18.183.5,. 17.682.918.182.9

Ni 0. 6aNbo. 25D 0. 070x N0 26Ero.060x 17.983.0---17.282. 4-18. .3 90 .
0.148. 30. 144. 10. 145.3 Blank Nio 17.585.116.384. 716.984.9 6%% g@@%ﬁ _

Ni o 16.481. 416 6.781.3 71Tao. 23Ndo. 060X Ni O
TI90485 018. 884“@% ‘%4 5 63Nb0. 34Sm0. 030x . N O 15.383. 914PSBYSNA4T883. 6
54Ta0. 45Sm0. 010x _ Ni O 17.785.217. 485: 117. 485. 0

°C at 2°C/min and dwelled at 300 °C for 8hrs. After coolmg down to 25 °C, those
catalysts were calcmed again to 400 °C at 2°C/min and dwell at 400 °C for 8hrs.
" Method E: TiO; support in pellet form was dried at 100 °C for over 8 hrs. .
. After cooling to 25 °C, TiO, support was impregnated with the mixed metal nitrate or
5 oxalate solution. After centrifugation, the solid materials obtained wefe dﬁed at 60
°C under vacuum, and then calcined to 300 °C at f”C{;mn and dwelled ét 300 °C for
8hrs. | , ‘ B

Method F: Catalysts were prepared by precipitation with

tetramethylammonium hydroxide to the mixed metal nitrate or oxalate solution. Afier
10 centrifugation, the solid materials obtained are dried at 60 °C under vacuum, and-then
- calcined to 400 °C at 2°C/min and dwel_lcd__ at 400 °C for 8hrs.

The forty-two catalysts of Table 26A (~ 50 mg), together with six blanké, were _
screened simultanteously in the 48-channel parallel fixed bed reactor for oxidative
ethane dehydrogenation at 300 *C with ethane:nitrogen:oxygen flow of

15 0.42:0.54:0.088 sccm. Table 26B summarizes the amount of catalyst screened, as

well as the ethane conversion (C) and ethylene selectivity (S) for each of the catalysts

measured after various times during the test.
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72Ti0.280x . N O 17.080.516.579.115.679.0 66Ti 0. 29Ybo. 050k .
0. 143. 80. 142. 20. 1-39.9 blank N o 14.781.614.581. 514. 481. 5. 651\[3&% {{@8 040x
Ni 0 13.982.313.282.212.782.1 62Tao34Ce0. 040x . N 0. 76Nb0 0

11.4 84.5 11.5, 8k, 11. 4 84.2 Nio 11.882. 711. 782. 311. 882, 41‘ gg D 0. 070X
. N0 14.182.813.782.213.782. 4 60Nb0..| 9Ta0. 1SSND. 030K . E@@"‘é?lz 7
81.0 3

Table 26A: Catalyst composition and preparatlon methods for catalysts screened in
200 hour lifetime test.

Table 26A, Part A - :
Catalyst Composition Preparation
Method

"a

NiggsTag.140;
Nig.gsTa031Ce0.640x
Nig.s2Nbo.19T 80.19Ce€0.010x
Nig 73T 24D¥0.030x
Nig 6aNbg.25sDY0.070x
Nig 6sNDg 26E10.060x
Blank

Nigg2Nbg 3804
Nig.71Ta0.23Ndo.0s0x
“| Nig.63Nbg 345m9.030,
Nips4Tag 458mgp 0,0y
Nig 72Tig.280; '
Nig 65 Ti0.29YD0.05O0x
blank ,

Nig 65Nbo 34Cep.040y
Nigg2T25.34Ce€0.040x
Nig.76Nbo.i7Er0.060x
Nig 68T 20.25D0.070x
NiggoNbg.19Tap 1859030,
Nig.64Nbg.34Prp.0204
blank

Nig.63Nbg.370x
Nig51Tag 42710070
Nig73Tip2704

Nip ssTag.34Gd,070«
Nio,ssNbp 24Gdo.08Ox
Nig goNbo.19Sbp.010x
blank
Nio.g2Nbg.145b 040
Nig 66Nbg.30Sbg.010x
Nig72Nbg.27Bi.01 Oy
Nig.73Tag 25Big,020x«
Nig.63Nbp.13Ybg 040«
Nig.s9Tag 37 Yo 04Oy -
blank

Nig 6sNbg.33Ce0.020x
Nig.71Nbp.278bg 0204
Nio 651Dy 33C€0.020x
Nig.63Nbg.19T49,180x /1102
Nig.11Nbg.27Sbg 0204
Nig 6sNbo33Ceg.0204
blank
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12.8 81.4 N p. 64Nbo. 34Pro_020x 0. 144. 00. 143. 20. 144.8 blank N o

10. 486. 19. 985. 310. 18576 63Nbo_ 7Ox _ N o 12.982-312.582.012. ?2729 1t§60'5a0
42Zro0.070x . . 10.683.710.183.79.683.6 N 073Ti 0270k .. N os& gus

83. 18. 582. 58. ¥89sdzer4CGd0. 070x 9.0 . N 4. 68Nb0 , 4Gdo. 08k odfuny 11.6
74.0 11.7 74.6 i9Sbo.0oj Ox 11.9 85.511.285.011.185.3 NNo aoNbo . .

Table 26A, Part B -

Nip 74Nbp 03 Tag 17Ce0.01 05
Nig.7sNbo.24Ce0.010x
Nig53T20.40Gdo070x -
Nig 74Nbg.08Ta0.17Ce0.0104
Nig.74Ta0.22Y¥bo.04Ox
Nig.esTa0.36Bi0.010x

> [ |
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40.00. 140.60.141.1 blank 0.1 N o 82.38.681.08.981. 7 82Nbo: 14Sb0. 040x 9.5 .

Ni 0 83.415.482. 915.583. 2 60Nb0. 39Sbo. ol Ox 16.0 . 010« 14.4 ,N,Q o0,

85.913. 685. 214.185.5 27Bi 0 72Nb0 . . 85.78.985.59.385.7 .

N 0a3Tao. 25Bi owoB@sA. 8 33Yb0.040 x 12.6 NIO 82. 210. 880. 4$2r/AGhedsH3ND0 -
37Ybo_040x 6.2 _ 85.15.485.05.985:0 Nio

Table 26B: Catalyst composition, sample mass (mg) and ethane conversion (C) and
ethylene selectivity (S) measured at.various times on stream during screening in 200
hour lifetime test.

5  Table 26B Part Al ' . I
Time on stream (hour) 5.34 ' 62.37

Library # Mass C(%%) S (%) C(%) - S (%)
: (mg) '
Nigp 361291405 49.4 18.1 3.|. 835 18.2 83.3
Nip 65T20.31Cep 0405 - 50 178 ° |7 824 18.5 . .82.8
Nig,62Nbo.19T a0 19Ce0 010 50.4 16.4 843 14.3 - 84.6
Ni0_13Taa_24DYQ_o3OI 50.5 19.1 83.8° 18.9 84.2
Nio_ﬁngo_stYo_mOx 49.8 18.6 83.6 18.9 83.6
Nio_ﬂNbo_zﬁETo.asox 40.8 19.0 83.0 18.1 83.1
Blank n/a 0.1 46.0 0.1 46.7
Nig 6,Nbg 3304 49.2 19.6 85.2 18.2 85.5
Nig 71 Tag.235Ndg 0604 46 | . 173 81.5 17.0 ‘81.8 -
Nig 53Nbg 348mp 030, 50.4 “21.1 85.0 20.3 85.2
Nig 54Tap.45Smg.0104 49.5 17.4 84.5 16.2 84,2
Nip 72 Tip280% 50 18.7 85.0 18.3 35.5
Nig ¢6Tip.29Ybg 50 49.5 17.5 82.6 17.5 31.4
blank /a 0.1 45.6 G.1 45.2
Nio_ﬁszo_yCCo_mOx 42.6 15.7 81.0 149 81.8
Nig ¢2Tag 34Ce0.040x 47.6 14.7 81.7 14.9 82.3
Nio_']sN-bn,r;Ero.oaO; 45 13.4 84.8 12.6 . 84.7
Nio,ﬁsTﬂo_gsDYo_mox 44,2 13.2 83.3 11.9 83.2
Nio 60Nbo lgTao ]gSmo 030,; 45.6 153 84.2 14.8 83.4
Nln @Nb(] 34PI'|) 020 48.1 15.5 84.6 14.6 83.9
blank n/a 0.1 - 443 0.1 42.6
Nln.ﬁngo_ﬂox 45.9 i2.8 86.4 11,5 86.3
Nio_s]T&(j_‘;zZl'o,o']Ox 44.5 15.0 83.3 13.9 82.6
Nig 93T ip 270 45.8 12,6 83.7 11.2 83.5
Nig ssTag34Gdg.0704 45.6 10.4 83.5 8.4 33.2
Nip ssNbg 24Gdg 080y 55.2 14.0 759.5 13.2 78.0
Nig goNbp,19Sbg 0104 48.6 14.0 85.6 12.4 85.5
.| blank n/a 0.1 385 0.1 - 315

Nig 22Nbg 145bg 040 49.6 12.0 83.7 10.2 82.7
Nip soNbg.368bg.0: O ' 51.8 - 179 83.9 "~ 16.5 83.7
Nig,72Nbg 27Bin 010 54.7 15.4 85.9 15.1 85.8
Nip.73Ta9.25B10.0205 50 10.9 86.0 10.2 - 859
Nig,63Nbg 33Ybg 040y 41.1 13.9 B33 127 . 82.7
Niu_ngao_g']Ybo_mox 47.1 10.8 84.9 1.2 85.1
blank n/a 0.1 40.0 0.1 48.2
Nin_gsNbﬂ_;;Ceo_nzox 48.3 16.5 82.6 - 154 79.8
Nig 71Nbg 275b9.0204« 49.1 16.5 82.6 149 71.8.

o



59Tao . . 48.60.147.50.147.1 blank 0.1 33Ceo _020x 14.6 N o

78.112.772.313.573.6 65Nbo . . 73.411.462. 312.364.8 Ni 0. 71N$g 27SE§m920X
14.2 Ni 0. 65Nbo. 33CEO 020x12. 478. 410. 270, 3108731 Ni 0. 63Nb0_19 4u
MD26. 189. 04. 988, $9.2 Ni 0. 7INbO 275b0. 020x9. 676. 87. 971. .48.874.1

Ni 0. 65Nb0. 330e0 02 17 085. 616. 085. 417. 685. 9 bl ank0. 147. 90PSH¥S@E«187 8 21
August 2003 WD 00/ 48971 Table 26B, Part-B2 PCT/ US00/ 04478

Ni 0. 74Nbo. ogTao. i 7Cea. nt O 15. 784. 715. 384. 315..5%$47

Ni 0. 75Nbo. 240eoTég;e%A8P§§92318 286.118. 486. 3

4 AL N7 9

Ni 053" Tao. 40CAPRNE [Nbtlra L6, S T4 T Tght o707
Ni 0. 74Nbo_osTapyi 0::3 542 ; a—%&%gﬁ;ﬁ {125 80.4
Ni 0. 74Tao. 22YbpgD) e 5ed ot ol 4043 N o Bhlragl 368801 | 893

x B e pe4 27l 48429 NL.o Ehlra
Oc14. 982. 012, 6FARH St 2 aob e --bl el TellS 5 1o B8 aho Hour |
lifetine test, oty ergiiditip REN- #32 o g2 col @1 sH
Ag) (M3, Ca, Lijpgoxide-gatabysts wel/a of-epdried by iebci it 84j onl ust3alg tihe .
metal salt preegr g -t il act delll | pbg 843 el | | k68 exhnides .
herein. The vajr &5 L moSitipns!®%host - ipitakdlon brebdarert (if
any) and cal ci jpaeplieeCdanlic. ook 489 | 1y 168 ol FV8MbI e B2 %] 774 |
DoogT2017Ce0010x | 50.9 17.3 843 15.6 850 |
NlouTanszumo : 50,7 17.8 84.2 17.5 ' B4.6
Nig.¢sTa0.36B10.010x 50.4 16.3 826 153 | - 821

|




10 The forty-eight catalysts of Table 26C (- 50 ng) were screened
simultanteously in the 48-channel parallel fixed bed reactor r o%%ggt Ive
et hane dehydrogenation at 275 'C with et hane: oxygen fl ow of

sccm Table 26D summari zes the anmount of catal yst screened, as well as the
et hane conver siomu1fs@) and ethylene selectivity (S) for ea®RT/HP0(OHZS

catal ysts, neasured after various times-during 15 the test. These data show
that, after 48 hours on stream the 48 catalysts |lost,-on average, |less -
than about 13 %in conversion and.l ess than about 2 %i n selectivity.
Several of the Tafle?6psPertBadd no substantial | oss of

over the 400 hour_test. Figures |2A al®.2%B shaw et B 588 and
et hyl ene sel ec{ivity Idatagy # ver sug G (% pb$H{(%) r é&5%ur iS:(?)uMd(J S
lifetime test {bienF5Tao 28Snd. 03 | FBH2 [2072A)] #Ad | 18.0 | 83.1 _
Ni 0. 71Nbo. 27Cod Na2fDeo Eeo@s0,2B) . Tabl7e8 26C82.6Gatiallgdt |cdA¥osi1i®n, $2-brary
reference #, afMigNtpalali@ey0et HodS. ¥ of 844t dl Vdi8s Is@hAdenelP-§ 0 486 hour
lifetinme test. 8%, fablPys&s, Part| AB4 bl aB4.2#QCo8dsi |t i8¢OR4NtR-kd* 84.2
(1,1)16693. 1ANI aii QMR aDyID0_EOTa0. IBASND. 826x 5/ 37@ 8/ #2159 | 18.1 82.9
(1, 2) 16693. 1BNifqy QN QEEQ,0- EoTalo. I7E5np. 820x G3,723000 84 |-18.2 | 82.3
(1, 3) 16693. 1CNijgiiNbO, T 0TI 0. 1T OTao. tNSXN04B.2O04PAS] >115@.1<300.1pr(n- 45.3
(1,4)16693. 2N ¢:5RMAR,LR T a. 1nTaQ, i o3 0| 086X5/|32@/38/ NB4.7 | 16.9 84.9
{1,5)16693. 3N 03H) ,,N8, k@, 1 0Tao0] Erpano| 080Q451326/38/ pisi &5 13207 8/ HBL.3\
(1,6)16693. 4N qppRNAR .S h,@, 1 0Taof 1 g5 | QRSXS/[32AY/BF HB4A | 17.3 845 .
(2,1)16693. 5N dpRNID. ER ;9,-: TOTao| 1{3x0] 088XB5/132/8/ N&3S J204.8/jai 83.6 119 21
August 2003 WO [QHr 389,(d, PCT/ USOOT DA agke 46G7.4Par tgsH ([2324 1669806Ni 0. 6
Nbo , OTi 0. 1oTaq=HUSHO, G ORS! K5ieg 307187 @ 9 79.1 15.6 79.0
(2,3)16777. 31Nl 4338 01 | 422 | 01 | 399
(2,4)16777. 14N 816 | 145 | 815 | 144 | 815

(2,5)16777. 35N 0 5 X "ghh | 132 | 822 | 127 | 821
Eg’?g}gzg;'gim: i : : "34ls | 115 | 843 | 114 | 842

- 2.7 117 | 823 | 11.8 82.4

(3,2)16469. 52N "able 1 137 | 822 | 137 | 824
Eg’iﬁigégg'ggﬁ; o0 | 127 | 810 | 128 | 814 -
’ ' ' - 4. 2 | 0.1 44.8
(3,5)16470. 31Ni 40 | 0.1 | 43 _
(3, 6)16470. 53Ni 6,1 9.9 85.3 10.1 85.6
(4,1)16470. 63N 12.5 82.0 | 12.6 82.1

ivity

ey |

o

/
Nig.23Tig 2705 106 | 837 101 | 837 | 96 83.6
Niu_saTao_g.;Gdo‘mox 9.0 83.1 8.5 82.5 8.5 82.7 7
Nig 6sMNbg 24Gdg.080x 12.5 76.5 11.6 74.0 11.7 74.6
Nig s0lNDg 195bg.010x 11.9 85.5 11.2 85.0 11.1 85.3
blank 0.1 40.0 0.1 40.6 0.1 41.1
Nig 59Nbg.145bg.040x 9.5 82.3 8.6 81.0 8.9 g1.7
Nig6olNbo 398000105 16.0 834 154 829 15.5 83.2
Nig.72Nbg 27Bip 6105 144 85.9 13.6 85.2 14.1 85.5
Nig713Tag.25B10.020x 9.8 85.7 8.9 85.5 9.3 B5.7
Nigg3lNbg.33 Yo 04Oy i2.6 82.2 10.8 80.4 12.0 81.3
Nig 59T20,37Yb0.040x 6.2 | 851 5.4 85.0 5.9 85.0
blank 0.1 48.6 0.1 47.5 0.1 47.1
Nig.ssNbo33Cen020x 14.6 78.1 12,7 72.3 13.5 73.6
Nip71Nbg278bg 0204 14.2 73.4 114 62.3 123 64.8
Nio,ﬁsNboJ;Ceg_ogox 12.4 78.4 16.2 70.3 10.8 73.1
Nig g31Nbg.19Tag,180, Ti02 6.1 89.0 4.9 89.2 5.3 89.2
Nig.71Nbg.278bg 0204 9.6 76.8 7.9 71.4 8.8 74.1
Nig.ssNbg33Ce0.0205 17.0 85.6 16.0 85.4 17.6 85.9
blank 0.1 47.9 Q0.1 47.3 0.1 47.8




(4, 2)16650. 14ANi 0. 68Nbo. | oTi 0. t oTao. t oSnD. 020x5/ 320/ 8/ ai r
(4, 3)16650. 14BNi 0. 6sNbo. | oTi 0. | oTao. i oSnD. 020x5132018/ ai r -
(4, 4)16650. 42Ni 0. 6gNb0. 10Ti 0, 10Tao. 10SnD. 020x5/ 320/ 8/ ai r
(4, 5) 11525Ni o. @@Iﬁ%ﬁ% Tao_1EOx5/ 400/ 8/ air (4,6)16610. 3N o.
63Nb0. 19Tao0. | a 8/ N2 (5,1)16365. 31Ni 0_a5Nbo. 14Co0. 010XBTHIP/BI42
(5,2)16365. 42Ni 0. 7aNb0. 20Co0. 020x5/ 320/ 8lai r

(5,3)16365. 53Ni 0. 71Nbo. 27Coo0. 020x5/ 320/ 8/ ai r

(5, 4) 16298. 11Ni OraﬂréEEQ R%a%rio 030x5/ 320/ 8/ ai r
i o

21 August 2003

DN 39N O A
(5. 6) 16298, 41Ni|0% e o 13 | 843 155 [ 845~
(6, 1) 16298. 42Ni —EBBym; Fhdgl (182 | 861 | 184 | 863
(6,2)16298. 71Ni X85 do/ Db 4 87 | 744 150 | 752
(6. 3) 16297, 11Ni|aVigreh 2 1308, d 853 [ 143 | 848 1148 | 855
(6. 4) 16297, 21NildVgehsYonse oam b LiAyd/ 5ok a] 4166 | 847 | 174 [ 849
(6,5) 16297. 24Nilg ol1$80d5/58h, 8/ 426 (168891 dobtzt 33NBTT

65Ti 0. 30SnD. OBCao 020<5/ 320/-8/ air Lo
(7,1)16297. 83Ni Q8 23,2 H589P 7 SIO. 03&51320/8%af"r
(7,2)16160. 14Ni 0. 5TNb0."T4Ti 0.7 19Tao. 150x5/ 320/ 8/ ai r.
(7, 3) 16160. 43Ni 0. 5aNsChe 4fiheunlifytime teatofostyS:pein diféerant Ni(Nb, Ta, Ti)(St, S, cO

(7,4)16790. 13Ni 7 0,83180- 36A
1010. 5/ 320/ 81ai ?,%15%-@6§ﬁ%9@a e N!féﬁ:%%yg{sg}% brbodpdd B g Ruchil
(8 1) 16685. 32Ni et Freg e s se‘zwsalmmmbcd in earlier examples herein. The

(8,2)16687. 33Ni QuffidicRai3d CHAp Rk St '
(8. 3)16687. 43Ni 0. 65Ti 0. $A O ANKL I lafion weatment (£ any) and calcination

(8, 4) 16828. 14N @oﬂma@m@z@@@@ 8/ alr (8,5)16828.34Nio0. .
70Nbo. 27Co0. g?Li 0. ot @fe‘%ﬁ%@i’gﬁ(&ia[ys&%f@lﬂi@ggé(-5%?)41&@9&6%9@00 02M

.010x5/320/8/air * Calcination conditions = ra '
(A min)/ievel (C)SFWBP‘FOL‘FIW%@EF?@WFWﬁEﬁxed*b@@cter for eyédatie ethansund and

oioved 10D 21 AupianiecAABRe 05 COMARSEIRTLIA O 80 B3bleen 2 H0e S0 V!

library reference #F, sanpl e nass aé.t’ et hane conversion
et hyl ene sel ect |59¥1P‘9“7(38¥1°ﬁ@8%|°§%l“ st %ﬁqne@@weﬂeethenﬂlsner@awmﬁqignd

screening in 4Q:91yl'é9é1§elch!uf‘1$rt(5frﬁ;r ERR LS the cIBRSE, RORre Bt vAious times during
15  thetest. These data show that, afier 48 hours on stream, the 48 catalysts lost,on -
average, less than about 13 % in conversion and less than about 2 % in selectivity.
Several of the catalysts had no substantial loss of activity or selectivity over the 400
hour test. Figures 2A and 2B show ethane conversion and ethylene selectivity data
versus time on stream during the 400 hour lifetime test for Nio_quag' 28910030, (Fig.
20  2A) and Nip 7 Nbg27C00020x (Fig. 2B).

Table 26C: Catalyst composition, library reference #, and preparanon methods for
catalysts screened in 400 hour hfetlme test.

25  Table 26C, Part A : . -
’ Library # Composition Remarks*

(1,1) 16693.1A Nio_ssNbo_mTio_;()Tao_msmg_ozox 5/320/8/air

(1,2) { 16693.1B | NigssNbo1oTia 10T 20, 10Smg 020 PGS, >300 um

(1,3) | 16693.1C | NiggesNbo0Tio.10T 20 10Sm50,020, PGS, >150 <300 ym
{1.4) 16693.2 Nig gaNbo.toTioa0Tag 1050020, 5/320/8/N»

(1,5) | 16693.3 Nig.6sNbo.10Tio 10Tag inSm0 020, | 5/320/8/air&5/320/8/Ha/Ar
(1,6} 16693.4 Nio_(,nguJnTioJ'nTau_'mSmu_onx 5/320/8&'12/!\1‘

(2,1) 16693.5 Nio_ﬁngoJoTio_mTao.mSmo_ong 5/320!8/1\11&5/320181air

g



lal 21 August 2003 PCT/ US00/ 04478
16297. 2149. 615. 791. 715. 491. 913. 891. 413. 191. 012. 890. 3 21 August 2003
16297.2449. 715.5. 91. 715. 391. 914. 091. 213. 890. 813. 989. 9 &l
16297. 3349. 915. 891. 415. 491. 413. 591. 412. 991. 012. 791. 5
16297. 8349. 615¥894483715 201, 512. 991. 0. 13. 190. 312. 988. 5 PCT/US00/04478
16160. 1449. 915. 092. 115. 092. 211. 690. 410. 489. 810. 988. 7 |
16160. 4350. 115. 092. 113. 792. 011. 690. 411, 489. 911. 488. 6
16790. 1350. 014. 791. 614. 491. 711. 690. 311. 390. 011. 389.6
16790. 2350. 21483 26¢4Par08 911_21°90_611.090.510.890_0
16790. 3650. 2159_2F) 11166808  H 1¥0 s b 1dligne Fra gSma.eOp q $/320/8/Ha/ Ar& 5/320/8/air
16685. 3249. 914 @) 137187231 k11 0oNw#NbERO: 80- 8383 4 5/320/8/air
16687. 3349. 513. 899 1011577014 213, 990NiB4&PbE80: 913.°788, 3 5/320/8/air
16687. 4349. 915, @¥0.191677785. 814. 0N DbScTO0:14. 088. 6-  5/320/8/air
16828. 1450. 214. (2H).{516/7390. 813. 881011 0Ds5080:B13. 989. 8  5/320/8/air
16828. 3449. 714. 8A0.|01646938. B13. 588.sb3:2988:1B13. 386. 9 5/320/8/air
16828. 6250. 614. @2 .[218460352. 413. 3NLGITadk2n,3@4. &13.1691. 7 sPeargdie 27: [ODHE
over N (Nb, T4,(3RB),| Z64b%a, | Dy, NineTHeh;Sth010, Yy, 3#pr, Gd.5/330/8/ai0 Bi) [OXi de
CN:a'E ﬁlbys'frs vaft ggzlcgm’,%gg heenga{;_@Z.ég/iﬁn%%m;rgoa t;fon;bggﬁp;gyasﬂ ng -vay.i ous

I ) a, I, L 64 1 Kr i S 0O, Fr ) SIP0/LXI des wer e
prepared as desggg)te'qlﬁ4m_5go nnect mﬁjm;,ghm@(arrpl ¢ 26 (SERokAN € ), - and
screened in t hWepgr[aiikf.es! Xed bed, [BAGERE,0, 07 §XT dal sy oy drogenat i on:
wi th an et hane™ gy |elaRyd FIE | GOl GRE; 25 oSG0 | . L eS8 3bg/earal yStp vere
screened at. 30’0(45, V‘fGBSb B FhR¥ig] ﬁbu 1o 3.12T 25 SANIOET iyt NG o8k - | xed
feed at a ratf O(a) bliblﬁld%?b LS 50 RS -mgﬁdg T T OYeTT. Ry e T Wars—
0.42:0.54:0. 0&8(455(““ 1138 S 277 R ‘ Fyst COMY) }.!una, +he sanpl e
mass t hereof slepgered e S 220 esul ting
fromthe reactt @ anféﬁl .% c r\nN‘i b.1§ donaldy ) 4 1 o -‘2\ e SV PN R 2 2 -

i TN LT BNV IO AR P 27017 SN
reaction. Thes tha 54 ratetofn oMb 00w dokydr ogaf W activ ty of
the catal ysts AotlodontZ by a“’”‘:ﬁbﬂ%’ 000105 phi b t-ed, 315 @E“l_—rhaét—et—hane
dehydr ogenat i anégan_&ém&edu : 2o 42 PR 0/8 hyl ene
product. WO o0n@etz1 Ha¥M-H pap  MiassiNom$mmsO01 Ajgust 2 ﬁ/S(m nn/ 48PD71
PCT/ USO0Q/ 0447 (5,5) 16298.13 Ni0.74Nb0_2[Smo_o3CSu_ogox 5/320/8/air .

(5,6) 1629841 Nio_';sNbo,z1Smo,ojsbo_o|0; 5/320/8/air
(6, 1 ) 16298.42 Nio_14an_2iSmo_mea_ong 5/320/8/air
(6,2) 1 6298.71 Nio_uNbo_uTio_osza_o;Ox 5/320/8/air
(6,3) | 16297.11 Nig g7T10.305mp 030, 5/320/8/air
(6,4) 16297.21 Nig,ﬁﬁTig_mSmog;Mgu_o|Ox 5/320/8/air
(6,5) 1 16297.24 Nig.64T10.305m0.03Mg0.030x 5/320/8fair
(6,6) 16297.33 Niu_55Ti0_3nsma_mcau.uzox 5/320/8/air
(7, 1 ) 16297.83 Nio_(,zTio_gsTﬂ.o_o?Smn,o;Ox 5/320/8/air
(7,2) 16160.14 Nio_s]Nbo_MTio_mTao_]sOx 5/320/8/air
(7,3) 16160.43 Nio_sgN-bonTim 1Tao,}50, 5/320/8/air
{7.4) | 16790.13 Nig.s5Tag 44880010 5/320/8/fair
(7,5) | 16790.23 Nig g3T 20 36A 80,010 5/320/8/air
(7,6) | 16790.36 Nig.7:Ti0 28480010 5/320/8/air
(8,1) 16685.32 Nig 0T 25.32C05.0204 5/320/8/air
( 8,2) 16687.33 Nio,ﬁaTing,COu_mOx 5/320/8/ air
(8,3) | 16687.43 Nig g5T1p33C00.0204 5/320/8/air
(8,4) 16828.14 Nio,ﬂNbo_z?COo_ozox 5/320/8/air
{8,5) | 16828.34 Nig 70Nbg.27C0p.63Li0.01Ox 5/320/8/air
| (8,6) | 16828.62 Nig 77Nbg 20C00.0:Mg0.010x 5/320/8/air

* Calcination conditions = ramp rate (°C/min)/level(°C)/dwell time(h)/environment.
* PGS = pressed, ground and sieved.

{’0




Tabl e 27A. Ethane | oss, ethylene gain and ethyl ene selectivity for a m'xed
feed (ethane (49.5% and ethylene (50.5% ) screen in the pa L1 el t%dog
bed reactors. Test condition: (C2H4/ C2HE): N2: 02 fl ow of O. 4 (A)‘ g

sccm at 300 C. ﬁ§ ﬁgj? Al yst MassEt hyl eneEt hane. Et hyl ene
(rng) Gai nl ossSe Ivity 1N o.s6Tao. 140x49.45.6-7.959.9 PCT/US00/04478

2Nl 0. 65Tao. 31Ce0. 040 x50. 02. 5-5.838.0

3Ni 0. 6zNbo. | 9Tao. i 9Ceo. Oj Ox50. 40. 4- 3. 3 11.4 4N o. 73Tao. 24D

0. 030x50. 5 6%1§ al o 6sNbo- 2 D 0. 070x49. 82. 0- 5. 035.0
6‘

6Ni 0. 6SNbo. F2mPpig 835K fmg)and etha®: @hirésioR ()0
gﬁﬁ‘ a g%ﬁlab"a&e@nmgﬁ onggegn dufigGicening in

380x49. 23 2, i;cgc g
10Ni 0- 63NbQ." 41.0-.519.9 11N 0. 54Tao- 4SSmo. 0i O, 49. 52, 0- 4. 638. 0

12Ni 0. 725T10F g OpQ24 7-5.543.5 13Ni 0 . 66Ti 0 29Ybo. 050x49. 55. 0-7.358.5
14bl ankl1. ,—e-z-p@; 34Ce0--040x42 6-0 7-2.90. 0 -
16Ni 0. 62Tdo % x47. 6=, 9- 2| 50.6917N| 0. 75@%.' [ Er 64880x45! 040@'3..27._3

18Ni 0. 6sT3 3 7% 2724 ’“:.

NS

/l

19Ni 0. 60NJoasTag, | M 65 2
20Ni 0. 64N 73AErD: '33:1[2 ok rL@ﬂ(%ahl AH1T (o), DOKB*{ (%)_| (%) | (%)
22Ni 0. 63NoReiEtineg- T 434 ,Eg‘é 283§ 4 89.5740106 1188.90[7 09.44] 891 5- N PA R
24Ni 0- 73Ti[os 278 A’;szfz' 2 %’-4"" 8 EN § SRS 01224 696,10 0345, &80 1- 1B. D68z, -
26Ni 0. 68Nifo 46@3\2 P 904 lob2 5 9073\i |0l 26 N96.2i bShae . jo8dm481360] 74 B19. 9
28! ank. (—4 3120 35455"!921.9!34.135&%(% 62.5| 37240183 | 863 | 99 | 859
30N 0. 6oNpatoPas | M A E12871 864 1olies & 891Ni| 012 NIB6.3 7Bl n6 ALENEH 12 150 38P 3. 6
39N 0. 73TE@L%4O, BEa-9a| 6B [5I0P § 846 | 94 | 366 | 92 | 850 | 69 &35

1 -5 15041129 ] 900 126 | 89.4 11.2 1 882 [ 104 [ 8751 113 85.8

16693.6 | 49.8 | 115 | 87.0 | 91 | 8737 90 185 T

16777.31 ] 48.0 | 14.2 | 501 | 142 | 902 Ti5.9 gg; 1%.77 gg? 193%1 2‘,32
16777.14 | 53.6 | 15.0 1 90.6 | 15.0 | 90.5 | 15.0 | 89.4 | 126 [ 887 | 113 | 553
1677735 | 507 | 143 [90.3 [ 143 | 905 | 128 | 89.7 | 124 [ 892 129 T 585
1677753 | 48.0 [ 148 | 0.5 145 | 90.6 {127 [ 89.8 | 124 | 800 T 150 575
16467.54 | 50.0 | 14.7 | 01.9 | 149 | 92.0 | 13.1 | 908 | 122 [902 | 121 853
16469.52 | 52.0 | 155 | 92.1 | 150 | 91.9 | 141 [ 92.1 | 141 [o15 151 517
16469.64 | 48.0.| 159 1 92.6 | 159 | 92.6 | 12.9 [ 921 124 017 | 155 007
16505.53 | 526 | 128 | 86.5 | 12.7 | 863 | 113 | 844 | 96 [ 838 55 1533
16470.31 | 51.0 | 132 | 87.8 | 129 | 874 | 11.0 853 | 106 1848 | 111 813
16470.53 | 48.7 | 16.1 | 92.6 | 155 | 027 | 146 ] 92.7 | 146 955 [ 113 o015
16470.63 | 51.0 | 154 1923 [ 156 | 92.4 | 135 [ 522 | 138 {019 138 567
16650.14 | 49.1 | 14.4 | 908 | 140 | 908 | 12.1 | 892 | 11.7 | 884 1 121 675
16650.14 [ 22.5 | 113 | 88.9 | 110 | 88.5 | 8.7 | 865 | 83 1856 55 | 546
16650.42 |'54.8 | 149 [ 903 | 146 | 00.6 | 11.9 | 89.7 | 10.7 1 850 123 | 554
11525 | 543 | 57 868 | 57 | 87.1 | 5.0 | 863 | 48 | 855 | 45 1843
16610.3 | 52.0 | 154 | O1.5 | 148 | 915 [ 125 | 916 | 123 | 510 1164 T899
1636531 | 500 | 149 | 01.8 | 14.8-] 01.0 [ 134 [ 925 [ 138 | 9261 144 [o15
1636542 | 502 | 15.1 | 61.7 | 152 | 019 | 146 [ 92.5 [ 146 | 923 | 155 1315
16365.53 | 498 | 153 | 91.4 [ 155 | 91.5 [ 145 ] 920 | 146 [ 0161153 5034
16298.11 504 [15.1 | 90.9 | 147 | 909 | 13.3 | 907 | 12.3 | 904 | 125 | 52
16298.13 ] 500 | 15371013 [ 152 | 013 | 142 911 | 1421910 1145 504
16298.41 ] 50.1 {14.8 [ 914 | 13.7 | 013 [ 12.8 | 613 [ 163 | 908 | 163 054
16298.42 | 49.8 | 155 | 923 | 153 | 024 | 13.6 | 920 | 140 | 92.5 | 145 | o1¢
16298.71 [ 504 | 14.6 | 908 [ 14.7 | 905 | 13.5 | 903 | 12.6 | 80.6 | 138 | 353
1629711 [ 496 | 142 | 91.8 | 15.7 | 01.0 [ 14.0 [ 91.8 | 142 [ 913 [ 145 1903
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33Ni 0- 63Nbo. 33Ybo. 040x41. 10. 5-3. 014.5 34N 0. s9Tao. 37Ybo-04M47.1-0.7-1.20.0
35bl ank1. 0- 0. 40. 3 36Ni 0. 65Nbo. 33Ceo0. 0, Ox48. 32. 6-5. 144. 1 Tabl & %ngl\istfo%gt Al
~3 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 27A, Part B

37Ni O 71NbG.: 0.,49.16.0-8.064.1 38Ni p 69Nb033Ceo0. 420x49. 32. 7-4.849. 3
39Ni 0- 63NboO. F‘gqg'g"?ﬁs%sm / Ti 02145. 9-1: 0- 0. 80. 0 . Pekfiaigirs

40Ni oalNbo. 27Sbo. 020x51. 5-0. 1-2.00.0.. - '
41Ni 0. 65Nb0. 33Ce0. 020x49. 72. 3-4.941. 1 42pbl.ankl. 0-0.10.1

43Ni p. 74N 08Tao. | 7Ceo. 010x50. 05. 0- 7. 259. 3

44Ni 0. 75NEER Pty 0 ox3- 2.5 146 1 45N o,

53Tao. 40C 6 -k g4995'(_1,;.7,,n &ié b154 1919 11381914133 [910] 12.8 [ 903 ]
46Ni 0. 74Nb-b§£§:%é 49535 O3 0353.13959g| K0 912 | 138 | 90.8 | 13.9 | 89.9
47Ni o. 74Ta},6295.%,' 4949 879 91451 154315954 | 13. 914 1129 { 91.0] 12.7 | 91.5 :
48Ni 0. 6sTlad029883 d 440l 58-89 21.141 442 |1 9ER aindA-S [ -0 byt 1h93:3 | Ni2HTR8K] de
Cat al yst wAiG1R0NA 1t 42551 Alped EiRRdl BAH | 82.Reinbl-brd 90l NOK: | 8.8 | GO B8Feed . A
Ni NoTa oxji 416848 J| $0:} 5 | #3Nhh 133712829 11.6 0%t dd4f y 899 mi ldikell 88i6t  at e,
ni obi um ox2679043 4$0.9 Arkdal Bl fxhlaftel BT pi Heé 30 Qmmt 900 | 11.3 | 89.6 :

t et r anét hy REARAA; [,#8.2 hyldeft i _hAd4vi Oh9%al bieiTA%A ¢4l Qi n%A.5 orlO& mSedat ur e
of 320 C WaE79836dedfk {i15-2] P0-8& hilé8-isPhdel 13.%eP0kd 126acfb2 [HRZ NPosul tipl e
oxygen f eledi&f8582s4¢bht(i I ¥ A8 5HAAN 9hAd| tle@driosed 1015 c@ndieéchi8on 88iat h
Fi gure 1 [Bl6G87B2f|l 49.5 ablGuA | 30.0nh 162 it Be2cialBY | s30.5vhd2.80la8kedl |1 13t70 [ 883h| of

t he react|ol6a87d48es49R hadel, | BNEgbASAnd9hBt i bhen 90 ¢ 18.6dl 863 i| ni4to alggfeeed to
the first| $6828440f 50.he YAl 1i90.551 466 Ir 6Q8t 013.8 W%l n3st hame | Wa® ¢>a9gat i vel y
dehydr ogena6828.3¢ o 427  Bihyl%ere| 17bel 963 eximiistastr bnehlegd 3 [ si3.351 ®g® has
fed to theleesnd st.eadel4.8 dgrithprdwi f Bl.addiil oral7 | axpgear.andism § rageh
feed, and further oxidative dehydrogenation of ethane was effected 1n the
second stage. Simlarly, exhaust fromthe second stage was fed to the _
third st agexanipdg2l: IDHBiovér Nidub,I T0WH ZA(Ky,0®n EaNNd,Snk,nagen, ¢&€sd, and further
oxi dat.i ¥e BijleQyide Ogemats with BthyidnlaalecFaads ef fected in the third stage. The
reacti on exhaustatalysnstmipdsitibees cofipfisingsagiges Mi@sh,analy ZoCdhpy Jasnghr onmat ogr aph.
- N ne diféxgrﬁnrl)r%pggi ] ntal cases re.considered V\A'th'}/lariations in (1)

t he oxides were prepared as described 1n connection wi

Example 26 (see Table 26A), and screened in the paraliel fixed bed reactor for
oxidative dehydrogenation with an ethane and ethylene cofeed. Specifically, these

10 catalysts were screened at 300 *C with an ethane (49.5 %) and ethylene (50.5 %)
mixed feed at a ratio of ethane/ethylene mixed feed:nitrogen:oxygen was
0.42:0.54:0.088 sccm.

Table 27A shows the catalyst compositions, the sample mass thereof screened,

the amount of ethane loss / ethylene gain resulting from the reaction, and the

15 calculated ethylene selectivity of the reaction. These data demonstrate that the
oxydehydrogenation activity of the catalysts are not substantially product inhibited,
and that ethane dehydrogenation can be effected using feed streams having ~50 %

ethylene product.
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relative flowates of nitrogen: oxygen:ethane in the initial (first-stage)
feed, (2) the relative flowates of nitrogen: oxygen used as fﬂg”ﬁf@?'
feed in the second and third stages, and/or (3) the reacti of B ures
of the three reaction zones (300 'C or 275 25 C). For conparison, the

Ni NbTa oxide cHP&¥4f8H was al so screened, in each of the ni peroxggiigrent al
cases, under similar reaction conditions in a single-stage, single tray 21
August 2003 WD 00/ 48971 PCT/ US00/ 04478 feed fixed bed reactor,
substantially agshown and described in connection with Figure 1A Table

28A shows the rdtt?Hh Rilemgdosatatipdenc appund cbylonaelbiviy foramhikideed €ed T at €s
(sccm of ni t r og&Hap&(Aerre)ena sthalene (94 swmedn if the garmlid] Esed(thd adhc@ls, Test

ni t r ogen: et hane§ondiing’ Gk 6 i dawol OcierierGoBrcens lsegbcvi ty) for each.
of the nine different experinental cases shows -- for the nulti-stage -
react or and § helalilnldePettdge reactor configurations. These data- ° ‘

dermonstr-ate that quWetayst et hane conversi Mus€al Biflens POEGEH .th ' oved
(e.g., Cof nof |gss than about 30 % G, aag) r%ngﬁaﬁyg {roggsa OJgeleﬁl it)% to
about. M5 9% whild maintaining relatively high. eghyl ene(%’ale:tly%pes :
(e.g., S of 10 Indt |esNisham aout 70 %44 afid §anging_fgonrab ) %.to
about 85 %. 1 21 Aud¥istsTZ0C0 0,00/ 48948 ¢PCJ7 Uge07 P22 75, Talt c3'é26,A. Et-hane
conversion and] &t Hy| NipeNbelsBahiiCh50, T qr Sba. 63N0g4 TOTaa 80X 7—
mul ti-stage and4si|ngl eNis A8, 36&KE, 0, |[COBHISOUT AT OMS at vl i JhsL ',.Iel ative
flowates and | tSerper aligsE6,,sDyIAR € 48A40Rar T Ay Reartor geapt i O)rms,s
Initial feed additli on NigaNb,FBighOJUT a [T U9 &) (1) R ORC3H 16N B2— % S( %
-tionsccn(scenf) 7 Blank 1.0 2.1 18 3
] 8 Nio_gnga,;sox ) 492 3.2 -6.0 46.0
9 Nig_‘nTao_g;;Ndu_o.sox - 40.6- 0.8 4.0 16.9
10 Nip 631Nbp 348117 030, 50.4 1.0 -4.5 199
1 Nio 54T80.4s5T0,010, 49.5 2.0 46 38.0
12 ~ Nip 72Tip280, 50.0 27 -5.5 43.5
13 Nig ¢¢Ti0.25 Y bp 05O 495 5.0 -7.3 58.5
14 blank 1.0 0.8 -0.7 *
15 Nio.sngo_:;quO_o‘;Ox 42.6 . -0.7 -2.9 0.0
16 Nio_ngﬂo_yCﬁo_mOx 47.6 -0.9 2.5 0.0
17 Nig 76Nbo,17Er0.060x 45.0 1.0 . -3.1. 27.3
i8 Nig.g8Tag 2:Dyo 070« 442 2.1 - - 4.0 4.5.4
19 Nio_eﬁNbo_19T&0.:331’ﬂ0_030, 45.6 53 -6.9 64.7
20 . Nig 64Nbg 34P 19,0204 48.1 2.7 -5.0 46.8 -
21 blank 1.0 -1.0 0.8 *
22 Nig s3Nbg 370, 45.9 -0.2 -1.9 0.0
23 Nip 51 T20,42Z10.0/0« 44.5 25 -4.6 46.4
124 Nig 73Tl 2704 45.8 1.3 -3.4 34.6
25 Nig s5Tap 34Gdo.070x 45.6 3.7 -4.9 65.2
26 Nig 6aNbg 24Gdg 00, 55.2 2.7 -4.9 47.5
27 Nig goNbg 195bg 01Ox 48.6 0.6 -2.8 19.9
28 blank 1.0 -1.5 1.3 *
29 Nig gaNbo,14Sbp 0404 45.6 1.5 3.2 ~ 40.9
30 Ni,6oNbg 398bg 010, 51.8 2.4 -5.2 405
31 Nig 72Nbg 27Bip 01Oy 4.7 5.1 -6.8 63.6
32 Nig.73Tap 2sBi0 0204 50.0 1.9 -3.5 47.9
33 Nig63Nbo 33 Ybg 04O 41.1 0.5 -3.0 14.5
34 Nia_ﬂTaa_;'JYbo_mOx 47.1 k -0.7 ~1.2 0.0
35 blank 1.0 -0.4 0.3 ‘ *
36 Nig_gsNboJ}Cea,ong 48.3 2.6 - =51 441
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SF300. C52. 90. 32: 0. 0. 8: 0. 42n/ a18. 285. 4 Case | MF1300 C51.60.32: 0.088: 0. 42
MF2300 C49. 00. 32: 0. 088 MF3' 300 C51.40. 32: 0. 08833. 674. 5 SF300 g@i.%ga%g:
0. 066: 0.-42n/ al7. 487.7 CaseMF1300 C51.60.25: O. 868 OoiiGNFzgoa g 5:
0. 066 MF3300 5: 0.06632.076.9 SF300 C5

0. 044: 0. 42n/a%§}g¢@g%8 Case MF1300 C51.60.16: 0.044:0.42 | PFIREY44HS
C49.00. 16: 0. 044 MF3300 C51.40. 16: 0. 04431. 181. 3 SF300 C52. 90. 082:

0.022: 0. 42n/ all.493. 6 Case MFI 300 C51.60.082: 0.-022:0.42 1V MF2300

G49. 00. 082: 0. 63 300 §£51. 40, 082: 0. 02226, 185.8 SF300 C52. 90, 16:

0. 044: 0. 208n/ &&Z. - é{.lq_u’-i:\ :§°"° "n;":'?Q”” _
C49.00.16:0.0 LBSI Uﬂ O \ﬁ:&) uum - -
n/ al8.291.2 0. Lgéz ; CUﬁQ A 0.931_22 : 2@;(’ M=P 300 ,
C49. 00. 082: 0fga2rt ¢ =1 SF:ﬁ‘()O G52 ) Q414 :
n/al2.189.9 0[Gt10 Nﬁﬁsﬁéct‘-ﬁozo 49.7 | 23 4.9 411

42 blank 1.0 . -0.1 0.1 . *

43 | Nio74Nbo0sTa517Ce0.010x 50.0 S0 -7.2 59.3

44 Nig 75Nbg 24Ce0,010x 50.2 B2 -6.1 46.1

45 Nips3Tag40Gdo 70y - 48.9 0.6 -4.2 13.3-

46 Nig.24Nbg 05T 29.17Ce0.0104 50.9 03 -3.5. - 8.9

47 Nio_uTﬂq_zszo_o;;Ox 50.7 2.1 -5.1 -35.6

48 Nio.s5T2g.36Big.010x 504 | 23 -49 41.1

"~ Example 28: ODHE over NiNbTa Oxlde Catalyst with Multi-Stage Fixed Bed
5  Reactor and Multiple Oxygen Feed
A NiNbTa oxide catalyst, Nip 63Nbyg_9T2g.150s, prepared from nickel nitrate,
niobium oxalate and tantalum oxalate by precipitation with tetramethylammonium
hydtoxide and with a maximum calcination temperature of 320 °C was screened in a
10 three-stage fixed bed reactor having multiple oxygen feeds, substantially as shown
and described in connection with Figure IB.
Briefly, about 50 mg of the catalyst was loaded into each of the reactor stages.
Ethane, oxygen and nitrogen were fed as initial feed to the first stage of the multi-
stage reactor, wherein ethane was oxidatively dehydrogenated to form ethylene. Tir;e
15  exhaust from the first stage was fed to the second stage, together with additional
oxygen and nitrogen feed, and further oxidative dehydrogenation of ethane was
effected in the second stage. Similafly, exhaust from the second stage was fed to the
third stage, together with additional oxygen and nitrogen feed, and further oxidative '
dehydrogenation of ethane was effected in the third stage. The reaction exhaust from
20  the third stage was analyzed by gas chromatograph.
~ Nine different experimental cases were considered with variations in (1) the
relative flowrates of nitrogen:oxygen:ethane in the initial (first-stage) feed, (2) the
relative flowrates of nitrogen:oxygen used as additional feed in the second and third -
stages, and/or (3) the reaction temperatures of the three reaction zones (300 "C or 275
25 "C). | |
For compén‘son, the NiNbTa oxi&e catalyst was also screened, in each of the

nine experimental cases, under similar reaction conditions in a single-stage, single-
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W1 300 C51.60.041: VII10.011:0.208 MF2300 C49.00.041: 0.011 M3300

C51. 40. 041: 0.01129.084.8 SF275 C52.90.206: 0.055:1.04n/a7. GggAl %@@321
August 2003 WD 00/ 48971 PCT/ US00/ 04478 Case MF1275 C51.6-0. 206°"%: ©1.04
VI .. MF2' 275y64848R- 206: 0. 055 MF3275 C51. 40.206: 0. 05515.8-86.7 SF275
C52.90.082: 0.022:0.42n/ al0.793.7 Case. MF1275 C51. 60. 082: CPQAStwp4aye | X
MF2275 C49.00. Q79: 0.021 MF3275 C51..40.079: 0.02123.286.0 5 Table 28A, Part
B SF =single feed; M1 = multi-feed, IS stage; M2 = nmultifeed, 2"
stage; ' M3 = fad fisiell 8freado ) s @iBily & conyersion: S = ethyl ene
selectivity. Exanple 29: ODHE over I\ﬁ(%o%%%@na%s‘éf Y Fopueckion witly Eigwe wer e
prepared by an l§queous nmet hod. One nolar nickel and 1.0 M 10 cobalt stock
sol utions were prepasie 2oy skivasa Midigy & 9, 0f hickel (L) nitrate
hexahydrate in disfilled water -to a ?]II nglpggtgfeuar%qu&i]c’ﬁ‘@@bfﬂ(’ bl fasg :

di ssol ving 29. A{ic"’rb‘?f“é%clfé}“f’xl(&elliyﬂlﬁicl,ﬁ@d‘iéoriamahyx&s @cémion distill-ed water
to a-final ol uieogef:eth), hd perfRERRE bieY BbM 1 ni.abi um st ock sol ution
was prepared by,. IovaQ/ hydr ol yzi ng 100&5ﬁn‘{)cfgﬁn S elcd%gg?‘?f(?ﬁ? theqingn oxal ic
aci d sol ution (“Z*FRf eﬁmaﬁlfe‘tq?quéwwf@rmmulﬁgge@amdmmw@e.gtggeloo m in
vol unme after coedioneonifiguidéas. AnGOVROIG QMR A Sigyid di spensi ng system was
used to deliver a}igeﬂlot.s' of 4he agueous stoc Sofd F%’ﬁ’ée?ogﬁﬁ'ﬁOW\?éssel's.
Each vessel coftaiENYIBBEvE (egr Cofingtlpss than abbt 8% @ehd kangh@ HeaHbE@t | ons. of

t ?_)e ' m[s'lt\lai i ons 30m% taatbdiut_\wSQQJrhiWaﬁltzgﬂiﬂfﬂalaEVelfﬁiQﬂ &R iex?e”s%iect%v?ﬁé (g g OE'?ot-' 300(i
- I N . Sy .

D 22
10 ngtqess than about 70 % S, and ranging from about 70 % to about 85 %).
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200 + 300(j -1) [Co]'i, ® 2250 50 + 75(i - j) ' 2250 "' MIV MV WV In
expressions IV through VI, subscripts i and j represent row apgug&{%
indices of a 7-by-7 triangular array, respectively, and i -7"j

=1,...,7, and jwodnsezr, 7. \Water was separated fromthe m XpbfB8s0RYirs

| yophilization (freeze drying). 25 Each of the 28 aqueous sol utions were
frozen under liquid nitrogen, and then.placed in a high vacuumto vaporize
the ice. The resulting dry m xtures were placed in an VXT 21 August 2003 WO
00/ 48971 PCT/ US(tabB24A8Ebemerrofiersigahnd thplenaomleciiey fordipgNag TR 0, ik he oven
was increased . findfsegoind singleptagateacter doofig2ioGs atvadousatietias fiolvr&kddnd. The
oven tenper at ur gempgsatgrg$.nt ai ned at 120 C for 2 hours, and was then ranped
at 1 Cmn to 180 C. The oven tenperature was held at 180 C for 2 hours
and was then ¥ anisble284,. ParGhnin. 't o 4400 5 C._ After 8 hours at 400 C, the -
oxi de mi xtures were [Rensived Remtidnhignsyen dmdal fawdr e [adddawadeddo | €pm) |Spsypom
tenperature. Thie bul KCofigpiaesTGE) e [gmehnd Na:@hCaHespat uN2:020 efsur e _
consi stent bul kl_dens tign Thel cat al vist conpo¥sdcimdpns wer e(seas)h cpnt acled with
a gas.m xture conprifed SFof pt3G86e]| A4 jo0Baeh0gBiidby nmeastri ngj e | 854 |
conposi tion of [(¢esebps Mkt ur 80061 § SN 0.3200.0880.4ct] wi th the pulk $anples.
The best perfor|ning catMF¥st b 3@eCe| 4hosle t hat yi el déd g.3eo.bggghest efhane
conversi on and let hyl eneMBe| eft300Ct y 51.€dnt acti ng was [cay3a:@0soul 33 |d45 |
48-vessel parall el f} xedFbed| rBeact ps2.8s d2500.0 21 U SyaPatenfiz4 1877
Application No.|Cfi®/ P9JBYO, | "sBacal Isek [Fioxeds.fgeh seactor and Ffuid | -
Contacting Appariatusi and Mefhod,"|filegd June 9, 1998, which ip
i ncorporated herein py meterengec Lagdabl e 29A T1st 3 8. §.og@OFI U1 o and
nmass of Ni-Co-No oxide MEXtuf @ggtesked.| H gh puri 1Y @LRapges@nf 353 F7250R
in N2 were obtajl ned frogeVATHEEON | Kbb6 D 6: 0\ (4R Al NETL LT ONT AT £TaT{ 1354
supply line. ALIt@rsel DadViRy t 806 Eaf50E (VeI8e).644W T[T e 28 Tajat ys{s,~ the
vessel s were pufriged With N2 to renpve rlesidual 01. INext, the vpssel$ were
purged wi th et hane Tpr gRet NERR EN[ U GUT €S. The CONMPoyy {¢-gpeof [ the—gfftuent

VA Yo\

20 from each of] the Vesgers [vapo GEASYEED DY gas CHT Oy g sy GFS) 593
ensure that the —ethane gkeVe[ 3058 [Sa6N o300 Y] t 0 &' SN Y4 Ti
02/ N2 mi xture WagsL NEN GPEFeU] 359t {13} 1 h‘fogﬁ_e&bg?blgzu Fow-Tate—was—o-pZ&

stern per mnutfgyper{ reactor|vesse|, and the -
. MEF2 300C | 49.0 0.082: 0.022 .
0.082:0.022 | 26.1 | 85.8

MF3 300C | 514

SF 300C | 52.9 1 0.16: 0.044:0.208 n/a 22.0 | 859
Case MF1 | 300C | 51.6 { 0.16: 0.044:0.208 :
- V . -
MF2 300C | 49.0 0.16:0.044
MEF3 300C | 514 } 0.16:0.044 44.6 | 73.9
SF 300C | 529 0.082: n/a .1 182 | 91.2
0.022:0.208 ’
Case - MFI 300C | 516 0.082:
Vi 0.022:0.208
MF2 300C } 49.0 0.082: 0.022 |.
MF3 300C | 51.4 : ©0.082: 0.022 393 | 784
SF 300C | 529 0.041: n/a 12.1 | 89.9
0.011:0.208 :
Case MF1 300C 1516} 0.041:
VII : 0.011:0.208
ME2 300C | 49.0 0.041: 0.011 )
MEF3 300C 1 514 0.041:0.011 29.0 | 84.8
SF 275C | 529 | 0.206: 0.055:1.04 n/a 7.6 | 93.1
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react ant gas conposition was 40.1 % C2Hb, 8.4 % 02 and 51.5 % N2. Gas fl ow
stability was neasured periodically by GC. Two VARI AN 3800, ? ‘ghanp% gas
25 chr omat ography were used to detect ethylene :n vessel ﬁff ]u g%h of
the three cont ai ned 6-inch HAYESEP col ums, nethani zers, an

f1 ane-i oni zat| Brigﬁ’l‘waet ectors. CO O2; .C2H4, and C2H6 were 's"éHH?“&’P‘EZF to
baseli.ne in about three ninutes. The_ responses of the flanme ionization -
detectors and the nmethani zers were calibrated using a standard gas m xture
cont ai ni ng 2'0’1”{&1998!&%%%002 6.0 %CZH4 30 30.0 % C2H6, 4.0 % 02 and

t he bal ance N2 ot qehe gar+i-ed—out—to generate
cal i bration C()%#EI gi en s]. Feaz},gr F{gssg?? %éFOﬁEIUL? Wa's)qga n'fial? i?‘dl : az_

300 C, and reactror "‘* 15—ps+a—Iables an > Lil's
et hane | eg 21(%96?%—‘}22%&4 CF-USB£0 47520»2%\0&5&. n_anH )

A
S o213 ES1 A N ] 58] 86.7
S ene veLet PR P R A 2 orpodar i anl (L BO3T
i de 223Fa ;é‘?s 03¢ 0)2¢
Q
&

fractions) of i e Vs Lg gwgsi/E(qrig).?N_loz 3_44 §6'6

7 Mble Fracti e MAS S——xAHENEGE-89—Co0~( l : |

C00.10 0.22-N o M2 \de2iSEgl A0 g 7 T 68.00:@920p 11 b. 25]0. 36
- ' MF3 275C | 514 ' 0.079: 0.021 | 232 [ 860

SF =single feed; MF1 = multi-feed, I stage; MF2 = multifeed, 2™ stage; MF3- '

multifeed, 3" stage; C = ethane conversion; S = ethylene selectivity. ‘

" -- Example 29: ODHE over NiCoNb Oxide Catalysts

Catalysts were prepared by an aq‘ue'c}du's .method. One molar nickel and 1.0 M

10 cobalt stock solutions were prepared by dissolving 29.088 g of nickel (II) nitrate
hexahydrate in distilled water to a final voluine of 100 ml and by dissoh.'ing 28.129p
of cobalt (11) nitrate hexahydrate in distilled water to a final volume of 100 m,
respectively. A 1.0 M niobium stock solution was prepared by slowly hydrolyzing
100 mmol niobium ethoxide in an oxalic acid solution (2.7 M) in distilled water at

15 60°C and diluted to 100 m! in volume after cooling to 25°C. A CAVRO autorﬁat;zd
liquid dispensing system was used to deliver aliquots of the aqueous stock solutions
into 28 vessels;. Each vessel contained 2250 pl of solution, and the molar

concentrations of the metal ions in each vessel were given by expressions:

_2000—300{i - 1)

Ny =55 — v
B 200 +300(; - 1)
20 = : _
. [Col,, 2250 . M
50+ 75(i - j)
Nb], , = ————
[ ]I,J' 2250 3 VI

In expressions IV through VI, subscripts i and j represent row and column indices of a
7-by-7 triangular array, réspectively, and i > j, i= L..,7,and j=1,...,7.
Water was separated from the mixtures by lyophilization (freeze drying).
25  Each of the 28 aqueous solutions were frozen under lignid nitrogen, and then placed

in a high vacuum to vaporize the ice, The resulting dry mixtures were placed in an
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NbO. 11 0.06 0.02 MB1.4 39.7 49.4 4NiO .70 0.61 0.54 0.49 Co0.13 0.28 0. 40
0.49 Nb0.17 0.1 1 0.06 0.02 M0.5 43.3 36.0 52.4 5Ni0 .59 O'g%Ao'4ﬁgm

0. 400. 361 Co0.15 0.32 0.44 0.540.62 No0.26 0.17 0.11 0.060. 0212W#6 P%s. 6
33.8 52.348.9 6Ni 0. 44 0.37 0.32 0.280.250.22 Co0.18 0.37 0.51 0.610. 690. 76
NbO. 38 0.26 OVPP5110. 060. 02 MI3. 9 46.7 46.7 36.142. 162. FCTNQV@IE0. 18
0.15 0.130.110.10 0.09 Co0.22 0.44 0.59 0.700.780.84 0.89 Nb0.56 0.38 0.26
0.170.110.06 0.02 Mi5.8 46.8 47.3 50.745.765.4 48.5 M 21 August 2003 WO
00/ 48971 |2 3456 7 Ethane Cﬁ.ver3|on 6,117 6 216. 310, 4 315.010.111.8
417.110. 911. 218 B%r §4lqinn0s. gite‘?’fﬁaﬁ‘i"l" shegyen ‘Hisfﬂfsiaseda%ngmm 11 712.6
79.611. 59. 312. téthjcrtik 1811 T RETAuSOODAHT & hd e BarEhBan si on of
Ni - Co- Nb oxi delﬁa,bgl ts [-i ted in Table 29A. . 1234 5 67 Et hyI ene eI ecti-vi

05 140. 7 239 UES i féafﬂ%enrampedatl C/rmn.tolSO C. The oven
temperature was held at 180 °C for 2 hours and was then ramped at 2 °C/min. to 400

-5 °C. After 8 hours at 400 °C, the oxide mixtures were removed from the oven and
were allowed to cool to room temperature. The bulk samples were ground with a
spatula to ensure consistent bulk density. i

. The catalyst compositions were each contacted with a gas mixture comprised - -
of ethane aﬁd oxygen and by measuring the composition of the gas mixture follqwing

10 contact with the bulk samples. The best performing catalysts were those that yielded

- the highest ethane conversion and ethylene selectivity. Contacting was carried out in
a 48-vessel parallel fixed bed reactor as described in U.S. Patent Application No.
09/093,870, "Parallel Fixed Bed Reactor and Fluid Contacting Apparatus and
Method," filed June 9, 1998, which is incorporated herein by reference.

15 Table 29A lists the composition and mass of Ni-Co-Nb oxide mixtures tested.
High purity ethane and 14.4 % O, in N; were obtained from MATHESON. Pure N2
was obtained from an in-house supply line. After loading the reactor vessels with the
28 catalysts, the vessels were purged with N;; to remove residual O,. Ne;{t,‘the vessels
were purged with ethane for another ten minutes. The composition of the effluent

20 from each of the vessels was measured by gaé chromatography (GC) to ensure that the
ethane level had reached 95 % prior to screening. The 0O»/N; mixture was then added
so that the reactant flow rate was 0.524 sccm per minute per reactor vessel, and the
reactant gas composition was 40.1 % C,Hs, 8.4 % O; and 51.5 % N,. Gas flow
stability was measured periodically by GC. Two VARIAN 3800, 3-channel gas

25  chromatographs were used to detect ethylene in vessel effluent. Each of the three
channels contained 6-inch HAYESEP columas, mcthanizgrs, and ﬂame-ionizatior}
detectdrs. CO, CO,, CoH4, and C;Hg were séparated to baseline in about three
minutes. The responses of the flame jonization detectors and the methanizers were
calibrated using a standard gas mixture containing 2.0 % CO, 2.0 % CO;, 6.0 % CoHy,

30 30.0% CsHe, 4.0 % O; and the balance Ny, Five calibration experiments were carried
out to generate calibration coefficients. Reactor (vessel) temperature was maintained

at 300 °C, and reactions were carried out at'15 psia. Tables 29B and 29C list ethane
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461.348.529. 831. 9 548.034. 034. 035.530.9 636. 729. 832. 336. 333. 935. 2
730. 630. 538. 935. 332. 633. 237. 4 Tabl e 29C. Et hyl ene sel ecti vi tyhgf %2-0@- Nb
oxi de catalysts listed in Table 29A. 5 Exanple 30. ODHE over ey i de

Cat al ysts. Tablveo @i sts conposition and nmass of Ni-Co- Nb oxi des
bel onging to a second library. Like the bulk sanpl es descr FEEHSGM4EXanpl e

29, the oxide mixtures shown in Table 30A were prepared from aqueous stock
solutions of nickel (Il1) nitrate hexahydrate, cobalt (Il) nitrate

hexahydr at e and qqh‘tﬁm’iu_m:(d\é)hm&ka&ﬁvirﬁrgﬁééﬁ%%(}m%g&%{}g{cﬁg | i ﬁUi d_di spensing
system was used rﬁ&mge%llfst‘égr' .gl i q#(‘cgs of the aqueous - #Xdms into
vessel s. Water was separ SULLYS Bt he mi xtures by | yophilization, and the

resulting dry-mixtures were placed in an oven to oxidize the netal
precursors in agg n ith the tenperature-time profile described in.
Exanpl e 29. Ehesgﬂﬁgiﬁ Cata ISSCAREP Uy Biatrfragtions) of Nzt b exidcaBRAN LS -
consi st ent bul kpdemsrty——te-wesre—L5 eval yated for catal yti.c perfornmance by
sanpl el-witH et hbnd dndt  Oxvadn 6 nla7pdral l el .fi xed bed

contacti-ng each . :
reactor. React i ppreenditd rraction & Saude Massiipse Jsed to evaluate the-

mi xed oxides shiowhNin {T&B9d 20A] of Bxanp[ e 29.7 Faple 30B 20 and Tabl e 30C
list ethane co e'% A0 | et hy| ene |sel egtivifty af 309 C, respectively,

for each of thd N ICo-INbOBxi de” i xtdres |istgd inl Tabje 30A. to 21 August
2003 WO 00/ 489 73—RMr/ [Ehd/ 04478] Tablle 30 Catal yist cnposition (nole
fractions) for - { @d6clat al ysts jand [sanpie mhss, "M (ng). 1234 56
JMbl e Fraction 59;2217*[;' -11INi 0. 7301710.{690. $70. 650. 63

Co0. 030. 060.-09Q. R93.1230. £30. 220. 21. 0. 10. 2p M43.7

. 43. 847. 245. 844- 3260.1730. ¥10. §00. 67: 6= Co0} 030. 070. 100. 130, 15,
0. 18 NbO0. 210. 2( 30.639 08| 3441448542943 6p7. 1 -

3Ni 0. 790. 760. 730.

70.25 | 0.36
0.06 | 0.02
397 494
0.61 | 054 [ 045
0.28 | 040 | 0.49
0.11 | 0.06 | 0.02
M 50.5 1433 {36.0 52.4
5|Ni 1055 [051 ] 044 [ 040 G35
Co |0.15]032 {044 | 054 | 062
Nb | 026|017 ] 011 | 0.06 | 000
M 1469 l48.6 [338 523 lago
6| Ni [ 044 [ 037032028 02553
Co 1018037051 | 061 | 060 | 076
Nb [ 038|026 017] 011 | 0.06 | 0.0
M 1439 1467 1467 B361 421 leo
7INi [022[018 [ 015 0.3 [0.117 61071568
Co 1022044 059|070 | 0.78 | 084 | 0.89
Nb 1056 {038 | 026 | 017 | 011 | 0.06 | 0.0
M _|458 [468 1473 |507 |457 |54 |ags
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Co0. 040. 070. 100. 130. 160. 18 Nb0. 180. 170-170. 160. 160. 15

MA3. 144. 747. 746. 050. 446. 9 4N 0. 810. 790. 760. 73: 0. 7.1 0. 69 21 Ausust 2003

Co0. 040.-070. 100. 13' 0. 160. 19 NbO. 140. 140. 140. 130. 130. 13 ugus

Mi2. 841. 444. 64%0%t4s0pd3. 1 Tabl e 30B. Ethane conversion of Neraodligxi de

m xtures listed in Table 30A. 1 23 i 4 Ethane Conversion, %22 8- |

.16.416.813.613.3 113 5 221. .416.219.515.914.614 9 . 322.715.716.915.415.5

115 0 417.314.015.614.513.9. 15.0 5 Table 30C. Ethylene selectivity of

Ni - Co- Nb oxi de miasle @B SEthinskatieisidn bakI-Co-BBDxidt catalstMistedih Tyh1EDEA

Sel ectivity, %[T6Z.7Z79.136. 457 /45[844 U[Z6% . B . §Y. §o0b. 6Lbl[5'5u, 3p

64.871.761.8. {0.855. [T5273
o ' 176 |

16.3 104

15.0 10.1 11.8

17.1 10.9 11.2 10.0.

11.5 124 11.7 10.4 11.2

12.3 11.5 13.3 109 3§ 117 12.6

9.6 11.5 9.3 124 ° 11.7 11.8 10.9- - -

Ethane Convers&on %

1| jvh| | | ba ]

Table 29C. Ethylene selectivity of Ni-Co-Nb oxide catalysts listed in Table 294,

1 [ 2 { 3 | 4 1 5 1 6 T 17
Ethylene Selectivity, % :

40.7
39.4 45.6 i
46.8 42.1 31.6

61.3 48.5 29.8 31.9
48.0 34.0 34.0 355 30.9
36.7 29.8 323 36.3 33.9 35.2
30.6 30.5 38.9 353 | 326 33.2 37.4

~laon | il —

5 Example 30. ODHE over NiCoNb Oxide Catalysts.

Table 30A lists composition and mass of Ni-Co-Nb oxides belonging ‘tola
second library. Like the bulk samples described in Example 29, the oxide mixtures
shown in Table 30A were prepared from aqueous stock solutions of nickel V(II) nitrate -
hexahydrate, cobalt (II) nitrate hexahydrate and niobium (V) oxalate. A CAVRO

10 automated liquid dispensing system was used to deliver aliquots of the aqueous stock
solutions into vessels. Water was separated from the mixtures by lyophilization, and
the resulting dry mixtures were placed in an oven to oxidize the metal precursors in
accordance with the temperature-time profile described in Exam;ﬁle 29. The bulk
samples were ground with a spatula to ensure consistent bulk density, and were

15  evaluated for catalytic performance by contacting each sample with ethaﬁe and
oxygen in a parallel fixed bed reactor. Reaction conditions were the same as those
used to evaluate the mixed oxides shown in Table 29A of Example 29. Table 3013-
and Table 30C list ethane conversion and ethylene selectivity at 300 °C, respectively,
for each of the Ni-Co-Nb 6xide mixtures listed in Table 30A., '

20 |
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463 . 8 .69.659.857.0'51.3 .48.0 Exanple 31. ODHE over N CoNb Ckide

Catal ysts. Table 31A lists conposition and nass of-Ni - Co- Nb Cézg P@g?ng' ng
to a thi-rd 10 library. Like the bulk sanples described in t he
oxi de m xtures wbeowagetyn Table 3 | A were prepared from agueous stock

sol utions of ‘nickel (I1) nitrate hexahydrate, cobalt (I1) RETPsgog44rs
hexahydrat e and ni obium (V) oxal ate. A €CAVRO automated |iquid di spensing
system was used to deliver aliquots of the agueous stock 1 6 12) ( 21 August

2003 WD 00148971 TREE B0SS004t814sf Ensombibil fnfStrd s separated
fromthe ni xturesardnyeﬂnysapmmnzgatrﬁginl and cﬁerg)r%gﬁfﬁ %Ib faﬁr"%% wer e
placed in an ovegn to ofi diZf b e Tt ldldp t:xsuua’ﬁ\s accordance with the

The bul k sanples were -
=n3|ty, and were .5 '
ntacting each .sanpl e W|th
. Reaction conditions .
xed oxi des shown in Tabl e
rate was 1.048 sccm per
et hane conversion and

10 each of the Ni-Co b~
2003 WD 00/ 48971

tenperature-tinmg . profille QRCELET F & T,Te

ground with a sgaf U T
eval uated for cdta gzi ((gqg Sin Fg%%

et hane and oxyden| \§ ao%ra 3el ol X
were the sane ag ~| s t fos 0,9
29A of Exanple 39, grcgf%? %
m nute per vessql.l tabll g (31B, gnd ', 1e
et hyl ene sel ectijvift¥paf o 03‘1 0 B
oxi de mixtures Ifi stipd £ 318 %22 :
PCT/ USO0/ 04478 T3bi & 31705 ’6‘73 Aol e fraction) of N -Co-No
oxi de catal ysts|andeq,s i%ﬁ DI‘ D 'gbl e 31A, PartA - 234 Mle
Fraction & Sanplfe Mtg@s oy 71 Qt} xgq O'f\?)).gqs
S 431|447 |77 laso [s04 |a6
4 N: 0.81 [ 0.79 | 0.76 [ 0.73 [ 0.71 | 0.69
Co {0.0410.07]0.10]0.13]0.16 | 0.19

Nb 10.14 014 ]0.14 | 013 | 0.13 | 0.13
M 428 J414 (446 (428 445 431

Table 30B. Ethane conversion of Ni-Co-Nb oxide mixtures listed in Table 30A.

1 | 2 f 3 i 4 | 5 | 6
Ethane Conversmn % -
i 22.8 16.4 16.8 13.6 13.3 13.5
2 21.4 16.2 19.5 159 14.6 14.9
3 227 15.7 16.9 15.4 15.5 15.0
) 4 17.3 14.0 15.6 14.5 13.9 15.0
Table 30C. Ethylene selectivity of Ni-Co-Nb oxide mixtures listed in Table 30A.
1 I 2 l 3 | 4 G | 6
1 Ethylene Selectivity, %
62.2 70.1 56.4 527 " 45.8
. . . 44.0
2 663 69.8 66.1 61.5 50.1 46.3
3 64.8 71.7 61.8 . 60.8 557 523
4 63.8 69.6 50.8 - 57.0 513 48.0

Example 31. ODHE over NiCoNb Oxide Catalysts,
. Table 31A lists composition and mass of Ni-Co-Nb oxides belcnging to‘a third
10 library. Like the bulk samples described in Example 29, the oxide mixtures shown in
Table 31A were prepared from aqueous stock-so!utions of nickcl (1) nitrate
hexahydrate, cobalt (II) nitrate hexahydratc and niobium (V) oxalate, A CAVRO
' automated liquid dispensing system was used to deliver aliquots of the aqueous stock

13(



W45,
M4O0.
NbO.
Co0.
Co0.
CoO0.
CoO0.
NbO.

6 2Ni 0. 850. 840. 830. 82 Co0. 000. 010. 020. 03 NbO0. 150. 150. 150. 15

540.

190.
000.
000.
000.

000.
31 M42.8 9Ni
Tabl e 31A, Part

340.141.0 3Ni 0. 810. 810. 800. 79 Co0. 000. 010. 020. 03 _
18..0.180.18 MB9.243.841.641.6 4N 0.790. 780. 770. 77

21 August 2003

010. 020. 03 NbO. 210. 210. 210. 21 M40. 140. 039. 242. 7 5Ni 750. 74
010. 028 V¥RBo. 240. 240. 240. 24 MB9. 340. 940. 939. 9 6Ni 80. @@8‘?“@3‘%?720. 72
010. 020. 02 NbO. 270. 260. 260. 26 MA2. 740. 341. 640. 3 7Ni 0. 710. 700. 700. 69
010. 020. 02 NbO. 290. 290. 290. 28 M42. 041. 743. 646. 3 8Ni 0. 69 Co0. 00

10
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the resulting dry mixtures were placed in an oven to oxidize the metal precursors in
accordance with the temperature-time profile descgibed in Example 29. The b\._llk

samples were ground wnh a spatula to ensure consistent bulk density, and were .’
evaluated for catalytic performance in ODHE by contacting each sample with ethane

and oxygen in a parallel fixed bed reactor. React;gn conditions were the same as

those used to evaluate the mixed oxides shown in Table 29A of Example 29, except .
that the reactant flow rate was 1.048 sccm per minute per vessel. Table 31B and '
Table 31C list ethane conversion and ethylene selectivity at 300 °C, resbeétivgly, for |

each of the Ni-Co-Nb oxide mixtures listed in Table 31A.
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-Nb0. 35 M41.4 11Ni 0.63 Co.0.00 Nb0.37 M40 9 . 12N 0.61 Co0. 00 NbO 39 M40.0

| | . M40.9 15 o 00
13Ni 0. 59 Co0.00 NbO.41 Mi1.8 14N 0.58 Co0.00 MO. 42
NbO. 44 MA1.2 16N 0.55 Co0.00 Nb0O.45 M41.8 17Ni 0. 54 Co0. 00 Nbglig‘ %) 8

: .8 19Ni 0. 50 Co .0.00
18N 0.52 Co0. 0g, N30, 48 MAO.8 19N 0. 50 | PCT/USO00A4TS

Table 31A. Catalyst composition (mole fraction) of Ni-Co-Nb oxide catalysts and
sample mass, “M” (mg).

- Table31A, Part A~

1 | 2 I 3 | 4
Mole Fraction & Sample Mass, mg
1] Ni 1.00 .
Co 0.00 .
Nb 0.00 Fx
M 45.6 -

21 Ni 0.85 0.84 0.83 0.82
Co 0.00 0.01 0.02 0.03
Nb 0.15 0.15 0.15 0.15
M 40.5 403 40.1 41.0

31 Ni 0.81 0.81 0.80 0.79
Co 0.00 0.01 0.02 0.03
Nb 0.19 0.18 =018 0.18
M 39.2 43.8 416 41.6

41 Ni - 0,79 0.78 0.77 0.77
Co - 0.00 0.01 0.02 0.03
Nb 0.21 0.21 0.21 0.21
M 40.1 40.0 39.2 427

S| Ni 0.76 0.75 0.75 0.74
Co | 0.00 0.01 0.02 0.03
Nb 0.24 0.24 0.24 0.24
M 3903 - 40,9 40.9 - 39,9

61 Ni 0.73 0.73 0.72 0.72
Co 0.00 0.01 0.02 0.02
Nb 0.27 0.26 0.26 0.26
M 42.7 40.3 41.6 403 °

71 Ni 0.71 0.70 0.70 0.69
Co 0.00 0.01 0.02 0.02
Nb 0.29 0.29 029 - 0.28
M 42.0 41.7 43.6 46.3

8| Ni - 0.69
Co 0.00
Nb 0.31
M 42.8

9| Ni 0.67
Co 0.00
Nb 0.33
M 41.3

(33



NbO. 50. M41.5 PCT/iJS00l 04478 154 21 August 2003 WO 00/48971 PCT/ US00/ 04478
Tabl e315. Ethane conversion of N -Co-No oxide catalysts liSthAl n Tg@%e 31
A. 134 -1 "3 Ethane Conversion, %9 2. 7.87.87.6 8.3 3'10.0 7855

410. 011:99. 811y3.qs rg%ﬂ 911.210.411.4 69.710.99.4X 11.0 78.7 8%_09 611 0 89 8
98.1 107.2 116.5 1 7 135.9 145.5 155.5 164.3 174.5 184.4

August 2003 WD 00/48971 1234 Ethylene Selectivity, %

Table 31A, Part B

10 Ni 0.65
Co 0.00
Nb 035 - N
M 41.4
111 N1 0.63
Co .0.00
| Nb 0.37
M 40.9 g3
121 Ni © .61 P
Co 0.00
Nb 0.39
M 40.0
13| Ni 0.59
Co 0.00
- Nb 0.41
M 41.8
14} Ni 0.58
Co 0.00
Nb 0.42
M 40,9
15} Ni 0.56
Co 0.00
Nb 0.44
: M 41.2
16} Ni 0.55
Co 0.00
Nb 0.45
M 41.8
17f Ni 0.54 -
Co 0.00
Nb " 0.46
M 40.0
18} Ni 0.52
Co 0.00
Nb 0.48
M 40.8
19] Ni 0.50
Co . 0.00
Nb 0.50
M 41.5
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116. 2 269. 068. 668. 265. 7. 374. 465. 757. 459. 6 468. 2-61. 770. 3-70. 3.

561.567.870. 869. 8 668.169.470.6 -.3--69.8 768.266.267. 069. 4 ggi 8 92@0?)39
1070.0 1170.0 1270.0 1364.5 1470.4 1572.5 1672.2 1773.1 186820/ 184

Exanpl e 32. ODmBoowsar: Ni CoNb Oxi de Catal ysts. 66 bul k sanpl of Ni - Co- Nb
oxi de m xtures were prepared and tested. The 5 conposition SOPE78x i de
m xtures, which are listed in Table 32A; enconpassed a° full range of )
ternary m xtures. Like the bulk sanples described in Exanple 29, the oxide

m xtures shown TableBHBl Etlibde veyversiph 6PRE-CELNG R1Hk AGHE! ; sl ytions of
ni ckel (11) nifratef hexghydrate, Lobalt (T4~ ,.ilﬁg‘%ﬁﬁ%i‘gﬁféﬁﬁgi "~ and

ni obium (V) oxal at. A CAVRO GeiBR@oGtediiHw o dispe system was used
: b0 o vessels. The

to deliver aliquqts] 103ef Thf agquUeoUsSTStOCK—SOtH+6RS
sanpl es were |yophiI'iZgg,~ cajTimgd : er simlar to the
m xed oxi des shown || nidgbre ¢ 9 oG 2% a(.f%}.n.ex_e eval uated for

h & |

catal yti c perf prgafncepy confagtigng—esch g—w-th etthane and oxygen in
a parallel fixgdsbgd §gguw E]l.}}gbti o ignslhsbre tlhe same as t hose
used to_eval uafeer e Ty yedoxigpg-—shopr—a o H¥l of lExanple 31. 15
Tabl es 32B and[3¢CrTsf7ethape panvers) crg‘.’"‘a—md_éfl_h%&n.a_s electivity at 300
C’ respecti ve y8 ot ngh @}» He-—N—ECo R“.,ﬁ oxi dle Q(T ur s ||St ed in Table
32A. PCT/ US00/ pag74—Fap e—FEthytpne-selecfivity of lli - Co- Nb -oxi de
catal ysts |istpdg |q7', 0-21 August P003 W) 0@/ 48971

.2

PCT/ US00/ 04478 71—

H
>
s
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H=
D
N
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@
WY

12 5.7
13 5.9
14 3.5
15 5.5
16 43 -
17 4.5
18 4.4
19 3.2
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Tabl e 32A. Catal yst conpositions (nole fractions) of N -Co-Nb oxide
catalyts and sanple-:-mass, "M (ng) Table 32A, Part A1 1 N fL 90 tél%%le F
516 r '8 raction & Sanple Mass, mg 9 1 10 1J 11 Co 0.00 N% 6% . 8
Ni 0. 900. 90 CoGv®6hsd® Nb0O. 100. 00 M29.531.0 3NiO O 8080 .. 0?@9 00004473
C00. 000. 100. 20 NbO. 200. 100. 00 MR4. 624.534.4 4NiO O 7070 . ol
Co0. 000. 100. 200. 30 Nb0. 300. 200. 100. 00 .M26. 4' 37. 030. 329.9 5N| 0 60
. 0. 600. 600. 600. 60

Table 31C. Ethylene selectivity of Ni-Co-Nb oxide catalysts listed in Table 31A.

1 | 2 HE | 4
Ethylene Selectivity, %
1 [ 162 _ B
2 69.0 68.6 68.2 65.7 .
3 74.4 . 65.7 574 59.6
4 68.2 - 61.7 703" 70.3 .
5 61.5 67.8 70.8 69.8
6 68.1 69.4 70.6 #7698
7 68.2 66.2 67.0 ‘1 69.4
g 63.8
9 68.9
10 | 700
11 70.0
12 | 700
13 64.5
14 | 704 e
15 725 -
16 | 7122
17 | 73.
18 68.0
19 | 747

Example 32. ODHE over NiCoNb Oxide Catalysts.
66 bulk samples of Ni-Co-Nb oxide mixtures were i)repared and tested. The
5  compositions of the oxide mixtures, which are listed in Table 324, encompassed a
full range of ternary mixtures. Like the bulk samples describéd in Example 29, the
oxide mixtures shown in Table 10 were prepared from agueous stock solutions of
nickel (If) nitrate hexahydrate, cobalt (II) nitrate hexahydrate and niobium (V)
oxalate. A CAVRO automated liquid dispensing system was used to deliver aliquots
10 of the aqueous stock solutions into vessels. The samples were Iyophilized, calcined
and ground in 2 manner similar to the mixed oxides shown in Table 29A of Example
29, and were evaluated for catalytic performance by contacting each sample with ]
ethane and oxygen m a paralle] fixed bed reactor. Reaction conditions were the same’
as those used to evaluate the mixed oxides shown in Table 31A of Example 31.
15 Tables 32B and 32C list ethane conversion and ethylene selectivity at 300 °C,
respectively, for each of the Ni-Co-Nb oxide mixtures listed in Table 32A.
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Co0. 000. 100. 200. 300. 40 NnO. 400. 300. 200. 100. 00 M33. 134.435.538.831.4 6N 0O O

. 500. 500. 500. 50 Co0. 000. 100. 200. 300. 400. 50 ; 21 August 2003
380. 5380400 300. 200. 100. 00 MB4. 4. 32. 730. 839. 430. 435.5 7Ni 0 0%24fv8

0. 400. 500. 60
. 400. 400. 400.48% 40 Co0. 000. 100. 200. 30 _
NbO. 600. 500. 40%1 364397300 100. 00 M34. 637.530. 130. 434. 332. 330. T IN0@044730

00. 300. 400. 500. 600. 70
. 0. 300. 300. 300. 300. 300. 300. 30 Co0. 000. 100. 2
NbO. 700. 600. 500. 400. 300. 200. 100. 00 MA2. 732. 935. 729. 528. 636. 838. 426.9 Ni O 0

200. 300 0 0 O 80 40506070
20 ..200. 200. 2%b%@9A2Qﬂta%gpco%%931gons ?Oglegractrons ofgh Coo-Nb oxide catalyts and
0. sample mass, “M” (mg). .

Table 32A, Part A~

1l2|3|4|5|6[7|8|9[10'[-11
Mole Fraction & Sample Mass, mg

1| Ni{ 1.00
Co| 0.00
Nb| 0.00
M} 258
2| Ni{ o090 ]| 090
Co| 0.00 | 0.10
Nb§ 0.10 | 0.00
M| 2951 31.0
3N} 080} 0.80 0380
Coj 0.00 | 0.10 | 0.20
Nbf 0.20 ! 0.10 { 0.00
M|24.6 | 245 | 344
4 1 Nij070(0.70 070 | 070
Co| 0.00 | 0.10 | 020 | 030
Nb}| 0.30 | 0.20 | 0.10 | 0.00
M| 2641370303299
5 Nif060]060 060|060 060
Col 0.00 | 0.10 | 0.20 ] 0.30 | 0.40
Nb] 0.40 | 0.30 | 020 | 0.10 | 0.00
M|33.1 344 1355|388 ) 314
6 | Nif 0.50]0.50]050}050] 05071 050
Co] 0.00 { 0.10 | 020 | 030 | 0.40 | 0.50
Nbj 0.50 | 0.40 | 0.30 | 020 | 0.10 | 0.00
M | 34413271308 ]394 | 304 {355
7|Ni| 040 | 040 | 040 | 040 | 0.40 | 0.40| 0.90
Cof 0.00 | 0.20 § 0.20 | 030 | 0.40 | 0.50! 0.60
Nbf 0.60 | 0.50 | 0.40 | 0.30 | 0.20 | 0.10] 0.00
M | 346 | 37.5 | 30.1 [ 30.4 | 343 | 32.3| 309
8 | Ni| 030 030030030030 030/ 0.30 0.30
Co 0.00 | 0.10 | 0.20 | 0.30 | 0.40 | 0.50| 0.60| 0.70
Nbf 0.70 [ 0.60 | 0.50 | 0.40 | 0.30 | 0.20| 0.10] 0.00
M | 42.7 { 32.9 | 35.7 | 29.5 | 28.6 | 36.8] 38.4] 26.9
9 {Ni|0.20]020020{020] 0207020l 020 0.20] 0.20
Co} 0.00 | 0.10 | 020 | 030 | 0.40 | 0.50| 0.60] 0.70 0.80
Nb1'0.80 | 0.70 | 0.60 { 0.50 | 0.40 | 0.30( 0.20] 0.10] 0.00
M) 35314071308 332|312 303| 33.0{ 206 40.7
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Selectivity, %I112MNi(J ®R6X. 883 8.0850.00P0.008@.00 4.

Co} 0.00f 0.10f 0.20| 0.30| 0.40] 0.50 | 0.90 § 1.00
Nb| 1.00{ 0.90]| 0.80] 0.70! 0.60 -0.50 0.10 | 0.00 -
M | 36.6] 31.0f 38.7] 32.0{ 45.2] 35.1

~0.00 | 0’00

29.6 | 29.0

Table 32B. Ethane conversion of Ni-Co-Nb oxide catalsyts listed in Table 32A. .

1|2l3l4[5!6|7!8|9|10[11
Ethane Conversion, %
1 2.9 -
2 | 541 71
3 74 | 791 83
4 {72 1113186 | 88
5 15611021 94 ] 851 81
6 | 3419385186 7.8 | 8.1
7 12 1 77 | 84 | 84 |1 86 | 89 |101
8 103 |42 (87 86| 84 |97 | 82 [ 81
9 |03 1150 | 551917274173 | 78 | 69
10 102 | 12 §15 |73 (7273177 182 | 84 | 97
11 101 | 14122 30|61 ]631}167] 671 861 66! 67

Table 32C. Ethylene selectivity of Ni-Co-Nb oxide catalysts listed in Table 32A.

Lt 2 1.3 T 475 [ 67177 s

| o 1 10 11

Ethylene Selectivity, %

21.0

629 |33.8

66.9 1565 1368

73.6_165.1. |44.9 [27.9

789 |53.0 {475 [404 |31.8

776 1502 {388 {1404 |35.9 {30.

79.7 1469 {350 {33.5 |34.7 [34.2 |247

790 1457 [342 1299 1303 [28.1 {362 |32.7

803 | 33 ]321 [244 291 |31.6 {352 |34.6

34.6

734 1586 513 1214 [264 274 [329 (357

:8\000'-40‘\'-11-#0’?\3"‘

34.9 1284

41.8 127.9 [28.5 {234 |19.8 |225 |225 {221

17.1 1195 | 175
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Tabl e 33A 1iStsg of_ N. bel ongl ng to a
fourth Iibrary. L E k gét%rbg%t | Ble §%br°|90 g‘ i("I‘:?g 'rs?ﬁPE’ OBGUXES oxi de
m xtures shownshpyn Wh’Iﬂbb mepepqwﬁ‘pmu &0 M niokel MI)GtheE\h@cK@dra'(\t/eli I1)o Ng it ra’zs/)
hexahydrate, s 1. Q ni obi um
oxal at e aquesous s%ﬂé& ﬁex%h)ate%a&bﬁﬂo ol’t{%g a@lﬂ%f?q&ﬁ‘?'ﬁsﬁic’%pena ng
syst em was us edsofugione |4 Gé‘NRO automated liquid dlspensmgsystem was used to deliver )

aliquots of the aqueous stock solutions into vessels. Each vessel contained about 19

%1 August 2003

ml of solution. In contrast to Example 29, the metal precursors were separated ﬁ'orn
the aqueous phase by precipitation. One ml of ammonium hydroxide (28% ammonia
1o in water) was added to each of the solutions resulting in a solid precipitate. The solid
- precipitate was separated from the aqueous phase by centrifuging at 4000 rpm for 20
minutes, followed by decanting thc supematant The solid was dried in a vacuum
oven at 60 °C for about an hour, and then calcined in accordance with the
temperature-time profile described in Example 29. The bulk samples were ground
15~ with a spatula to ensure consistent bulk density, and were evaluated for catalytic
performance in ODHE by contacting each sample with ethane and oxygenina
parallel ﬁxed bed reactor. Reaction conditions were the same as those used to
evaluate the mixed oxides shown in Table 31A of Example 31. Table 33B and ;I‘able
33 C list ethane conversion and ethylene selectivity at 300 °C, respectively, for each
20 of the Ni-Co-Nb oxide mixtures listed in Table 33A.
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al i quots of the aqueous stock solutions into vessels. Each vessel contained
about 1.9 m of solution. In contrast to Exanple 29, the meaﬁﬁg te@ﬁéls)ors
were separated from the aqueous phase by precipitation. ¥ ni um
hydr oxi de (28%veremsstia 10 in water) was added to each of thecgrkihlons
resulting in a solid precipitate. The solid precipitate was separated from
t he aqueous phase by centrifuging at 4000 rpmfor 20 mnutes, followed by
decanting the supernatant. The solid was dried in a vacuum oven at 60 C
for about an holeble 3Ad Gateyst @alpobided(nidle BEGREIGINGECHND Bmh@@atalyst

t enper at ur e- t i n@mpleadasy. EmYése)x i bed i-n. Exanpl e 29. The bul k sanp es wer e

ground 15 with|a spatfla tlo 2nfume |co.mS| stenl RUTK §Eemnsi and were ° _
eval uated for ¢atal yt{c perfrﬂm@mgod&_lslmaém?‘a@ﬁ—ng each sanple with
et hane and oxyg¢ert Nin pigpdrall g TiXed fyed TEact W—Jn conditions
were the sane as [ttwspoywsdd to| evgl uaté thel m xgd oxifdes phown in Table 3
1A of Exanple 31.| Nisb| 8.033B angd Table 33 C I|st gthan¢ conyersion-and

et hyl ene sel ecfi Vishy a%83q0 C, |respecti er for each| 20 pf the N - Co- Nb
oxi de m xt ur es{bi[sted| 082 Tad] 33A | T ag 27y g.qg 200300/ 48971
DSi ti
(ng)

J_
PCT/ US00/ 04478 Tdlte PBoho |@dsa| yst jconpgsiti pry (ol e {ractfen) of. Ni - Co- Nob
oxide catalyst$ dngb ['06s9agy B mass. m{(ng)| 1 29.4-56 78 { Mol e Fraction
&Sampl e Mass, o |l 1)38@ EyP. PO NGO. 00| mi4. B 2Nij0. 920. 96, [Co0. 000. 04
No0O. 080. 00 nB6{ 634N/ PHRY [GPiE B84 42 Cop 00064616 NpO-—350. 080. 00
m87.233.934. 1 #NijQo/ 700.8d 9.0} 89z -
’ Nb [ 0.15 | 0.08 | 0.00
m  137.2 [33.9 |34.1
4| Ni 0.77 1 0.81 | 0.84 | 0.88 .
Co |0.00 ] 0.04 | 0.08|0.12
Nb ]0.23 | 0.16 | 0.08 | 0.00
m_ j40.8 [358 35.8 |42.2
5[Ni [0.70}0.73 ] 0.76 | 0.80 | 0.83
Co |0.00]004]0.08]012] 0.17
Nb {030 ]023]0.16 ) 0.09 | 0.00
m_ {333 1383 |46.8 1459 202
6 Ni 0.63 | 0.65 | 0.68 | 0.71 | 0.75 { 0.78
1 Co 1000004008012 0.17] 022
Nb | 037 {031} 0.241]0.17} 0.00 | 0.00
m_ |37.0 {324 137.7 1324 485 [43.0
7| Ni 0.55 | 058 | 0.60 | 0.63 | 0.66 | 0.69 | 0.73
Co 1000 ]0.04]0081{0.121]0.16 {022 | 0.27
Nb ] 0457039)032]025/}0.1810.09 | 0.00
m _j48.9 383 302 324 [32.5 40.6 1369
8 | Ni 048 { 0.50 ) 0.52 | 0.55 | 0.57 | 0.60 | 0.63 | 0.67
Co [0.000.04 | 0.07012}]0.16 ]|021]|027]033
Nb | 052|046 | 040|033 ] 026 0.18 ] 0.10 | 0.00
m__ j41.5 |36.8 [35.8 [28.3 137.1 [34.5 i38.1 [404
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. 000. 040. 080. 12 NbO. 230. 160. 080. 00 mM#0. 835. 835. 842. 2
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i n33. 338. 346. 845. 920. 2 6N 0. 630. 650. 680. 710. 750. 78
Co0. 000. 040. 08QrokAkeA70. 22 NbO. 370. 310. 240. 170. 090. 00 PCTTUSONAeTs
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Mi1. 536. 835, 82, 534. 134, SB8 A0 AT P2 57w e R oo, i t&lydt s
PCT/US00/ 044 78 Tabl]es3B BT areconver; 3t og v-emhx,%f;‘i?? % gezftas 4 $ 610
listed in Tabl Fm334 7 4235671 +% e e T -
13 2 2.1 6.5
.3 5.1 4.7 6.9

4 8.7 11.2 7.2 6.7

5 9.2 12.1 6.2 8.6 _ 6.5

6 10.0 13.1 129 | 108 838 7.2

7 11.6 14.6 10.1 10.3 " 84 8.0 6.8 .

8 7.5 13.2 10.1 8.8 8.7 7.7 9.0 7.4

Table 33C. Ethylene .;;electivity of Ni-Co-Nb oxide catalysts listed in Table 33A,
1 {2 [ 3 T2 T 5 [ 6 T 77 T 2
Ethylene Selectivity, %

16.7
74.9 320
83.8 62.8 35.0
85.1 82.4 54.5 33.5
81.3 84.1 74.3 58.4 31.7
85.3 72.4 79.2 66.7 524 29.8
85.7 75.9 68.5 59.7 46.3 37.8 27.2
783 | 76.7 56.9 52.9 50.8 36.3 29.3 315 -

OO =[O I LI [N =

5 Example 34. ODHE over NiNb and NiCoNb Oxide Catalysts: Effect of Sample
Mass, Reaction Temperature and Oxygen Content of Reactor Feed on Ethane _
Conversion and Selectivity; Comparison with Optimized Mo-V-Nb Oxide

Catalyst

10 Fig. 3A illustrates ethane conversion and ethylene selectivity as a function of
reaction temperature for two of the catalysts in Table 33A of Example 33 —
Nig,63Nby,37 and Nip 5sNbg 4s—as well as an o-ptimized Mo-V-Nb catalyst. The
catalysts were evatuated in a parallel fixed bed reactor at temperatures ranging from ‘
250 °C 10350 °C. The Ni-Nb catalysts were tested at two different sample masses,

15 while the Mo-V-Nb cataly.st was tested at three different sénple tnasses. Reactant

) flow rate was 1.048 sccm per minute per reactor vessel (sample), and the reactant gas
was comprised of 40.1 % C,Hs, 8.4 % O, and 51.5 % N.. Ethane conversion curves
are shown for Nip ¢3Nbg 37 (10.0 mg, 37.0 mg) 202, 204; Nip ssNbo 45 (16.4 mg, 48.9
mg) 206, 208; and Mo-V-Nb (123 mg, 23.4 mg, 72.2 mg) 210,212, 214. Eﬂmylg:ne

20 selectivity curves are shown for Nig.s:Nbys7 (10.0 g, 37.0 mg) 216, 218; NiiNbo.ss

]




01 7..12.910.87.2 8 Table33C. Ethylene selectivity of N -Co-Nb oxide

cat al ysts listed in Table 33A. 134 5 6 78 |116. 7Et hyl ene Sel egf Vi ts?’200§74 32
90 ..  S81 84 3 ..174.358.431. 7 685.372.479.266. 752A29. 8 ’
785. 775. 968. 55»90334&91337. 827 2 878.376.7.56.952. 950. 836. 3. &i/iseddéksid 5
Exanpl e 34. ODHE over NINb and Ni CoNb Oxi de Catal ysts: Effect of Sanple
Mass, Reaction Tenperature and Oxygen Content of Reactor Feed on Ethane
Conversion and Selectivity; Conparison with Optim zed M-V-Nb Oxi de

Cat al yst 10 Fi (18Anid, F8i8tmz) 2% 282;fand MreVadin{l2 8 sigH2d.4mg, Bt dwip)ae, 226) ectivity
as a function q_{% reaction tenperature for two of the catalysts in Table
33A of Exanpl e g Ni 0. 63Nba. 37 and N ossNbo. 4s--as well as an optim zed
Mo- V- Nb cat al-yst . -Thég. 3Batushytss sthaverconevidrumt ediylene slegtbvitglab efuntdoned bed

were tested ot CaRHoReal @Y QRO el B i A i e gpRRe BT o) o

was tested at tYrNbecatlyst. eﬂem@talgatnwce‘: qvalusted in tRegmedllelfixed bd:dmadtcﬂtaes(mas 1.048
sccm.per mi nut esgg r h ¢lant was
conpri sed of 40d1) }g/so %ER 'hgﬁf/&%z“{“ﬁg ge‘?%mg)%&%{g 'ﬁaﬁ%’ﬁc v%’in Sﬁﬁ curves

and the Mo-V-Nb catalyst was tested at three dtfferent sample masses. In all cases,

reactant flow rate was 1.048 scem per minute per reactor vessel (sample). The -
reactant feed was comprised of 0 % to 21 % O3, 51.5 % N, and the balance CzH-5.

10  Ethane conversion curves are shown for Nig ¢:Nby 37 (10.0 mg, 37.0 mg) 302, 304;

- NigssNboas (16.4 mg, 48.9 mg) 306, 308; and Mo-V-Nb (12.3 mg, 23.4 mg, 72.2 mg)
310, 312, 314. Ethylene selectivity curves are shown for Nig.s3Nbo37 (10.0 mg, 37 0
mg) 316, 318; NipssNbp4s (16.4 mg, 48. 9 mg) 320, 322; and Mo-V-Nb (12.3 mg, 23 4
mg, 72.2 mg) 324, 326, 328,

15 Fig; 3C illustrates ethaﬁc conversion and ethylene selectivity as a function of
the amount of oxygen in the reactor feed for four catalysts shown in Table 33A that
contain small amounts of cobalt—Nig g1C0g04Nbg.14, Nig.e5C00.04Nbg 31,
Niog.53Co00.04Nbg 39 and Nig 60C0g,0sNbgsz. For comparison, Fig. 3C also shows ethane
conversion and ethylene selectivity for the optimized Mo-V-Nb catalyst. The '7

20  catalysts were evaluated in the parallel fixed bed reactor at 300 °C. The Ni-Co-Nb
catalysts were each tesied at one sample mass, and the Mo-V-Nb catalyst was tested
at three different sample masses. In all cases, reactant flow rate was 1.048 sccm per
minute per reactor vessel (sample). The reactant feed was comprised of 0 % to0 21 %
O3, 51.5 % N, and the balance CzHﬁ. Ethane conversion curves are shown for

. 25 NiogiCogeelNby.16 (35.8 mg) 402; Nip 65C0q 94Nby 3 (32.4 mg) 404; Nig 55C00.0/Nbo 39
(38.3 mg) 406; Nig 60C00.0eNbo 32 (30.2 mg) 408; and Mo-V-Nb (12.3 mg, 23.4 mg,
72.2 mg) 410, 412, 414. Ethylene selectivity curves are shown for Nio,mCoo,o‘;Nbo,ls
(35.8 mg) 416; Nig 65C0p.04Nbo 31 (32.4 mg) 418; NigssCog04Nbg39 (38.3 mg) 420;
Nig ¢6C00.0eNbg 32 (30.2 mg) 422; and Mo-V-Nb (12.3 mg, 23.4 mg, 72.2 mg) 424,
30 426, 428. |
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are shown for N a.63Nbo.37 (10.0 ng, 37.0 ng) 202, 204; N a35Nba.45 (16.4
ng, 48.9 ngy) 206, 208; and M-V-Nb (12.3 ny, 23.4 ng, 72.2 gg}\ 21t0 0%2,
214. Ethyl ene 20 selectivity curves are shown for N o.63Nbo, 37 48 #%y,
37.0 ng) 216, wéGasshh0. SSNb0. 45 tt# 21 August- 2003 WO 00148971 '

PCT/ US00/ 04478 (16.4 ng, X18.9 ngy) 220, 222; and Mo-V-No ( PETUsHeg44723. 4 ny,
72.2 ng) 224, 226, 228. Fig. 3B illustrates ethane conversion and ethyl ene
selectivity as a function of oxygen content of the reactor feed for the
two Ni-Nb catalysts and the optimzed. Mo 5 V-Nb catal yst. The catal ysts
ver e eval uated ExamphasponiRaivef Nt aR0kiiEAG! %ts at 300 C. As in Fig. 3A
the N -Nb cat al ystsrézé?t{ tested at_ two different sanple nmasses, and the
Mb- V- Nb cat aI.y% wa st e IS fommten % rregsraf afocomrd Pl-AlbriRsk efide littag! | cases,
reactant flow Tt exidesixtur@48ers 6adtida Bhsed] &L ctor vessel  (sanple).
The reactant ?gtg%ﬁ\g@s con%rised f 0 %’?g’kgﬁ’gﬁ’éﬁ%%i’?“% WiEnd the -
bal ance C2H6. 0 21 e pd o d0 M sickel el)gmmemydxhiego.mos? (10.0
mg, 37.0 ngf 30@buBAY) oxdNite 055 Gantefun{ d:Giath 18 1 306, '308; and h
M- V-Nb (12. 3 Kbk 2B, 4%%3@% 'E%, 310, 3@1"_@4&‘@%?’3&%@%@@%u vity'
curves are showpkfor P 37 nagrd higuid dipp@singreysted Mo udd8s ddivas SNbo. 45
(16.4 ny, 48. aligyyts 820 a@@Bys MSMGﬁo\{sN&){els%ls?’“m%rugg’%éarat@gorg%l.m:”’)

324.,' 326, 328, I illustrates ethane conversion an ene
selectivity as é’&‘?ﬁnﬁf‘é’ﬁl igption, g HRGERHnE Sy rikipers werarplachdinreacts f eed for

four cat al yst soxidieathe mntanMwsoBﬁAaEdaﬂhnceQﬁm%t&n&%&%oﬁ%@gms of
cobal t-Ni Oaﬁl%c@é‘!\@%x%% inéy 0@5%0. 04Nb031, N0.5g : f0. 39 and
Ni 0. 60Co0. 08Nb0. 32. bor OBifisar 1106 Rulk pples Bieregrapnd withaspastidtanesuonyer si on
and et hyl ene senggent bullylersity, 4rdevepdtivhitatZedr My Lys he 20
catal ysts wer ecoﬁeéa{ng%&dsminnlet h dgliar al 1 el ‘fixe bg%foﬁgé@f%wégﬁgf% C. The
Ni - Co-Nb catal yst s wer e each  Fediagandoxygsa intheparallehfined bedmattarhe Mo- V- Nb
catal yst was tResetent flowtratt bwag .08 SdcRIpeNthinG® PR rEacBSRES fsar le)aLA d tggses,

' or’vessel

reactant flow tat . 048. scc Rer. ..mnute per react A (sampl e).

The react ant freeﬁ%ag%g%ﬁ’pnﬁ% %°%45‘]02%§%8-2%%N@2}-S%N5 DHNR35mnd t he

bal ance C2H6. aBf Bi(list cthanesrosivasion sd\e8F1eas Q1 t§0@r°C§g%%lj:the 1£00. 04Nbo. 16
. Nio3 -

(35.8 nmg) 402;e.Ni QR a4N. b031 (32.4 ny) 40 i o 0aRb039 (38.3
mg) 406 Nio. 63@0@‘%@%@%@‘1% .‘%ngeabﬂ‘%aﬁablﬁéw- Nb (12.3 ng, 23.4 ny,
72.2m -,) 410, 412, 414. Ethylene selectivity curves are shown for :

Ni 0. 81Co00. 04Nb0. 16 (35.8 ng) 416; N 0665C00. 04Nb0. 31 (32.4 ng). 418;

Ni 033Co0. 04Nb0. 39 (38.3 ng) 420; N o0.60C00.08Np032 (30.2 ng) 422; and
Mo-V-Nb (12.3 ng, 23.4 ng, 72.2 ng) 424, 30 426, 428. rya 21 August 2003
WD 00/ 48971 . ' :
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PCT/ USO0/ 04478 Exanpl e 35. ODHE over  Ni NbTaK Oxi de Catal ysts. Table 35A
lists conmposition and nass of a focused N -Nb-Ta-K oxide llefré' %’dag

oxi de m xtures were sel ected based on the primary' screening é glist hown
in Table BGQOngbgyyere prepared from 1.0 Mnickel (H ni t;@it,,gs pﬁg@ydr ate,
0.70 M5 niobium (V) oxal ate, 0.87 Mtantal um oxal ate and 7 pot assi um
nitr.ate aqueous stock solutions. A CAVRO autonated |iquid dispensing
system was used to deliver aliquots of the aqueous stock solutions into
vessel s. VMt eTaBIess A ePaEIHN: 86inios@bn {nitfe FRHthIE 8- NBITL-¥ gﬂmelchtﬁlgg , and the
resul ting drysafiptdtiiseSMreme).pl aced in. an oven to oxi met al

precursors i p accorgangé Wit The Tenp I’atJre-Itllsb‘ pro'f-gl—e-ri-e-:,d-e?,rlbed in
! 1 T -

Exanpl e 29. [he buI sarrpl S Wi ZEbIEN TR e to-enstie
consi stent bfift 37U WeT F_evar yatet - pr—cata-yte—pererapnce in
ODHE by con aqtNgg e@§ 2sarrple M th etthane ahd oxygen in tthe pargllel -

fixed bed repctoq, | Rggedgnt flowrate was. 1. 048 sccm per 1 nute per
reactor vesspl [(ganpl £yagednd thel reactlant gap was clonpris¢d of 4p.1 %
C2H6, 8.4.% p2jagd §r85 %|N2. Tapl es 3%B 15 aagl 35C |li st etthane cpnversion

and et hyl ene[sgigEIV, Jt 300 E—respecti-vef—for—eachlof-the -
Ni - Nb- Ta- K ox? N xtgjgm Iigggggj‘ in Tahl e 35At ! g3 |21 Augyst 200B WO

00/ 48971 Tabl e 3—5@ %ﬁgysto'og%posilti on (nol ¢ fractji on): of .Ni- No} Ta-K

oxi de cat al ypt ﬁnd Saimlle i g@ "M (nmg). PCT/US0Q/04478|1 234 b 67 Ml e
Fraction & Sp MBgs 4 ntrsiilr\jla . 5837 N®0. 3772{ Ta0. 0391 KO. 000 MBB. 7

-.J A - naodn.-N7021 Ko _NAOEND QNN

2Ni 0. 59100. 5 R8s T 9500792/ 6046506000 M35 438. 4
3Ni 0. 59850,_5995L0%9-970ﬁ§§. 223? ) 2 94799 Tap. 0401@. 08020{ 1204
KO. 08210. 041104 08D0 60401 0.0802 0.1204 .
K 0.0821| 0.0411} o.0000[
M | 377 38.0 42.0
4 Ni | 06062] 0.6068] 0.6074! 0.6080
Nb | 0.2285| 02287 0.2290| 0.2292
Ta | 0.0406]| 0.0812] 0.1220| 0.1628
K 0.1247 0.0832] 0.0417| 0.0000
M | 43.1 40.6 387 . ] 408
5] Ni 0.6141| 0.6147| 0.6153| 0.6160! 06166
Nb | 0.1764| 0.1765| 0.1767| 0.1769| 0.1771
Ta 0.0411) 0.0823] 0.1235| 0.1649| 02063
K 0.1685| 0.1265] 0.0844] 0.0422| 0.0000
M | 364 36.5 423 40.1. 39.0
6 Ni | 0.6222] 06228 0.6235| 0.6241| 0.6247| 06254
Nb | 0.0228] 0.1230| 0.1231} 0.1232]{ 0.1233| 0.1235
Ta | 0.0416| 0.0834| 0.1252| 0.1671| 02091 02511
K 0.2134| 0.1709| 0.1283| 0.0856! 0.0429| 0.00001
M | 369 41.5 36.1 44.4 40.2 393
71 Ni | 06305 0.6311] 0.6318| 0.6324| 06331 06338] 0.6345
Nb § 0.0679] 0.0680| 0.0680| 0.0681| 0.0682! 0.0683]| 0.0683
Ta | 0.0422] 0.0845] 0.1268{ 0.1693] 02119 02545! 02972
K 0.2595| 02164 0.1733] 0.1301] 0.0869| 0.0435} 0.0000
M }397 40.4 38.8 514 456 429 439
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' 22850. 22870. 22900. 2292
. .042.0 4Ni 0. 60620. 60680. 60740. 6080 NbO.
¥gg.62860.08120.1220031628 KO.12470508§324841;2580236233i%ggapggg%ﬁﬁm§
5Ni 0. 61410. 61470. 61530. 61600. 6166 NbO. . TR
82 16490. 2063 KO. 16850. 12650.

Igg ggélg4g 32@0%@§%90 6Ni 0. 62220. 62280 62350. 62410. 62470. BPHYS00/04478
Nb0O. 12280. 12300. 12310. 12320. 12330. 1235
Ta0. 04160. 08340. 12520. 16710. 20910. 2511

. 536.144.440.239.3 .
KO.21340. 17090 Ti 368 Oﬁéﬁge (Q‘:ﬁ% q 9&9\8%‘?42%%:d§ catalysts listed in Table 35A.,

7Ni 0. 63050. 631 : s
Nb0. 06790. 06840. 06 bes? | l [ 7

Qo 20000 a1100 oC B version, %

Ta0. 04220, 08450425 %,i::;"' 2500 04250 0h00 NB9]740. 438, 85T 445 647"
- K0.25950. 2164¢ '°mﬁi95”“' dﬁ%ﬂcnn/ 04478 Tabl eB5B. - Et hane conyersio
SRS Il % W B X P A e PR TN o At 7 Efhane
N - No- Ta- K oxijag e 9‘4 2410 450 44 875 31679 44|4 4.5 5.7 7.0 5304

Conver sion % H&—13=% 4.4 5.1 61 .| 65
6.16.5 6 0.8 2.7 38 51 5| 54 6.5 ~
7 0.3 0.9 23, 4.2 5.1 63 | 538
Table 35C. Ethylene selectivity of Ni-Nb-Ta-K oxide catalysts listed in Table 35A at
300°C. ,
1 [ 2 1 3 L 4 [ s G |7
Ethylene Selectivity, %
1 | 806 T ‘
2 | 623 | gag
3 | 455 68.4 852
4 | 344 49.4 73.1 84.6
5 | 163 35.4 554 76.9 85.9
6 13 174 37.2 54.6 80.9 852
7 0.0 1.0 8.7 39.1 | 50.1 78.3 6.9

E:-(amp!e 36. ODHE over NiNbTa Oxide Catalysts,
Table 36A lists composition and mass of a Ni-Nb-Ta oxide library. Bulk samples of
the oxide mixtures shown in Table 36A were prepared from 1.0 M nickel (1) nitrate
hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantalum oxalate aﬁucous stock

10 solutions. A CAVRO automated liquid dispensing system was used to deliver
aliquots of the aqueous stock solutions into vessels. Each vessel contained about 1.9
ml of solution. Like Example 33 the metal precursors were separated from the
aqueous phase by precipitation. One ml of ammonjum hydroxide (28% ammonia in
water) was added to each of the solutions resulting in a solid precipitate. The solid

15 precipitate was separated from the aqueous phase by centrifuging at 4000 rpm for 20
minutes, followed by decanting the supematant. The solid was dried in a vacunm
oven at 60 °C for about an hour, and then calcined in accordance with the
temperature-time proﬁie described in Example 29, The bulk samples were ground
with a spatula to ensure consistent bulk density, and were evaluated for catalytic

20 performance in ODHE by contacting each éamp]c with ethane and oxygen in a

parallel fixed bed reactor. Reactant flow rate was 1.048 sccm per minute per reactor

s

of

5.



60.8 2.7 3.8 5.15.4 6 5 70.3 0.9 2.3. 4.2. 5.1 6.3 5.% Table 35C. Ethyl ene

selectivity of .Ni-Nb-Ta-K oxide catalysts listed in Table 35A}3%t ?9(%: 12
13 4 56 Ethylene Selectivi , %180 6 . 262.384.8 345.568 4 s

434. 449. 473. 184ydeohadps 335. 455. 476.985.9 61 17 3 ..437.254. GW :
.1.08.739.1 159.178.386 9 5. Exanpl e 36. ODHE-ove,r N NbTa | é%\t aI ysts
Tabl e 36A lists conposition and mass. of ~a Ni - Nb-Ta oxide library. Bulk
sanpl es of the oxide m xtures shown in Tabl e-36A were prepared from 1.0 M

ni ckel (11) nitvake (sah@wphudimatctade dds WadRPieds dr¥d. 1@)<é'ﬁt %Wﬁ
t ant al um oxal at Shs\%go%ggt g@k 10 so ut i ons.” A CAVRO aut ormat ed T qui d

di spensi ng syst anged 1 liskethang comygesios aad etbﬂenimftmbuw 886¢k

sol utions into vegspkaivellzofoleavic st NERBITAIREM nalant I:%(c@m 'ﬂ*ﬁleq 5ol uti on.

Li ke Exanple.33 the netal precursors were separated fromt aqueous phase

by precipitation. One m of ammoni um hydroxi de (28% ammonia.in water) was
added to each offalléims/s oCaul0asmceRih hele Hhetid) éﬂﬂmmlmﬁ%eﬁdétc&aly&?e solid

and sample mass, “M” {mg).
1i2I3l4I5516:I7
Mole Fraction & Sample Mass, mg

1[Ni | 0095 .
Nb | 0.03
Ta | 0.02
M |2

2| Ni |00t ]o089
oo Nb ] 0.03 | 0.09
Ta | 0.06 | 0.02
M 437 1518
3INi |[0.87(085] 083
Nb | 0.03 | 0.09 | 0.15
Ta |0.10] 0.06 | 0.02
M 476 [352 |39.2
4{Ni |082]080]0.78 | 0.77
Nb {0.04!0.101}0.16 | 021
Ta | 0.14 {010 | 0.06 | 0.02
M 1531 [40.5 [38.8 [35.8
5INi 0780761074 [0.72 f 0.70
Nb |0.04 |0.10] 0.16 | 022 | 0.27
Ta |{0.19{0.14 | 0.10 | 0.06 | 0.02
M |39.8 [52.1 [38.1 [37.5 136.8
6| Ni 073071069067 |0.66 | 0.64
Nb | 0.04 | 0.10 | 0.17 { 0.23 | 0.28 | 0.34
Ta | 0240191} 0.14|0.10 | 0.06 | 0.02
M {701 |42.4 371 j402 |37.0 {396
7INi |0.67)066 | 064062061 059058
Nb | 0.04 }0.11 | 0.17 ] 023 | 0.29 | 0.35 | 0.40
Ta {029 )024{0.19]0.14 |0.10 { 0.06 | 0.02
M 1356 452 136.1 1420 35.6 [36.1 [382

14lo



. . 0
hase by centrifuging at 400
i pi e was separated fromthe agueous p a0
15nP¥gflgbta;inutes, Pollomed by decanting .t he sup_erngt;':iﬂte.n gﬁﬁggﬁ%§ﬂ%n
gfied'in a vacuum oven at 60 C for abouéfﬁrehgg;&rﬁged o el 5 99 "The
i ature-tine pr _ _
accErdancFegnag?ggg?%hﬁgpeaﬁth a spatula to ensure con5|ztanhggg%¥$ggnzgg¥,
gﬁg mZ?gpevaluated for catalytic 20 .performance in ODHE by co .

[ ' fi xed bed reactor. Reactant
D e et a0 AN oxygen !Ru?eparﬁllggctor " 145 21 August 2003 WO
flow rate was 170483680 EMHELA0L D iNb-Ta o lystsdlistedrin Talg@$6 AVaS

00/ 48971 PCT/ U 65 429 0p bl &1 540 Np. 5abl @S 2§ AnFottrpt
o veo o 4Pk Sk dp iy B AR
cach of the N b Fe i an orwtucbe st tn TaBre S NI At
each of the Nif ;,241Aw£%_L3£rfi n)_of bulk N -[Nb-Ta © rae kaiL%aAiﬁVQs ,
Cat al yst .conp R Y & i &h & [Safdl e Mass ' m|INi U. 95 NOO—03 ra o 15
>N 0510, 89 N %an 0%6 02 VA3, 75[. &.8N (870 B85p: 4-630-09p. 1
TRO. 100. 060. O3-riz] 528 234 8N 0 825 80p. DR 04D t66-140-21

Ta0. 140. 100. 0de-B2l vé4 140 =28 845 865N s

NbO. 040. 100. 180220 32 Tab 139 140 400 O %

6Ni 0. 730. 710. 690. 67. 0. 660. 64 |
Table 36C. Ethylene selectivity of Ni-Nb-Ta oxide catalysts listed in Table 36A.

1 | 2 T3 [ 4 T 3 [ 6 [ 7
: Ethylene Selectivity, %
101 70.8

2 69.3 63.4
3 68.5 74.3 68.4
4 61.9 62.0 74.5 69.9
5 55.8 67.4 69.7 74.6 76.5 '

| 6 74.9 65.2 76.0 67.2 76.4 75.8
7 75.5 67.3 73.0 72.1 72.2 80.0 75.3

5 Example37. ODHE Over NiNbTa Oxide Catalyts: Ethylene CoFeed
Table 37A lists composition and mass of a Ni-Nb-Ta oxide library. The oxide

mixtures shown in Table 37A were prepared from 1.0 M nickel (II) nitrate .
hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantalum oxalate aqueous stock
solutions, as disclosed above. A CAVRO automated liquid dispensing system was

10 used to deliver aliquots of the aqueous stock solutions into vessels. Each vessel

contained about 3.3 ml of solution. The metal precursors were from the aqueous

phase by precipitation. About 2.9 mi ofa 1.57 M ammonium carbonate solution was

added to each of the solutions resulting in a solid precipitate. The solid precipitate

was sepémted from the aqueous phase by cen-tﬁﬁzging at 4000 rpm for 20 minutes, -

15 followed by decaniing the supernatant. The solid was dried in a vacuum oven at 60
°C for about an hour, and then calcined in accordance with the temperature-time
profile described in Example 29, The buik samples were ground with a spatula to
€nsure consistent bulk density, and were evahuated for catalytic performance in
ODHE by contacting..each_sample with ethane and oxygen in 2 paralle} fixed bed

20 reactor, Reactant flow rate was 1.048 Sccm per minute per reactor \}cssel (sample),

and the reactant 8as was comprised of 40.1 % CaHs, 8.4% 02 and 51.5% N,. Table
(U ' '



NbO. 040. 100. 170. 230. 280. 34 Ta0. 240. 190. 140. 100. 060. 02

M70. 142.437.140. 237. 039. 6 7Ni 0. 670. 660. 640. 620. 610.590.58 . , ust 2003
NbO. 040. 110. 170. 230. 290. 350. 40 Ta0. 290. 240. 190. 140. 100. 060. 02! Au8

MB5. 645. 236. 142. 035. 636. 138. 2 and sanple mass, M (ng). %&&%&! ust
2003 WO 00/ 4847¥M8# )/ US00/ 04478 Tabl e 36B. Et hane conversi% i’

oxi de catalysts listed in Table 36A.. Table 36C. Ethylene selectivity of :
Ni - Nb- Ta oxide catalysts listed in Table 36A. 123 456 J-767 . .469

68.574.3 61.9 7 4, 7 - Jik. Vi Ly,
o 04 5o, 7 76 FBegdTo Rbehabd Egrg'gﬁf?“ etg Bl sefsffvinga 3004, lpectiydy,
Cat al yts: Et hyfbesaeh GitEe di-NB&IH @u&?n&xhn@tlstec}mm@béq ¥4 1T ahled 7Pand 3G lia ‘
Ni - Nb- Ta oxi de_Jibrar The wn in Table 37A were

pr epar ed fromefhaﬁ RIS 8 Onm?%‘ygge%emc&w Qé%(%%?dr ate, 1.0 Mniobium (V) .
oxal ate and 1.0 M frardbaehmmmeaﬂf&bt@fadwbthIQ@dtorfgﬂdlouteth@mconmm scl osed

above. A CAVRQ EOITRL £4.d ghg?g :ﬂ!é&’&ﬁ&éé}ﬂl R Lt %ﬁleé%%?edmmfg&' iver -

al i quots of t hE aq eous s uti ons |n 0 vesse vesse
witha gas mixture compnsed of 1 1.2 % CyHy, 28.1 A; C2H6, 0.8 % CO,, 8.4 % O, and

51.5% Nz Reactant flow rate was mamtamed at 1’048 sccm per minute per reactor

vessel (sample), and the fractions of C;Hy, C2Hg and CO; in the reactor feed were.
verified during screening by measuring the composmon of gas effiuent from blank
10 vessels in the paraltel fixed bed reactor. Tables 37F and 37G, which list changes in
... ethane and ethylene concentration following contact with the Ni-Nb-Ta oxide —
mixtures, show significant ethane conversion to ethylene at 325 °C. Table 37H lists
CO and CO, production at 325 °C. '
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cont ai ned about 3.3 m of solution. The metal precursors were fromthe
agueous phase by precipitation. About 2.9 m of a 1.57 Ma %i ””Lzo 3
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PCT/ US00/ 04478 37H
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feed on ethane ¢or oh0723 |4 fkl 147 nyl ene sel ectijvity, it he m Yed oxi fle
sanples listed fn < %M'IVBTOEO7861t acted wth]a gas |m xture¢: conpr|sed of
11.2 % C2H4, 281 B840 8 3IN2l 8.4 %02 and 51.5 % N2.'|React aht flow
rate was mai ntajne 10-088 | s ORBBEr 0.7t e per |reactdr ~ Veésser (sappl e),
2%07%H@-1§ﬂ aob6541 the reactor |[feed were. verified

and the fractiop
during screening OH@0% pn®@F3ti on of { gas eflf | uent | from b} ank 10
Bed_red®Tor.| Tables 37F and 37d which| | i st
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R
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0.0970 | 0.1536| 02102] 02668| 0.3234 0.38
.2102 . . 3800 | 0.4366
0.43667 03800 03234 02668 02102 0.1536 | 0.0970
318 34.1 49.2 35.7 42.5 47.5 62.7

vessel s in the patatle
changes in et hfng Jhd dM4R/¥ &n8-68Bhc ehmb374ti Orb9TD| I owi ng Comt aFT—with t he
Ni - No- Ta oxi de | mi xt'Birled-0 ﬁ)wog:g fq.tHidtl Othane convérsion fo ethyl ene at
395 C Table 37 i 4 o d@élgwo 7 pr&GAT6t i Ord8ad | 325 C| M 21 August {2003 WO
00/ 48971 PCT/ U oM 48508 ) 6 384A IGBRA| vei36@onmbsi ti oh (rol g fractijon) of
Ni - Nb- Ta oxi de % dt 0208 | 8429 le G298 0MROY T).6298 23 4 67] INFONbl e
Fraction & Sa d, 0rQ§§4 R69.1353| 0.1851 023491 0.2848
a 0.28481 0.2349| 0.1851 0.1353] 0.0854
- 1I:I/I 43 9 43.6 47.5 48.3 41.8
i 55331 055331 0.5533( 0.5533| 0.5533
Nb [ 00909 0.1439| 0.1969| 02499 | -0.3009| ggggg
Ta 03559 0.3029| 0.2499 0.1969{ 0.1439 00909
M 28.3 48.5 46.4 47.9 40.0 56:0
7 Ilj{) 04664 0.4664] 04664 0.4664 0.4664 1 04664 0.4664
Ta
M

Table 37B. Ethane conversion at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table

5 37A,
1 {2 T 3 T =2 |5 [ 6 T 3
Ethane Conversion, %
1 0.6
2 10.2 10.1 e
3 10.6 - 109 3.2
4 .1 9.9 9.1 8.2
5 9.6 10.0 10.4 10.2 9.9
6 4.5 7.2 7.1 7.2 7.1 8.9
7 i4 - 2.0 . 1.8 . 0.7 1.] 2.5 1.4

i4q



Nb0. 0690 Ta0. 0690 M39.3 2N 0. 81280. 8128 Nn0. 07250. 1147 Ta0. 11470. 0725

MB5. 438.5 Ni 0. 75830. 75830. 7583 Nb0. 07630. 12080. 1654 Ta0. 1654
MA3. 743.239.7 4N 0. 69770. 69770. 69770. 6977 Nb0. 08060. 12760. 17

Ta0. 22170. 1740 (238®. 0806 Mp0. 838. 138.236.9 NNO 6298 .0.
0. 6298 Nb0. 08540. 13530. 18510. 2349 0. 2848 Ta0. 2848' 0. 23490. 18510. 13
M48. 943.647.548.3 41.8 NNO 5533 .0.55330.55330.5533 0.5533 0 5533 .
NbO. 09090. 14390. 19690. 2499 0. 3029 0 3559 Ta0. 35590. 30290. 2499.
0. 1439 0. 0909 I\%le@ﬂg-. Bih@erdisElegtivit) 2080B6C of Ni-Nb-Ta oxide catalysts listed in Table

5

G55

0. 1969

1 | 2 T 73 4 5 1 6 T 7
: C - Ethylene Selectivity, % '
1 80.4 )
2 | 80.1 82.8
3 | 84.0 84.5 84.5 I
4 |.81.8 84.0 82.7 84.3
5 | 86.8 84.6 86.3 86.9 %3 87.0
6 | 842 88.1 ~ 89.1 872 | 876 90.1 N
7 | 825 847 86.6 79.4 86.6 87.8 .| 805

. Table 37D. Ethane conversion at 325 °C of Ni-Nb-Ta oxide catalysts listed in Table

37A.
1 [ 2 (73 T 4 T 5 T & | 7
Ethane Conversion, %
I 14.6
2 15.9 14.5
3 15.2 16.0 12.6
4 15.9 14.5 13.6 12.7
5 143 15.5 15.4 15.2 14.8
6 8.2 11.8 11.4 11.6 11.8 13.9 :
7 2.5 3.9 34 1.4 1.9 5.0 2.7

Table 37E. Ethylene se]eétivity at 325 °C of Ni-Nb-Ta oxide catalysts listed in Table

37A. _
1. [ 2 [73 1T a [ 5 T 6 [ 7
Ethylene Selectivity, % )
1 | 842
2 | 817 84.5
3 | 839 84.9 84.3
4 | 825 86.0 83.4 84.6
5 | 818 86.8 85.9 86.8 87.8
6 | 83.8 87.5 88.2 87.8 86.1 88.9
7 {815 84.2 86.0 71.2 85.2 86.4 785

B0




7N O .

366 .
Nb0O. 09700. 15360. 21020. 2668 0. 3234 0. 38000 4
0.2102 0. 15360 0970 Mb1l.834.149.235.7 42.5 47.5. 62.7 Table

conver si on at
56 f 7

Ni-Nb-Ta oxide mixtures list

. 4 0.4664 0.46640 4664 .
4664 . 0. 46640. 46640. 466 o 43660, 3

L

5 37A. 234

% 210.210.1 310 6 .10.98. 2rdiMisch@4499. 18. 2

01.80.71.1. 1.4 2.5 1LH 21

. 610. 010. 410.29.9 64.57.27.17.27.18 9 71.42. 80. :
iﬁgust 2003 WO 00/ 48971 Table 37C. Ethylene selectivity at 300 C of

Ni - Nb- Ta oxi deTﬁﬁg 397|Fy %)tit%en!:nicg }neectihyll n Jable

€ne concentration between reactor effiu
ed in Table 37A (C,H/C,H, Feed).

& 8 f N -Nb-Ta oxide catalysts listed in Table
19.6Eﬁﬁgng nver si on,

37A. PCTI USOQ 04478 1 |

ent and feed for

1 | 2 | 3 T 4 71 =5 [ 6 | 7
' . A CoHy, %~ |
1 7.0
2 7.2 6.2
3 5.1 6.4 5.0 g
4 6.8 6.6 47 53 .
5 7.3 7.3 5.9 7.1 ¥ 91
6 4.0 5.6 5.4 5.7 53 6.1
7 1.2 2.0 14 -0.4 0.8 2.3 1.0

Table 37G. Difference in ethane concentrati

on between reactor effluent and feed fo.

5 _Ni-Nb-Ta oxide mixtures listed in Table 37A (CoH(/CoH, Feed). i
- t 1 2 [ 73 T 4 [ 5 1T 6 T 7
‘A CHg, % -
H -0.3 ) '
2 -10.5 -8.3
3 -8.1 -9.3 -14
4 99 -8.6 -7.2 ~1.5
5 -8.9 -9.3 " -8.4 -4 -8.8
6 -5.3 -7.1 -6.8 -7.1 -7.3 -1.9
7 -1.3 -23 -1.7 0.4 -0.8 - =2.9 -1.3

Table 37H. Difference in carbon manoxide and
effluent and feed for Ni-Nb

carbon dioxide between reactor
-Ta oxide mixtures listed in Table 37 (CoHe/CoH, Feed). -

10 Example 38. ODHE over NiNbTa Oxide Catalysts: Ethylene Co-Feed.

1| 2 [ 3 T = | 5 T & [ .7
ACO & CO,, %
1 2.2
2 3.3 2.2
3 2.9 2.9 2.4
4 3.1 1.9 25 2.2
5 1.7 1.9 25 2.3 1.8
6 1.3 1.5 1.4 1.4 1.9 1.8
7 0.1 0.3 0.3 0.0 0.0 0.7 03

Table 38A lists composition and mass of another Ni-Nb-Tz oxide library. The .

oxide mixtures shown in Table 38A were prepared from 1.0 M nickel (II) nitrate

hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantalum oxalate aqueous stock

solutions. A CAVRO automated liquid dispe'nsing systém was used to deliver

15 aliguots of the aqueous stock solutions into vessels. Each vessel contained about 3.3

154



134567 80.480.184.0 .81.886.884.282.51 234567 Ethylene"
Selectivity, %82.8 84.5 84.0 84.6 88.1 84.7 84.5 82.7 86.3 g% F%Og hL
87.0°89:1 86.6 87.2 79.4 87.6 1 90.1 86.6 87.8 80.5 _ Table 37D R e
conver si on at wpaussrPf N -Nb-Ta oxide catalysts listed in ';gpllug‘mmgmB?A. 12
3456 7 1Et hane Conversion, % - .

ml of solution. The'metal precursors were separated from the aqueous phase by
precipitation. About 2.9 ml ofa 1.57 M ammonium carbonate solution was added to
each of the solutions resultmg in a solid precipitate. The solid precipitate was
separated from the aqueous phase by centrifuging at 4000 rpm for 20 minutes, :
5 foliowed by &ecanting the su;ﬁematant The solid was dried in a vacuum oven at 60
°C for about an hour, and then calcined in accordance w:th the temperature-time
profile described in Example 29. The bulk samples were ground with a spatula to.
ensure consistent bulk density, and were evaluated for catalytic performance in
ODHE by contacting each sam_plé with ethane and oxygen in a parallel ﬁxéd.b.ed
10 reactor. Reactant flow rate was 1.048 sccm per minﬁte per reactor vessel (sample),
- and the reactant gas was comprised of 40.1 % C,H, 8.4 % O; and 51.5 % N,. Tablf-:s
38B and 38C list ethane conversion and ethylene selectivity at 300 °C, respectively,
for each of the Ni-Nb-Ta oxide mixtures listed in Table 38A. Table 38D and 38E list
ethane conve_rsion- and ethylene selectivity at 325 °C.
15 To determine the effect of ethyléne in the reactor feed on ethane conversion
and ethylene selectivity, the mixed oxide samples listed in Table 38A were contacted
- with a gas mixture comprised of 11.2 % C,H,, 28.5 % CoHi, 8.4 % O; and 51.5 % N

Reactant flow rate was maintained at 1.048 sccm per minute per reactor vcésel -
(sample), and the fractions of C;H,, C;Hsg and CO, in the reactor feed were verified

20  during screening by measuring the composition of gas effluent from blank vessels in
the parallel fixed bed reactor. Tables 38F and 38G, which list changes in ethane and
ethylene concentration following contact with the Ni-Nb-Ta oxide mixtures, show
significant ethane conversion to ethylene at 325 °C. Table 38H lists CO and CO,
production at 325 °C.
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12.7 514,315, 515, 415. 21

216.012. 6 415.914.513. 6 T

55, 211 811, 411, 611,813, 9 . 72.53.93. 4. 1.41.96.02. 7 Table 376, Eth

: : “n T
' i vi i - Nb- xi de catalysts listed in
Someel iy an 325 C of N - Toa/o 284. 2 281.784.5 383.984.984.3

SR ctivity, 138s
782 236, 05 hZ:M 60}3%?3886. 88)5/. 986. 887. 8 683. 887. 588. 121357?821&1_/ U§g’874684478 |
781 584, 286, 077 285,786 478. 5 21 August 2003 WO 00/ 48971 PCT/ US00/ 0447
'T'gél e 37F. Difference in ethylene concentration t 23145 67

Table 37A 1
and feed for NabN38Aa C@%ly&%oﬁg&txcﬁxe(rsnoleﬁ L texc?n) Io? Ni-Nb-Ta oxide catalysts and
A CZH4, % . 7. Oafple mas “M> (
1 2 | 3 T 4 71T 3 | 6
- ' Mole Fraction & Sample Mass, mg
1] Ni 0.7194 0.7194 0.7197 0.7199 0.7201 0.7202
Nb 0.2324 0.1937 0.1550 0.1163 0.0775 0.0388
Ta 0.0481 0.0867 0.1252- | o. 1638 0.2024 0.2410
M | 446 42.8 384 37.1 48.8 41.5
2| Ni 0.6959 0.6960 0.6962 0.6964" | 0.6965 0.6967 N
Nb 0.2519 0.2100 0.1680 0.1261 0.0841 0.0420
Ta 0.0522 0.0940 0.1358 0.1776 0.2194 0.2613.
M | 401 40.5 - 39.0 36.8 444 49.9 -
3] Ni 0.6680 0.6682 0.6683 0.6685 0.6687 0.6689
Nb 0.2750 0.2293 0.1835 0.1376 0.0918 0.0459
Ta 0.0570 0.1026 0.1482 | ' 0.1939 0.2395 0.2852
N M 1356 37.0 40.7 41.0 44.2 51.9
4| Nij 0.6345 0.6346 0.6348: | . 0.6350 0.6352 0.6354
Nb 0.3028 0.2524 0.2020 0.1515 0.1011 0.0505
Ta 0.0627 0.1129 0.1632 0.2135 0.2638 0.3141
M 37.9 38.6 37.0 -34.8 35.9 36.4
51 Ni 0.5934 0.5936 0.5938 0.5940 0.5942 0.5944
Nb 0.3368 0.2808 0.2247 0.1686 0.1124 0.0562
Ta 0.0698 0.1256 0.1815 0.2374 0.2934 0.3494
M 1365 36.0 36.6 41.5 35.6 354
6| Ni 0.5420 0.5422 0.5424 0.5426 0.5428 0.5430
Nb | 0.3794 0.3163 0.2531 0.1899 1. 0.1267 0.0633
Ta 0.0786 0.1414 0.2045 0.2675 (.3306 0.3937
M | 358 38.1 39.9 39.2 339 35.8

Table 38B. Ethane conversion at 300 °C of Ni-Nb-Ta oxide catalysts listed in Tabie

5  3B8A.
|1 | 2 EE | 4 l 5 | 6
Ethane Conversion, %

I 5.8 - 3.8 3.3 4.3 5.2 4.1
2 3.8 4.4 4.5 3.8 3.9 3.7
3 7.5 9.6 10.3 7.6 6.1 6.9
4 7.8 7.5 8.4 . 9.1 2.8 9.9
5 8.5 8.1 8.2 ' 8.9 9.2 10.2
6 9.6 9.1 10.3 10.4 10. 7 ' 11.6
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. 46 6 86 ..4.75.3 57 7 33 ..5.97.17.1 64 5 06 ..5.45.75.36_ 171 2.
..1.4-0.40.82.2-1.0 Table 37G Difference in ethane concentrg{kgguspﬁto leg
|

reactor effluent and feed for - 5 N -No-Ta oxide mxtures |iSte
nae 7A (C2H6/ GdlpddpFeed). s T 1 able 37H Difference in,garhon .
monoxi de and car bon di oxi de between reactor fl _

Table 38C. Ethylene selectivity at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table

38A. :
1 | 2 i 3 I 4 ! 5 | 6
Lo Ethylene Selectivity, %

1 | 872 88.0 88.2 89.4 L 89.3 89.6.
2 86.4 87.1 89.2 90.4 87.3 87.7
3 85.1 84.4 81.8 .| 854 90.5 | 89.0
4 82.8 84.0 85.2 854 83.5 83.8
5 80.2 83.1 B4.6 | ¥85:0 85.5 85.9
6 71.5 78.1 81.5 84.1 83.3 85.3

Table 38D. Ethane conversion at 325 °C of Ni-Nb-Ta oxide catalysts listéd in Table

5 38A.
I | 2 [ 3 [ 4 | 5 G
Ethane Conversion, %

i 8.7 6.7 5.7 . 7.3 8.8 6.8
2 6.7 7.3 72 6.2 6.5 6.3
3 11.7 13.3 13.9 11.5 9.6 11.1
4 12,2 11.7 12.2 12.8 14.0 14.4
5 12.8 12.0 13.0 13.7 14.0 154
6 14.1 14.0 15.9 15.6 16.5 16.9

Table 38E. Ethylene selectivity at 325 °C of Ni-Nb-Ta oxide catalysts listed in Table

38A.
1 | 2 I 3 [ 4 | 5 | 6
Ethylene Selectivity

1 85.7 85.6 85.9 86.8 87.5 88.6
2 84.4 85.1 86.3 88.1 85.6 85.6
3 84.3 83.7 84.9 84.8 86.4 88.0
4 84.0 33.8 354 34.0 85.2 84.5
5 81.3 83.9 84.1 84.5 84.5 85.9
6 82.3 814 83.5 84.2 85.0 85.8

10 Table 38F. Difference in ethylene concentration between reactor effluent and feed for .
Ni-Nb-Ta oxide catalysts listed in Table 38A (C,H/C,H; Feed).

1 2 | 3 | 4 [ 5 l 6
A CoHy, %

1 2.3 1.1 0.6 0.4 2.3 1.8
2 12 1.2 0.5 1.2 1.5 0.9
3 3.1 4.6 5.6 4.2 3.7 42
4 4.6 4.1 44 42 5.5 5.4
5 3.7 4.2 46 4.6 4.0 6.1
6 6.0 53 5.9 5.0 6.8 7.0

15y
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uent and feed for Ni-Nb-Ta oxide m xtures Iistegzi ngTagI 823471 21C2H6/C2H4

12 3 456 ,7 ACO8C2,%2 2 . 23 3 .2.2
Fieg)z 52.2 51 7 .1.92.52.31.8 61 3 .1.51.41.41.91.8 70 10%8“%6‘%9(9300 7f
0.3 e 10 Exanple 38. ODHE over N NbTa Oxide Catal ysts: Et hy! ene Co- Feed.
Tabl e 38A | i s ®4#pbsi ti on and- mass-of another Ni - Nb-Ta omﬂﬁsob/hm@ry. The
oxi de m xtures shown in Table 38A were prepared from1.0 Mnickel (1) .-
nitrate hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantal um oxal ate
aqueous stock _solutions.. A CAVRO autonated ‘i quid dispensing system was
used to del i veFables38gi Differencedf ethane cargerdmtion bétweda retdd bfRAS aild'\fe@d yc@ssel S.
Each vessel coilidp Fﬂeqx fb@ﬁsrﬁyss I(Sted B Tahlei8st (CIBHIG,H, Feed).

3 | 4 | 5 t 6
A CoHs, % L

] -3.8 2.8 -2.1. -2.4 . 42 -3.1°
2 2.9 -3.0 2.3 27 29 2.5
3 -5.6 -7.0 83 1 62 -5.1 =59
4 -6.6 -6.2 -6.8 6.6 =17 -7.8
5 -6.5 -6.5 -6.8 -7.0° -6.8 -9.0
6 -8.3 -8.0 -8.7 -8.1 -0.8 -9.9

Table 38H. Difference i in carbon monoxide and carbon dioxide between reactor
5 _effluent and feed for Ni-Nb-Ta oxide catalysts listed in Table 38A (C:Hs/CoH, Feed).

1 [ . 2 | - 3 | 4 | 5 | 6
ACO&CO:, % - _
1 1.5 1.7 1.5 1.9 1.9 14"
2 1.7 1.8 1.8 1.4 1.4 1.6
3 25 2.5 2.6 2.1 1.4 1.7
4 1.9 2.1 2.4 24 2.2 25
5 2.8 23 2.3 2.4 2.8 2.9
6 23 2.6 2.9 3.1 3.0 2.9

Example 39. ODHE over NiNbTa Oxide Catalysts: Lower Calcination
Temperatare
Table 39A lists composition and mass of a Ni-Nb-Ta oxide library. Bulk

10 samples of the oxide mixtures shown in Table 38 were prepared from 1.0 M nickel
(II) nitrate hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantalum oxalate
aqueous stock solutions. A CAVRO automated liquid dispensing system was used to
deliver aliquots of the aqueous stock solutions into vessels. Each vessel contained
about 1.9 ml of solution. Like Example 5, the metal precursors were separated from

15 the aqueous phase by precipitation. Ammonium carbonate (1.62 M) was added to

each of the soluﬁo'ns resulting in a solid precipitate. The mixture was allowed to
settle at 25°C for 3 hours. The solid precipitate was se;iarated from the aqueous phase
by centrifuging at 4000 rpm for 10 minutes, followed by decanting the supernatant.
The solid was dried in a vacuum oven at 60°C for about an hour. The solid obtained

20 was calcined in air under the following temperature-time profile: The tempefature of
the oven was increased from room temperature to 300°C at a rate of 2°C/min. The

oven temperature was heId- at 300°C for 8 hours. After 8 hours at 300°C, the oxide
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for about an hour, and then calcined in accordance, with the
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eval uated for cHiediulitsampjvewerrgramdevithi spatSiderdire CotIfsRAtHuk LRGN TRAND! €

wi th ethane an ( ih.a rallel fixed bed to, reactor. ReacCtant flow
rate was 1. 048%“?%%1?191 %rs u%reneﬁ’?%atp‘yrror F%%{thcoqmggg%? by QRRFmgeach samplet he -
reactant gas wesittcghqmeiag@okygen Q. phrallelGRlBbedtedetdl docridadin Fhamplded2: Tabl es
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respecti vel yé, S!%egr eg@ﬁ"%&Wﬁ%éiﬁfg§ﬁﬁ‘6‘.ﬁé‘n&?¥e&§fFﬁa%Pfu"f%ig[ (Fﬁnﬁ@cﬁ“ﬁ#’qabl e 38A.
Tabl e 38D and J8&tdnt gis wasichiapris eéofnﬂelr%iaam,anﬂ/gﬁ?ghydﬂr_m%%l galboMddny at 325
C. 15 To deternj fect of. ethylene in the r for feed on_ ethane
conver si on an;gn g? %% gtnegagg%gg%fl\% yd?/eﬂfylke cﬁgﬁ%ﬂl%ﬁtﬁ% GarpeiEclyifet ed i n
Tabl e 38A wer e cacnefabe BeNbliapkidemjpasrentistddin FailoB94.i BRdRhe 11. 2 % C2H4, 28.5
%20, 8.4 % SRl o AN oL SR B M alsd oL L O
C2H6 and COR i rethaheconversion and eidenaselectivity af 25080, 28 peltively) GoreedhaT M- bY

measuring the g@mposkkd - & t fromblank vessels in the
paral l el fixed bed ?’gg% g‘rt‘%ﬁlg‘%ﬁé“sjf nd 38G which |ist changes in

et hane and et hyl ené"oeiehqum'h«tﬂlatﬁ‘@noifan‘rhyﬂ&mﬁmgem&bﬂieéd ofvetand dvdibiofNd- Ta

oxi de m xtures,,,sB@aW. Sl ficant, et hane conversion t lene at 325 C.
Table 38H |ists CO gﬁ% %%gh‘;‘%f%gaﬁt@ﬁf“%egé’ 1o St 15 e 40 2003 WO
00/ 48971 sanpl eoptaged injthd pazalickfanall bed rebdtioN@itha gasinitarcmiplivedios | ABY; _
PCT/ US00/ 044578 bl 7334 U3 63 b PASE! el Rb S rald wis i o M N

1.048 sccm per minute per reactor vessel (sample), and the fractions of CoH,, CoHg

- and CO; in the reactor feed were verified during screening by measuring the
composition of gas effluent from blank vessels in the patallel fixed bed feactor.- '
Tables 39F and 39G, which list the selected samples as well as changes in ethane and

20 ethylene concentration following contact with the Ni-Nb-Ta oxide mixtures, show
significant ethane conversion to ethylene at 300 °C. Table 30H lists CO, production
at 300 °C. The test was repeated at 275°C for the same selected samples.
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No Ta MN

No Ta MO0.7194 0..2324 0.0481 44.6 0.6959 0.2519

0.0522 40.1 0.6680 0.2750 0.0570 35.6 26 Fraction & Sar‘rpEg

0.71970. 71990. 72010 0. 71967202 0. 1937 .
. 08670. 12520 .

1638 4.0.20240 2410 .

0. 69600. 69620 W80B423®: 69650 6967

Table 39A. Catély'sts composition {mole fraction) of Ni-Nb

- 00. 15500. 11630. 07750
2.838.437.148.841 5 .

" Va
Ags

20079 196

PCT/US00/04478

-Ta oxide catalysts
calcined at 300°C, and sample mass, “M" (mg).
1} 2 | 3 | 4 [ 5 T &
.o ~_Mole Fraction & Sample Mass, mg
1{ Ni 1.000
Nb 0.000
Ta 0.000
M | 56.1 .
2] Ni | 0883 [ 0.89 e ES
Nb | 0.000 0.110
Ta 0.117 0.000
M {460 58.0
3] Ni 0.782 0.787 0.793
Nb 0.000 0.103 0.208
Ta 0.218 0.110 0.000
M | 454 57.2 47.7
4| Ni 0.693 0.698 0.702°. 1= 0.706
Nb 0.000 0.097 0.195 0.294
Ta 0.307 0.206 0.104 0.000
M | 499 46.5 45.2 50.0
5| Ni 0.615 0.618 0.622 0.626 0.629
Nb 0.000 0.091 0.183 0.276 0.371
Ta 0.385 0.291 0.195 0.098 0.000
M | 515 52.0 47.5 553 | 54.2 :
6| Ni 0.545 0.548 0.551 0.554 0.557 | . 0.560
' Nb 0.000 0.086 0.173 0.261 0.350 0.440
Ta 0.455 0.366 0.276 0.185 | 0.093 0.600
M 54.5 54.6 57.2 59.6 54.3 50.8

Table 39B. Ethane conversion at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table

394,
1 [ 2 3 Ll 4 1T 5 T &
' Ethane Conversion, %
1 10.5 '
2 12.0 17.7
3 18.9 19.2 15.4
4 18.6 18.4 20.0 -
5 18.6 19.9 20.0- 20.5 19.0
6 15.2 18.9 16.9 19.0 18.1 16.9

=X



. 0.21000. 16800. 1261 0. 08410 0420 0.0940 . -0.13580.17760.21940 2613.
40. 539. 036. 844.449 9" ' . 0.66820.66830. 66850. 66870 6689 . ueust 2003
0. 22930. 18350. 13760. 09180 0459 . 0.10260. 14820. 19390. 23950 2%155 gu
37.040. 741.044.251 9 . 0.63460. 63480. 63500. 63520 6354 .

0. 25240. 20200wD38497110110 0505 . 0. 11290. 16320. 21350. 26380 PEIL00/0447

38.637.0-34.835.936 4 . 0.59360.59380.59400. 59420 5944 . '
0.28080. 22470. 16860. 11240 ‘ : :

Table 39C. - Ethylene selectivity at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table

39A.
1 .2 | 3 | 4 {1 5 T 6
' Ethylene Selectivity, %
1 53.6 -
2 54.9 81.6
3 83.3 83.9 77.4
4 83.3 84.4 85.2 - .
5 | 844 85.1 86.1 86.2 Y| 84.7 -
6 83.9 84.6 842 86.0 84.8 80.9

Table 39D. Ethane conversion at 250 °C of Ni-Nb-Ta oxide catalysts listed iﬁ Ta‘ole

5 304,
1 t 2 1 3 1 4 1 5 | 6
Ethane Conversion, %
1 54 :
2 5.7 9.7
3 9.8 11.0 5.9
4 9.8 4.5 5.5 -
5 4.6 4.5 4.6 5.1 4.5
6 2.9 4.1 3.3 4.5 4.2 4.0

Table 39E. Ethylene selectivity at 250 °C of Ni-Nb-Ta ox

ide catalysts listed in Table

39A. :
1 [ 2 1 3 | 4 | 5 | &
' Ethylene Selectivity, %

1 27.6 '

2 32.8 76.2

3 79.9 79.9 68.6

4 78.6 714 81.6 -

5 1.5 80.4 84.4 85.0 76.4

6 81.7 79.3 g1.1 85.5 78.3 69.9

10 Table 39F. Difference in ethylene concentration between reactor effluent and feed for
Ni-Nb-Ta oxide catalysts listed in Table 39A (C;Hg¢/C,H,4 Feed).

i I 2 1 3 | 4 | 5 | &6
- A CHy, % i
1
2
3
4 73 6.3
5 6.5 74 6.1 6.4 1.2
6 54 7.1 5.2 6.0 1.0 56
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0562 .

0. 12560. 18150. 23740. 29340 3494 .

0. 54220. 54240. 54260. 54280 5430 .

- . 26750. 33060 3937 38. 139.939. 233.9. 35.8 N
0 3028 6 0007 05934 0.3368 0.0698 36.5 Table 38B. Ethane

0. 3028 9. 0027 Ni - Nb- Ta oxide catalysts listed in THRITUSIBSBA.

conver.si on at 3‘6§Z%4%%

36. 036. 641. 535. 635 4 .

0. 31630. 25310. 18990. 12670 O

wb9f’$g'gusm9.36345

21

August 2003 WO 00/48971 -PCT/ US00/ 04478 Tabl e 38C. Ethylene selectivity at.
300 C of N -Nb-Ta oxide catalysts listed in Table 38A.
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15

20

Table 39G. Difference in ethane concentration be

Ni-Nb-Ta oxide catalysts listed in Table 39A (C3H4/CyH, Feed).
1 L2 | 3 T 4 T 5 [ 6
T A Csz, % < : .
1
2
3
4 -10.3 -9.8 . a
5 -9.7 -10.8 9.3 -9.75 1 -10.3
6 -7.9 -10.2 -8.2 - 92 -10.0 . -8.9

tween reactor effluent and feed for

Table 39H. Difference in carbon monoxide and carbon dioxide between reactdr

effluent and feed for Ni-Nb-Ta oxide mixtures listed in Table 39A (CoHg/CoH, Feed).
1 L 2 T 3 T 4 5 6 )
ACO & CO,, %
2
3
4 3.0 3.6
5 3.2 35 3.2 3.4 3.2
6 2.5 3.2 3.0 3.2 3.1 34

Example 40. ODHE over NiNb, NiCo, NiCoNb, NiNbAl, NiNbFe Oxide .
Catalysts and Optimized Mo-V-Nb Oxide Catalysts: Ethylene in Reactor Feed
Table 40A lists composition and mass of Ni-Nb, Ni-Co, Ni_-Co-Nb, Ni-Nb-Al

and Ni-Nb-Fe oxide mixtures, as well as an optimized Mo-V-Nb oxide catalyst. Bulk
samples of each of these oxide mixtures were prepared using aqueous methods
described above. For the Ni-Nb-Al and Ni-Nb-Fe oxide mixtures, methods similar to
those of Example 33 were followed except that 1,0M aluminum nitrate and 1.0M
ferric nitrate, were used, respectively. Bulk samples were evaluated for catalytic
performance in ODHE by contacting each sample with ethane, ethylene and oxygen
in the parallel fixed bed reactor. The reactant gas was comprised of 11.6 % C,H,,
28.5 % CoHe, 8.4 % Oz and 51.5 % N, Reactant flow rate was maintained at 1,048
scem per minute per reactor vessel (sample), and fractions of C;H4 and CoHy in the
reactor feed were verified during screening by measuring the composition of gas
effluent from blank vessels in the paralle! fixed bed reactor. Table 40A, which also
lists changes in ethane and ethylene concentration followiné contact with the oxide

mixtures, shows significant ethane conversion to ethylene for many of the mixed

- oxides. Notable exceptions include two of the Mo-V-Nb oxide samples.
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1 2 3456 Ethylene Selective , % 187.288. 088. 289. 489. 389. 6.

286. 487.189. 290. 487. 387. 7 385.184. 481. 885. 490.589.0 91 Aueust 2003

482. 884..085. 285. 483. 583. 8 580. 283. 184. 6; ?=85: 085. 585. 9 gy
677.578.181.584. 183. 385. 3 Tabl e 38D. Et hane conversion at 325 C of N -Nb-Ta
oxi de catal yst %0 448%8H in Table 5 38A. 2345 6 Et hane ConvePST/E#R0/03478
8.76.75.77.38.86.8 26.77.37.26.26.56.3 311.713.313.911.59.611.1 '
412.211.712.212.814.014. 4 512.812.013.013. 714.015. 4

614. 114. 015. 915. 616. 516. 9 Tabl'e 38E." Efhyl ehe $electivity at 325 C of

Ni - Nb- Ta oxi de cat alysts |ist ed I n Tabl e 38A 12345 6 Ethylene Sel ectivity

85. 785. 685. 98 .
384.383. 784. 9 Ig%gmgm %‘ﬁﬂ ggg' %ﬁ%@%@ i-Co, Ni-Co-Nb, Ni- B
581. 383. 984. 1

S 9 “° ctor arrrh %“ﬁd)?fle%%d feed for

Do ences Do pb i 34%9*1“8 E"% P51 2075121, 50. 9

1234 56 A |
33. 14. 65. 64. 2§ﬂﬁq4@&4éng¢ 14. 44, 25 55.4 53.74.24.64.64.06. 1

- H Takl o 20A (CHOLIG/ -
2268)5 35 95 Samplc IA elzmlt Kﬁ ﬁﬁ 'Daé&ld >L Dm’ I .DL cu I “Morel%ract]onﬁ v o=t |v1z CZ|"|4

: ID %% % C0O,.% | mg 1 Ni Co Nb Al .| Fe
MoVNDb -1.1 -0.4 1.8 40.8 B
Blank 0.2 -0.3 0.4 0.0 : 1o
21187.12 3.4 -6.0 3.0 39.4 |0.60 [0.00 036 |0.05 |0.00
21187.31 4.0 -7.2 3.5 41.5 [0.61 [0.00 |036 |0.00 |0.02
21187.32 33 -6.8 38 389 |0.60 (000 |0.36 {0.00 7}0.05
21187.33 2.0 -5.6 3.9 40.7 [0,58 [0.00 |035 ]0.00 |0.07
10717.31 4.7 -6.8 24 412 (085 [0.00 |0.I5 §0.00. |0.00
10717.41 6.7 99 3.5 399 1077 [0.00 1023 ]10.00 |0.00
10717.42 7.2 -10.3 34 40.2 | 0.81 1004 |0.16 {0.00 |0.00
10717.52 - 13 -10.5 3.5 418 1073 10.04 {023 {0.00 |0.00
10717.53 2.3 -5.1 3.0 406 (076 |0.08 |0.16 ]0.00 |0.00
10717.62 0.7 -5.6 52 40.1 1065 [0.04 |0.31 {0.00 {0.00
10717.63 4.7 -8.2 3.8 416 | 0.68 1008 |G.24 |0.00 |0.00
10717.71 5.7 -8.4 30 1410 1055 10,00 |045 10.00 10.00
MoVND 0.00 -14 1.8 40.9
10717.72 6.5 -10.5 4.3 40.5 10.58 §0.04 |0.39 |0.00 [0.00 §{
10717.73 -5.1 0.6 4.8 413 1060 §10.08 |032 [0.00 {0.00
10615.41 2.7 -6.1 3.3 403 | 070 10.00 |030 [0.00 {0.00
10615.42 3.2 -6.7 3.8 40.8 | 0.70 | 0.10 | 020 [0.00 }0.00
10615.51 1.6 -3.8 2.5 395 (060 |0.00 |040 |0.00 |0.00
10615.52 1.6 -5.7 473 383 (060 1010 1030 {0.00 |0.00
2112221 4.6 -8.6 4.3 394 {0.84 {001 {0.15 |0.00 |0.00
2112222 2.3 -6.6 4.6 32.2 |0.81 {10.01 {018 |0.00 |0.00
2112223 4.0 -1.7 4.0 396 |0.78 |0.01 |0.21 |0.00 |0.00
Blank -0.3 0.2 0.4 0.0
21122.24 4.8 9.4 49 403 1075 |0.01 (024 |0.00 |0.00
2112225 3.5 -7.4 42 40.1 {073 |0.01 }0.26 |0.00 |0.00
21122.13 47 -9.2 47 1399 1079 {000 021 {0.00 }0.00
21122.14 4.5 -8.4 4.2 38.8 1076 j0.00 [0.24 {0.00 ]0.00
2112231 4.6 -8.2 3.9 389 1083 |0.02 |0.15 |0.00 |0.00
21122.33 5.6 -9.1 3.8 393 {0.77 |0.02 |0.21 |0.00 | 0.00
21122.42 4.8 -8.4 39 39.1 [0.79 1003 [0.18 |0.00 {0.00
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21 August 2003 WD 00
2-2.9-3.0-2.3-2.7-2.
-0.6-7.7 -7.8 5-6. 5-

=138282124423.1

° 91 9. g 9. 5?’1%{%‘?322(@%

1i 2 6

3-5.
8- 6.

9 4.

OOOO)>
OOCDQ

3 H6, W
6- .2-5.1.
8- -8.0-8.

OOCD
CDOOO'I

/ 4897
9-2.5 7. -
6. 5- 6. 9. 7-

Difference in "vﬁ?@ noxi de and car bon di oxi de between reactor 5 effl uent
Ni Q%’a{m

and feed for

oxide catalysts l.isted in Table 38A (E2FHEs@RH4s Feed)

. PCT/t1S00/ 04478 Tabl e 3SG Di fference i n et hane concen]t rati gn beErWte;Fn 38A
( C2HFI C2H4 Feed 2 456 3 Aco&cbz FTT BTN 5 1. 91,91, 4

21.71.81. 81.

52.82. 32. 32.

10

15

20

‘nb 1405}3“235?52621141741 92.12.42.42.22. 5
£21 8430 1625.82. 62108. 13. 0219 1422 [0.77 j0.03 [021 ]0.00 10.00
21123.1 . 6.2 -10.6 4.7 40.6 {1069 [0.00 [0.31 [0.00 |o0.00
211232 5.6 -9.9- 4.6 403 10.67 j0.00 |0.33 |0.00 J0.00
211233 3.6 9.1 3.8 420 |0.65 [0.00 ]0.35 [0.00 [0.00
21123.5 3.2 -8.1 3.1 40.3 10.61 §0.00 {0.39. {0.00 [0.00
21123.7 5.6 -8.2 2.9 403 1059 10.00 [0.41 |0.00 [0.00
MoVNb 2.1 -34 1.6 419 | =
10652.31 8.7 -12.6 42 41.7 ]'0.80 [0.00 [0.20 |0.00. . 0.00
10652.41 6.4 -10.6 4.5 385 10.70 10.00 1030 [0.00 |0.00
10652.61 3.7 -5.9 2.5 39.7 1050 [0.00 |0.50 |.0.60 }0.00
10793.1 8.3 -10.5 2.5 392 1086 |0.00 ]0.14 |0.00 |0.00
107933 8.1 -10.4 2.6 39.1 1081 1000 [0.19 {0.00 |0.00
10793.5 5.5 -6.9 1.7 37.9 10.75 j0.60 025 |0.00 {-0.00

Example4l. ODHE over NiNb Oxide Ca‘ta.l;ists: Effect of Preparation

To gauge the influence of the bulk sample preparation method on catalyst
performance, Ni-Nb oxide compositions were prepared using six different reagents to
precipitate the metal precursors. The reagents include ammonium hydroxide,
tetraethylammonium hydroxide, potassium carbonate; sodium hydroxide, potassium
hydroxide, and ammonium carbonate, as follows: Ammonium hydroxide: 1.0 ml of
ammonium hydroxide (28% ammonia in water) was added t6 a solution of nickel
nitrate (1.0M, 1.29 ml), niobium oxalate (1.07M, 0.57 ml), and Cobalt (II) nitrate
(0.07 ml, 1.0M). The resulting mixture was centrifuged at 4000 rpm for 20 minutes
and the solution was decanted. The solid was dried in a vacuum oven at 60°C and
then calcined at a maximum temperature of 400°C. Ammonium carbonate: 2.9 ml of
ammonium carbonate (1.57M) was added to a solution of nicke! nitrate {1.0M, 1.53
ml) niobium oxalate (0.52M, 0.87 ml), and Tantalum oxalate (0.87 ml, 0. 52M).
Foam (CO,) was formed accompanied with the formatlon of a solid. The resulting

mixture was centnﬁzged at 4000 rpm for 20 minutes and the solution was decanted.

" To the solid, about 5 ml of distilled water was added and then mixed. The resulting

mixture was centrifuged at 4000 rpm for 20 minutes and the solution was decanted.
The solid was dried in a vacuum oven at 60°C and then calcined at a maximum

temperature of 400°C. Tetraethylammonium hydroxide: 4.4 ml of

- tetraethylamminium hydroxide (1.14M) was added to a solution of nickel nitrate

(1.0M, 2.60 ml) and niobium oxalate (0.70M, 0.70 ml). The resulting mixture was
centrifuged at 4000 rpm for 20 minutes and the solution was decanted. To the solid,

el



Exanpl e 39. ODHE over N NbTa Oxide Catal ysts: Lower Cal cination
Tenperature Table 39A.1ists conposition and nass of a Ni - Nb- OXIgﬁ)
library.-Bulk 10 sanples of the oxide m xtures shown in Tab e %
prepared from nickel (1) nitrate hexahydrate, (V)
oxal ate and l.gnﬁ?%%ntalun1oxalate aqueous stock SO|UtI0n2¢é%¢g§ﬁ%ﬁ5
automated |iquid dispensing systemwas used to deliver aliquots of the
aqueous stock solutions into vessels. Each vessel contained about 1.9 m
of solution. Li kg EXa0P¢EstiRed L t, wWer e arated from 15

t he aqueous phaseunyﬂpr eci Ftaﬁ?rc;gg g\éed%(?&#ﬁq%g’?%ona? %%P "ItWeWéss added
to each of thec#¥i eFi(§¥1‘§>()013e?ml|Iﬁtr|2ﬂgnlllllt’qesami;thllri|soiulpltm=,'wzaspoﬁadmteé. TROlidiwgt Ur & was
all owed 10 Sel t ifegah s SR Qe [ate was separat ed
fromthe aqueousw{) hase c%ntrﬁ%%?ﬁhgn%alggg%%a%&ﬁ?&? eft?e??f%?i

fol | oned by dec4 Fnﬁorﬂﬁ@nsluﬁeqxr@t%ml of ppkaesivw lhiydrowide (SRGMeh w:neraiwmacuum
oven at 60C §or agiopista BIGBOM nickH Hraohicly, Aiodh inair
under the foll oSm ng taenperat unrlce {}lgtrrre plr |qfe Qﬁgdrﬁgm\{vgr%)é gtegdﬂg\g t he oven
was i ncreased f P8 ogﬁ?t@ﬂ%@%t%@wmcgoﬁ@e@%t@%mrefoozoﬁﬁiumslandiﬁhe oven
tenperat ure wassdhlofl wal a3RRG, Ry m B b sAlitHisfu A, he oxi'de
21 August 2003 WD 00/ 48971 PCT/ US00! 54478 ﬁ;&)??&}sgg mﬁ%“?ﬂgéﬁg’ocgﬁg&“‘? ™ t he
oven and were aPPGhebraresuliingmixtreves asntifiprdrat #Q00spm fai RO thightks s es were
ground with a smlaéh@a;&cﬁﬁwrﬁegaiﬁmfdﬁ%ﬂ%&u@?&éﬁEé’soof:r Ry K-sanpl es
were eval uated for catal ytic performance cont acting each- n% le wth

et hane and d%ygeaicined ah“ﬁéﬁf“&P@éWHWﬂ"H@@“G e&@'ﬁ{mhyddm;@rlbad ofsndﬁmrrpl e 29.
5 Reactant f| awhydadx@ie@sMin 048 S8 A JE R 0P e (sanpl e),
and the react an): gaswwas réo lI:)I sed 0 ° &ﬁ% ei@ﬂ-gt%%m% g%@ 1.5 % N2.
Tabl es 39B andar@g‘@bﬂ‘r‘s?m@f@r@ﬂéfl @éﬁ\?@r §’henesalﬁdg E@mmecwfegﬂdlavmoﬁ at 300
C, respectivel yrpm horo mPaehadditd i wmbdelﬁuéam%%é@oﬁ& Uh&s slhsgged 1 n Tabl e
39A. The et hane dﬁﬂzdro genation reaction was also carried out at 250C and
Tabl'es 39D and S¥Ef Maier waspddedud dho sinedr Sheresultins mixhyt warcepeifiereiavi ty at
250C, respeasi VadOp prh & 28 k@ fand m@sd}hnonmsz@caﬂiﬂi Wil %Esecﬁ-lcjd ighed in
Tabl e 39A. To determine the effect of ethylene-in e reactor feed on

et hane conversi W““%ﬂﬁ“éf%@éﬂ‘éﬂ‘éﬁ%ﬁﬁﬂ@iQWHI%F@@FWWﬂééDQSQ de sanpl es
listed in Tabl epg8duwetmon&aent Sat h&&xh@a:mat%'b@w on with
a gas mxture conprised 8? 11.3 % g CéH4| 5 %%%ﬂggg %@ﬁ%%% 51.5 %
N2. Reactant fl tWtiPnpEnichekniale A-OviedP ml) andlm@nmswéaim ({570Msi00trel).pBhe r eact or
vessel (sanple) resv.ﬂm% rﬁlkaﬁrefwa@%ﬂtﬁﬂge&ft 466d!him f%‘dﬁmn@t%@% dolhtibh Gval €ACL OF

feed were verified during screen neasuring t conposition of gas

ef fl uent fr &M bficsikedy de s selid, ﬁb?‘ﬁé “Bﬁ?%tfq”é@ Wateg was @éeﬂ #ddlenamixed. TRigl es 39F
and 39G  whi ch fehitngtoiiRugals CLASmEAPARD rAf (B0 mifkReCRARISI 1B, §hhane and

decanted. The solid was dried in a vacuum oven at 60°C and then calcined at a
maximum temperature of 400°C.

Table 41A lists the compositions of the Ni-Nb oxide mixtures, which were

25 evaluated for catalytic performance in ODHE by contacting each sample with ethane

and oxygen in a parallel fixed bed reactor. Reactant flow Tate was 1.048 sccm per
minute per reactor vessel (sample), and the reactant gas was comprised of 40.1 %
CaHg, 8.4 % O and 51.5 % N,. Tables 41B and 41C st ethane conversion and
ethylene selectivity at 300 °C, respectively, for each of the Ni-Nb oxide mixtures

30 prepared using the six different reagents.

12



20 et hyl ene concentration follow ng contact with the N -Nb-Ta oxide

m xtures, show significant ethane conversion to ethylene at ggg T%bl e

39H lists CO2 production at 300 C. The test was Trepeated at 2 g5t 2003 he

sane selected s | es. 16& 21 August 2003 WO 00/ 48971 PCT/ US00/ 04478 Tabl e

39A. Cat al yst?’od]gpﬁﬁ?@sl tion (nole fraction) of Ni-Nb-Ta oxi derwsfomkigts  2-
1 34.56 Mole Fraction & Sanple Mass, ng-1Ni 1. 000 Nb0. 000 T-a0.000 M6. 1

2Ni 0. 8830. 8903 Nb0. 0000. 110 Ta0. 1170. 000 Mi6.058.0 3Ni 0. 7820. 7870. 793

Nb0O. 0000. 1030. %%Tao 2180.1100. 000 M45. 457.247.7 4N 0. 6930. 6980. 7027. 0. 706
Nb0. 0000. 0970. Do frai PWSIE@B@%&W@@MMM@A@%@M

5Ni 0. 6150. 618 sapass M £me)- Nno_0000 09101830, 2760. 371

Ta0. 3850. 2910] 1950. obsa 1000 IME12552] 04 558. 354, 2

6Ni 0. 5450. 54805510 K540Mplafmctigd 1o BBSs, 0860. 1§730. 2610. 3500. 440

Ta0. 4550. 3660| 2169. 1B9R7023(. QOE2VEYU 05546 6% 70.252. 664, 350. 8 Tabl e 39B. -
Et hane conver §i ¢riNtat | 30828 ¢f 0.8808Nb} V5264 de0.4Hit8al ysts listed in Table 5
39A. 12 3456 Fthand Oddversild®? % 1393 - {365 o ' )

: 21N 0.8772 0.7652 0.6736 - 058§2

Nb 0.1228 0.2308 0.3264 0. 411 8'4 :

- M 1374 37.2 40.3 39.0°

31 Ni 0.8772 0.7692 0.6736 0.5882

Nb | 0.1228 | 0.2308 | 0.3264 | 0.4118
M j42.1 42.4 48.3 41.0

44 N 0.8772 0.7692 0.6736 0.5832

Nb | 0.1228 0.2308 0.3264 0.4118

: M [50.3 393 33.0 38.7

5} Ni 0.8772 0.7692 0.6736 ", | 0.5882

Nb 0.1228 0.2308 0.3264 04118
M {37.8 39.1 48.9 50.4

6{ Ni 0.8772 0.7692 | 0.6736 0.5882

Nb 0.1228 0.2308 0.3264 0.4118
M }36.6 383 39.0 40.4

Table 41B. Ethane conversion of Ni-Nb oxide catalvsts listed in Table 41A.

Precipitation. 1 | 2 1 3 | 4
Method Ethane Conversion, %

1 NH,OH 0.9 8.9 7.3 6.8
2 [NEuOH 8.9 6.2 8.6 114
3 |K.,CO4 0.0 | 0.0 0.0 0.1
4 |NaOH 0.3 2.4 3.6 | 42
5 |KOH 0.5 0.2 0.0 0.1
6 |(NH4)LCO; 10.7 11.2 11.4 10.5

Table 41C. Ethylene selectivity of Ni-Nb oxide catalysts listed in Table 41A.

Precipitation R [ 3. | 4
Method Ethylene Selectivity, %

1 NH,OH - [783 788 1745 [723
2 INEt;OH 82.4 88.0 | 88.1 83.1
3 KoCOs 0.0 {501 27.3 0.0
4 |NaOH 3.4 150 1218 {218
5 |KOH 3.5 4.5 0.0 | 0.0
6 |(NH4).CO; | 80.7 82.6 | 87.1 83.6
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110.5 212.017.7 318.919. 215.4 418. 618. 420. 0 518. 619. 920. 0-20. 519.0

615. 218. 916. 919. 018. 116.9 cal cined at 300 C, and sanpl e nmass Ix:u 45%03
15-7 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 39C. tzllﬁ Ehe
selectivity atwd3Q, f N -Nb-Ta oxide catalysts listed in A
123456 Et hyl ene Se’f"’eg%fi vity, 0/6 153.-6 254.981.6 383.383.97 e?l’lug"“’”i‘g’

483. 384. 485. 2- .84.485.186. 186. 284. 7.°683. 984. 684. 286. 084. 880. 9 Tabl e 39D. .
Et hane conversion at 250 C of N -Nb-Ta oxide catalysts listed in Table 5
39A. 123456 Et hane Conversion, % 15.4 25.79.7 39.811.05.9 49.84.55.5--

54. 64. 54. 65. 14. Eamph 424. 08B bvadNErh Oxidabh&l3E. Et hyl ene selectivity at

j - ' talysts listed in Tabl e 39A 123456Eth|ene
égPe(?t ?I/i {\I Iy, N&) 1-62170211"%% EZaA iastgl composition and mass of aNl-Ta oxide library. The oxide Y :

mixtures were prepared from 1.0 M nickel (IT) mtratc hexahydrate and 1.0 M tantalum
oxalate aqueous stock solutions. A CAVRO automated liquid dlspcnsmg system was -
5  used to deliver aliquots of the aqueous stock solutions into vessels. Each vessel
cgntamed about 3.3 ml of solution. About 1.1 ml Qf & 1.14 M tetraethylammonium
hydroxide solution was added to each of the solutions resulting in a solid precfpifate. '
The solid precipitate was separated from the aqueous phase by centrifuging at 4.000
' rpm for 20 minutes, followed by decanting the supernatant. The solid was dried in a
10 vacuum oven at 60 °C for about an hour, and then calcined in dccordance with tlre
- temperature-time profile described in Example 29. The bulk samples were ground
with a spatula to ensure consistent bulk’ dcns1ty, and were evaluated for cataly'uc '
performance in ODHE by contacting each sample with ethane and oxygen in a
parallel fixed bed reactor. Reactant flow rate was 1.048 sccm per minute per reactor
15 vessel (sample), and the reactant gas was comprised of 40.1 % CyHy, 8.4 % O, and
515 % N,. Table 42A also lists ethane conversion and ethylene selectivity at 300 °C

for each of the Ni-Ta oxide mixtures.

In light of the detailed description of the invention and the examples presented
20 above, it can be appreciated that the several objects of the invention are achieved.

The explanations and iljustrations presented herein are intended to acc-;uaint
others skilled in the art with the invention, its principles, and its practical application.
Those skilled in the art may adapt and apply the invention in its numerous forms, as
may be best suited to the requirements of a particular use. Accordingly, the specific

25  embodiments of the present invention as set forth are not intended as being exhaustive

- or limiting of the invention.

(e



232.876.2 379.979.968.6 478.677.481.6 577.580.484. 485. 076. 4

681. 779. 381. 185.578. 369.9 10 Table 39F. Difference in ethyl ene
concentration between reactor effluent and feed for N -Nb-Tal axgde2003
catalysts listed in Table 39A (CZH6/ C2H4 Feed). 123456 A C2H4, %1 2 3
47.36.3 56.57.4-6.16.47.2 65.47.15.26.07.05.6 153 21 August 2003 WO

00/ 48971 PCT/ US00/ 04478 Table 39G Difference in ethane concentration

bet ween reactor ef fluéMAR) feed for Ni-No-Ta oxide catal ysts listed in
Tabl e 39A (C2H6/ C2H4 Feed). 1 1 2 3456 A CH6, %1 2 3 4-10.3-9. 8l
5-9.7-10.8-9.3-9.71--=-10. 3 6- %} 2-9.2-10.0-8.9 Tabl e 39H,

Di fference in carbon r?‘onox#@@lw ﬁPH@ﬁ”ﬁgé}RPﬁ@ﬂ%@H@EWW%@#@Pﬁ@’@HI uent
and feeel fnr W-NM,rte --~ -- - - 1 23451 6eed). 1ACO&C02, %
2 3 43 03. eigForresponding alkang, the method comprlsmg

providing an alkane or a substituted alkane and a gaseous oxidant 1o a
_ reaction zone containing a catalyst, the catalyst cmﬁprising (1) a major component
consisting essentially of Ni, a Ni oxide, a Ni salt, or mixtures thereof, and (if) one or
more minor components consisting essentially of an element or compound selected
from the group consisting of Ti, Ta, Nb, Co, Hf, W, Y, Zn, 7r, Al, oxides thereof and
salts thereof, or mixtures of such elements or compounds, and
dehydrogenating the alkane or substituted alkape to form the

corresponding alkene or substituted alkene.

2. The method of claim 1 wherein the major coinponent consists

essentially of Ni oxide.

3. The method of claim 1 wherein one of the minor compopents
consists essentially of an element or compound selecied from the group consisting of
Ti, Ta, Nb, Co, oxides thereof and salts thereof, or miixtures of such elements or

compounds.

4. The method of claim 1 wherein the catalyst comprises (i) a
major corpponent consisting essentially of Ni oxide, and (i) a minor component
consisting essentially of Ti, Ti oxide, Ti salt or mixtures thereof or Ta, Ta oxide, Ta
salt or mixtures thereof, Nb, Nb oxide, Nb salt or mixtures thereof or Co, Co oxide,

Co salt of mixtures thereof.

5. The method of claim 1 wherein the catalyst comprises

165



2 .3.53.23.43.2 2 5 .3.23.03.23.13.4 Exanple 40. ODHE over N Nb, N Co,

Ni CoNb, N NbAl, N NobFe Oxide Catalysts and Optim zed Mo V Nb Oxi de

Catal ysts: Ethylene in Reactor Feed 10 Table 40A |ists conpod! fApgrt29d nass
of Ni-Nb, Ni-Co, Ni-Co-No, Ni Nb-Al and Ni-Nb-Fe oxide mxtures, as well
as an optim zed Md>-V-Nb oxide catalyst. Bul k sanples of each of these

oxi de m xtures were prepared using aqueous nethods described above. For
the Ni-Nb-Al and N -Nb-Fe oxide m xtures .hods mlar hose of
Exanpl e 33 vier o f o AT SRERTeck RS S g SR SARA AR08 AR 5
ferric nitrate, were used, respectively. Bulk sarrpl es were eval uated for
cat al yt i cOf PEFREEHasEl i n ODHE by contacting each sanple with et hane,

et hyl ene and oxygen - in the parallel fixed bed reactor. The reactant gas
was conprised of 11.08c% GReR first 286 GEnQRMEPISonsighgesaemdtially of asto N2.

Reactant flow rate was maintained at 1.048 sccm per mnute per reactor
vessel (seakplea) or condpdimactlieoted fofm GRHFowm corGRHbgiof TH,HEa, b, THaWL,Of, Zreed wer e
verified during screening by measuring the conposition of gas effluent

f rom bl ankr\&l; sgidss therddfangasled thedeof, iox adx e Jfeach semetiirecdDbundd)i ch al so
lists changes in ethane and ethyl ene concentration follow ng contact wth

t he oxi degndn xtures, shows significant ethane conversion to ethylene for
many of the m xed oxi des.’ Notabl e exceptions include two of the Md-V-Nb

id |l es. 159 rq’%’ﬁ% 0 40A.
(C):;It aley:?ngorer;osi ti O%E?%Pw ?%gg?’g&@) of %%%t gﬁgl%oﬁ% gﬁgéjééﬁ Q"kle Nb- Al ,
Ni - Nb- Fe, - V- LS and,
d: ffereﬁc%l%%n h%érﬁtggj an g@ﬁt%ﬁg%ﬁ @10 salrrgﬂggga M@@%@%@lg&%?fl uent

d feed; 5 id arb d duct npl eA C2HAA
CoHoA OO %ﬂ&?ﬁ%"%ﬁ‘éﬁ%ﬁ«?@ Ay GBI SFB R it T SReB0 6
Bl ank0. 2- 0. 30. %8/350 21187. 123. 4- 6 03. 039. 40. 600. 000. 360. 050. 00

21187, 314% §LOWP alement, § £50HLYBRSTre A goup VIB element, oxides thereof and

21187. 323. 3- 6, 83. 838. 90. 600. 000. 360. 00 -0. 05
salts thereof, or mixtures of such elements or compounds.

6. The method of elaim 5 wherein the second minor éomponent
consists essentially of an element or compound selected from the group consisting of
La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Pb, TI, In, Te, Cr, V, Mn, Mo, Fe, Co, Cu, Ru, Rh, Pd,
Pt, Ag, Cd, Os, Re, Ir, Au, g, oxides thereof and salts thereof, or mixtures of such

elements or compounds,

7. The method of claim 5 wherein the catalyst further comprises a
third minor component, the third minor component consisting essentially of an
ele_nwnt or compound selected from the group consisting of an alkali metal, an
alkaline earth metal, oxides thereof and salts thereof, or mixtures of such elements or

compounds.

8. The method of any one of claims '5-7 wherein the catalyst

further comprises a third minor component, the third minor component consisting
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21187.332. 0- 5. 63. 940. 70. 580. 000. 350. 000. 07 10717.314. 7-6.82. 41
: 41. 20. 850. 000. 150. 00. . 0. 00 10717. 416. 7-9. 93. 539. 90. 770. 000. 230. 000. 00
10717. 427. 2- 10. 33. 440. 20. 810. 040. 160. 000. 00 21 August 2003
10717.527. 3-10. 53. 541. 80. 730. 040. 230. 000. 00

10717.532. 3-5. 13. 040. 60. 760. 080. 160. 000. 00

10717. 620. Ps&ngsllpaHar elegsot QAPnarkend8clecd from the group consisting of K, Ca,
10717. 634. 7- 8. 23. 841. 60. 680. 080. 240. 000. 00

10717. 715. M8.ok3d«@4ler06f £flsali thetddd, QQQLMres bDMhRIGRerks A cdidfoldds,
10717. 726. 5- 10. 54. 340. 50. 580. 040. 390. 000. 00

10717. 73-5. 10. 64. 841. 30. 600. 080. 320. 000. 00

10615.412. 7- 6.1 3. 840.580. 70Dkd$EthdA @+ @R oPe preceding claims wherein the catalyst
10615. 423. 2- 6. 73. 840. 80. 700. 100. 200. 000. 00

10615. 511. 65% éﬁe@% a23ethO8 t1H0 PortBlsQ00. 00
10615. 521. 6-5. 74.338. 30. 600. 100. 30 10. 000. 00

21122.214. 6- 8 64. 339. 50 i .
| 21122-222. 3-6. 64. 632, Gt 3 3¢ HR fofosition by a method that includes
21122. 234. _Q10. 240.000. 00 Bl ank- 0. 30. 20.

21122. 244, g %%iﬁi‘%gm;gﬁgﬁ%&zﬁég%BBn‘brcF"mP‘:’“Bﬂt aind Optonally with second
21122. 253. 240. 10.730. 010. 260. 000. 00

21122.134.3 éméﬁmyggcgﬁpqggmﬁoo 210. 000. 00

21122. 144. 5-8. 44. 238. 80, 760. 000. 240. 000. 00

21122. 314. 6- 8. 23. 938 RONESPBowFN SenssmgFesentially of Ni, a Ni oxide, a i salt, or _
21122.335. 6-9. 13. 839. 30. 770. 020, 210. 000. 00

21122. 424. Bixures fogent; thenmolapgmoxghofiot oomPotsing ratgig ﬁ»amtabAuﬂ@Dta 1 August
2003 WO 00/48971 r1ViL. L'L'tXJIW J JW U 1/VAA-L 3w.. i~~a . xa .% vat
PCTJUS00/ 0#kPE8 096122, 435. 6- 10. 45. 142. 20. 770. 030. 210. 000. 00

21123. 16. 2- 10. 64. 740. 60, 690. 000. 310. 000. 00

21123. 25. 6-9. 94. 640. 8 frdOmR c3BHoHEN Bfsisting essentially of elements or

21123. 35. 6-9. 13. 842. 00. 650. 000. 350. 00. 0. 00

21123. 55. 2edinfiBnid Geldfed ROnDAR 220p &n@ﬁ.ﬂn@@fﬁ Ta, Nb, Co, Hf, W, Y, Zn, Zr,
21123, 75. 6- 8. 22. 940. 30. 590. 000. 410, 000.

Al, oxides thereof, and salts thereof, or mixtures of such elements or compounds, the

-

[l el

molar ratio of the second component ranging from about 0.04 to about 0.8

the second minor component consiSﬁng essentially of an element or
compound selected from the group consisting of a lanthanide element, a group A
element, a group VA element, a group VIA element, a group 1B element, 2 group
IVB element, a group VB clerment, a group VIB element, oxides thereof, and salts
thereof, or mixtures of such elements or compounds, the molar ratio of the third
component ranging from 0 to about 0.5,

' the third minor component consisting essentially of an element or
compound selected from the group consisting of an alkali metal, an alkaline earth
metal, oxides thereof and salts thereof, or mixtures of such elernents or compounds,
the molar ratio of the fourth component ranging from 0 to about 0.5, and

calcining the pre-calcination composition.
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MoVNb2. 1- 3. 41. 641.9 10652. 318. 7-12. 64. 241. 7' 0. 800. 000. 200A0. 0. 00 10652. 41
6.4 -10.6 4.5 38.5 0.70 0.00 0.30 0.00 0.00

10652. 613. 7-5. 92. 539. 70. 500. 000. 50. 0. 000. 00 21 August 2003
10793. 18. 3-10. 52. 539. 20. 860. 000. 140. 000. 00

- 10793. 38. 1-10. 42. 639. 10. 810. 000. 190. 000. 00

10793. 55. 5- 6. 91. 737. 90.0750.T@0n&56d 60claird) 0 vherein lad" 4 CAlkdmear aubdiitided Oxi de
Catal ysts: Effect of Preparation To gauge the influence of the bul k sanple
prepar at i onCerei Gpdlkatie xajravided tdbthp esdotibiatteand\ichMropsheted gRpgasi tions were
prepared using six different reagents to precipitate the metal precursors.
The reagents include amoni um hydroxi de, tetraethylanmoni um hydr oxi de,

pot assi um carbonat e, 9edi urTHepaERYd 8Ec1apRl afkdiNhdWRERddebstBdqAnRRRI um
carbonate, as follows: Amonium hydroxide: 1.0 ml of anmoni um hydr oxi de

(28% ammoni @& cikndabRpind\nasAas, ,ﬁalﬁ,og (1.oM
1.29 nl), B altiepaned F1 07%1 b0l ?ﬁt%%{hﬂh%ﬁ? ‘]:’?ISBF&?%%&: (0.07
m, 1.OM. The resulting m xture was centrlfuged at 4000 rpmfor 20 mnutes
and the solution was decantigd. sy sOLhith Y‘%e?é} éa@e&s"«ﬁ&&ﬁﬁ%&ﬁﬁ EsAt 60C
and then calcined at a maxi numtenperature of 4 Anmoni um carbonat e:
2.9 mM of ﬁi"gg;‘ﬁ%! bonate (1.57M was added to a sol ution of nickel
nitrate (1. ni obi um oxal ate (0.52M 0.87 m ), and Tantal um
oxal ate (0.87 nml, 0.52M. Foam (C02) was formed acconpanied with the
formation of a solid he X1 rlfu ed.ar, 4000 rpm
for 20 m nutes and thegsol ﬁ%ﬁmggoiﬁgaﬂdp%@ﬁ%ﬁglrg%rvﬂarenh@&ﬂas%) Urd of
distilled vvat r_.\Was. Fﬁ%ﬁp then m xed. The resulting mxture was
centrifuged d aﬂéfdf)@“’r’ﬁ 0 T Oh BF SRR S 01 uti on was decant ed. 20

The solid was dried in a vacuumoven at 60C and then cal cined at a maxi num
t enperature of 400C traet hyl nium hydroxide: 4.4 ni

t et r aet hyl ami ni um hy:JJ- OXi %e%ﬂ&i%f W?qmc?‘ﬁ“%CW%WPW%@GHF@R@P
nitrate (1.0M. 2.60 and ni obi um oxal ate (0.70 0.70 m). The

resul ting ﬁ%&?@%@m &t IemsEiare Fenging Forphonb 208 (1 i e 4081@. t he

sol uti on was decanted. To the solid, Table 40A, Part B

D

15, The msthod of any of the preceding claims wherein the catalyst
is supported on a material selected from the group consisting of silica, alumina,

zeolite, activated carbon, titamia, zirconia and magnesia.

16.  The method of any of the preceding claims wherein the alkane
or substituted alkane is oxidatively dehydrogenated to form the corresponding alkene
or substituted alkene with an alkane or substituted alkane conversion of at least about

10% and an alkene or substituted alkene selectivity of at least about 70%.

17.  The method of Claum 1 for preparing a C; to Cy alkene or C; to
C4 substituted alkene from the corresponding alkane or substituted alkane, the method
comprising

providing a C; to C@alkane or a substituted C; to C, alkane and a
gaseous oxidant to a reaction zone containing a catalyst, the catalyst comprising Ni

oxide and Ti oxide, Ta oxide, Nb oxide or Co oxide, and
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21 August 2003 WD 00/48971 PCT/ US00/ 04478 about 5 m of distilled water was
added and then m xed. The resulting m xture was 'centrifuged at 4000 rpm
for 20 m nutes and the solution was decanted. The solid was 2HApgdt2063a
vacuum oven at 60C and then cal cined at a maxi numtenperature of 400C.

Pot assi um hydroxi de: 0.6 m of potassium hydroxide (5.26Min water) was 5
added to a solution of, nickel nitrate (I.0OM ;1,50 m ) and niobium oxal ate
(0.70M 0.30 nl). Théieﬂ%@ﬁg?rfﬂﬁ'&gﬁ‘-?%l&@@%eﬁélb%témeﬂi%e@o&mumgo rpmfor 20
m nutes and the sglutjon was decanted. To the solid, about 5 m of
distilled weBFPRRENGdtkere anautskired glkgred. The resulting mixture was
centrifuged at 4000 rpmfor 20 m nutes and the solution was decanted. The
solid was dried in a vacuum oven at 60C and then 10 cal ci ned at a maxi num
temperature of 400C. $8di urkbeyaetbed afclaitn 07 mhepfin Sedilkime drydbaitige (3. OM i n
wat er) was added to a solution of nickel nitrate (1.0M 1.50 m) and

ni obi um oxa#lkewe iEGENE, WoBMerispbutthe, wastabd dmghyiictldide. was centrifuged at
4000 rpmfor 20 m nutes and the solution was decanted. To the solid, about
5 m of distilled water was added and then m xed. The resulting m xture was
centrifuged at 15 4009 r prikkawetR6] of slsite 57 ants theresthétdafilytpss decant ed.
The solid was dried in a -vacuum oven at 60C and then cal cined at a nmaxi num

t enper at ur esupport@b@talySptimsdian oz 3nBRIMALE alldnSisBih ok, POPARS| ?h%ﬁ* Q{lgnat e
(2.04Min water) was added to a solution of nickel nltrate# . >71.50 nl)

and ni obi urbusal @tethyl @nkRide, SeFseBud oxidkheis hdsdidd RANL -
centrifuged at 4000 3$pmfor 20%%' nut g)s( andsﬁ]eéésﬂgf‘rlut gﬁﬁ’\ﬂ%g@%yggé%oélnt ed. To
the solid, @RewW mAdAined 213 Shigk then mj.xed: The
resulting m xt urneEl %smce%t r??gggg&g?ﬁ{g%%ﬁﬁ%mﬁggﬁmt%%oﬁqgﬁdet he
solution was decanted. The solid was dried in a vacuum oven at 60C and
then calcined at a i mu fo 400C.  Table, 41A |ists the
rTJ’@G('Nb ?)1)}% e daéi‘éﬁa?molngR% mv%? LaBhysiis & %BP%IGCC{]M

conpositions of the N - m xt ures, "

catal ytic h .0 by cont act i ach sanple with ethane and
oxygen in gﬁf)a%@gi flglesj Eeg’ érﬁgggfec? ?0@85’56?01??“3%94%@%%@?% sccm
per m nut actor, vessel anple), and the reactant gas was conpri sed
of 40.1 % %‘85%,&%?%5’3%"6?{ a&ﬁﬁpé'%a%gg/%ﬂ%‘!g |9§§“ POB Gafpbort 35¢ FGtandt hane
conver si on _an ethyle selectivity at 300 C, respectively, for each of
Che N N 4B Husi o BEVER GRrheet St etbsiine it f plbbke sogams.
(Va 21 August 2003 5 WO 00/48971 PCT/ US00/ 04478 Tabl e 41A. Catal yst

conposi ti ot appaickd%e and an eiylaus selettifgtycef ailigrst shounAaws.

21.  The method of claim 1 for preparing a C; to C; alkene or Cato
C4 substituted alkene from the corresponding alkane or substituted alkane, the method
comprising

providing a C; to C, alkane or a substituted C, to Cyq alkane and a
gaseous oxidant to a reaction zone containing a material comprising a compound
having the formula (D)

NixABpCcOy @, and

dehydrogenating the alkane or substituted alkane to form the
corresponding alkene or substituted alkene, where

A is an element selected from the group consisting of Ti, Ta, Nb, Hf,
W, Y, Zn, Zr, Al, and mixtures of two or more thereof,
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sanmple mass, "M (ng). 12 34 Mole Fraction -& Sanpl e Mass,

| Ni 0. 87720. 76920. 67360. 5882 Nb0. 12280. 23080. 32640. 4118 ML7. 136. 939. 336. 5
2Ni 0. 87720. 76920. 67360. 5882 Nb0. 12280. 23080. 32640. 41' , 1$ M372UB¥ge1IN0339. 0
"' 3Ni 0.87720. 76920. 67360. 5882 Nb0. 12280. 23080. 32640. 4118

MA2. 142. 448.341. 0 4Ni 0. 87720. 76920. 67360. 5882 Nb' 0. 12280. 23080. 32640. 4118

Mb0. 339. 338. 039. 7 5Ni 0. 87720. 76920. 67367.,. 0.5882
NbO. 12280. 23080. 32640. 4118 M37. 839. 148. 950.4 6N 0. 87720. 76920. 67360. 5882

NbO. 12280. 23080. 326408 4d diBelbientidfectdN A4 8hederbap kenddir? offd hafgnfgnver si on
of Ni-Nb oxide catalysts listed in Table 41A. Precipitationl2 34 :

Met hodEt hagk ' % 3oA . , A9 611,
4 5 ot g A USG50 0 o SR el

1) Y VA L ol ™
320030, 05H TSR e R &1 821 6 SKOG. 54.50.00.0 |
6(NH4) 2C0380. 782. 687 '61_185331165111{&11' metal, an alkaline earth metal or mixtures thereof,
x is 2 number ranging from about 0.5 to about 0.96, 2 is a number
ranging from about 0.04 to about 0.8, b is a number ranging from 0 to about 0.5, ¢ is a

number ranging from 0 to about 0.5, and d is a pumber that satisfies valence

requirements. ' [

22, The method of claim 21 whercin A is an element selected from

the group consisting of Ti, Ta, Nb and mixtures of two or more thereof,

23. The method of ¢laim 22 wherein A is a mixture of T1 and Ta,

Ti and Nb or Ta and Nb.
24, The method of claim 21 wherein A is Ti, Ta or Nb.

25.  The method of any one of claims 21-24 wherein B is sclected
from the group consisting of La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Pb, T, In, Te, Cr, V, Mn,

Mo, Fe, Co, Cu, Ru, Rh, Pd, Pt, Ag, Cd, Os, Re, Ir, Aw, Hg and mixtures of two or

more thereof,

26.  Themethod of claim 21 wherein C is selected from the group

consisting of K, Mg, Ca and mixtures of two or more thereof

217. The method of any one of claims 21-26 wherein x is a number

ranging from about 0.5 to about 0.85, a is 2 number ranging from about 0.04 to about
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1(03 21 August 2-003 WD 00/48971 PCT/ US00/ 04478 Exanple 42. ODHE over Ni Ta
Oxi de Catal ysts. Table 42A lists conposition and nass of a N -Ta oxide
library. The oxide m xtures were prepared from 1.0 M ni ckel 2{ Augusn2a03dt e
hexahydrate and 1.0 Mtantal um oxal ate agueous stock solutions. A CAVRO
automated |iquid dispensing systemwas 5 used to deliver aliquots of the
aqueous stock solutions into vessels. Each vessel contained about 3.3 m of
solution. About 1.1 m of & 1.14 Mtetraethyl ammoni um hydroxi de sol ution

was added t 0.5%8dbaakmibeeragiis fran® toabohito. NG is & rAnsek ttheMLELRI ¢ Mot The
solid precipitate was separated from the agqueous phase by centrifugi ng at

4000 1 pm f or1, 38 HisWhAmbel Ol AMBfedVasiReaB i dile Super natant . The Sol i d
was dried in a 10 vacuum oven at 60 C for out an hour, and then cal ci ned

in accordance with the tenperature-tine profile descrlbed i n Exanpl e 29.

The bul k sanpl es were %OUndr#qg‘rﬁdem&d%f%@'o?cfa?]&?ﬂf‘ﬁﬁ%ﬁé?%%b%kk

density, and were eval uated catal ytic rmance 1 n

contacti ng nd (024 nin a bed
react or . Re%@‘ﬁ a%cwa(}gt?/\é &{%% #?ﬁgf raﬁ%t aJPmﬁeOa% o?ebol% vessel
(sanple), a he rea t ant ris of -40 %CZH6 % 02 and
51.5 % N2. ngf’és "213%“ 8?‘%3%‘“%?}% gg‘%fé’n@d £ 45 B AYEREF @Pﬁ’\}‘ﬁeflffénéé?éh?lﬂtvi ty
at 300 C ach, of the, N xtures. In light of the detailed
descri pti on88? "Pﬁgd?srﬂ/’é‘fﬁﬁ"gﬁh‘atﬁauéﬂfé {EB%Teég’rﬁ‘i‘lE%Tént ed 20 above, it can
be appreciated that the several objects of the invention are achieved. The
expl anati ons and iIIu ratigns presepted rein are . intended to_acquai nt
others skilled in the Q ﬁiﬂﬁfﬂ%ﬁ?ﬂ?}@m?ﬁﬁr 27 whiepsin B apd cage saphaeras s
practical application. _Those skilled in the art may adapt and apply the

i nvention i WIPtERY Hiserdion 0seeentains 2 mefphal dommrising 4 eemparndimvinghe r ement s
of a particular use. Accordingly, the specific 25 enbodi nents of the
present i nvienmitbri-AsNegtOh A are not intended as bei ng exhaustive or
limting of the invention. r( 21 August 2003 CLAIMS: 1. A nethod for
preparing an al kene or substituted al kene from the correspondi ng al kane,
t he met hod conpri si ng3®r ovildie meetrd of daine2 bwharesuthstredaiibecont kamainaad a
gaseous oxidant to a reaction zone containing a catalyst, the catal yst
conpri si ng Mitprial sreimisitpaponpoind oo htifnguds@@nti al |y of N, aN oxi de,
a N salt, or mxtures thereof, and (ii) one or nore mnor components
consi sting essenti al |NlmijLemmsmEC&mm sel ect eqm)f wasget he group

consisting of Ti, Ta, Nb, Co, H, W Y, Zn, Zr, ,A, oxides thereof and
salts thereof, or m xLutR®nebr HébIaatRARRIErE! o16RERAYAESed Fh fhe group
consisting of Lan, Cey, Pro; Ndp, Smy,
% is 2 number ranging from about 0.5 1o about 0.96,
j» K and 1 are each mumbers ranging from 0 to about 0.5 and the sum of
(G + k1) is at least about 0.04,
m, 1, 0, P, 4, T, 5 and t are each numbers ranging from 0 to about 0.1,
and the sum of (m -+ n + o +p+ q + 1+ s +1) is at least about 0.0085,

u, v and w are each numbers ranging from 0 to about 0.1, and

d is 2 number that satisfies valence requirements.

31.  The method of claim 30 wherein the sum of (§ +k + 1) ranges
from about 0.04 to about 0.5,
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dehydrogenating the al kane or substituted al kane to formthe correspondi ng
al kene or substituted al kene. 2. The nethod of claim 1l wherein the mgjor
conponent consists essentially of Ni oxide 3. The nethod of &l Abgnsi208Berei n
one of the m nor conponents consists essentially of an el enent or conpound
selected fromthe group consisting of Ti, Ta, Nb, Co, oxides thereof and

salts thereof, or m xiur eSTRE nRYRRA & BB REnCRIRAYNE Sl ARrdBKBOd Of

claim1 wherein the catal yst conprises (i) a nmjor conponent consi sting

essenti al | B0k | ik C‘#{KEQ tially
of Ti, Ti )6 mceyidrpéfed?ea r%ﬁfﬁ?r%é Iger €eo Ii{ljgi) :Fglgom %ﬁaa@’%u% t or

m xt ur es tgg e[toé Nb, Nb oxide, Nb salt or m xtures thereof or Co, Co

oxi de, A %r m Xtures thereof. S. The nethod of claim| wherein the

catal yst conprises 165 21 August 2003 a mmj or conponent consisting

essentially of N, m Xt ure hereof , one or nore
first mnor corrponentg coyﬁlﬁ%ﬁeﬁ’@w&@@ﬁ‘{‘l3§|‘%§;ﬂ8¥ e&#‘ g] i‘rﬁ’é‘ﬂtl BE &EFHSound
selected fromthe pcon5|st|nq of Ti H, W'Y, Zn, Zr, A,

oxi des. t he FeASKZE o Hicisum el ad FeryEs feesbont 0.4 e Fb@Ht Okt o or

conmpounds, and one or nore second ni nor- conponents consi sting essentially
of an elenent or conpound sel ected fromthe group consisting of a

| ant hani de el enent, & gr ol Pethed of clafa 30 Wherein ditpsumm of (ienk it 1) ranggsoup VI A
el ement, a _group 11 XB el enent, a group IVB elenment, a group VB elenent, a
group VI B &oshghu deﬁomut@»ér@@ﬁm(mshnﬂso tpet adfr +er- riaages femof such
el ements or conpounds. 6. The nethod of claim5 wherein the second m nor
conponent abandi@sstoabeend.i adrdthe fummi §h ¢vehw) oznges oo sisbus 6l@Stte dbduiom t he
group consisting of La, Ce, Pr, Nd, Sm Sb, Sn, Bi, Pb, TI, In, Te, C, V,.
Mh, M, Fe0.1Co, Cu, Ru, Rh, Pd, Pt, Ag, Cd, GCs, Re, Ir, Au, Slg, oxi des
thereof and salts thereof, or m xtures of such elenents or conpounds. 7.
The nethod of claimb5 wherein the catalyst further conprises a third m nor
conponent, the third 3% norTieonphodnéf dainsiXt 2por 86 sertdintiareadtiodonel enent
or conpound selected fromthe group consisting of an alkali netal, an

al kal i ne earmmmﬁataqgmge@mrbefmimﬁ@b(s@lm othereof, or m xtures of such
el ements or conpounds. 8. The nethod of any one of clainms 5-7 wherein the
catalyst further conprises a third m nor conmponent, the third m nor

conponent consisting 36. The method of any one of claims 21, 22 or 30 wherein the

alkape or substituted alkane is oxidatively dehydrogenated to form the cotresponding
alkene or substituted alkene with an alkane or substituted alkane conversion of at least

about 10% and an alkene or substituted alkene selectivity of at least about 70%.

37. The method of any one of ¢laims 21, 22 or 30 wherein the
catalyst is a supported catalyst, the alkane or substituted alkane is selected from the
group consisting of ethane, propane, isobutane, n-butane and ethyl chloride, the
gaseous oxidant is molecular oxygen, and the reaction zone is maintained at a

temperature ranging from about 200 *C to about 400 °C.

38.  The method of any one of claims 21,22 or 30 wherein the
catalyst is a supported catalyst, the alkane is ethane, the gascous oxidant is molecular
oxygen, the reaction zone is maintained at a temperature ranging from about 250 °C
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166 21 August 2003 essentially of an el enent or conmpound selected fromthe
group consisting of K, Ca, My, oxides thereof and salts thereof, or

m xtures of such elements or conpounds. 9. The nethod of any2bfiuguse2003
preceding clains wherein the catalyst is prepared by a nethod that
conprises formng a pre-calcination conposition by a nmethod that includes
conbining a Ni-conponent with a first m nor conponent, and optionally with

q , . ' - S Call
IR e G C L e e e
fi ' f b 0 b 0.96, rhe f] i nor '
component  Eoarst e ERnaer PR ok 1084 B8 Hiere dhisslincotulont ed 1 rom

t he groupaarcﬁ)ggé'qso‘%‘i ng of Ti, Ta, Nb, Co, H, W Y, Zn, Zr, A, oxides

t her eof s thereof, or m xtures of such el enents or conpounds, the
nolar ratio of the second conponent ranging from about 0.04 to about 0.8

the second m nor co nent_, consi sting essentially of an el enment or
conmpound sel ected fr thghﬁFﬁg}?d&fﬁ%‘?ﬂi %’épé?Pa&nE&rQﬂarﬁchék@leéW&ﬁ? a
group I TA elenpent, a group VA elenent, a group VIA elenent, a group |IHB
el enent, &£grubsiprutadaikeacdram the wtgspundingalking e method cowprising el enent ,

oxi des thereof, and salts thereof, or mxtures of such elenents or
conpounds, the nol arprosiding of; th€. elkancior xeupptimeed Cy wnQi slkadaantD t o about
0.5, the third mnor conponent consisting essentially of an el enent or
conpound gabkenietidanom 4 acisornecontimthg H enaddriz Bomblising agt@oundn al kal i ne
earth netal, oxides thereof and salts thereof, or m xtures of such )
el enents QavE@TROGdfHla (ye mol ar ratio of the fourth conponent ranging
fromO to about 0.5, and calcining the pre-calcination conposition. 167 21
August 2003 10. The wephheg,ef claiml eLgan @ C2 to G, al kane or
substituted C2 to C5 al kane is provided To the reaction zone and

dehydr ogenat ed there&éﬁgtd%ﬁg HELROM Of ki Mg nftgiﬁ ant}% al kane or

substituted al kane is ropane, 1 sopropanol, €, isobutane,

oL oM Sk il SRS My LiEaUiglg0 of clatm L wherein he gaseous
oxygen- ent ched ai r-Nu oKL AHE Ringed o ipont Oove Sholicing o1 ai ms wher i n
Lhe peaetl,on, 2ane 1y TRl LA e a0 8.t SIRL S U haD ekl (o abpu 200 ©
to about 400" C. group ¢ g » IND,
combinations thereof and j ranges from 0 to about 0.5,
B is a dopant selected from the group consisting of Li, Na, K, Rb, Cs,
Mg, Ca, 8r, Ba, Mn, La, Ce, Pr, Nd, Sm and combinations thereof and k ranges from
0 to about 0.5,
C is a dopant selected from the group consisting of Sn, Al, Fe, 8i, B,
Sb, Tl, In, Ge, Cr, Pb and combinations thereof and 1 ranges from 0 to about 0.5,
iis a number that satisfies the valence requirements of the other

elements present; and

the sum of j, k and 1 is at least 0.1.

40.  The method of claim 39 wherein j, k and 1 are each greater than

zero and wherein the sum of j, k and 1 is smaller than about 0.8.
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15. The nmethod of any of the preceding clains wherein the catalyst is
supported on a material selected fromthe group consisting of silica,

alum na, zeolite, activated carbon, titania, zirconia and nabAegisa20036.
The net hod of any of the preceding clains wherein the al kane or
substituted al kane is oxidatively dehydrogenated to formthe corresponding
al kane or substituted al kene with an al kane or substituted al kane
conversion of at |east about 10% and an al kene or substituted al kene

selectivity of at |eaSl abDhdmé@d¥ of élairkie wiihiadhofealidt ok oAtz £pari ng

a C to C4 alkene or C2 to C4 substituted al kene fromthe correspondi ng

al kane or j h | /1 roviding a C2 to 4
Mﬂ%ﬂﬁ%ﬁsﬁb&%ﬁpoﬁﬁ@ h?%;ﬁ g&!eaf;?g(ﬁgfa gp g

al kane or a substituted™C2 to C4 a aseous oxidant to a

T oxi de., Ta oxi de. MASIE0r b SEPEEhg 68 21 August 2003
dehydrogénati ng thé al kane or subst ] ut d a ne to formthe correspondi ng
al kene or substitut ed 4FKe C?mfg?utﬁ%t@om)h}égfyliﬁeﬁ%ﬁl é\ﬁb‘?‘t@“ﬁotf‘hé al kane
or substituted _.al kane .is ethane, propane, |sobutane, n -butane or ethyl

chl ori de. i‘f’é?gesrﬁeﬂh@%%}wubﬁsﬁ SidRumes that satijlies apleneqwequireraeytsranddhe

supported catal yst, the al kane or substituted al kane is ethane, propane,

i sobut ane, Sy ofyand #ds gk least@heuidhl-ori de, the gaseous oxidant is nol ecul ar
oxygen, and the reaction zone is nmaintained at, a tenperature ranging from
about 200 C to about 400 C. 20. The nethod of claim 19 wherein the catal yst
is a supported cataldst, Tiganeihedabclpion 41 mdwein yhod gasecarh gredtelathén i s

nmol ecul ar oxygen, the reaction zone is nmmintained at a tenperature ranging
f r om about zg@sEudwherab thet su8H6f Pahd akmadllee thenhdoet 0.6. oxi dativel y
dehydrogenated to formethylene with an ethane conversion of at |east
about 10% and an ethylene selectivity of at |east about 70% 21. The net hod
of claim| for prepaddng dh€mtiooddaf diikeht where2theaeadiibnsohs tontiinged al kene
fromthe correspondi ng al kane or substituted al kane, the nethod conprising
provi di ng maEgial confiprisihk a nompounndhsifsihe toineda 02):t 0 C4 al kane and a

gaseous oxidant to a reaction zone containing a material conprising a

conpound havi ng themmﬁésﬂmm@@ d (\1), wiapd dehydrogenating the

al kane or substituted al kane to formthe corresponding al kene or

substituted al kene, %@%ﬁ&&ﬂbﬁi%@%ﬂﬁ%&%ﬁﬁﬁt&& L8 A RMPone,

consisting of Ti, Ta, Nb, I-IT, and m xt'dres of two or
mor e ther e84 at deast one of &, ¢ and d is nonzero,

e and f are numbers greater than or equal to zero, but less than or equal

to 0,35,

g and /1 are numbers greater than or equal 1o zero, but less than or equal
to 0,10,

a1 a number greater than zero, but less than one, and satisfies:

a £ 1-b-c-d-e-f-g-h, and

i is a number that satisfies valence requirements,

44.  The method of claim 43 wherein c is greater than or equal to
0.10, but less than or equal to 0.85 or ¢ is greater than or equal to 0.12, but less than or
equal to 0.42 or ¢ is greater than or equal to 0.14, but less than or equal to 0.25 or ¢ is
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169 21 August 2003 B is an element selected fromthe group consisting of a
| ant hanide elenent, a group |iA elenent, a group VA elenent, a group VIA
el enent, a group elenent, a group |IVB elenment, a group VB el @hdngust 2003r oup
VTB el enent, and mxtures of two or nore thereof, Cis an alkali netal, an
al kaline earth netal or m xtures thereof,. x is a nunber ranging from
about 0.5 gfeatdiin ¢t-cd@al 1@ 0.20, BuneshdEan of gl BH0.50 @M a0 erhited 1id dregafiout
0.8, b is a nunmber ranging fromO to about 0.5, c is a nunber ranging from

0 to about¢Pp51 @ﬂqeggtﬁagl@fda_umgrq_gmaﬁdg_a&ie'sﬁig.e%dlgleﬁgﬁ%i:@qui rements. 22.
The method of claim 21 wherein Ais an el enent sel ected from the gr oup

consisting of Ti, Ta, Nb and m xtures of two or nore thereof 23. The nethod

of claim 22 wherein Asis aryyidtsE®oPllailh 420 heldn 4 id | e & nd Nb.
24. The nethod of claim 21 wherei nOA fus Ti, 'I@a%(n)r ml\llé{eﬁfzﬂ:g ngeﬂ‘g?ﬁgd of any

one o | ADTR Rkagh PGSR FGP8 8 B! AL BRI OR0FARTLAA0 0T L2
P P B 00 o e ko 4 68 B i B o0

consi sting of, K, , " and m xtures of two or nore thereof 27. The met hod
of any onemﬁib’cﬂ’ ﬁil\jgnga%ﬁﬁ“%?ﬁ%i n x is a nunber ranging fromabout 0.5 to
about 0.85, a is a nunber ranging fromabout 0.04 to about 170 21 August
2003 0.5, b is a nunt‘)lgr ran in%glg'c ré)%o_ to about 0.1, cis_a nunber ranging
fromO to about 0.1*and d¢methodof mlam 45 wherem p &5 greater fiapme equal to 0
requirenents. 28. The nethod of any one of clainms 21-26 wherein x is a
nunber  r aPileRg thatorn emvalic B2Gandy peatethen onequal tp Gbwbless thamgr eqpal r om
about 0.3 to about 0.4, b is a nunber ranging fromO to about 0.05, c is a
nunber r ant§i hé0-for &rif gragter ivauar eqoalas 0.08d doudi less thenrureigeal to 19620 msltd Bf i es '
val ence requirenents. 29. The nethod of claim?2l1 or 22 wherein b and c are
each zer o, gresthetiahyr el te AORibon lesn then oo BijwE] ne 0 S6prat id gEateoiting os tqgl a
conmpound having the formula I-A: Ni,,AsQd (1-A) _ 30. The nethod of claim

21 wher ei not(higurieachirOt etREko030 AldGisarediBtREN 8F eRAMRY 0 BilgssAthgospound
having the formula (11) N, TijTa, Nb, La*Sb, Sn., Bi, Cal Mjo, (I11), where La"

i's one or ¢RkPo (uM,halidle S8ah&% ghaRAY. S sel ected from the group
47.  The method of claim 43 wherein a is greater than or equal to
0.55 but less thau or equal to 0.85, b is greater than or equal to O but less than or equal
to 0.30, ¢ is greater than or equal to 0 but less than or equal 10 0.45, and d, ¢, £ g and %

equal zero.

48,  The method of claim 43 wherein b is greater than or equal ;‘.0 0
but less than or equal to 0.33 and c is greater than or equal to 0 but less than or equal
to 0.52 or b is greater than or equal to 0 but less than or equal to 0.10 and c is greater
than or equal to 0.20 but Iess than or equal to 0.50 or & is greater than or equal to 0 but
less than or equal to 0.03 and ¢ is greater than or equal to 0 but less than or equal to
0.50 or b is greater than or equal to 0 but less than or equal to 0.03 and ¢ is greater
than or equal to 0.15 but less than or equal fo 0.26 or b is greater than or equal to
0.001 but less than or equal to 0.19 and ¢ is greater than or equal to 0.13 but less than
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consisting of Lam Ce,,, Pro, Ndp" Sny, x is a nunber ranging from about
0.5 to about 0.96, j, k and 1 are each nunbers ranging fromO to about 0.5
and the sumof (j + k + 1) is at least about 0.04, m n, o, 2pAugust?2003s and
t are each nunbers ranging fromO to about 0.1, and the sumof (m+ n + o
+p+qg+r +s +t) is at |least about 0.005 a, v and w are each nunbers
ranging fromO to about 0.1, and d is a nunber that satisfies val ence

r equi r enentrszqualito O3k ong ishgrdaief thah aF ka0 tmbe0Ebnt kehethan or ofua jto 6.1R atd 1)
ranges from about 0.04 to about 0.5. 171 2 1 August 2003 32. The nethod of
claim 30 whizrgeeterohan of equal ko 018 bl REethag b eqiale 008, dnd & af1G zhdgy € greater
than zero, and the sumotr (j + k + 1) ranges fromabout 0.1 to about O.4.
33. The neigaapz&h. cl ai m 30 wherein each of j, k and | are greater than zero
and the sumof (j + k + 1) ranges fromabout 0.1 to about 0.4. 34. The

met hod of claim 30 wherein the sumof (j + k + 1) ranges fromabout 0.1 to

about 0. 4, the sum oo (M T et o3 wherkide f b AGRSy bR, 00U

0.005 to about 0.1, and the sumof (u + v + ‘ran 05 to

bout 0. ' [ ti

o e nt a3 SRR GO B RroeiiEaln e U Bt elpdfnd REEaF o o1
f clajns 21, 22 30 whey el h K ituted alk [

ot dat 1 vel'y e 8 gtieiatn & PRI bifndhoRr e B REh et ut ec

al kane with an al kane substituted al kane conversion of at |east about

10% and a3 fava P%@%E&lﬁlﬁﬁﬂfé@l%%ﬁ b PR ey sEndd samakierabout 70%

37. The nethod of any one of clains 21, 22 or 30 wherein the catalyst is a
supported catal yst, e ajgﬁane or. substituted al kane is selected fromthe

group consisting of ¥thanet® BrBRSME clamdFivhsien qis geateriban aemphip
chl oride, the qaseous oxi dant is nol écul ar oxygen, and the reactd en zone
is maint ai%@%bl&t esg thaeprfmal 19 Q9% £igergicr tom aisauel to 04 tdessdbaner 400 C.
38. The nethod of any one of clainms 21,22 or 30 wherein the catalyst is a
suppor t ed cgualdp P<id, dingregtek five ar£qutlie Ad)4 tut desg Svmorsqoaditd &4 ¢ 5ol ecul ar
oxygen, the reaction zone is maintained at a tenperature ranging from about
250 ' C 17 zr&terAbgust e@@D® (.54 abiduts BaDoG:quahth 0.12, it hesmeritharoad d@bl el y
dehydrogenated to formethylene with an ethane conversion of at | east
about 10%0adoanese il @neusielodl3 s, Vil ik yreafer #ianl @aghal to 0.04 but less than or

equal 10 0.40 or a is greater than or equal to 0.54 but less than or equal to 0.65, ¢ is

greater than or equal to 0.04 but less than or equal to 0.20, 4 is greater than or equal to

0.15 but less than or equal to 0.40, and b, ¢, £ g and & equal zero.

51, The method of claim 43 wherein ¢, d and ¢ are each greater

than or equal to 0 but less than or equal to 0.35, and &, £, g and 4 equal zero.

52.  Themethod of claim 43 wherein ¢, d and fare each greater than

or'equal to 0 but less than or equal to 0.35, and b, ¢, g and # equal zero.

53.  Themethod of claim 43 wherein a is greater than or equal to
0.358 but less than or equal to 0.64, ¢ is greater than or equal to 0.06 but less than or
equal to 0.38, 4 is greater than or equal to 0.04 but less than or equal to 0.30, | fis
greater than or equal to O but less than or equal to 0.26, and b, ¢, g and % equal zero.
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about 70% 39. The nethod of claim1 for preparing a C2 to C4 al kene or C2
to 4 substituted al kene fromthe correspondi ng al kane, the nethod
conprising providing a C2 to C4 al kane or a substituted C2 t 81 &4gust KWAe and
a gaseous oxidant to a reaction zone containing a material conprising a
compound having the formula (11)) N.A BkC],G 111}, and dehydrogenating
the al kane or substituted al kane to formthe correspondi ng al kene or
substituted al kene, where N is nickel and_x ranges from about 0.5 to about
0,96, Ais a netal §8i ectlde methed phelaigh 63 phewiards pivgienthacsr oAl iva and
conbi nati ons thereof and j ranges fromO to about 0,5, B is a dopant

sel ect ed 0.68but less thanwp equal$o §165ng Isgdredter thig or Equakly 0.8 but Mys thaa ot Sr, Ba,
Mu, La, Ce, Pr, Nd, Sm and conbinations thereof and k ranges from 0 to
about 0. Sgqul f050.40,d0ddN Y, 8ahéfeqa] £grom t he group consisting of Sn, A, Fe,
Si, BB Sh, TlI, In, Ge, C, Pb and conbinations thereof and 1 ranges fromO
to about 0.5, i is a nunber that satisfies the val ence requirenents of the

other elenents present; Thedndthel steteiad 43 whareind id giestepthaheastudltd. 40. The
met hod of claim 39 wherein j, k and 1 are each greater than =zero and

wher ei n t@sssumegsfthhnoke td 0l63, & baér&marammo@asbuﬁm&&neﬂgust 2003

41. The net hod of cl ai m 39 wherein e reaction zone contains a materi al

conpri SI ( é}%m@a&? re X
ranges fr out %é]%%%ﬂggﬁégge@?m?‘g&éﬁm?ﬂ% to a out{g)&n?f1

ranges fr 0 ence

requi rerretglfuégr F Hbu{s)legs%'?nc’?a &T;{;Ulﬁg"ya éaé?%‘%’gb@%%%l 42. The net hod
of claim4l wherein y and z are each greater than zero and wherein the sum

of y and z is small gé\t ;Ih@ g‘?%‘%gf‘g %fux{h%rggﬁlgrqgnghlbn% 41 wherein

t he reaction zone c corrprl sing‘a ¢ Ravi ng the

or cater URHREIBISURER oD DO PRI LTt i SN e oh R Be 0t Bl of b ¢

and d is nonzero, e and f are nunbers greater than or equal to zero, bat
| ess t harFeaftioBsEe- t o 0. 35,

57. The method of any one of ¢laims 39, 41 or 43 wherein the
reaction zone is maintained at a temperature of about 400° C, about 325° C or about

300° C or less during dehydrogenation.

58. The method of any one of claims 39, 41 or 43 whersin the
catalyst material is supported on a carder selected from the group consisting of silica,

alumina, fitania, zirconia, magnesia, zeolites, clays and combinations thereof.

59.  The method of Claim 1 for preparing a C; to_C4 alkene ot
substituted C, to C4 alkene from the corresponding alkane or substifuted alkane, the
method comprising

providing a C; to C; alkane or a substituted C; to C4 alkanc and 2
gaseous oxidant to a reaction zoue containing a catalyst, the catalyst comprising Ni

oxide, and
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g and h are nunbers greater than or equal to zero, but less than or equal

to 0.10, a is a nunber greater than zero, but |ess than one, and satisfies:
aSl-b-c-d-e f g-h, and i is a nunber that satisfies val encél Avgust 2@dent s.
44. The nethod of claim43 wherein c is greater than or equal to 0.1 0, but
| ess than or equal to 0.85 or c is greater than or equal to O- 12, but |ess
than or equal to O. ﬂ&l}q&og‘mﬁﬁngm&ﬂmgt@haﬁbgﬁ&me@mmg@ﬁniﬁhe but | ess than
or equal to 0.25 or c is 174 21 August 2003 greater than or equal to 0.20,

but | ess thgrsp 6;;&9%1aﬁgeﬁ@oﬁs&%ﬂfed%kéne%ﬁ@wamm Qha@gidlande 0.3 1, but

| ess than or equal To 0.41, and b, d, e, f, g, and equal zero. 45. The

met hod of (ﬂﬁ%bfﬁo%f‘é%%a@f %O(fit ﬁé%%@%%ﬁl%ag%? sﬁfsﬁ%ﬂ?@h&%@e ieg élagrxty%?ﬁt | ess

t han or equa reater n or equa ess than
or equal , d is greater than or equal to 0.14, but less than or

equal to d%?gagg‘%‘é’@’ , T, g and h equal zero. 46. The met hod of claim
43 wherein b is greater than or equal to O but |ess than or equal to 0.20

and c is greater thap,or uaI ss_than or ual to 8 orb is
greater than or equag0 ﬂbq?]tgfz %&ﬁgﬁerg}n Gﬁﬁafﬁbc‘?}nweégﬁ ?,N -
greater than or ual to 0 02 but | ess than or  equal to or bis
greater tHaAdGAD g%ﬁnmfléeef%? lemgrisefasind ’%qm&ﬁ@lﬂuwomgmgﬁfdﬁc #-s greater
t han or ual to O but less than or equal to 0.45, and d, e, f, g and h
equal zer 3‘“3430 Hﬁ@vrﬁét%dﬁo#ﬂ%ﬁhl m 43 wherein a is greater than or equal
to 0.55 but less than or equal to 0.85, b is greater than or equal to O
but | ess than or equal to 0.30, c is greater than or equal to O but |ess
than or equal to O.46l. an@heimeghodiof Claigny for preparig 26 to Caglkemher Getohod of
claim43 wherein b is greater than or equal to O but less than or equal to
0.33 and &4sibgnmtedarkenedroro theeepurespanslige dlliand aswbstitated elkang fhk meflpodd. 52 or
b is greater than or equal to O but less than or equal to 0.10 and c is
greater. cohgmsiog equal to 0.20 but |ess than or equal -.to 0.50 or b is
greater .than or equal to O but less than or equal to 0.03 and c is greater

than or equal to O baa?]céxi“@eﬁaﬁ@@(rgwcwmtaﬁe &10a sbsBRitAT Chid G, Akadt fig & han or
equal to O but less than or equal to 0.03 and c is greater than or equal

to 0.15 btgzsé&g%ﬂmﬂwre@a&@i zd@ 8o a Bathfysd) E&aéa%ﬁlgﬁt%& figgual to

0.001 but Tess than or equal to 0.19 and cis gréater than of eqtial to 0.13

caual “to 5BOF barer LB OrE BRIl ot %@éﬁfl‘;sﬁgﬁéiﬁ?ﬁ‘? than or
equal to %ﬁ&glrgylt.hel'e%? td%‘f'a:l? Eleﬁl%%r co%np%uag ’sele&gd %‘om the gml% &J;'n%ispmg equal

zer o.

\q

of Ti, Ta, Nb, Co, Hf, W, Y, Zn, Zr, Al, oxides thereof and salts thereof, or mixtures
of such elements or compounds, the catalyst being at temperature ranging from about
20(_)" C 10 about 500° C

(b) contacting the alkane or substituted alkane with the catalyst in the
presence of the gaseous oxidant to dehydrogenate the alkane or substituted alkane to
form the corresponding alkene or substituted alkene,

(c) removing alkene or substituted alkene, unreacted alkane or
substituted atkanc and unreacted gaseous oxidant from the reaction zone, and

(d) effecting steps (a), (b) and (c) for a cumulative reaction period of

not less than about 200 hours.
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49. The nethod of claim43 wherein c is greater than or equal to O but

| ess than or equal to 0.50 and d is greater than or equal to O but

| ess.than or equal to 0.50 or ¢ is greater than or equal to2bA081hf03] ess
than or equal to 0.40, d is greater than or equal to 0.02 but |ess than or
equal to 0.29, and b, e, f, g and h equal zero. 50. The nethod of claim43
wherein a is greater than or equal to 0-46 but |ess than or equal to 0.96,
c is greater than or equal to 0.04 but |ess than or equal,  to 0.44, d is
greater than or equal 580 0162 msithod fdslaimd forprepeying 2 t-g iCaalkene or j s
greater than or equal to 0.54 but |ess than or equal to 0.72, c is greater
than or equaibstigteddC0n Gualkengdiom farasieseoudang dia goubgitted glkanedhet han or
equal to 0.04 but less than or equal to 0.40 or a is greater than or equal
t o 0-54 butmethed compnsiog equal to 0.65, c is greater than or equal to 0.04
but less than or equal to 0.20, d is greater than or equal to 0.15 but

| ess than or equal tocd febding@; to Cpalkine @ sststituegu@d toZ&yraikarfelind Bhe net hod
of claim43 wherein c, d and e are each greater than or equal to O but |ess

than or equakedil RidRi tPdfbabliod zéhctRGtdniBgH 3htalRY, The Sdalyd@nipishad of claim

43 wherein c, d and f are each greater than or-equal to0 O but |ess than or
equal to 0.35. 8 Bsi al 0 (3 T- Lhotk; ofr aim43
wherein a is g?dg%gglr%? an %?&glausélﬁ&?o méﬁ%]gg6§§51aé§§°?§a’n or e%q%]al to 0.64,

e 3SR e B R o 8o 10000 B e o |

greater than or ess t han or "equal reater

than or equgl..t b t ual. tq 0. a e and h equal
zero. 176 2:'? TAUgﬁg?b’%bgﬁg?’ Ytll’?é]]’ %,t.eﬁggnges %egfo%ﬁaﬂg s&ﬁset?lgﬁeﬂﬂé’gi"?xalf%sat er
than or equal to, 0.55 but |l ess,than or equal to 0.65, c is greater than or
equal to 0.93@upleleeats rgmPGFIdssqual to 0.40, and b, d, e and f -equal
zero. 55. The method of claim43 wherein a is greater than or equal to &%
but | ess than or equafontastingds alkagesorgubsiitated afierme gythada sptabst B 1BE but | ess
than or equal to 0.36, g is greater than or equal to O but Iess than or
equal to 0.p@8ente ofthgestous oxidanrtosichydoatnatoth alitane loe substihted elkamafgal t o
0.07, and b, d, e andfequal zero. 56. The nethod of claim43 further
conpri si ng fprovicddangspondimg elkiad orswibeittrted alltame t he group consi sting of
et hyl ene, butylenes or raffinate Il to the reaction zone. 57. The nethod
of any one of clai ns a@fitroflingathe 4npdrfing oF thé eeacti@@edrnonn bedesd thay dmunt ai ned
at a tenperature of about 400 C, about 325 C or about 300 C or less during
dehydr ogenaippog, 58, The net hod of any one of clainms 39, 41 or 43 wherein
the catalyst material is supported on a carrier selected fromthe group
consisting of silica, alummna, titania, zirconia, nmagnesia, zeolites,
glz a%/S ?;Qd f:ckmbl nat i ongs.t hetgohnette of IR tdiqFekrinG dlhyTede froh dRRNENY a
o] al kene or

method comprising

providing ethane and molecular oxygen to a reaction zone containing a
catalyst, the catalyst being a calcination product of a composition comprising (i) a
major component consisting essentially of N, a Ni oxide, a Ni salt or mixtures
thereof, and (if) 2 minor component consisting essentially of an element or compound
selected from the group consisting of Ti, Ta, Nb, Co, Zr, oxides thereof and salts
thereof, or mixtures of such elements or compounds,

maintaining the reaction zone at a temperature ranging from about 275

*C to about 325 °C, and
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substituted C2 to C4 al kene fromthe correspondi ng al kane or substituted

al kane, the nethod conprising providing a C2 to C4 al kane or a substituted
C2 to C4 alkane and a gaseous oxidant to a reaction zone coft Abgishif03
catal yst, the catalyst conprising Ni oxide, and 177 21 August 2003
dehydrogenating the al kane or substituted al kane to formthe correspondi ng
al kene or substituted al kene with an al kane or substituted al kane

conversion of at |eagkidakesly déﬂ%g&g%ﬁgﬁ{e@ﬁﬁe% fﬁﬂbé&}v&ﬂ&%ﬁﬂ%ene

selectivity of at | east about The nethod of claim59 wherein the

catal yst cgypid } [ J I 3@913 i f

sel ected fromét%gl%slﬁsz)&l?p&caﬁegfgﬁoﬁgl%%%F%h‘?gf %?éle EW?Y—I? VGAS\?/HF% Zr,
and Al. 6].(90 he method of Claiml for preparing a C2 to C4 alkene or C2 to
C4 substittut’dd al kene fromthe correspondi ng al kane or substituted al kane,
the nethod conprising (a) co-feeding a C to C4 al kane or a substituted C2
to C4 al kane and a seoys oxidant to a reactiqn zone containi a

catal yst, the catal yg - co%p‘?’Fé‘ngmaPm%%g% F°oﬁ34 ﬂ'?{ms“g?ﬁt&t%g‘\%ﬁﬁsi tion
conprising (i) Ni, a N oxide, a N_ salt or, mxtures thereof, and (ii) an
el ement orCe emdbe seregondingaikaae of Hbstitidalkane, e ragthed comprising * co,
Hf, W Y, Zn, Zr, A, oxides thereof and salts thereof, or mxtures of
such el ements or conpeviHss 2 Chéo Carkkege or paybsttued Cotapes alkaneandgi ng from
about 200 C to about 500 C (b) contacting the al kane or substituted

al kane wi tgasedvs axédauk s réaptiotheonepopitvg a ohtalst thrmeatalyst coniptining 4to
dehydrogenate the al kane or substituted alkane to formthe corresponding
al kene or lsasp$0%dNi, edViad:idy e, Ni(sak of ademrssgheebfaardor substituted al kene,
unreacted al kane or substituted al kene and unreacted gaseous oxi dant from

the reaction zone, aggdithelpidiRatdgefatiigeBe alihe of Ribsanfed Slkadeo 18

T
cunul ative reaction period of not |ess than about 200 hours. 178 21 August

2003 62. The.seidheddnf afleal Bt dutsBfutd] AR iAIhdrbeidPzdrtt, MeKERRCR Z0ne
substituted C2 t0 C4 al kene fromthe correspondi ng al kane or substituted

al kane, t ggmggﬁ;%%g&g% 33%;1& oF iAo d At % AbKRRE Rhtrftion of

substit ut gaseous oxldant to a reactlon zone

containi ng.a catal vsi, r%'fﬁﬁ&f?tfgﬂgyﬁﬁleg)%?ﬁg %ién |&sa’f‘%{n%itﬁgti on product of a

conposi tion conpri sing 0

oxydehydrogenation, the alkane or substituted alkane conversion being at least about

5%, and the alkene or substituted alkene selectivity being at least about 50%.

65.  The method of claiin 64 wherein the alkane or substituted
alkane and the gaseous oxidant are co-fed to the reaction zone, the method further
comprising

co-feeding a C; to C; alkene or substimited C; to Cy4 alkene

corresponding to the alkane or substitated alkane to the reaction zone.

66. The method of claim 64 wherein the alkane or substituted
alkane and the gaseous oxidant are co-fed to the reaction zone, the method further
comprising
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m xtures thereof, and (ii) an el enent or conmpound sel ected fromthe group
consisting of Ti, Ta, Nbo, Co, H, W Y, Zn, Zr, A, oxides thereof and
salts thereof, or m xtures of such elenents or conpounds, cdhtagitst2§3t he
al kane or substituted al kane with the catalyst in the presence of the
gaseous oxi dant to dehydrogenate the al kane or substituted al kane to form
the correspondi ng al kene or substituted al kene, controlling the tenperature

of the reaction zone_t,0 be |e t han _about 300 63. The.nethod of Caim1l
for preparing ethyl e?fgl,a“’?“?%éfoﬁg%ésfre?’ﬁémmr%gwggh%%ﬁp@%g F8f ng

et hane and l ecul ar oxygen to eaction zone nt aj ni a catalyst, the
cat al yst bgé‘go?f&'%ﬂfgf%'ieﬁé&“ﬂwaﬁeg i S@SE%%@E’F? O%gﬁ%ﬁa'é‘i“?szc(‘{ a

maj or component consisting essentially of Ni, a NN oxide, a NI salt or

i xt ures t@@€reof, and (ii) a mnor component consisting essentially of an
el ement or conpound selected fromthe group consisting of Ti, Ta, Nb, Co,
Zr, oxides thereof awdy@iaigai1easmp@ﬂbn0gﬂlﬁrﬁlkmrcegumt@t§éhﬂﬂeheamms or
conpounds, maintaining the reaction zone at a tenperature ranging from
about 275 un@actedadilouic ¢ 2bbsMirutad dikhidd c@itaidimguabdi2 @RBeax iteltiei resition zone.
dehydrogenating the ethane to formethylene with an ethane conversion of
at | east about 10% and an ethylene selectivity of at |east about 70% 64.
A nmethod for preparié a TRe inethodbfeldared whersinhbé tdrnlyetcofi@ises (P88 kene
fromthe correspondi ng al kane or substituted al kane, the nethod conpri sing

provi di ng Ni ds2dd, @ Nidsatl ot atiRtu@és tBersth) 9hi (i) 8016 oritQr GAmpblitad Seldtel fomgaseous
oxidant to a reaction zone containing a catalyst, the catalyst conprising

at | east %-Nis , : Nk i ehey 1 7 NerX EAdr ;
t’é@% é:?gsglgiﬁja%)d@ HeT: NN CS H VoI, t7dr &6 oklHRE @Rfreofand silts

oxi datively I'ng the al kane or substituted alkane to for, the
cor r espondy g, Al kel o?‘di?%éi&ﬁi&&goﬁk&gp&ﬂdg the reaction zone, the .
reacti on zone ’conprising the correspondfng al kene or substituted al kene in
a nol ar concentration of at |east about 5% relative to total noles of

hydrocarbon, during gdhe Oﬂfi&@&ﬁ&%@@?ﬁd E&T%ﬂ%“?‘hﬁﬂa@eﬁgﬁ Sidstd .t ut ed

al kane conversi on being at [east about ene or substituted

al kene sel i Vi el t sk _abhout 5Q9% .. _The et ho f.claimo64
wherei n t 58 %ﬂt%ﬂg{%?zo?bg%g%fl Fi& g)&e%m cﬁFﬁ?ﬁggglg@ﬁ?%g ogasgger%%l:}e%# %%ttﬁéar e
co-fed to thﬁ eacti.qn _zone, the method further conprising co-feeding a C2

to C4 al k&MY CUIBLME uted C2 to C4 al kene corresponding to the al kane or

substituted al kane to the reaction zone. .
feeding a C; to C; alkane or a substituted C» to C; alkane to a first

reaction zone containing a catalyst, the catalyst comprising a calcination product of a
composition comprising (i) Ni, a Ni oxide, a Ni salt or mixtures thereof, and (if) an
element or compound selected from the group consisting of Ti, Ta, Nb, Co, Hf, W, Y,
Zn, Zr, Al, oxides thereof and salts thereof, or mixtures of such elements or
compounds,

co-feeding a gaseous oxidant to the first reaction zone,

dehydrogenating the alkane or substituted alkane to form the
corresponding alkene or substituted alkene in the first reaction zone,

exhausting a product stream comprising the corresponding alkene or
substituted alkene and unreacted alkane or substituted alkane from the first reaction

zone,
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66. The nethod of claim 64 wherein the al kane or substituted al kane and
t he gaseous oxidant are co-fed to the reaction zone, the nethod further
conprising 180 21 August 2003 exhausting a product stream coRpfArgishif08he
correspondi ng al kene or substituted al kene and unreacted al kene or
substituted al kane fromthe reaction zone, and recycling at |east a

portion of the al kene.Qt. s%ﬁ_st' tut ed gi kengﬁﬁ{]d unr eact ed_al kene or
substituted al kane cofit 4P %a%f:%csp Wipted afisege ppd upreacted glkapeae 67. The
met hod of cl imﬁé ﬁggrein fhe catal yst conprises (i) Ni, a N oxide, a N
salt or mi FPEFERet Reang contgiing profuefstraim fom the finsbrepdtimzaelte atsechnflr om
the group consisting of Ti, Ta, No, Co, Hf, W Y, Zn, Zr, A, oxides ,
t her eof andeaipRgong,her eof, or mi xtures of such el enents or conpounds. 68.
The nethod of Claim1l for preparing a C2 to C4 al kene or substituted C2 to

CA al kene from the cowredivgdi gageaishoaiianbio thebaibohll wéetoakiane, the nethod
conprising feeding a C2 to C4 al kane or a substituted C2 to C4 alkene to a

first reaction zone dehpdwicenargpgahe alkahe/st subttatcaaliahy $é f&RMREI Si ng a
cal cination product of a conposition conprising (i) Ni, a NN oxide, a N

salt or m gbmespendingratiedhe odBebstinitdd ﬂkcn@h%@gﬁcoﬁﬁr&ﬁﬂmg&%.sa ected from
the group consisting of Ti, Ta, No, Co, Hf, W Y, Zn, Zr, A, oxides

t hereof and salts thereof, or m xtures of such elenents or conpounds,

-f eedi i d i i ti
co-feeding a gaseous @oxi a!ﬁeﬁi@th&@@f&hfn'%s%ﬂé?éhﬁ{b&%@%ﬁa&%g%‘g%o SR no

the al kene or substituted al kene to formthe correspon

Subst L ut etheteR Bl i8alAd:ofork AL ABYEPRS SEIRUSLLNG B prgOuCt St cam

conprising the correspo ene or SuUbsStl P unr eact ed

al kane or j .fr he f£irst,reaction ne, 181 21 August

2003 f eedi %gﬂﬁﬁ%é&laﬁ%ﬁ%o%?&gb nsq{'la]tttiﬁagtaa gflkéé’n”@‘ é‘ﬂ&’vﬁ’fﬁl@}&‘? T ghRivgted

substitute contai nin ro streamfromthe first reaction zone
GeBISARARY ST alleRd B0 gt

to a secon reac g a gaseous oxidant to the second
reaction zone, dehydrogenating the al kane or substituted al kane to form

t he correspondi ng al kgne substjtuted kene.in the second reaction zone.
69. The method of cl iﬁm 6 h&ﬁ‘?&%ﬁ"f‘h@%@éﬂ?@ﬁ?ﬁ%& &relar coaeofertionef t he
first and second reaction zones is, controlled to obtain an overall alkane
or oxygen in the first and second reaction zones ranges from about 3% to about 20%, in

each case relative to ethane.

71. The method of claim 68 wherein the second reaction zone
comprises the corresponding alkene or substimted alkene at 2 molar concentration of

at least about 5%, relative to total moles of bydrocarbon.

72.  The method of claim 68 wherein the alkane or substituted
alkane is oxidatively dehydrogenated in the first reaction zone to form the
corresponding alkene or substituted alkene with an alkane or substituted alkane

conversion of at least about 10% and an alkene or substituted alkene selectivity of at

least about 70%.

73. The method of claim 68 wherejn the alkane or substituted

alkane is oxidatively dehydrogenated in the second reaction zone to form the
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substituted al kane conversion of at |east about 5% and an overall al kene or
substituted alkene selectivity of at |east about 50% 70. The nethod of

cl aim 68 wherein the nolar concentration of oxygen in the fitdugehldecond
reacti on zones ranges from about 3%to about 20% in each case relative to
et hane. 71. The nethod of claim®68 wherein the second reaction zone

conpri ses the correspondi ng al kene or substituted alkene at a nol ar

concentrat i QRr@tpodiing £8Sie @t%'ﬂﬁt?tﬁ%ﬂ ARt iWEar] Qe u@%ﬁ?ed%fl

hydr ocarbon. 72.” The nethod of al m 68 wherei n the ane or SU%LS'[I tuted

| k f f h
cor ?2?péﬁd?ﬁégﬂgtfﬁlgﬁe&%??@‘b&%? el prsh Silﬁ&tﬁt?c ettt oo

al kane con |on gb t | east about 10@6and an al kene or substituted-
al kene sele | east about 70% 73. The nethod of claim68
wherein the alkane or substituted al kane is oxidatively dehydr ogenated in

the second reaction zon orm.t ust 2003 correspondi ng

al kene or substituted kenﬁ1 gr?leﬂ"ﬂ’é‘rté r§1§‘b"§t”iatkt’j‘{‘@ﬂf%ﬂ hekReed
conversion of at  |east about. 5% and an al kene or substituted al kene

sel ect i vi t y a8fangds oxdafévely dgpidragsmpted An therfarshgegeiinn zsmedp &m 88 wherei n t he
al kane or substituted al kane is oxidatively dehydrogenated in the
first-react comespondingaikenernrishestitetod elkepo witbrag alkdneroz substitutod klkane ed al kene
with an al kane or substituted al kane conversion of at |east about 10% and
an al kene oroswdrsivn bfitelgasilabewtel (96 hed th wikeye of subbtitut@bakerah@lécti WYof dthe
second reaction zone conprises the correspondi ng al kene or substituted

al kene in alemst fiout BORE tHer et orti reBitict zdn@ a8 inpab e the 288redpRhatne\WBidn@ ok Ot al
nol es of hydrocarbon, and the al kane or substituted al kkane is oxidatively

dehydr ogenatgskrinited tdtten§ RCON1rR8£ddn0A1iSP DL al1Rash 6 50t1HE LREVE ﬁﬁﬁt&i itles
al kene or substituted al kene with an al kane or substituted ane

conver si on g%h?&robﬁﬁéﬁ, RAQHE aRFA SN Bl xs 0 'HQﬁ\trél% HE@IN%%E{%E(;H

selectivity of” at |east about 50% 75. A mxe - oxXl

Sf’gﬁéhf ' 235&%3551%9“?%2 R e, ﬁﬁ’ﬁiﬁgﬂaﬁ%ﬂ%@%%ﬁ% iz,
he group cBheetf RSt RS I2sobgPhoh PR RO o
A amont, & Gronp e o SRRl o and o P

75. A mixed-metal oxide composition comprising a compound
represented by Formula I

NixABpC.O4 @,

where

A is an element selected from the group consisting of Ti, Ta, Nb, Hf,
W, Y, Zn, Zr, Al, and mixtures of two or more thereof,
- B is an element selected from the group consisting of a lanthanide
element, a group ITTA element, a group VA element, a group VIA element, a group
ITB element, a group IVB element, a group VB eletnent, a group VIB element, and
mixtures of two or more thereof,

C is an alkali metal, an alkaline earth metal or mixfures thercof,
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m xtures of two or nore thereof, Cis an alkali netal, an alkaline earth
metal or m xtures thereof, 183 21 August 2003 x is a nunber ranging from
about 0.5 to about 0.96, a is a nunber ranging from about 0Z2b4ugestaWFut
0.8, b is a nunber ranging fromO to about 0.5, ¢ is a nunber ranging from
O to about 0.5, and d is a nunber that satisfies valence requirenents. 76.
- The m xed-netal oxide corrposi ti on of claim75 wherein the conpound is

represented by the Fornula fl ko K" (rn,
where La* is one or ndf@alwl?ﬁﬁ?%“% OBTégréﬂgg éh%taéﬁlafl?" fhe group
consi sting of La, X 1S a nunber rangi ng from about
0.5 to aboufaEing! OPah@uhﬂ@4|to alpfélfé’sﬁ;ﬁiﬁa%&bgrwsmg@omﬁdmabowam@ta 0.5
and the sumof {j + k + 1) is at |east about 0.04, in, n, o, p, q, r, S
and t are eaumberrAveing fem@ tagbewidhi.ondd iasoumter that saisfies Waleseam of (m + n
+o0+p+cl +r +s --t)is at |least about 0.005, u, v and w are each
nunber s rangequirefrenrs O to about 0.i, and d is a nunber that satisfies

val ence requirenents. 77. A conposition of matter conprising a conpound
resulting fromthe steps of form ng a pre-calcination conposition
conprising a conpound 7éepr eRenhbadayetEonxidd eorpokitbn of a2k Mhkrhbhsu
BiCa,,K My,,, (IlA), where Lai  is one or nore |anthanide series elenents

sel ect ed f 1 e8mbbEndDisQbfresngdih Stk Farafilalip, . ., Ce,,, Fr0, Ndp, Sng; x is a
nunber rangi ng from about 0.5to about 0.96, 184 21 August 2003 j, kand 1

are each nunbers ranglmgrlffmﬂaggbsgytaf%%angdthe sum ke + 1) is at

| east about 004, m n, p, g, r, s and aré each nunbers rangl ng fromO

to about 0.1, and tNeSyrLal ol MELBHBLAAL S8id)ordrledt )8R ABRAME @05, U

v and w are each nunbers ranging fromO to a I's a

t hat sati sf E&%&&Iﬁeﬁ@i«% r&%b?rqem%tss and cal ci n| ng the pre caI ci nation
ar-o

conposi tion e ’conposi tion conprising a conpound

represented by the f oL anugn%e} ranging from about 0.5 to about 0.96,

J» k and 1 are each numbers ranging from 0 to about 0.5 and the sum of
(j +k + 1) 1s at least about 0.04,

mL 1, 0, P, Q. 1, § and t are each numbers ranging from 0 1o about 0.1,
and the sum of (m +n+o0+p + g +r+ s+ t)is at least about 0.005,

u, v and w are each numbers ranging from 0 to about 0.1, and

d is a number that satisfies valence requirements.

71. A composition of matter compnsing a compound resulting
from the steps of

forming a pre-calcination composition comprising a compound
represented by Formula ITA

| NiyTiTa;NbLa*Sb,S0BiCa Ko Mg, (TA), where

La™ is one or more lantbanide series elerments selected from the group
consisting of Lan, Cep, Pry, Nd,, Smg;

% is 2 number ranging from about 0.5 lo about 0.96,
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Ni "AIJBKCF O, (f), where Ni is nickel and where x ranges fromabout 0.5 to
about 0.96, with nickel being substantially in the oxidized state, Ais a
conbi nation of Nb and Ta and optionally Co and j ranges fron?l Abgut2@304 to
about 0.8, B is a dopant selected fromthe group consisting of Li, Na, K
Rb, Cs, M, Ca, Sr, Ba, M, La, Ce, Pr, Nd, Sm and conbi nations thereof
and k ranges from O to about 0.5, Cis a dopant selected fromthe group
consi sting of Sn, Al,JKeandS areRach Spbdis rargng e (0o, abBor A5 dnd SidéudatbF ons
thereof and 1 ranges fromO to about 0.5, i is a nunber that satisfies the
val ence redurrlehdhisatdéast lsowdOlogl; el enents present, and the, sumofj, k and
| i's at |east about 0.04. 79. The conposition of claim78 wherein the

conposi tion conpri ses, &, 6QROHRANAAW Cheh RGrdbRfs Bt @ng ¥k oM Z0T,
(TV), where 185 21 August 2003 x ranges from abosut %ﬂé to a%ﬁ%ﬁ 6, y

ranges fromnd thOshe{mO: & ¢+ prAgIaS: { MG i 085, | 15 @ number
and e sumaor y

that satisfies val ence requirenents, and z is at |east
about 0.1. 80. The c [ ¢l aium.7 rei n~the c sitian

conpri ses a conpound E’av&ngﬁ%ﬁee&{cggrm Hé}s( %%i@&Bm%%‘gWgﬁ%&&mm; (V),
where b, ¢ @Hﬁ [ reat.er than qr equal to zero, but |less than
one, and a é"ggf%&gaﬁ%%%%%@“%fﬁﬂ‘afﬂ“?ﬂgﬂﬁaﬁzero, e and f are nunbers

greater than or equal taq zero, but |less than or equal to 0.35, g and h are -
numbers greater than GICRRE4Re pro-cAlkipatiop pommesitionhan or equal to 0.10, a is
a nunber greater than zero, but |ess than one, and satisfies: a S 1--b-c
d-e -f-g.-h, and i |s7£a nupber that satjsfies valence requirenents. 81. A
m xed netal oxide cat@ryst® 814 xidg compogjtion gogmwrisingN carapaundr

m xt ures thereof nd_an el enent or conpound sel ected fromthe group
consisting’-"?i:lf“"-“’IEEF“,L":":1 thefprmude XD 1 £, W Y, zn, Zr, Al, oxides thereof and
salts thereof, or mxtures of such elenents or conpounds, the m xed-netal
oxi de catal yst bei ng MapdhCeiof con(Biwhegeat | east '

-

Ni is nickel and where x ranges from about 0.5 to ahout 0.96, with
nickel being substantially in the oxidized state,

A is a combination of Nb and Ta and optionally Co and j ranges from
about 0.04 to about 0.8,

B is a dopant selected from the group consisting of Li, Na, K, Rb, Cs,
Mg, Ca, Sr, Ba, Mn, La, Ce, Pr, Nd, Sm and combinations thereof and k rantges from
0 to about 0.5,

C is a dopant selected from the group consisting of Sn, Al, Fe, Si, B,
Sb, T1, In, Ge, Cr, Pb and combinations thereof and 1 ranges from 0 to about 0.5,

iis a number that satisfies the valence requitements of the other
elements present, and

the sum of j, k and ] is at least about 0.04.

79. The composition of claim 78 wherein the composition
comprises a compound having the formula (IV);

Ni, Nby, Ta, 0, {IV), where

185




about 5 %of a C2 to C4 al kane or a substituted C2 to C4 al kane to the
correspondi ng al kene or substituted al kene with an al kane or substituted
al kane conversion of at |east about 10% and an al kene or suBbBugust 293

al kene selectivity of at |east about 70%in a 186 21 August 2003 reaction
zone conprising at |east about 5% of the correspondi ng al kene or

substituted al kene. 8% rafio M@%B?’mﬁ"ﬁ&ﬁﬁfuw@fia% %%0%5169? oaéson

met hod conprising formng a pre-calcination conp n-conp

conmpound r B where A is an el enent
sel ected fr gdriﬁrgtei gegl?g B‘%Xbccglgg :Sléji ?sna%d}l?lg&?‘?h Q% 5%5%2’1@“3 Tegpirenenty Emgﬁhe Zr,

A, and m x e thereof, Bis an elenent selected fromthe
group con5|é‘¥{£%§y§f1dtz aﬁeﬁ%%ﬁa‘é‘@ errent, a group D IA elenent, a group VA
element, a group VIA elenent, a group 111B elenent, a group IVB elenent, a
gr oup VB el enent, a grQup B el ement m.xtures of two or nore
thereof, Cis an al kal88 ewﬁjri’oﬁfiuﬁﬁlo?ﬁ]g“%gﬁtweﬁ%’#é]ﬂe@ﬂmPﬁ’S)ﬂﬂfm es ther eof,
X 1's a nunber rangin from abqut 5 to about 0.96, a is a nunber ranging
f r om about ??W%Egaé’gﬁmouﬂdéav%gﬂ?@"ﬁ%é@ ranging fromO to about 0.5,

and ¢ is a nunber &gl ng. fromO to about 0.5, and calcining the

pre-cal ci nati on conpodfGohb.BesSukmdlFehod of (), sihers82 wher ei n t he

pre-cal cination conposition conprises a conpound represented by Formul a

| 1-B N xTii TakNb, La* ShrSwrl d preGaumberdireatehBh orehyerl o kerb, bt lefeht ofgr €

| ant hani de series elenents selected fromthe group consisting of Lan, ,

- Ce,,, Pro, #dmtl@esnoneoiils canduhibaonzeasgi ng from about 0.5 to about 0.96,
187 21 August 2003 j, k and 1 are each nunbers ranging from'O to-about 0.5
and the sumof (j + Kard fireir@niterd @ostr MaRY s
and t are each nunbers ra'ﬁgl ng frorﬁﬁaﬁto abo{:tﬁ‘gloa@‘:%,Zér8 d'ﬁ sgrﬂ%%rﬁro?l
(mtn+o+p+q4pd35tt) is at | east about 4.005, u, v and w are each nunbers
ranging fromoO fo about 0-1, and d is a nunber that satisfies val ence

requirenents, and cal & bl B Grd ABnPLE glceﬁieg‘ 'tlpa?xto!r%aug.lqgggr%l, Butole.ss than or equal
to 0.10,

a is a number greater than zero, but less than one, and satisfies:
a s 1-b-c-d-e-f~g-h, and

{ is a number that satisfies valence requirements.

8l.  Amixed-metal oxide catalyst comprising

Ni, a Ni oxide, a Ni salt or mixtures thereof, and

an element or compound selected from the group consisting of Ti, Ta, -
Nb, Co, Hf, W, Y, Zn, Z1, Al, oxides thereof and salts thereof, or mixtures of such
¢lements or compounds,

the mixed-metal oxide catalyst being capable of converting at least
about 5 % of a C; to C, alkane or a substituted C, to C, alkare to the corresponding
alkene or substituted alkene with an alkane or substituted alkane conversion of at least
about 10% and an alkene or substituted alkene selectivity of at least about 70% ina
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84. A nethod for preparing a catalyst, the nethod conprising formng a
pre-cal cinati on conposition by a nmethod that includes conbining a

Ni - component with a first minor conponent, and optionally w ZhAsgsoid3 and
third m nor conponents, the N -conponent consisting essentially of N, a N
oxide, a N salt, or mxtures thereof, the nolar ratio of the first
conponent ranging fromabout 0.5 to about 0.96, the first m nor conponent
consi st i ngraasgsenzoral dompising arfeast shant 5% ofithe wortsspeatimetaticknk: rop subshienied oup
consisting of Ti, Ta, Nb, Co, Ef, W Y, Zn, Zr, A, oxides thereof, and
salts therallkpe.or m xtures of such el enents or conpounds, The nolar ratio
of the second conponent ranging fromabout 0.04 to about 0.8, the second
m nor comnponent consisting essentially of an el enent or conpound sel ected

fromthe group consi g2i ng Nnethddabi paphies £taaRst cond BRI thAnethgl eMent , a
group VA elenent, a group VIA elenent, a group 1118 elenment, a group WB

el ement, ac@hedinyB el ement, a group VIB el ement, oxides thereof, and salts
thereof, or mxtufes of such elenents or conpounds, the nolar ratio of the

third conponent rangi : 2. 188 21 .August 2003 the third
"~ m nor conponent cons%&?ﬂ%agﬁgﬂ%ﬁ%ﬁ%yﬁg%gﬁ% ‘g"?%‘m md%gc%lgﬁf)‘bt{?ﬁd sel ected
fromthe gr i St f_an alkali nmetal, an alkaline earth netal,
gﬁ@%&%ﬁ@ %‘s’?f’b@gltaﬁdl? eof , or

oxi des t her e m Xtures of such el ements or

conmpounds, the nol ah@rﬁe i@ of the fllo}gi‘th conmponent ranging fromO to about
0.5, and calcining t “%F’ ¢ cal ci naff conposition. 189

where

A 1s an element selected from the group consisting of Ti, Ta, Nb, Co,
Hf, W, Y, Zn, Zr, Al, and mixtures of two or more thereof,

B is an element selected from the group consisting of a lanthanide
element, a group IITA elemern, 4 group VA element, a group VIA element, a group
IITB element, a group IVB element, 8 group VB element, 2 group VIB element, and
nﬁxtures of two or more thereof,

C is an alkali metal, an alkaline earth metal or mixtures thereof,

X is a number ranging from about 0.5 to about 0.96, a is a pumber
ranging from about 0.04 to about 0.8, b is a2 number ranging from 0 to about 0.5, and ¢
is a number ranging from 0 to about 0.5, and

caleining the pre-calcination composition.

83.  The method of claim 82 wherein the pre-calcination
composition comprises a compound represented by Formula II-B

Niy TijTaNbLa*Sb31.B1,Ca, Ky Mgy (H-B), where

La* 15 one or more lanthanide series elements selected from the group
consisting of Lagy, Cen, Pro, Ndp, Smy,

x i8 a number ranging frorm about 0.5 to about 0.96,
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i, k and 1 are each numbers fanging from 0 to about 0.5 and the sum of
( + k+ 1) is at least about 0.04,

m, 1, O, P, q, T, § and t are each numbers ranging from 0 to about 0.1,
and the sum of ( +n + o+ p +q+r+s++t)is at least about 0.005,

u, v and w are each numbers ranging ﬁom Otoabout0.l,anddisa
number that satisfies valence reqnirements, and

¢alcining the pre-calcination composition.

84. A method for preparing a catalyst, the method coruprising -

forming a pre-calcination composition by a method that includes - - |
combining a Ni-component with 2 first minor component, and optionally with second
and third minor cormponents,

the Ni-component consisting essentially of Ni, a Ni oxide, a Ni salt, or
mixtures thereof, the molar ratio of the first component ranging from about 0.5 fo
about 0.96,

the first minor component consisting essentially of elements or
compounds selected from the group copsisting of Ti, Ta, Nb, Co, Hf, W, Y, Zn, Zr,
Al oxides thereof, and salts thereof, or mixtures of such elements or compounds, the
molar ratio of the second component ranging from about 0.04 to about 0.8,

the second minor component consisting essentially of an element or
compound selected from the group consisting of a Janthanide element, a group LA -
element, a group VA element, a group VIA element, a group 1B element, a group
IVB element, a group VB element, a group VIB element, oxides thereof, and salts
thereof, or mixtures of such elements or compounds, the molar ratio of the third
compenent ranging from 0 to about 0.5,
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the third minor component consisting essentially of an element or
compound selected from the group consisting of an alkali metal, an alkaline earth
metal, oxides thereof and salts thereof, or mixtures of such elements or compounds,

the molar ratio of the fourth component ranging from 0 to about 0.5, and caleining the

pre-calcination composition.
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