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general ly conprise (i) nickel or a nickel-containing compound and (ii) at
| east one or nore of titanium (Ti), tantalum (Ta), niobium (Nb), cobalt
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or alum num (Al), or a conpound containing one or nore.of such- elenent(s).
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oxidative dehydrogenation of alkanes or alkenes. The invention particularly relates,

10.  in preferred embodiments, to Ni oxide / mixed-metal oxide catalysts and methods for
oxidative dehydro genaﬁoﬁ of alkanes or alkenes, and especially of Cyto C; alkanes,
and particularly, for oxidative dehydrogenauon of ethane to ethylene. ! ]

Ethylene can be produced by thermal cracking of hydrocarbons, by non-

oxidative dehydrogenation of ethane, or by oxidative dehydrogenation of ethane

15 (ODHE). The latter process is attractive for many reasons. For example, compared to
thermal cracking, high ethane conversion can be achieved at relatively low
temperatures (about 400 °C or below). Unlike thermal cracking, catalytic ODHE is
exotlﬁrm_ic, requiring no additional heat to sustain the reaction. In contrast to
catalytic non-oxidative dehydrogenation, catalyst dfeactivation by coke formation is

20  relatively minimal in ODHE because of the presence of oxidant (e.g., molecular
oxygen) in the reactor feed. Other alkanes can be similarly oxidatively
dehydrogenated to the commesponding alkene.

Thorsteinson and coworkers have disclosed useful low-temperature ODHE

catalysts comprising mixed oxides of molybdenum, vanadium, and a third transition

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 Pt/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
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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.



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 -contai ning catal ysts have been particularly attracti P& Apugyst 2003
commercial applications -- primarily due to relatively | ow 15 conversion
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of the ole products. e reattion tenperature iI's y controlled,
during the debopti3®g€nati on reaction, to be | ess than about 325 'i and

Pvent on’ i net ude eRapHsomgiitts, frond L8BRRAE o blfr SRlBhokeLnliog 11 S
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- oxi dat i veeode hyrdistgeetdtii TanNofCaBLaNES, Zoy, ZalMlenxalss thietedl a0d salte e or of
greater than Yuixfres 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,ABCiO; (1), where



and with selectivity of greater than 70 % In preferred enbodi ments, the
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satisfies valence requirements.
In still a further embodiment, 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 .
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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.
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skilled in art andFi% i9aand FiGi 1Rt wasthamatiteptesratations of sikgmplefyaeastioes cited.
in the instant sysRAGHATEAtbLRNsRECA f ;%EE? - |

pur poses. l\/breo}se_r, agg jthe’ggtlgn?ﬁgﬁ%&ﬁ%%@%g%cgﬁt{éﬁrgératﬁlgé?lr@?e@gt‘i ng to
the subject naftiirstagssattiongepcaisoB)5 clai ned herein is substantial, nany

rel evant referencesi@rne aiarhad & Ski [ ;LA Dy ovi de
further instruction wth, respect "te%ﬁg%cﬁggﬁgﬁglg?%??%?nt(&%b{r'%&hfgml PTI ON
OF THE DRAW NCYRyifagselgchividni¢lospdrircies) dataovessin imgon streaapduringribed 00dwnwr of
exenpl ary reactife@he tek@h ¥ piramer SR8 b YeRLd) . 6l 1. gallan I pvahyi ng
product stream reecetgl_e F? . 1A _and _ ngjtlrhf]iﬁ-g?%g\go‘}sggogfsl}%ﬁ%géﬁés (Fig. 1
B). FIG 2A% antdngNiopdibarboge@yifiie- 3Mowi ng et hane conversion (open circl es)
and ethyl ene sel egig A Yrousd 98 ' ' £ eam

A ol 96 SfbuPdthiil 83velltin Sh5MAe LRy AP b

during the 400 hour  lifetinme test in the para I Xe or at 275
'C for Nio.7sTHbNY@dffoniztiss apgtfay an egtimiagd Madv-Nbsarlysies afimsian o OX (Fi g.’

2B). FIG 3A tﬁa&gg{&@&ﬁhﬁ{ﬁfﬁﬂjﬂ{}ﬁo g%ﬁ%%&%@g,f%g{fﬁgg@?_QB}?PQ%; vity. for

(i) N-Nb oxide mxtures and for an m as a
function of r@R&i-Lenbroxidearutes end for an ominyizedido-bxlyy entalysres e fitnctidn afeact or

feed (Fig. 2@5)Qxygapcoﬁtgﬁtof@a&),rfélgd@@%g@)_oxi de mixtures and for an optinized
Mo- V- Nb catal yst "as-a function of oxygen content of reactor feed (Fig.

30).

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:

Cotoge + 205 - CHaop + HO



DETAI LED DESCRI PTI ON OF THE | NVENTI ON According to the present i nvention,
an al kane or al kene is oxidatively dehydrogenated over a nrc? cat + st to
form one or nore correspondi ng al kene(s) or 25 dial kene, E (é, and
wat er. The oxi dative dehydrogenation reaction can be represented (for

al kane reactaq . C H20+2 + V202 4 CnH2., + H20 (o ust 2003
WO 00/ 48971 ﬁ@%ﬁ%§@§/04478 The catal ysts of the invention 6§%@ﬁ§

conprise (i) nickel or a nickel- containing conmpound and (ii) at Ieast one -
or nore of titanium (Ti), tantalum (Ta), niobium (Nb), hafnium(H),
Lungsten (W, v {11 410 s 0 iton g SRNGHBAZE il or PhIUM (). o
a conpound contai ni ng ongmor nnre o(ngﬁch e#g}égﬁ mic Ph” one enbodi ment
of the inventi c?ﬁntﬂltq?éc?mm{’étia@e(tlh4t9@§t%léﬁ’pm9@eﬁh(ﬁﬂ unN(Ti), sankjlum (Ra)de, a Ni'
salt, or nixtUrgsitl@dgfhnfin B Rdkes O (VRO (7)) 7A3nfhe or
conpound sel ected frgﬁﬁtﬁe grgap congrgy?gﬂﬁ (¥? CQ )hg & G?P%;

Zr, A, - oxi deslumiera6t) ahecapopad ‘toﬁ@t%ﬁﬁme@r mwe@f@n@seleﬁergﬁabh eI errent s or
conpounds ass one o 1y JHREALMREE: o AERABARLShe ﬁéké’l .t.tf‘croﬁt Bses

conponent" is the conponent of 10 the cat al trga actr oU or
conposi tion hawiflg aliaalhiogmédurechereetias F&tai%ﬁo@noncatnammdb@sm@r "M nor,
component s"  ar eomesHARaEkS R tltt gmﬁﬁaatstéﬁﬁg:&t*ﬁy—r@%' ME wOPROYAK O

conmposi tion that do not have the highest concentfation oh 'an at’om ¢ basi s-
I n general, onexises thereo éﬂ%?%ﬁtﬁpﬁﬁ%lﬁﬁ*ﬁ@%ﬂfmﬁhﬁmg crmpbendgeeerstr as i n
el enental f Or Mu@8midy OhdBent? ALHQH heSindirs Al ERERALAS 1sotﬂeEcn'§% {¥€ and.
extent of 15 calcination. The major conponent of t'he catalyst pre erably
consi sts es¥entthegafajtisgliyachye COES‘R‘P‘H@ or queponitipe haviemipe hishest edncenfeationrnl yst
can, however, - ah3Ruid¥kiddenar éoﬁ%n&n%“@fé@oﬁl?gﬁen@ &%&M@mﬁ&%@r
Nr-contarnrng conmpounds, such as N sal NI oxide is an oxi de of

ni ckel where ni%eRReund er cqmpesitionthatdongthaye thedishestspnachtzationien an gtomic 20
reduced, el enemadl Mighnesdl A6 of thOBhMHeREbneX hdRS cRlipoRbRk Blay Wosltntbcke! has
an oxrdatron state of Ni2, Ni-"3, or a partially reduced oxidation state.
The: Ni salts cdHmenidl igae 2aayoxidy anlfor ag apalt dependingas the patenegad prgentobr

exanpl e, nrtgahg&mmﬁﬁrbonates and acetates, anong .others. The anount of

ni ckel oxide (N O sent in the maj or conponent is at |east about 10%
preferably at |east Eif’f%wner‘tb?féh"iﬁﬁ@h@t prsfopablyt congigls essaiiplly o889 nore 25
preferably yet @idel BRMajReMHboneR%r ARGt §tcaﬂrh%t;v%5é‘t¥h§: iAlmdRsihuabout 60%
in each case by noles relative to total noles of :the major conponent.

W t hout bei ng Hehes plelemagtabNiandiop Nyﬁe@rmmsarmgouﬂét puchsiNi salise Toe Nins, t he
Niand/or. NI 0xjxflR ifmloRid@of AckePARere nidldl iVif a8 ki@hticdn St thd: Part tﬂ@ﬁ.ﬂ

oxydehydrogenati on reaction. The one_ or nore m nor conponent(s) ?’ t he
catal yst pr & erradicsd, elgpentalNi® state, including oxides of nickel where nickel has an oxidation '

state of Ni*2, Ni*?, or a partially reduced oxidation state. The Ni salts can include any
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]



30 essentially of an elenent or conpound selected fromthe group consisting
of Ti, Ta, No, EIf, W 'Y, Zn, Zr, A, oxides thereof and salts thereof, or
m xtures of such elenents or conpounds. The minor. conponent ¢ y\ugwst 2003
preferably consist essentially of one or nore of the follow ng groupings
of el enents, Qyipsas,t hereof, salts thereof h 21 August 2003 _WO 00/48971
PCT/ US00/ 04478 of mixtures of the same,-in order of i ncr eadICRESPHU478r ence;
(1) Ti, Ta, Nb, H, Wand Y; (ii) Ti, Ta No, Hf and W and (iii) Ti, Ta

and Nb. The m nor corrponent can |ikewise consist essenti ally of each of
the af or enent i @n@siufes Bohe SAANANGAL: FHEIBEL Y, Zn, Zr
) E%g-r%% (%Tll\gi'wﬁﬁngldof t he

or Al) indivi d%e&‘ ¥ oxi des thereof, salts
same. Wth res b b2, 0¥h, K gnd Vs anchidh BinEmariddWin d The minok ngspoaént ekrement s or

i ndi vi dual el eﬂ&ﬂis&mﬁsﬂ?eﬁlﬂﬂi@ﬂy SEPPHARL £1%)en%ﬁ&f‘efi%¥{hé’r-c%%sﬂestte espentially
of oxi des of oa_gé_or nor.e of m nor - conponent e Bt &

however, al so 2 g HiaWe gugnsa%fé’ﬁ Al)dndividgalbhodtesthereds, ﬂhsjthem:ofpbmer
conpounds £ e. glixtur&saf the R Mith RLsBLLt UG ﬁfﬁgﬁff‘& enfibhed k38,9 %{9 uch
c

m nor - conponent el ements is 10 an oxide thereo ere the resp¥ctive ,
el enent is in S5 % Hdedatel ﬁ?@l%ﬁmm@mmhgﬁ(ﬂ pﬂefeyabiymdmd state, and
i ncl udes oxi deﬁsehﬁmywoﬁaemoﬂ%ﬂIﬁ&e%ﬁ‘ﬁﬁe%%n&roc!o ﬁﬁ&@ﬁgﬁ known stabl e
val ence nunbergs, as to oxides I1n partially re Bsﬁa‘&atl on

states. Salts }l?f"’c%‘iﬁ:c“llﬁc’ﬁﬁlﬂ‘éﬂe Véﬁmﬂtséf@-@ﬁtemeoamﬂermmyc&hmh& salt -
thereof, inclugdi Ekﬂlts) doRiairBAEOIBh BembBitl." AL Sside H@O%?ngé'o%en cetates, anong

others. The am)unl 15 of the oxide formof t I cu rec ef“(fatsésl enent s
present i n'bneR§ridpiceobwhersge fﬁﬁpﬁ%weelmgohem ﬁ(nst)mdasma:ttatb etstthaltheit 5%

preferably at hmasiurbedie, %R baralYin st about 20% nore
preferably at | east about 35% rrt?re pr et elrg%*mk a%I‘xér:ftcss B@J? 50% and

most pr ef er ablXEOE stlle alengg sumbgp s wel a%@cmld?amab}allmetchscd axiglatddni ve t o

total noles ofstattdaesmroff!s&wnﬁﬁorteoﬂ%n&x@%&@&?&an b‘é%??t%le?ﬁhﬂ&eo und by 20
t heory not speC|f|caIIy remtedmthecalms or first m nor

conponents  prBuiding frsxamnls, nitratas, reasies #nﬂraccth@s Nmohg Nhermmhd emamiti ve net al

cent er andlfhe|@the%&ld@Y&in%fﬂr@paﬁﬁhlay%cﬁgﬁtéém%@};r he impersed. Al though
the first m nor corrponent S can thensel ves e regox I nactl ve %Ier reaction

condi tions, pdPPPEOMERIEPDds Blsagiehoutsiel prsfereidly at loam shout Mg, pasfarablpnet hel ess
considered to SBE aBleLOMRBARBL, nRe H@ﬁ:ra%ﬁ/ £ a%%ﬁt%%l’/l %ogeﬁgretv ﬁblglygiga?u nd or-

corrp05| tion. noted bel ow, the first” m nor have a
' support or cé?%sﬁaé??“tﬁgﬁcﬁlﬂmﬂthzfyrableratbmstah@n GG%rmfeaq:Ircfasb yrhalel ment, the

ni ckel cat al ysélattaio &Wolé%f&%%aﬁcﬁ@rﬂﬁmr ﬁ&ﬁnﬁﬁhﬁl S Q?L?xq%ssent lally

of NI oxide; and (ii) a _m nor conponent consi'sting esseﬁltn?' ¢f one or
more of the f dhPBURhIpcERFdbgecied inthd eleizes, ﬂn@nvpdmearelﬁystanm%@ommnmsu vely in

the various p%dﬂﬁe@rﬁé&%mﬁn—bmﬂéﬁt% ﬂaJﬁ'l Io(l?d a%p\ge D9 ?8@ optionall'y

t ogether with one or nore of oxl & tal BRI optional ly
maintain the active metal center well d:spersed Although the first minor components

- can themselves be redox i 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



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 afqrementioned

m nor -conponent (s) of the catalyst (generally referred to heél gt P as
"first nminor components"), the catalyst can additionally conprise one or
nore second nponents. The second m nor conponent ( nsi st
essentially ﬁ&@%% ement or conpound selected fromthe 5 Srkgﬁy%&éo%ﬁ%tsti ng
of a lanthanide elenent, a group II1A elenent, a group VA elenent, a group
VI A el enent, a group III-B el enment, a group IVB el enent, a group VB

el ement, a group V'I#aﬁlﬁdmmhe é?&&'eﬂgrﬁioha?ﬁx%fro&ﬂﬂm@rﬁé%éfﬁlg&rtﬁgt’ or m xtures
of such, elenents or r@gun S The second nponent “ pref erably
consi sts esseﬁﬂ?‘ieaﬁnwﬁféﬁf heteinaiipnas GFirst oy geriperenteds thelcdtalpsheart he group
const sti ng ot Aol cbApRlo ok i3 s 3l BirinoB O, v, M,
Vb, Fe: Co, itio blylh IB e'o se or go ts -Ekesé%‘lgld;%%r

t her eof and satros@om&s)er@ﬂ cor@rst ﬁﬁsmt@}lxégf %TBIW%Owﬂémmdssebpted(ﬁlmhmds Mor e
preferably, s t hgoRRGANMiiT 7R lanBRIRR RRRenC 8 BRhy 1A SRAEAL h { el em%‘nt
or conpound se gct ed from taﬁe group CI('IJ'S:I’ISI st? a’ Ohgag‘elf\lgﬁt’ .

Sn, Bi; Co, Ag?giep VExslagnent; serounithelement) 2 srouh dfsmexﬁragmmUBes of such
el ements 15 OreIEIRéHPQ% V@@eﬁ@n@,%ﬁeﬁ&@%f&ﬁm&kof xf?i&ﬁzfr@sro‘? o an oxide
of one of the afore i oned second-m nor-conponent el enents. e oxi des
and salts can ®emepss orgempeunde d Thperpend minen poveranews prafErebly consistsi r st - ni nor
conponents. Wés@é?kﬁ]lﬁﬁ'aﬂgleﬁﬁwcgﬁﬁpwﬁﬁgé%ctg@fmxﬁm?ecéréd CdhlidideBFL % in the,

clai ns, the second i nor mponent ~ can redox active components’ with

respect tonhBmbifig t&besﬁ,@d&b poin i %'ﬂa VG’MH& ivée, Ri, Go, 1, R ®hoRd, 86 Agct i ve
metal centers.cyhg, ﬁ@tnamsltxg,qacmeahmofmd HUflSthe RS, YShixBur nr,qﬁele(rﬁem rd)

m nor conponent (s), oné or nore of an el ement of corrpoun se ecte from
the group consPi<PMmAgngs. Mae papiREbly: thPré‘EC&P@mlft"lﬁ@%ﬂ’%&ﬂ“l%@‘%@@@“ﬁ’bﬂé] s,

0xi des. t Ner e0f g3 kbl dofpbARY #REed Rt ELF SorBlisiHAL o, €L ST, Sy

conpounds. Preferably,. the third mnor co onent consi sts essentlally of 25
an el enent or SSpRindo.E: Q&tcé‘éﬁeﬁ fisrert and gitolipreebprnixturespf gfch@lemerts My, Sr,
Ba, Li  angs Nagr dRbunkt. efl?crs%m% rfvidor (Jén’@ﬂgenw prn?t@(QTIﬂS"an GkillD6f on%%§ﬁw oxi des

t hereof and salts thereof m xtures of such ements or ounds. The
third m nor co#ﬁ@ﬁ’éﬁtonl‘-‘%Secﬁﬁ’eW&S@Wp%ﬁﬂt(ﬁl‘?wtsofTheﬁé‘d@ﬁfanﬂ n@tsa:a@ ®3vent i oned
t hi rd-mi nor - cogRANRNLLRE EERhSction WG s EERiRPriRhbfs. CRALAR bas g&ﬁ&“ bed
above in connection with the first-m nor 30 conponents. Wthout I ng bound
by theory not BpBeqry petgpeojfiqally rected infhe dleims) the pasond migor eamipodenticandre
conponent s ar ereff,efRléRinpohand ﬁmﬁr%ﬁéct DehfSRingd ek ;%Hﬁhal R MG Ni
-enployed to optimze the acidity or basicity, In particular wth respect
to sel ect| # t yoxide ivemeialaentezo3 V\D 00/ 48971 PCT/ US00/ 04478

The catalyst can also include, as yet a further (third) minor component(s}, one

,1

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



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

bi ndets and/or fillers,as discussed below) as desired in corthéeersh200i ¢ h
the reaction systemof interest. 5 In a further enbodiment, the nickel

catal yst of tdoaseenti on can be a material conprising a m - et al  oxi de
conpound having the formula (I): N xAaBbCOd (1), 10 where, %%ﬂjégﬁ?%%s- -

b, ¢ and d are described bel ow, and can be grouped in any of the -various-
conbi nati ons and permnut ations of preferences, sone of which are

specifically set f®h¢ d:ntdiﬂteamnclhdb(fﬂ%l&b&lﬁonkms aswell] RIIAS BOb dFanumber
rangi ng from agg The nunber xﬁg}ﬂefera y ranges from

about 0.3 to abouPOSBmé‘g'ﬁﬁFR?P‘E‘%?LBT%’P’&B?V“WSPbi*ﬁemiée Sisblyenty bisderpandiout 0. 9,

and even nor e fillefsgrsalidcysséd belove)er dbsidd fn doanRBGAVitPh8 readtfdn' s?srtéH;'{Lta AN A"
represents an el egﬁnt sel ect ed fromthe group consisting o a,

H, W Y, Zn, m xtures of two or nore thereof. Ais |

pr ef er abl y ¥, Ta Mn,ﬁll'ﬂfler edbodim¥éat, m\émkmﬁﬁlyﬁro?ﬁﬁﬁrﬁ@ﬁ%nthn bJ?matQt?al H or
Ta or in each case, m Xtures

W and still re refera .
t hereof. The | e mﬁ%&l@?@ﬁ?@@%ﬂ%ﬁﬂ@%ﬂﬁrom about 0.04 to

about 0.9, preferabl y from about 0.04 to about 0.8, nore preferably from
about 0.04 to about 0.5, even nore_preferably from about O. 1 to about 0.5,
still nore preferably from about "fﬁBt%Oabout (3.5 and nost preferably
fromabout 0.3 to about 0.4. In formula I, "B" represents an el enent

sel ected fr m ¢ consi st of a 25 | ant hani de. el enent, a group '
I11A el emanp wﬁere ‘&i’toélq;i ?5’0?)”\9&9@3 deseried beloy, adisanhergrousied reany of the gr oup V1
| A el enent, a gatrmupcc\&ﬂuhdhoﬁk eegtmutaicgk 0fRefeBn @b, 80RO wikclO4 'ﬁc.-hny

el enent, a gr Oue?{'rlh' B el ement, a group el enent, a group Vi e nt, a

group VI B el enen aﬂ’?ﬁe xtures of two or nore thereof As used herein,

periodic table sulgrfommldlSiyepeicans ramBelrlofe FREHIHRIOSIsNY oldhe
| nt ernati onal Jrlﬁn on .of 30 Puge and | i ed Chem str IUPAC such as shown

on the Periodi CPTABTET PIEFROLY pang abopt0y3 oiaheyt O} @FG@@@IYﬁm (1996) .

B is prefenabl yboan0.skesteot 0. saheemdnorémf&dbne&cgﬁ %ﬁt@@ﬁ%é&t'ogg of La, Ce,
Mh Cu, Ru, Rn,

Pr, Nd, Sm Sb Sn,I %éﬁmﬁbr
Pd, Pt, Ag, 3L rePEfﬁﬂ“Sr@ e‘@@@@kﬁﬁ@ﬁ?fﬁ dfeceraniplopnsistingof August
2003 WD 00/ 489’1?1'1TECNH WSPW, 9427, Frand &l QﬁﬁB&ur&E‘df@\% &%Jré &@}ehh'%q group
consi sting of fee&ﬁ{) Ji_ %}] Sb, Sn, Bi,_ Co, Ag. The letter
"b" represent sPEHIRDEr 1Ay FHbg™ F nfnmprepsefably T TW’@f%mmm y from
0 to about O. 4moexpeefeﬁbnyen praafrerabzl ¥h d2E0ER0 nhﬂuép@ﬁh&fe OTe Il Or e
preferablygromOt ) %n nost dore erab ?romOto about 0. 05..
represen a num er rangmg om 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
clemegt, a group VIIA element, a group VIIIA element, a group IB element, a group
IIB element, a group I1IB element, a group IVB element, 2 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 . :



S 1In formula 1, Cis an alkali netal, an alkaline earth netal or mxtures
thereof . Cis preferably an el errent selected fromthe grou conS| stl ng of
Ca, K, -My, Li, Na, Sr, Ba, Cs and Rb, and is nore preferabl

sel ected.fromthe group consisting of Ca, K and My. The Ietter "c"
represents awmuenesiranging fromO to. about 0.5, nore pr @ E#¥M4Brom 0 to
about 0.4, even nore preferably fromO to about 10 0.1, and nost preferably
fromO to about 0.05. In formula I, "O represents oxygen, and "d"
represents a number that ~satisfies valence re rerrenéﬁn %&85 gral "d"

i s based on t han dsmasbsslested tom e spRICOnHEMBAL bt GFef'T AdorcSH: b of¥s of the
various metal af mgo?hé 1'&&er@9ﬂ¥b9féeéﬁts%fnu&9£ﬂmk d frdrf 08 abouc@bGubrat ed as:

one-hal f of the sum o products of oxi datlon state and atgQm c 15

fraction for ea!@f?r&bfy ftqiiléﬁ ?ﬁsﬁbalﬂ Qe ievre rRasTpTS TS tyom P fo gheat Gl masy

m xed- et al ggfera% B?J‘ﬁbouﬁ’mfvra@dmﬁﬂtfﬁf&ﬂ)eﬁ&ﬂ@&oﬁKbutf)QS mila |, "b" and
"c" are each z t'he catal yst material can conprise, a co%o% havi ng

the formlasl-A: ZGﬂIfAPﬂn“MCﬁls(qllaﬂ‘ﬁahﬂ%ﬂi‘élaéalllﬁ?hriescaﬁ]i‘@ﬁ@}O“%‘x and

where "x", A" is Grefefal anfélm?cﬁﬁseﬁ&eaiﬁ&mﬂ@%@%x@snngafea,qm@g L), erred
m xed- et al oxi de enbodi ment, w th reference. t0F 25 fogrrula |, the sumof (a

+ b+ c¢)is préh&eabyapdRbsan tlﬁﬁlﬁredﬁfe?fﬂﬁty?ﬂ)‘?%m‘fr’r’iéﬂe BlegrouPs - “pr ef er abl y

not nore than, .ahat. &ch KaREMsS TEY RReOY RpREdier miblter ReingRoR dthan about
0.5, and noreover, %1

I's sum preferably ranges fromgﬁt}%l%Mtobabout 0.6,
more  pref er abelout pamerspreferaply from Odp,ehent GsvepmorrRLterpy 8’5"6\%"?‘ ¥ om abaut
0.1 t0 aboyh B rAangdbsl Brefibibly fiOIBbutolost er 1 ed mxed retal oxide
embodi ment,-with’reference to fornmula |, the sumof (a 'ys)?ﬁﬁ%

nor e

preferably |ess thalm fomulh “Rbregresmiserugsn and o "5rep’|’e§entsﬁ’rré’%%‘la

than about 0. 4'val@ﬁl‘gré 1r@1¥@rﬁs rmrg@nepdie‘fi’efs@@eb{oﬂﬂ{comraﬁoﬂm&z&b(ﬂl&rcﬁtl&, and
noreover, this sum gre erably ranges from about é H) ‘g‘ﬂh”( 0.5, nore 21
August 2003 WD20wfig WEHS}J@’WQEGO?W#SWE‘F@?@F&WEP“P 8hi°HB 51 to about
0.4 and nost prgf.eLePhdonkhAF PR Yim Of e $rodRRUfoxidRlicd stakdlandrtcasidi t i onal
preferred mxed rretal oxi de- enbodi nent, with reference to fornmula 1: Ais
Ti, Ta, Nb 6r Zyactionforgegh efthpmtal oide compesientgly: B js La, Ce, Pr, Nd, Sm 5

Sb, Sn, Bi, G, Co ﬂforé%ref&fed%&étﬁrﬁ&ﬁl'o)hde bﬁbo&%cntﬂﬁrheré\ldmhsmereﬁbe toSn or Bi;
and Cis Ca K or M. thi s enbodi ment, x ranges from.about 4.1,to. about

0.96,. and pr ef deamilal, ‘i o GB350 565 CABUELTES can comprisR PR hbout 0. 3
to about 0.5, qb ?%%oﬁumAabout 0.01 to about 0.09, and preferably-from
about 0.01 to a 0.05, and d is a nunber that satisfies val ence

requirenents. 10 In a further preferred m xed-nmetal oxide enbodinent, with

reference tg, Ni;A. 04 ~ (F-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 :



formula |, Ais Ti and Ta in conbination, Ti and Nb in conbi nation, or Ta
and Nb in conbination, Bis La, Ce, Pr, Nd, Sm Sbh, Sn, @?O Cr _and Ag,
and Cis Ca, Kor M. In this enbodinment, x ranges from abo Ayewst 2832 pout
0.96, and preferably. from about 0.5 to about 0.96, a ranges from about 0.3
to about 0. S5yggelssppes from about 15-0.01 to about 0.09, andﬁgr ef erably
from about 0.01 to about 0.05, and d i's-a nunber that satP D478 ence
requirenents. In a particularly preferred m xed-netal oxide enbodi nent, -
with reference to formulal, Ais Ti, Bis Sb, Sn, Bi, Co, Ag or Ce and C
is Sr, Ca, My mefetably filom 46Bit90.1 REBSGIOEERL 0 to about
0.9, a ranges Ifiom gbout 0.15 to about Zan%tgrmm?aﬁfﬁéle%goﬁ 6;9?2 about
0.05, and d is nunber that satisfies valence requirenents. In another -

particul ar| y pr ef emaﬁdmtmﬂﬂpf%&hnﬁ%émetﬁm'e%% gé(}fc&fhue&ef eance to
r -

formula I, Ir% ? gtls Sb,  _Sn, Bi, Co, gr

Li. In this erdBtHHe ISTkT?%@sZTf?fd’ﬁﬁf%@m 10Ta3xﬁ~5: Bools, @, B, Nd, Snanges from
about 25 0.515 SbQS@,lmutr, Qo 65 AE, ok pRESMDIY, 1EDPL Na28 Qﬁhfc

nunber that sgé lﬁbg vaI nce ?{ng r)rerrents n a %br’tgﬁg%l gsu aarly ,
preferred m x R PRBOBREI o TRBEFRS, %%bﬁ“tﬁ'feﬁ@b@lﬁﬁéﬁtmdfpmfmﬂlﬁ 1, Ais
Nb, B is Sbh, %nﬁout@toaﬁGut@r%C@aﬁ ol &b §tr03 this
enbodi nent, x an%%i froma 0r 5@?0 aboﬁ O.Q?dbowrggzgéagh‘%sr%)nlrﬁpabout 30
0.15 to about o Qe%osf erefefaéwafmﬂmboet @8 toghent §.05sand driwber t hat
satisfies valzﬁﬂﬁ&m@wisﬁ&%&redmm%htgI a further preferred enbodi nent,

t he ni ckel catalys the invention can be a material conprising a

m xed- nmet aﬁov oxi de Hﬂ?{d’rqf%{'fﬁdﬁ’@}x?df@efﬁld}xlﬁﬁlCalbptllmenmﬁ{lth\(@ugtce 2003 WO

00/ 48971 PCT/\dSRHMOAA SN To i @lMaiakifn, 59 ardd NPy cgﬁlﬂﬁ}& or ﬂjatnﬁ‘rib)m wher e

"x" and "d" are descri bed above, and. L u,. v and w

are 5 descri b&d™ 'é‘FWBfSOIg"eFﬁePr M-t §Pe‘-’r"e3hélé ErdndtAgomstl pLabBtoneen

respective el au@niashis Jﬁ&dﬁ@émeﬁsngeﬁﬁb&%%&b%@%aﬁt@% faﬂé??él”e?ab anr&l?“ be
grouped in any_of the varijous onbi nations and permit at

pref erences, <0 0gfo Wﬁ“&q’lg‘%raéa@ﬁ%@?‘f‘ hayt 0 tasghout §.pretringeefremeboutn f or mul a

|1, each ofs "j0i01 t K5outmeD, shd preRRLRSEIH adul oD abS fa; 10 about
0to ab%ut 0.5, a?l um)re Sre @?gg%ddlgg}ﬁ]%ﬁfo about

08 preferablﬁ%fro
0.4. - -The s 6#‘5%%5" glepceeqpjrementyt | east about 0. 04, prefer ably at | east
about 0.15, and NI papicefafly §Qk&ea¥nxie‘ﬁf}§étal%§2fal:’%mgod%in t,[”wx x][efEFJn La

refers to one or re_ |l ant hani de series el enents se rom $1e gr oeup

consi sting ‘of T2 1ch s Tipk & Y §o. BinGe, Aermd Geread Sis$r Ga, MaorLioln thist |

embodiment, x ranges from about 0.5 to about 0.9, a ranges from about 0.15 to about

20 0.4, cranges from O to about 0.05, and d is a number that satisfies valence
requirements.
In another particularly preferred mixed-metal oxide embodiment, with
reference to formula I, A is Ta, B is Sh, Sn, Bi, Co, AgorCeand 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



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 preferably from zero
to about 0.05. The sumof (m+n+o0+p+qg+r +s +1t) idlprase?lbly at
| east about 0.005, nore preferably at |east about 0.01, and can, in sone

enbodi nent s, \%ﬁﬂ@é@ | east about 0.05..1n formula 11, each of = u", “fir" and
"W refer to ?¥ ranging fromoO0 to-.20 about 0.4, pr ef ECARBWHRTHN 0 to
about 0.1 and nore preferably from 0 to about 0.05. In an additional

enbodi ment, the catalysts of this invention include a conposition of matter
or material having the errpi-rical formula (111): N"AIBKAG - (I1l). In
formula I'li, N is nickel and 'Y is in the range of about 0.1-0.96. "A" is
25 selected fromthe grnuu,mm.Ls%bﬁgsmtaMMgIed Co and ((EK),rTbI nati ons
thereof and "j" is in the range of from about {0-0.8. "B" is an el enent

sel ected fromthe group consisting of alkali metals, alkaline earths, or

| ant hani des andmedﬂxblama‘td"QﬁSastdlamnbe&abovémﬁdiud* ﬁ,gc,l,ir,,s fNa,vidwlte Cs, My, Ca,
Sr, Ba, My, L ere and " "|S|nthe

atian

Cange of £ 1 bm ekt begu, e B Bres R U BTk R Spodiet ey
_consi sting of 7TSe,varkdus récited Sermerlls oﬂbnnﬂhllchmbegieupe@ﬁnarl?tnf&mdraﬁmﬂbl nations
t hereof and "I n the ran of fram O- nunmber t hat
satisfies the °°9’§f“§h @aw%ﬁ%%f% “THITES: 5?%%&%?‘8%%%“%’%9@5& The sum
of j, k and | fofthhdreiheast O. 04 Cat al ysts defl ned by this fornmula include
ni ckel that is subst %ﬂtl ah %( be_‘k;l,S (ﬁ} ustt 2003 VO 00/ 4895[1
PCT/ US00/ 04478 oxi s aning™ Fovf e PRRDe T TORLY Onet al
present, but idbowid.g, pfeﬁdrabbﬁfrbﬂne)tolabmmms*;gndrhlbrebﬁalfemb)kyﬂen@l‘tb@)out&4 present in
an anount pret ably & a at | east
5096 by wei gt TIREGE0 0f bPdf Rl phitas PRESdiy o TRRERBHT & ied
preferred eandbﬂ’mmy&ﬂeh&nawwsa are incl uded toget her in the 5 corrp05| tion
(with Co being opti.onal ran nerally, x
may range from aboﬁr}ﬁlag‘?ggfegﬂrgtomf g"%e tﬁ &55’%‘7“?%68%18‘3%‘: t 0.3 to
about 0.85, nofranMeei@pabhsjstihg ofil.ahcual, PR, 18, &nahmmef&aﬂyaﬁebhmﬁsm",pr ef erably
from about 0. 6,,t.p,,abpu1,,0 8. .ener.a range. from t t o about

154 0‘9() P pT cileyfo nlurngB % of ng%o%"nod) to,abo QB%

0.8 (e.qg., ef er'al |y "Fanges Lo o] 0) 5, nore
preferably fr opn:&hblytfrcﬁh o thaabbat (01 4n<hmdreairtferahhytﬁouﬂeyo tbrabent 8166.Mhe0. 3 t 0

b 0.4. Ge I d 0 b
oo 0.1 Cgepll B 1 SOCP TR o PR SR s g b

prefer abI y f r om&biblytat &aﬁt@b&t 0.0aakd cam St sqmeeefrﬂ:mahheyttsf Pecaricaliabdut 0 Oﬁ o about

0.05. Wthin these.r m af., XK ,.a t about
0. 04 but may rangé gqé'%ﬂfdh S‘ 3 u?"o Iﬁefg{tﬁé’f’mk%oaﬂglﬁﬁgf)?%%?he sum of
i, k and | 20 |hbohBOﬂfpreT&a‘cﬁTplﬁenlt(hﬁmb&ltﬁlﬂldtﬂncfie]ﬂrefmmbl}(ﬁmlhbyb HoB0.05n sone
enbodi ments, Nb an i,tion (wth Co

N i.n.th |
bei ng optional) angnjm Fl&l,t?qnlgﬂc bog%%t étb%ija{a?}%&éjaust 1n$en%8mol§1dea

composition of matter or material having the empirical formula (I1I):
NixA;BxCiO; ().
In formula 11, 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 '



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. for II " K"
and "I'" are each zero, and "A" is Nb or Ta such that the caﬁﬂ%ﬁ“ %@3
material can conprise a conpound having the formula I'V: Ni.NbyTazQ (I1V),
where NI 1S Rigidérsey1 O i s oxygen, and -where "x" ranges frospadabbiat 05 to
about 0.96, 25 "y" ranges fromO to.about 0.8, "z" ranges fromO to about
0.8, "i" is a nunber that satisfies valence requirnents, and the sum of

y" and "z" is at |least about 0.1. In still another enbodi ment, the

cat al yst s can oRilize@fRheSabdnath thit thdemB i idkelghetal brEaAtIba i Willnot be the

Ni QCobNb, T5JSneKj Al zFe 30 In formula V, s c and d are
nunbers great &4 gé’(’ﬂ?&i\&{% IS RIPR5Rt iR En ‘f‘%%’&tpr?fﬁétﬁy B’ff’ép @B?/ﬂﬁ’st one of

b, ¢ and d lsm&zm@eprswamyatmtsa'ya@otve‘lgham:ﬁmrmﬁmblgaﬁadsem%bﬁan or - -
Fqug_ll }A\o ze:o bué {A%sséet?%a orﬁe%tg Oé@ (g'}fh"ﬁ glg ubs ri t@hg and h arF
q ugus ‘ﬂ‘é‘ﬁ?ﬁ giﬂéﬁ an or equa

to ztero PEB |Qﬁﬁpéshﬁ:’l ((la{thm;baingtopn@lapuﬁd JQnaSJ?angaﬂdm alSdubSOS bt a is a nunb_ef-‘
greater an zero bu ess at i Xpres

T e i e 1 - engralty s s rentsiiod: i EPPe od. 1PS5E isily B eoQapPsr es

val ence requi rt@%ﬂi(&i%}fmcﬁ‘éﬁfmyﬂémsﬁcﬁdﬂﬁmdbhﬁofsaﬁdmbﬂprefdﬁﬂalilfrﬁﬂﬁel

catal yot can chanBeG EREoe oot petehr iR SR F 0 Tore of 1 e
af orement i oggdsowyrﬁaopraﬁsamy raf gy (I(MQ‘BSbou&O SQﬁdrdprSfdﬂaﬂg?lﬁfonﬁboﬁra]’(M Ielr The
support is rou 0 typically
rangi ng, W% thP'ﬁIa{“{rﬁf‘“’é‘{ﬁt‘Bﬂ?%ofnr%ﬂ’l‘tg%g ot Wﬁ‘n Ef‘f’eﬁ‘ﬁ% }Nﬁlgnd vvith a

surface area tiryipe@oat sbotieN@iabeut O\H(EQQUISO%) ibﬁtip&ﬁérh‘tmﬁnanée&ﬁmnahﬁuboﬁ m/g to
about 300 mZ/ The ar support Qqr.:carrier not . narrow y
critical, and ‘hﬁmﬁ'@?{‘?@% tlF?f?a g&fﬂoel ang W&pé?ffrgqug%pgéq%hto %‘:‘B?n t he group
consi sting of (509 IWighin BlesRanges, theain 45, k adll wilticadlcaostoar).04 bt anaiya, 15
zirconia, magnesi

zeolites cl ays nong,. ot her or..m.xtures thereof.
Preferred suﬁﬁ‘lﬁ“tﬂsﬁﬁ‘ﬁﬁé?i’%ﬂuéos ﬂﬂ gffli“td?m?"& thg fym. Pnl%ta"délwﬂ}ﬁ%’é or silica.
In some cages,mdbehe 015N6.4 a4 PRDIAINES. fhiséthe dnit@idents, S\Tbtdﬂ&Tﬁaﬂ‘Eﬁmﬂﬁdedne of the
preferred corrponents Al as nor oonag t he

support mat er i 98etHef ’é‘éf‘? CQFB@PS%‘PPQ?E%} é‘é‘;‘i}“gf"(ﬂ‘?ﬂag r"[‘ayé‘f“ge %l cally
active materi ababdu[lo@bhﬁ{ar@&fiﬁﬁ:,oﬂiehﬁste&l&&@@iﬁ)rﬁan be entirely inert to the

20 dehydrogenati on reacti i nter Ti t n| ais a rticul .
preferred support, IhoREPr ﬁe"g‘@”ﬁ%’f“eﬁaﬁ%‘ie E’)?%fr?ﬁ}leée Ptﬁ Erlﬂ‘?ﬁ‘érm al
vendors such aimhid IR Ak DRJWSHa ch zeb @t m’arsdlb or Ta such that the catalyst

20  material can cornprise a compound having the formula I'V:

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

|



Gener al approaches for preparing the nickel catalysts of the present

invention - as supported or unsupported catalysts -- are well known in the
art. Exenplary 25 approaches include, for exanple, sol-gel, £Fé8gwt#i0jing,
spray drying, precipitation, inpregnation, incipient wetness, spray

I npr egnati on, wioaguchange, wet m x/evaporation, dry m X/ gerpsekisg, high
coating, fluid bed coating, bead coating, spin coating, physical vapor :
deposition (sputtering, electron beam évaporation, |aser ablation) and
chem cal vapor deposition, anong others. The particular technical or 30
non-t echni cal tmmthnrscgnamﬁphoyecﬂ!altszmbuma;s ﬂmxb:ycqﬁﬂltdi atoat 0.10asd erred

approaches, inglude, for exa tech recipitation
t echni ques, sol™ Scppt‘ig e er%sa?ér%ggemg&q ?f‘r;f%ﬁ%% @%00/ 04478 -

evapor ati on, - nxpgssat: wet ness and spray dryi ng; armng ot hers. The cat al yst
may take. any suitable formns (e.g., granular, tablets, etc.), as -discussed
in greater detail below According tp_ ?nec\_%xeﬁp %y approach for preparing
a supported nm xed-netal oxide catalyst of the ention, a conposition
conprising each of the desired elenents 5 of the active oxide conponents -
of the catalystineuasion ¥, pebseriggt bis %Wbﬁﬁ]@ﬁﬁahéﬁ?ﬂiﬂmfemuﬁﬁ?@tﬁﬁfﬁweﬂw
conmponrents) canidq i HefBGhuland then optionally calcined to formthe
correspondi ng m xed-netal oxide. The pre-calcination conposition can be
formed, in the firdfemickelea@lystefhednventinds Prpfﬁrahlvmsamoeir&aﬁhest akheg

sol ution, di spedasilyaheanthétbfo fthe? Bbmprish)n &1L I H8 of A6reBRURT Conponent, the
first minor conponent(s), and optionally, the 10 second and/or third ninor

conponent (s). THEHFBIQES 51 EQFRORNIS T COARASEIPES, biPlid s¥ppeR ercarriose ThoWRRUt s a

solid havi ngy theeaBR 4 ﬁJrﬁfs'siéﬁ:oﬁaMﬂQ§p&é sisetGpiddl &éﬁgﬁa%m&gﬂﬁﬁlﬁémnf or
exanpl e, by belnglrrpre nated i nto, situated on, formed in-situ with the

support or carimpbqu 2&“‘ to gbaut J0Ramsng with @)ﬁ“’@?ﬁ %@ﬂ ty@@ﬁliyawmsa‘e’ﬁw For

exanpl e, a pre-gakfion bR Boout S HPRI auoqmobmgeq‘haﬁar@cuﬁaebwpb@er&h&l spersi on
can be inpregnated_ into or onto _the 15 sup {oort and dried

Alternativel y, PrEIEAIRIRATIER catlerbiin gl ﬂé?:s'tyéf@mﬁﬁ a@aatﬁrﬁbseleﬁ'feécu pit at ed,

recovered and tH&H 1Kl 46t cofsiMn@ o€ 8li& NAhin®ReslRd, 2GRk Bnfage! | €d) toO
formthe corresponding solid conposition. In any case, pre-cal cination

conposi ti ond’ cAONE Bagmessinizeditesaad plays. gaong othelsearrmyyres topees | Brefared g

drive off sol veahsdrt mEfeﬁm@Hcﬁﬂe Bi2Bin CAC6Hi4) 8l R oggﬁ&OMdn%ase@fwﬁe?@me
i nvention can conpri se, 20 alternatively COﬂSI st- essentially o a -

conpound repr es%’ﬁ?%mﬁgf’“ﬂd??}ﬁ}séhq sapge appne AhBp prsfered gpmpopentsgie:, s"*lxché'?reof

where "x", "A" Alﬁa:mmg} comp%nent), e s@pert nﬁtenﬁ'it@elﬁﬁmfﬁ&lﬁﬁrfﬂaﬂﬁg abgwe 25 in
connection with the preferred m xed-oxjde catal yst of fornula F A :

particul arly prBesstplytically activgmatanigl Inpthe sHpodicetnpart srbecstisshy isat toghe

al ternativeby C@éﬁ?ﬂééenaﬁ10ﬁ§§&ﬁh'oﬁini:echprltaﬁa gqrﬁaﬁuﬁlﬁwﬁ%ﬁmbﬁ b Formul a
I'l-B: leleTako La Sb K (1
an be obtamed 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



or salts thereof, where "x", "j", 'k,', "La*", " r", "s", B "t", "u", "v" and
"W' are each as defined above in connection mnth the preferred m xed-oxi de
catalyst of formula Il. Ib 21 August 2003 WO 00/ 48971 PCT/ USBbASa%I & 0Fhe
preferred pre-calcination conpositions can be in a liquid state (e.g.

sol ution, digspghaten, slurry or sal)-or a solid state. C}@ﬁﬁmﬁk@ﬁgrred

pre- cal ci nation conpositions of the.invention can conpri se,

alternatively consist essentially of, a conpound represented by Fornula

III-B 5 Ni.A3B&x or salts thereof, where "x", "A", "B", "C', "j", "k" and
"1" are each & &&foh,riﬁ*&blé}{a%eesslmm @%@%ﬁﬁ %oﬁgf&meré heeea@fye&ﬁseaﬁe xed- oxi de
cat al yst of Forrrula [11. Aparticularly 1 erred pre-calci natlon ‘

conposi ti on cAEK SHBAY s (e.Hreramiap tablas, ¢ed s éeﬁeffétm ereglesdatail balow. of | a
conmpound represen pgg\l@gg};g . B 15 or
salts thereof, V\hg‘ré&ebr&g% IE%Fweﬁl’er}BapPMh@% §|§ Q@dp{’{téﬁ I&F&B m&%}, ) nd "w'
are each as QricHalystable ivERioB ARIBRPSIAD C\RF’PHS“@&%‘C}}!)P@PG Flﬁseféd Rlemspts OXI de
catal yst of fieitive\oxide I&ﬁﬁjdﬂéﬁi &fﬂﬁ&qta%qz £.h6 bARE b@ApsHRANAG h NS can be

inaliquid state (e.qg. ution di spersion, slurry or sol) or a solid.
state. Accor dP‘PF@W‘%S’%‘P@%@FﬁGEP‘?@%WH&ﬂf’h’@'ﬁ%‘f"@f‘?“é’do&@ @l ci nation 20
conposi tion, &akdpdndig hited iﬁ@tralé%ﬂﬁ ehepreRkISinA R csﬁﬁé;mr&ctaagemﬁlea%sol ution
or liquid dlsper5|on t her eof precursor sol utions"). The metal salt
precur sor sol e fiigstance orefa@w&ﬂpm lauid strisAs @ selhon Aisprssiony it as sely pi cal |y -

i ncl ude met a'bf&hb&ﬂ:%tﬂ!:ﬁi]o&@h&?&rﬁﬁﬂ, 9B §irst ﬁlﬁioeedrﬁ%nédt@maﬂa bptfin8Ry, tRcet at es,
oxal ates, and hali des, anon The netal_ salt precursor ’sol utions

rs.
can also B (ﬁc&%i‘ﬁla@d/%rdhltﬁ1F“6‘ﬁ"s°°6’tp°%eﬁi($)gEF%PYE'GFFEPF%Q“W@I“@&%WWA}I‘WZ5 cations

and count eri ofSornd a¥idlid A8vif e fare QUM VB AR 8f € vaious aérhﬁaﬂe&e%r Wen

hal ides are used as a counterion, the‘resulting catalyst is preferably
subsequent | y PPRBlEdY beips ERRFEREley inftq, sigtated QG SQREIER frysiteViEethe RPPRR T de.
Particul arly gQoeleld ach sadifittidddr siigel abbroaci¥), FéRex@RPlels pletalcitti@on f OF
exanpl e, nickel ni trat e, titanium oxalate, njobium oxalate, tantalum

oxal ate, and PmPeBHiATILAF asutionEdisRersion A beimpsgrated B eT thean t hen be

30 i npregnpat eﬂ]p{)d}t Qmﬂhéml@ié@rkhen%@&?rp?@l:aYcu@attBh kMo of Hidp&tibn caid¥e Vol ume of
m xed- net al t solutions used for i npregnating the catal yst will depend

on the pore vEFdpitedsreeqyered sr@ﬁberdp aﬁwc-eéﬁn%twus e he FurRgEEcteBif about 0.1

to about 2, pfgheeabhs éﬂdﬁ?s@lﬂfﬁéhp@mtﬂom tParAtR4d pr@:—cﬁl’cﬂﬁt%rf SengdSikiSnsvOl une
t her eof . The pH is preFera é mai nt ai ned at about. 2 21 August 2003-WD

00148971 PCT/ t3800,rthawig tiegedissu beated) flosisdilag: y?tdfﬁvﬁﬁﬁéalﬂé‘%t@d support can
then be. dried, preatgtahlye dlcida@sifositions of the invention can comprise, or

20  altemnatively consist essentially of, a compound represented by Formula I-B:

NixA.ByCe (I-B),

or salts thereof, where “x”, “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 thCI'COf WhCi'C “x” “ ” “k” GLLa*ﬂ “r‘): L, ” E1T% L) “u‘):’ “V” and (13 3 are each aS

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

b



pressure (i.e., under vacuunm), at a tenperature ranging fromabout 20 'Cto
about 100 ' C fora period of time ranging fromabout 5 mnutes to about
hours to forma sem solid or solid pre-calcination conposi t PhAugust 20
According to an alternative approach, various aqueous sol utions conprised
of water-solyhl tal precursors can be conbined in prop I tric
ratios to obtgular?&ag@nbl ned sol utions. (or m xtures) having g&s’}\gﬂgﬁ%t al
conpositions. Water can be separated fromthe netal -salt conpeonents of the
conbi ned solutions (or m xtures) by Ilyophilization, precipitation and/or
evaporation. - Ly@phklcires aeqmcgneé&rc%m%ﬂuéane%mnsh meta{e@g' L Xt ure
(e.g., under liqu ogen l'acing the mxtufe in a high
-vacuum so thatdlsphﬁommo(@@é)f%@!ﬂﬁt&ﬁ@s | eaving behind mixtures of dry
metal  precursors..&hegh, %&é&%r@@ai&ﬁit%h%o&?os&%ﬂ@& L A0erfth? 50 GehidELA! 1ons
by addi ng one or nore chem cal reagents recipitate spari ngly
sol ubl e salts afternatielyponsist ¢seamtially ofy) & gormprawl cepresens osmplglgi:ovi de i ons
that shift isonic equilibriumto favor 15 fornation of insoluble metal salts
(conmon ion effect), or may bind with netal iogs to formuncharged, )

i nsol ubl e coordination conpoulgBi€onpl exat i on}: (IIITB)ade tion, such
reagents nay oxidize or reduce netal ions to formionic species that
produce insoluble salts. O her precipitation nechanisns include

hydrol ysis, i nonfaltetherepl ghere{¥ns ’r’:e“&” “Gili ‘T “Waandr' T ane eash apiafivehaove! a weak
base to form igsalLbkig, Wik Hle piddbred mifdd- Gl AdHFbIAR B ﬁg%&ﬁaﬁﬁ g, -
al cohol s) that affect the polparlty of the solvent. Regardless of the .
particul ar Wecreirsdprecdslcingtien sommogitien eanicompriseeqraitemativelyroonsisthe r enmi ni ng
sol ution by flregent&g?gf b batghdbd tdpRescitldth/ IRRuaRde L hen decanting the
supernatant; residual Wwater can be renoved by evaporation of water fromthe
precipitates to forma sem-solid or solid pre-calcination corrp05| tion.
Evaporation refers to renoviigGob.8hSn, Alby heati ngyagd/ or under vacuumto
forma sem-sold or solid pre-calcinati corrp05| t| on. The solid

pre-cal ci nati on conposition can be caIC|ned according to nethods known in

the art. Cajoi nali@herBfdnkicoRs Ppaf-aliectot Ao EHrYidValiknt B SBLAI ST,
and can be optinzed by a person of 'skil’l " in thé aft, particularly in

connection wi t Hefined abqviedniforneation with hoynsefersadmised-oxidnrcatahit of fomris) ogenat i on
reaction condi tjaRs fendhiel ARiHa6h éo?nposﬂ%ﬁsQQdJBe &Iam&mtsta&rte 2Ps&hgsRab! y

effected at tenperatures ranging from about ut 1000 ' C, still
preferably fro %E%GB:SQ’SUOCS orgsolid stge0 C, yet preferably from about 250
' C to about 500 ' C, sgndy; ;%{?%né’ﬁfeﬁl%&?o@'fdhnﬁd@ﬂéﬁ@fé&&d@r@@al&%@or@bom 400 '8 21
August 2003 WD 00/ 48971 / US00/ 04478 C sone enbodi nents, it is

preferably 2or compesitivas jabnofithe ysions lapengsraeombinsdtefoam grelytien ordisidt 400 C
or |ess, about d?fs}Qrémgﬂfafeok ?%?ecuﬂBrs%ﬂ‘HHﬁs”)?g%x r&m@galé { fi8sor gicadkei nation is

preferably effec ériod of tune nper at ur e
preferably aqueous solutions, and can typlcally mclude 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 :



sufficient to provide the desired netal oxide catalyst conposition.
Typically, 5 calcination is effected for a total, cumulative f)eriod of tine
of at -least about 0.1 hour, typically at |east about 1 hour.2l Angpst2003
preferably ranging up to (or nore than, in some cases), about 24 hours,
preferably up ut 12 hours, with actual calcination t| ndi ng
on terrperaturevtogoc’ggg i ng to approaches known in the art. Cl na@?“gﬁ' :
periods of from1 hour to about 6 hours can be enpl oyed. The cal ci nation 10
environment is preferably an oxidizing enV| ronnment (e g., conprising air or
other - source; QBN e hted ANk 584 L Sh\Vdg onnent .
In the case of Ooslfbﬁglr%!t ca agalrjﬁa?%{%népagxfg tlrton o?lll ‘ﬂ I?@ﬁea gfrrp(r)nents of the
cat al yst can bgresfufedie. swdﬁwacmhat@ummatumangemftqrmboubgﬂ ‘Extoaboitdg0 under
react]on condi b s pbEGRinf )P Roi 3 hiRfes 30 RREL £HoBL o Ghrk 8oded8d] 1O
the catalyst into a react;ton zone, or a?ut er nat |sve%y, can ng fgfugct ed in
situ in the rea@tdl%mlmc@w@mnwmpwwoneact| on. In general t he

cal ci nationgconditig s Wabi¥usHoud A8 sdi@t I(i‘lsgﬁ)gfldl ng on
t he cat al yst5 corrposf%?:lgron an%ﬁgﬁﬁhﬁr o? nat POI’I rm"a((:l%ni3 OI’ISCOI’?gI ti o%

exanpl e, by Ioweter-s;guhlmef@mrefrwm an be eqpplinediin p@pewolunkfmtarabm fa@btaar e o
general ly - cgmﬁﬁrjﬁi é@m&ﬁ’{ (oFRbRkYS hmnge&éaﬁ&ﬁn%l'ééﬂ@éf@on‘éem gggpation at

| ow t enperature wt i gher conversions specificall own in the
exanpl es, a cabearitedifiom themstal-saltgompornepts Qﬂ’thewbﬂfbale@ﬂl@@ys Eﬂfrnabf@m) ®00C gave
general ly | owe RR g ure of
about 300C. Fi Iri1)e gﬂ}_fa‘% fg%deig%&o tﬁtﬁg‘g‘ﬁ‘?‘}c gﬁiﬁ%ﬁpﬁg?%ﬁfbﬁrﬁ%@o formthe
catal yst, tHe r@mmmmcéegcmdath@mmmmbmd %)ﬁndﬁcmm@emtmcnmmh pr oduct
(catal yst) canh ugfseﬁraﬂmw%érgeé F[mnze@qe vmgeo%ﬁeqnﬁﬂq!e%faﬁye?ﬂ to ensure a
consi stent bul k density anong r‘?‘p es and f7or to ensure consi st ent
pressure drop acacwsws. P recipitation refpya tp separatingalisselyed mﬁelrlméwy addiveenssdng can

al so occur, as flis %&%Pre h@%at%ﬁpx@&% ﬁﬁgwo‘iﬁm@;an; Bk Meeidn@n can be
included in a catalys osition g I nactive conponents.
The catal yst méjch ml%m@ﬁ@hfe maﬁ@ﬂdﬁldeuﬂredhatsh} Q@lfgeqmltbalve tpfayogoncentrati on
reduced) wifh Qi Rgess qug!sq{u%fc thQTshid f(br%duﬁﬁémn‘é’ﬁ'b&ﬂ Py KROWRK b fpse of
skill in the art, Inc exanpl e quartz chips,” sand or cenent.

Di | uents may bdo ‘e‘p@d@dcfmged,h@sow!woysimahw @qw@onmg{eormleﬁah@ﬁa &badditian, t o about
30% by vol une, PR 25 % by
vol unme. Pr eferrsgg{ ?J&gét?g&ﬁajﬁlgizgggﬁgﬂv%%é%}%%gn PWU%O/ 044 8 dlEEI: uents can
i mprove the hednsohblesaltst Qiher pecgipitetiaamdchanisgs lﬂﬁ@dﬂaﬁ@ﬂ}y&ﬁmﬂ‘éﬂ%ﬂga}avm d hot
spots or to no lStrength
b the { | cat al e B o L 83 500 by
vol une, preter aht addition Ofmntﬁ by calghols) thah adfgeiube Blariy effbesolwst. Repgrdlgst une.

Useful binders je %'p%‘éuﬁ' Ijnéc%%lﬁﬁ,l the precipitate can be separated from the rernaining
solution by first centrifuging the solutions and then decanting 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



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

conmbi nations thereof See, s e.g., the discussion of suppor25Augiapios

bi nders -and fillers in U S. Patents 5,376,613, 5,780,700 and 4, 250, 346,
each of which_js ]ncorporated herein by reference for all es. The
per cent ages o}‘)oao%%rﬁs of binders, fillers or organics ref e?lrﬁéjg&?%%ﬁerei n.
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
the invention ig I Gibeh€ds i Rt SRPIP L fici ' iLnation ot her
phases may form T emggtﬁlgf)f}snt% o’[“g tal yst c%%g%iﬁo%%ﬁ%&%?%vi ded to a
reaction zone dfmpgratarescaf@hout 4% eC prdessiabputi3§0 ¢ ef lessadylapout 309 Xedrlbwd 1l ow
reactor, but otfheraSHidea? PhctdERE BB dof el ' ch reactors
and fl ow reactors fi(le. g., % ﬁ%%?ﬁzs’t_ede%ed react c?gs e’-aﬂgg%qgrﬁg%&% enpl oyed. -
The catal yst i suificientde atsividereriesigrddndtas) oxide catalpst comepesiiomeTymically, in a fi xed-
bed) as a supPLALihal kil foltHbralTBYM@hRR peldiy dHHRY! ' port ed
catal yst (e.qg., %tg}f K, pe‘?éfegt?zed éatné?yst)p. ‘%qe catog?ﬁggfﬁgt?gﬁgg’any -
form i ncl udi ndvniksliraticast shout } hougrand preforablyyanging wp toforanarh dpadngenal yst,
such as tabl et $aselyi H38e 2480uk) GRFSablySipAb Shout P2 hdulDGfn BAG SSicinSitliglat es,
etc., each of vv?lsicc)h_ are knomﬁgl'?o t Hose ofousgziﬁupgl’)n t E@é??gn%r exanpl e,
the shaping of deprading e tamperpturs eqspidingdo enprasclsiskneyn imdlye dse Godgindtien out by
conpact i on (f orefyRPEEmt IR LI Bt 8o Lirt dibloylh e Blicifidofout a prior
kneading step, " I f necessary with addition of “conventional auxiliaries
(e.g., graptit éngronmertds prefasiilvianpxidizingenyisprmentfe. 4. ¢owpdsing 4y or athert he case
of unsupported sg.ﬁ%@émlécma&taﬁy AYBACLah oy O ¥fifcrd B ir6mnde Siy e85 A yst

geonetry directly. Hollow cylln ers may have an externa Iameter. and

l'ength of fromigeregleiptipmogidation Qﬁﬁ}ﬂlmqf%icmsw ofthe eatalyst candefiaeted in
General |y, the gy qfnglid Radon Hyhddidih GAERERYLA QAIBLR HBY chEnaRaPred
either before or after the cal ¢ination. This can be carried out, for
exanpl e, by corat braffealgd orionfeilasding ghercnialystinteaueastioyedone, or sltcregtively, can

cal ci nati onjsanq,capgly iHsztJ;fntﬂ@rch&ﬁﬁtzoxé‘ﬁﬁg%tﬂfexfe&ti&{.Oduce coated 30

catal ysts. As discussed in greater detall below co-catalysts can also be
provided to the .r&resmpieh thegalsinatiosrenditonswin fechibe exividy gkthe eftalyte present
| nvention (i N <RRAKRES: BIASEROomeda kol BLBALEESHof RbaloK R IROFLL [ ON)
21 August 2003 007r48971 P /‘US(5)0/_04478 An al’kane or other reactant tq be
dehydr ogenat ed &mpe.dvilereingdhe wisineertempeatueoNeNbTaphidey asagenstalizont ai ni ng
the catalyst. Typb ek YordadiyRing bALx¥ati{d Hehy HEINAQ ACRR LA AHRSHHAL €
reactant is provided to the'reaction zone as a gas or In a gaseous state..
Li qui d r eactanthghsegpnpersipag oks specifiqslly photide the grrinpisyd edainatinpiomperaturg t he

art and entrai ngoyig,da @MEMaﬁ&ftQ@(?Wav@&ﬁ@rgﬁlﬂfo%woﬁ;cr%ﬂn_ﬂ(?n aldt@ARSofan be

substituted or unsubstituted. The al kane Ts preferab
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 - -



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 havi n9 fro% to 4
carbon atons (a "C2 to C4 al kane") or a substituted C2 to 3
Preferred C2 to C6 al kane reactants include 10 ethane, propane,

i sopropanol , wiydadbeane, isobutane, and isopentane, wth ethaRgubRligs
particularly preferred. The oxidative dehydrogenation reaction for -
conversion of ethane to ethylene is representative: C2H6 + %92 -) C2144 + .
H20 15 The correspondi ng:- al kenes for other preferred C2 to C4 al kanes

i ncl ude pr opyldénents dah iraprops thphewe jemoxelair hae n(aﬁsfermfiﬂmpra@paamlcl)a av&udlhut ene
and/ or 2-butene from i.sobut e arryl enes

) e ane) , -
(from i sopent 8Re}, org ffggﬁtsgé}g Bmﬁ?r&\g%‘}efaeéfpg ‘bﬂa °a| kanes
i ncl ude hal i demlybmahuyeela&azd im%ngewﬁ&ﬁammorpb% by%h.mhe ﬁf&t@ﬁblﬁiﬁ can- be

oxi datively d dro ate i tal ysts CI’I ed
herein to ?orﬁF%/ e\%&%\?fn ai’ﬂﬁtl% t?g%‘mtg? %613' éﬁu‘{l%eﬁsﬁ}%&‘glﬁ?ﬁ} ’Bﬁsq _
descri bed and silicerghinifia, dthxrptabmas Edrth, hyﬂratecbﬁfuaﬂiaj @mna\mmﬁnﬁeﬂuﬁ:@genat i on of
t he aforenenti Qn al kane droge n of her . al.kanes the '
catal ysts and P%B? B D %l‘“f@*g ‘a%ﬁéqagﬁ ﬁfrgf&‘t ‘EOEWHI&& o‘ﬁeriés .
W thin the scape tbfditdnssionnfeuipons) shdped, bmdanmh@ﬁllﬁyﬁaltmbemm 5,376, 616 _

oxi dat i vel ver, t i ckel t he i.nv ntion to
form benze%e dﬁ?@&&é@%}fﬁfﬁj‘@ tk%p"‘%ﬂgéhlglnﬂf?fp?r%%qé yn‘?g?ﬁrﬁcﬁﬁor n al so be
used for dehycbqu:easatl‘hﬂgcroetnhgcs orla;adnms:aflﬁmdbrsﬁba*sbﬁ:brg&ucsﬁﬁﬁhem&) lekdienes,  to
one or rogenat. o r,od dr nat i on of ene to
Pormn but i R e Sl e Bk brcalo i Ros THE SEFPRR 30t Blentlet

i soprene are axeﬂgﬂyawmev&aombhedauﬂbnmd@mﬁomcowhdlemeﬁxﬁ;ehﬂitﬁuﬁﬁaCt| on zone of
t he reactor contai

at al dant is.preferably a gaseous
oxi dant, but ‘EH"H sgogeﬁ%?‘ﬂ% HREC g Wf‘tbo g‘)’ﬁ h?‘ffs By %"EDI i d-state oxi dant.
The gaseous oxi danfThe satﬂysaﬁmaamsycdmﬁoemuh BIproidegen a reationfagelst a w2@fa. WO
00/ 48971 PCT/ 0/ 04478 dté ided as o as or gs..an
oxygen- cont ai %ﬁeaﬁﬁgls pf%gr &yge‘ﬁfh‘%&ﬁ} Teﬁftﬁrgg‘&é’é egﬂlr'\ta é('?ﬁ‘gnS)?ygen or
air that has Bedadish Batthaehcwird dnddlver reactdr® (e, | m&dlted }:@&&&Btoﬁ;l)le halﬁslscm)et rogen.
Q her gaseous oxi da 0 be i
oxi dat Lve. deny e i sTEFR AT SO RroRedS B Bl e fof aneifiiet <
oxi datively 5 wehasdrsosrenad ethlysn tutweapillasbepibriatd Blas anuppaied@agBseLous
oxi dant during th tion e. usi.ng a lid X|da the oxi dant . nmay
be peri odi cal P(ﬁ gﬂgﬁgﬁﬁngﬁcﬁm([%ﬁtf fbs m%}ysgﬁlé'?’ ?‘%ﬁim@’a q‘c‘%'lﬂg % t he
cat al yst fr omsplig grasdet pﬂl&tsbﬂﬁlﬂua@éd dmyalyseg;eﬂeersaihlélg nhﬁte cylindem) sf@k, in situ in
t he reactign zone rrn bet wegen, reacti on runs). . sequence of ‘
provi di ng the T4F4 %I'Se[s ’&Egﬁ?a‘ﬁf R oLYRigh A kpgve Wetﬁ?s)ggg%%gw t?‘g aone is not
critical. Typikalekampld, fte shafigl offie riktups Ofstlitk dothpadiaing gy kofantal didbed
above, - . . . . . . .
compaction (for example tableting or extrusion) with or without a prior kneading step,
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 compaciion 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



even fornmed in situ in the reaction vessel froma pre-cal cination
conposition), and the al kane gas and oxi dant gas are provided
'subsequently -- either together as a m xed gas through a c Ohfrierst 293
line, or alternatively, separately, but sinultaneously, through different
feed lines. In general, the sinultaneous supply of al kane an&{sgaseous 15
oxi dant to teOP¥E¥Ri on zone is referred to as "co-feed" _rpé:J Y¥&8 of the
particular feed configuration enployed. The anmobunt of catal yst | oaded to-
the reaction zone of the reactor, together with the relative anounts of

al kane (or other reactant) -and oxjdan Lovi ded to the i . zone, can
vary, and are pref e‘&éﬂ'ﬁ?‘e%ﬂ Fdl c%aaaﬁf)%f:g%thinFna\t/ﬁdfsr'Pr?‘g%% |g$1erg%rt11 itions, as
20 di scussed bedmwf thetreactef émedinitgdibe ctdiystir Dypdently rotprefemblyi e wi t h favorabl e
and industrially. attractive perforpance.characteristics. |1n geperal, . the
catal yst | oadi ﬂﬂ%’f}‘i?ger’taﬁ%“ Sf”éi\t&"’?‘i%&n&?o‘ﬁ RNIGeE %vtg? e lé)ﬁté%n ing g(%Sngrtlﬁg ‘type ‘of
reactor, the sgz®eofstateh@iquidrbdtons cag berespotited by arethod andiievices ladowstn requi red
contact tinmes, ,and/ 0‘5 t he gesi red anpunt . W rates of reactants and/ or

or fl.o
products. The H5<E10? EPERmsH At BFVM W5AE obP= 8T REF 25 reactant and oxi dant |
can |likew se vary, Teptad: g besibstnied pr osubsietélf dhe aleateiipprettrabhsant or s, - and

can be optim zed by persons, of skill, in,t 13550, i . esk

per f or nance. Iﬁ&ﬁ‘é%@plgg%‘){n%\%rﬁ cgrﬁléf’%%tﬂ?ggaonééoﬂt??#ag%ﬂg{%e%&gt@%gl_c‘?% %the
extent of overlaixd, el preferablyrad aikrerheviog Epmi2ety d carthorgdiens Gl ‘KateCsel ectivity.
Such | ower oxidant .. concentratiqns, [ ) ect the
al kane conver sifoh™® ):%rra %%t%%%%/%ﬁgl 6?1&%%@}35%%%@%3508% %alﬁg#ggﬁgﬁl;%naﬂl%l ecul ar
oxygen, f orioexathahe probire, ismiraganoly mbutanepisotetdna,rad isopantine ovithegthass Pejes,

C2H6: 02, in the reaction.zo I i f tQ fhe.: i.An. e) can
range from abodftf" irthf %-efg%%frh él%?ia?ﬁf)?%?‘é%g%ﬁﬁowﬁ %%oéﬁ)ggéﬁ‘%gi&?og _ about

40: 1, nore pr efedradib\tilcoaisalpestni®6e34 t 0- about 20: 1, and nost preferably
from 21 August 2003 WD 00/ 48971 PCT/ US00/ 04478 EM.: EL493560156US/ Docket
No.: 98-25CI P 1(PCT) about 5:1 to about 20:1. In some particularly
preferred enbodi ments - such as whel@ls +idi>-GHagé.@eact ors are enpl oyed,
as di scussed below - the C2H6: 02 ratio can preferably range from about 5:1
to about 40%1, and preferably fromabout 5:1 to about 15:1, or

al ternatively, Theeoir@baidingkiketestfor @lizoptef@@d C; toftxralktahes indwdearepybame of gaseous

5 al kanes such as ethane with | ecul ar ) e relative

anounts of re f’grﬁ(’pgﬂ%’ EARGE Oméﬁoﬁroé’la?ogj’(%gﬁ ?’\%%ngf °Bg)5§{%§!r’ glsosn?ag in terns of
vol ume per cent agese), Robutaacfran isbaeahe), fisramylenesdfrbmaésbponaneh@dd sopreaggur at i on)
of in the reactjon zon regardl es f -1 € ' 0 with

nol ecul ar oxyg e%?%‘?%’ﬁ%{%ﬁ‘t‘flgé’atﬁ&ﬁﬁ%m%egénr%ﬁﬁ%%%@? S‘%%g&g?&?{lg& gf)'g%{r 50 % by

vol ume, preber adxlayplier «tipl aliiotide dan Be o ativelp Behytirogenatdd byind hevatlyste andand t he

al kane preferably,r i ng forom ahout, 50. % .about 99 % by vol une, ~ and
pref erably fron’i“éﬂ%‘%gg%ﬁg b tﬁgﬁrfntgﬁv@/gfﬁbg\?g?'une. The amount of nol ecul ar

Alﬁlough the present invention is described and exemplified 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 rfaaction zone‘of the reactor containing fhe -
" 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



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 19 %to %gut 99
% by 'volune, and preferably from about 80%to about 99% by L olaht

Fl ammability lim-ts should 15 be observed for safety reasons. Qher

mat eri al s may ¥ 88345t provided to the reacti on zone. For exeripsaoodshe
reactor feed can also include diluents such as nitrogen, argon or carbon .
di oxi de. For sonme reactions, and/or for sone enbodi nments, discussed in
greater detail %ﬁ OV\{,é the,-ﬁ;eact or feed may conprise water vapor, or
amounts of var i BUS3 RERIPY 5 35,08 URROLE8S Preas gn oxymgn-gpritainiag se dhe axyget hy| ene,
propyl ene or buoffRedg gas cdl ke A, kedgzalst amﬁatgmemhﬂeg ‘figrgc&ne%%%%%e& he

catalyst in a reactiqgn zone of a reactor under contr reaction
condi tions, andEXHREDRIHEPEEE QLRyIAseRYs Axidens. sushrsNe® of NOx croralsedbpasdi ng -

al kene(s) . W t Hatic dilange dayidpdhuiisveniiotn. Bs@bkanen BRAARIS RS aGAt 2l YS!
en g

in the presence, pf . t he axidant _and, i s dehydrogenat ed, ydrogen at ons 25
7 B i

combine with a &%@Ha"fz‘ﬁ( ¢ frbstantiah ahvenaeof p grspeusieaidensidpbngibactactipnal kene( s)

and’ water as r(egcusinfa olAREaS), kOB Bé’f‘e?@ £ t trate,
gaseous oxi dant .a(Pd catgl:qé%%ngc)n occur,m]?%r €3 a‘g;plg,r[e%g&%é{fﬁ %ﬁ%@vof the

feed gasses pad$Bedifally s f GRiRst f1qm theyeastion zerer by ragheerdting ¢ bed
catal yst and/ orcamlef in3it BXRORESioR YbhA@E:Y ortirbﬁgtwgétr@:loﬁg%mnéhe contact tine
p

(or residence ti rre),r an vary, .and _can be optim zed by rsons of skill
inthe art. Cenerall ;‘? seqhenchirt providingiths qatadish Feactewsndiexidanit togthe wagtionange

from about @. 1 zeecionekcrtiealaliopibalb0 s @EaRASs pBRGeh SiRRAD Y o RN A0Qut 0.5
seconds to _about seconds, Wthout limtation, the gas space velotity SV

in the vapor pif¥SHOmREHEs{iR hetsastionyesselfnm apewelcnaton dompositiadcnt 40, 000
I hr, preferabl wiahogasah@®ukidd Pas 22d pdvEdtub D S 1JSD0/ 04478
/hr to about 6,000./hr, anld mg)a[lse pIr)eferat;ll %P%élg)ggg%ﬁ%g%rgg%%%%ﬁout
2,000 /hr. | nefrougiaqeguyondssd line, oraligmativelyy separataly, butsirultintously,throgels t o

adj ust. the spadéferalt @zt liies. Th@enerd 8NPSHAkANEusRNhI tea&ziH e reaction
zone can |likew se vary, and can |Likew se be Sogi%biﬁze %%n g?etsogsns of skill

in the art.w K5 ¢ figireastionsgone isteferredives Aeqsfoed Begnrdiess 0Btk patiangeeed r om
about 200 C t o caffiptutatiof@mployer € preferably fromabout 200 C to about 400
C, even nore prefer%EI fromabut 250 C to about 400 C, still nore - .
preferably from about® ngok Glalysbieaded o the reagiinn 2pnt ofithe reagierefogethdyiwithf r om

about 275" C t 0 tedremtive¥dioufs oR BlaiBSE otH&_%@a%Eaﬂ? hﬁéd {;{ei@r?glegrgﬁﬂéd %(Z)t}% r%chon about

300 T. In one enbodi nent of the invention, ure €% eact i on
zone during th&H0 HehParuhEnaictesthly emeellesh- fogethar afitbreastign eooditions, hsed t o be

| ess than aioudisé@ed t@low;tcdifeeﬁégé ila}%xmg&ﬁﬁo&#&Qdﬁoﬁ‘mgt&v%?le'a% and nost

preferably |ess c{ han about, 300 ane oxidative ogenation is an
exot hermi ¢ r eaBtUgiHallatRS e Berlrmancs gharaqteristi¢se It gengrelotk icatglyst dadingao achi eved

\L/'\?i ng nethods kiaesttibMzdR8yiRNiny depinliihgiol %eft%e o@ﬁ%&gl‘, ?16 siZe3PHk lnc%ct\f\ént h steam
thout limtation, the reaction pressure can range’from
zone, the form of the catalyst,_ required contact times, and/or the desired amount or
flow-rates of reactants and/or products. The absoh-.ltc 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
- ovér-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 a-lbout 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



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, catal yst

| oadi hg, and reaction conditions are preferably controlled,ziﬁﬂgv amﬁlly
and col I'ectively anong the various possible pernutations, to achieve a
reaction perfornaﬂée that is suitable for industrial 20 apptishhbans. Mre
specifically, WORES  kane and oxi dant feeds, catal yst l'oading and reaction

dit trolled h t dehydr ¢ ted to it
Con L one o SRS Oh s PHE e I A Senyer pgenared Lo (s
preferably at ﬁﬁl% t@?&%zolpofﬁls@rﬁ@lpéﬁ'c@dr r?&'cﬁﬁfohfiﬂehﬁé—@ﬁclﬁds\dh&aﬂ about
70% and prefer Iy at | east about 75% ? the cata sts and process
q .

di scl osed herelmvlﬂﬁth@TaWEﬁﬂP@)‘FéldasﬁcPﬁ%? rdioc#h pe

control led to ?x?%%r?éffraﬁ &Q&H%o%t @y 19 kbt 4b; M&Hpaalf&aﬁly&bm ab@iit8att@Ebouhan 15%
and nore prefera east about 20% or 2%her nd to achl eve-a

sel ectivity for15t1h@' alipraatislyofromabeud 48 to3haut 206 CRpvErYRIPE G 8094

preferably af 835t sRBONkmAe ﬁﬁ?&l&l@éulatr Bﬁy}eﬁ@wxa&ﬁég h8 kdldtive BRGtsUTES er abl Y.
at | east about or greater than about ‘and . nost preferably at |east -

about or great gfactanand axidut Cwl%“a%‘(FIW%%PWSSQWtVBII“méPFS ntageHPect i vity

i s substantial |y &ﬁ%@?ﬁ%ﬁkd-@é‘ed e&fe&@e&{ﬂgﬂmﬁe{) orﬁﬂﬂEr@EﬁlﬁQbﬁH{ng&d]csle
August 2003 WO 00/ 48971 PCT/ US00/ 04478 As used @ﬁymglflﬁgfnv sion"refers

to the percent ﬁ@ﬁd%%ﬂﬁtwﬂfm&?%ﬂmé’wﬁfwmﬂ @ on zone
that is convertgghof @ 16&1t30% BF ML, §sefe%ﬂ§ﬂyﬁ&ﬂa$bﬁt0©¥%ﬁ5a5@ﬂ3a%ﬁ}0||0WS The
nol ar al kane- eqU| val ent sum (car bon” basi s al_ | 238 §Jll8'al ﬂ;

products, extl Ul udehe alkans pestsrsbly 1Hasips plﬂ@h‘{uth/e X g YO x 10
42-1 Mol es’ ot &h'ﬁ?c?&aulgﬂﬁ&&i%b&@a&%t@%dﬁkwWt@rvomechhh&nbﬂdofﬂokaﬁrcat al yst
in the reactor As use

erein sel ectivit efficjency), or
equi val ent |y, WK@H@OWB’@F’%HW&%&O‘F‘@P%‘F@ 0[10/( for?Z’C‘B@cy\ﬂ??i‘ae 8fan 8 anount
of converted al kaRg: driaik@ne mérhfferaiprpe m&p@uﬂtm)%&&lﬂfoum%wruhﬁﬂ to the

specifically desired al kene product, and can be expressed as. f.ol Mol es
of desired al ke#d ppriesehis Eem e %Qéltfé%ttom%/ab%mi%e \Flarmm G508 T M

15 beobserved for safety reasons.

Other materials may also be provided to the reaction zone. For example, the
reactor feed can also include diluents such as nitrogen., Iargon- or carbon dioxide. For
some reactions, aﬁd/or for some embodiments, discussed in greater detail below, the
reactor feed may comprise water vapor, or amounts of various reaction products (eg.

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



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

car bon-cont ai ni ng products, excluding the alkane in the effgﬁgnt. %'I/'& se
expressions are the theoretical expressions for selectivity YEBheersi on.
Sinplified formul as have been used in the exanples herein, and may be used
by those of skWPpo4ssvlthe art for al kane oxydehydrogenation pegokdoanss Wher e
CX2 is the primary 25 side product --- for exanple, where the only products
observed in the ethane oxidative dehydrogenation (using an ethane and

nol ecul ar oxygen gas feed) are ethylene and carbon dioxide. In such cases,
the sinplified ﬂB?Wat& %mwﬂdﬁablsfﬂdeDmo%ﬂ@abouﬂﬁﬁbm thR! es of
al kene + ((nole 49) 42) nol e al kane The si nplified-
fornula for %sg?sgi)t%s?)tpg%dgi‘fg?gsle e%t%ld\}/lgl{uiigg‘asi?)@%tﬁ’fﬁﬁlcéée lemty. Bhe

al kene)/ (nol es Wpélﬂk‘mdprf(sﬁmp’é@emacmz@mcmldoewtke)réx?)ahh caMiRRikBe al kane
i's ethane or pregRaRsgsd e roduc ossi ble, and the
cal cul ations are_strai gh%é?%?\%asg%hx%% %It}?i)ﬁlgluggaqoﬁe a‘iewa aurdonever,. t he
de hydr ogenat f onPrefsrablyagzes fpmmbowtiA908E tonalost 560 °C, inuie@ﬁ’@eralﬂy Boh QB&u 960

, 3-but adi ene.  Ihigspoudk A0 U LA atl t he er cent ages
for sel ectivity and conver&i on%n%g?)gé@é@ggﬁ c}famr#sga(g &SOW&P% Q}fs ifhese .
but ane dehydr og@REPFEwHaY Hamebgut 250EC 1 Bost 3 Coland/yeninge gref@ivl fonsi de
catal ysts of thgoRiasetio dugueidisiopn L Eha Jor mance
advant ages as conpar ed {0 current ari?i u‘%ltE relg %’yyﬁ%gg?“égﬁr Eve ays 300Ca) yst s.
For exanpl e, th]é‘oé%lf"all’%ﬂ@tSfﬂlﬁh@fﬁhmﬂleltmmeméﬂmlréacﬁdn 288 dHring 10% ~5.
21 August 20693 R AZDL T RGIA HSROL rsion with about a 90%
selectivity, asaécgtl)ngé t?) ab out§Q %(%g%tgoceﬁgé?oo% lﬁst&ﬁm Q" 89 el ect i vi ty
of the curreént -FHEE rl‘?sémayﬂ‘?%é% ghendinoeimmeftrably lesMbteaboat 300PBE Alkane
space=t1re vi el ckiauh @xsdohanech Qi BieARALEbEShA DO L% Lyent | o
catal ysts in | abordtory-scal e equipnment Is ab pr oduced
per mB8 of cat al§engsan P@Wed“ahgmﬁﬁhpdﬂ/lewnmmhaa 1ﬁamdiz(g’foﬂéxaa;@n:ut ten
(10) as conpar egoki WM mhoNARARGA! The ni ckel
oxi de / ni xed- met aII(g oxi de catal ysts ag% tﬁééy%%tgogé’nffsmmcaé’ﬁﬂ%#"ﬁ‘re st abl e
with respect’ t&“ﬂ%ﬁ%ﬁcé’%ﬁﬁ? twoab?quw,tayd preferghdy faogaysinaebonartacioabhgt i Cs.
Stability of th@watal yst is denonstrated by lifetine testing, in which a
C2 to ¢4 alkane 10 _or a substituted C2 to C4 al kane and a gaseous oxi.dant
are co-fed to a reaéh§ @Htliﬁ)ﬁbﬂe@@ﬁpﬂﬂwtfg:ds,hetabra!tlaidp@, andhiedcBordBinaEidhsNi NY
the reaction zomepré@aslylhfrdtidl ahyiSidhal ranging from about 200
'C to about SOOP@pC, prgferab from %‘@{)agfltcgfg%%% t@ ‘%‘P ';9455;6’53‘ ¢ and nore
preferably frof*EHRICIS 530"“3*1@"? & TeRgU peBfoOndfice takis atk:tahlla éor industrial

20  applications. More specifically, the alkane and oxidant feeds, catalyst loading and

reaction conditions are controlled such that the alkane is dehydrogenated to its
corresponding alkene(s) with an alkane conversion of at least about 5%, preferably at
least about 10%, and an alkene selectivity of at least about 70%, and preferably at
least about 75%. Using the catalysts 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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is contacted with the catalyst in the presence of the gaseous oxidant to
dehydrogenate 15 the al kane and to formthe correspondi ng al kene. The
al kene, unreacted al kane and unreacted gaseous oxi dant are éigﬁﬁ§f@w3or
ot herw se reaned fromthe reaction zone. The steps of co-feeding the
reactants, g¥dro% nati ng the al kane, and exhausting the aIkene .and
unreacted rea hre effected for. a cumul ative reaction® 1&@??%&30f not
| ess -t han 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 about 1000 h and rmst,, efe 0 out 2000
nours. Tn  conmer ci & T e S ERaT aBlsT I deteofiel: of i Smaplpr B0, 0
preferably st abhﬁucfed)to tht rdaedst zonathaus cd‘:ﬂétt’hdhmmtsm pa:tddctm@caplbef erabl y at

| east about 8000 hou r?l nificantly, the ni ckel cont aining m xed met al

e

oxi de catal yst O the J?es At 25 in '?ert ﬁtts AhSehest i vely
converting al kane to the correspondi n&-aﬁ _cn ﬁuduégetfn ane to
ethyl ene) ewen in the presence of subgt.apt] oF arken ol efin.
(e.g., ethylene) |%ct,1t&emrnexggt| 0%ONe. pec v. the al kane can be
oxi dati vel y dehydrogenat ed to rm t he s:)ndlgl alkene in.the -
reaction zone - even when the reaction %iy il r%‘ESWFespondl ng
al kene in a nolar concentration of at 30" eetsée about? /<'; Y ve to total

nol es of hydrocarbon, during the oxydehydrogenation -- with an al kane
conver si on of a*tsds@atstelmb‘edtzchslt?)&(ahdkmwmls efency) et emivialendyy “akenat | east -
about 50 % ! ﬂ@y I of at

| east about 50%98%%& gevﬁgié)eﬁi%ér&g%% eve %ﬂlgxr{?e&@ﬂwgmﬁﬁg(?g ez:(lf)%cttgﬁat ration of
the 21 August c@maspm@o/memm@m toSBoOYped A28y dwiredeslippoaipiioduyt,ahkeme i n t he
reacti on zone r éJ%% ut 5% to about 50% or where the nol ar
concentrationt ereo I's at east about 10% at |east about 20% at |east
about 30% Ht |east about 40% or at | eastMelbidessedglkane patiuogd t o t ot al

nol es of hydrocarbap yﬁj ver, kafre—cotiverstons—as—hrgh—as—16% wi t h

al kene sel ecti vi ty as %‘ 1 gh as %ca'nhd)eolaehae&vadww/axelsmntdaﬂaombhm)
concentration the correspondi ng al keneof aliratbfieconemirgi posiuzigrecludingthe | east
about 30 % relative to total noles of #yaedchedfmnt.The relatively |ow
product-sen#itivity of the catalyst activity is surprising, particularly

W th respect to ethane conversion, because ethylene is typically nore’
reactive than diHesereaspusssionsussthe thgoraliopbexpressigs Tiyeel¢ctiviky anfl cpnverdivnt - i nhi bi ti on
on catal yst act : f ways.
et tor oxannreed dR WA AGRGHA: Lo BTN O A by B AUIREROR' T he
correspondi ng aiflgilén haartifer aﬁenegtxdviyld;ngermwrcnqwonsnvheteﬁ:é)zat the pamarF¥or
exanple, a % 8309 e

enri ched byzgons\?/%&%ﬁ{t%pgga LDDA) etﬁrg f‘q(fgé’%lgt?ﬂgﬁlgﬁieﬁ{%%gﬁﬁ&g%rt"egm by 15
vol ume, or f ur tdebydrogepatipng0geganheipaae @BU%Ietuhybeﬂel 8P &Gﬁ%@tﬁ afiengapd by
yolume. As a  Mpfin SRGRe! 1soH BN, e shififbd Rlifud b dctoliteiddiieyol but ane,

2- but enes and

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 dehydregenatioh 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



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

butane, ultimately resulting in a nore uniform stream corrpos |on bﬁﬁg

enri ehment schemes may be particularly inportant if enpl oye ction
wi th separation schemes that are 20 nore effective with streams havi ng

hi gher al keneWodmessTt . As anot her enbodi nent, exenpl ary of pttresmfygnt ageous
catalytic activity of the catalyst, a single-stage reactor system-can he
configured to recycle the product stream (or a portion thereof) back to
the feed stream resulting in an overall i nprovenent in conversion and
sel ectivity. I\Mmeersplewthlamh?O%\mledmvrtye,faemﬁpaecdtt@a%t £5Bubiverdon e al kane
(e.g., C2H6) 0 ar e o fed rough feed:
conduits 5 toa:ggbr/gge?:%?gﬁy g%h%&{f%né%% téialrh'ngp ‘5?15?"&33“0{%“ thse al kane .is
dehydr ogenat edspage-titheyieldachitied bz en bilkiscalé mstmgtohﬁhe &%ﬁt&ﬁ&@ﬂgﬁs@% al kene,

the resulti NG G C&aﬁ%‘ﬁ@ﬁ%&gﬁﬁ?}&g@g% gltgeg% 8%{8%3 gl aI kene,"

unreacted al kane an SéR‘Hausted
fromthe rehcthoun—zmmm@menﬂffaafmrafmutteonloq)as @mpaef td hpwalMiewne- and .
unr eact ed- al kapg edccg{}i(?@ks”' ng product stream 15 is then recycled back to the
reactiomn zone via recycle line 25 (and is. typ;~chl|y reconbined with a.
fresh feed stream Fhe nﬂzkela)xxdafnmedmmbxﬂheatﬁm dﬂreqﬁgseﬂ:tilm@n&bh 24 ‘August
2003 WO 00/ 489, S0ho Nt sed int

i mredi at el y- prgh:éﬂeéc:zl)‘ﬂﬂIL‘4 ?{altgﬂ rd ﬁeg’lf)fg% %?“d:p[e%éﬁ?ﬁ“cec‘g'ﬁmﬁ@“ﬁﬁtl ally

separ at ed af t eytatility ﬂ@)@htabrst!e@bmstralb@fbo'rle”etbmta@ng,éﬁwhicﬁd Co ke, fllgdeher , - and
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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
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stream {or a portion thereof) back to the feed stream, resulting in an overall

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



et hyl ene, propyl ene, butenes, pentenes) can be further reacted to forma
nunber of comercially inportant downstream products. 25 Et E}/I eneaﬂﬁgduced
by the oxydehydrogenati on of -et hane using the nickel oxide i “hret al
oxi de catal yst of the present invention can, for exanple, be further
reacted to forwemlet hyl ene, styrene, ethanol, acetal dehydepcas@bhdagaci d,
vinyl chloride, ethylene oxide, ethylene glycol, ethylene carbonate, ethyl
acetate and. vinyl acetate, anong others.. Nore specifically, ethylene can
be formed by oxidatively 30 dehydrogenating ethane in the presence of a
catal yst conpri simbgdifakdt didicyssad ilitheixirskeliately-pNeedif para@faphiithé poBct kiR@keof , and
(ii) elenments or corEDa%léﬂds sel <§c%? fromthe %r(gﬁ% gqnsisti ng of Ti, Ta,
Nb, Hf, W Y, 2z APy sepgrated afiey hoing qxhausted and batore brimg ssyeledyr i xt ur es’ of
such el ements’ or conpaifodser, it @enpil Bl praferrebemtddintdt &empRSidd dal |y ~9 21
August 2003 WO 09/ 48971 P?{/ usoo/ 044&7.8 characterized a[{séwgl%scri_bed_ above. .
The et hyl ene caf BEBHPIEARYRRER ATV SIRES A FEsiem Fafy ez WBEh RS f or m
a downst r eamsr e poddua@ntrganofion b fiodt rektigl £ne, cda @oridh G@rebf) bedtndathe foar € of thé
foll ow ng- schenes. Polyethyl ene. Ethylene c e pol ynmerized to form '
pol yet hyl ene accr:‘%r |ﬁba¥63°n HEPREYE %ﬁﬁpqcﬁinﬁl%ﬁwﬁﬁf%ﬂg’i‘%d"g‘gl‘%t]gla%t' :
havi ng acti vi ty afkase (pgl, {iids) had o gasedusyolkiiaet (b.g., Op)ay BE &y fed Bigoudndesm! ary

pol yneri zation a es. include free-radi.ca | yoerj zation, ~an

pol yreri zat i on (');\Qfgruﬁ%ﬂeogal ﬁé—?trﬁf son z%gtqg ma‘i'fqﬁ%l‘%‘e ‘@g‘?’éﬁf&‘ .m%"tuﬁt%%fg“n

Et hyl ene can be thesactspdnding dikdnerané e first gritcpstiesr 0§ Condirisafyi the cat al yst s such

as alum num.chl oride ,or zeolites to m et hyl benzene, which can be
catal ytical In%(/) 160%551%%?3%“5&@%3 g %esaftﬁéglgarbegéoﬁ the firshreaction Zopg, HHSi on or * known
dehydr ogenat i on exlpattal tigtS9m?t Dhé akenes tndnmnacteShikiren@n@iingpréducb@reb@rged

directly fromt o ‘?’?’% rgg\tiggzon%t.h%%grt:e%ttwa%%{)ﬁ %ﬁgﬁﬁm%t% ﬁ_n]{c%fém 5’?"{512?(;90:”

be hydrated to form ethano 28Ty
cat al yst conpri sicpdeedof ftshrgpstburxidanipiadieed comimitisng thedckorid i¢adion zénedoat i ng

ethylene to eth Pr.e [ t hyl ene. hydrati.on 15 cat sfs i.ncl ude

oxi des of B, Gaaﬂ"g\% llang 15 &é‘gerggh’%ﬁ?éé Bgtcg 3 Piffeg(g‘dtf?acgffﬁ?nﬁgb\é“e{??mm er is

preferably cof edotrspindmgrbend thewinz Thealkleneipaglutticethydted ionnthe eaehd on.

Acet al dehyde. . Acetal dehyde ca forned, from et hyl ene accordi to
R NS RE A BU GE PR ol

met hods known i iy e art ertner .
i nternedi at e. | prmodireaets) couikewisetbe pidde The suidlpzxdhéraddicienad) Wadtiydle usi ng

a catal yst conprlsi n,el enent onpound havi n 20 tivity faor - -
oxi di zi ng et hyl éz%%l(sp greg%aé) ya‘fog‘@ﬁlﬁ%gce{. e%ﬁ%ﬁgﬁ glapaéfwgﬁrﬁréo %”a&ﬁtéﬁc"ﬁgt/&l ysts
f or acet al dehydeclitor matbiabmoleniydickerton| ahdsanbe Rgher Gpito AWorr506K) as REL} 8§ a6t Ur s
of such oxidgs.
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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-low-level 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 des. Acetic Acid. Ethylene can be oxidized to formacetic acid according
to nmethods known in the art using a catal yst conpri.sing an el nt or
conpound having activity for oxidizing ethylene to acetic a@fg§9¥h@m3
catal yst' preferably conprises a 30 noble netal or an oxide thereof, and
nore preferabl % r Pt or oxides thereof. Water is pref cn-fed to
the reaction i%ﬂgﬁ ﬁﬁing the et hyl ene oxidation reaction. |ny0M%%ﬁoride"
Et hyl ene can be chlorinated or oxychlorinated to formvinyl chloride :
according to nethods known in the art. In a chlorination reaction, chlorine
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to ethyl ene oxigge witheecgat ahMalstpt, ehah-sbewROAERL S REnt fA4, @), | de t hereof
an oxide thereof or a salt thereof., Ethy]ene dyco Etglyl ene 15 gl ycol can
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above, and hydrgfdugwah Qileai@l AkdndGrobsibly BrirbacRld B8 xHaiC & welstafly Nat i vel y,
ethylene can be converted into_ethylene glycol directly, .in a single-step

process. Et hyl eW¥Presicls8aCO2)- EthpActifed atsiyndickea dp swaaisA Saucees from

et hyl ene by if eagidibgpatikty kiedddh byWnéthodz RhHAindhdéi. dRcfBbIg Fobe&ampRaxi de to
form et hyl ene carbonate, or, alternatively 20 by form ng ethyl ene glycol as
descri bed abovea"éer‘fP’t°ﬂ‘é‘i’\C?‘%F?WﬁreflIﬁr@méPWFCé‘ﬁ%pﬁid%éTethW%ﬁﬁggene. Et hyl
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I
catal yst of 2 hedpyreiEamreicirewhsre Healksne rrafucksan b Factehlurthere g2 reacted to
f orm pol ypropy! @sesse@sdl®bei n, acrylic acid, acetone, propylene .

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 mixtures thereof, and (i) elements or compounds selected from the group

- consisting of Ti, Ta, Nb, H, 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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oxi de and propyl ene carbonate, anong ot her downstream reaction products of

propyl ene. Mre specifically, propylene.can be fornmed by oxi gF%I ve* Ooﬁ]o
dehydr ogenati ng propane in the presence of a catalyst conpri 5g”(s%l i, a

Ni oxide, a N salt or mixtures thereof, and (ii) elenents or conpounds
sel ected fronwdwaggroup consisting of Ti, Ta, No, H, W Y, 00,é{“,mAl,

oxi des thereof, and salts thereof, or "~ mxtures of such elenents or-
conpounds. The catal 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 optional | y pharictariaed asaiescribh@abové. UThd@hiyléRagh BélomaAlyHuR8ed QnPRE, OF More

of the follow NBS, 29! ypropyl ene. Propyl ene can be polynerized to
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propyl ene pol yneri zgl,l akalysts include,. for exanple, alumnum alkyl
catal ysts. Acrol ei n}?J; r 6“&’?‘e%@‘&’%‘é"n°"ﬂé’ep85’ffﬁfli o gy Rofyethytene pesprdingteor di ng
Copouna haV! R g L P e B e R s
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according to j art using a catalyst conprising an .
el enent or cggn%glgﬁ%“ﬁg\g}o%éeeggw@ﬂzﬁn?%iﬂ"edgﬁ‘]’f’% ‘?fgc‘ércﬁblyftéﬁ@hﬂ% acrylic
acid. The cat atyminumhlskide atreyliteomwforrsebylaezend, deich b cadly@ically OF '

m xtures ofy SUER A¥bdeS t et.one..canbe produced from propyl ene Iby
oxi dati on of proyyléene. B’rg%gfl%gﬁl St Prauoppneradetydegertiop i di zed t o

f or m pr opyl enecaphiststodfonnstfieny Stxenetanatis be formsn dirbetly BOmahe redSidAG e

catal yst conprimshhgd n ound hayvi ctivit f or oxidizing
propyl ene to prﬂ?pyl gﬁgl bg% é.h{‘%yet’l'%n};?r%cﬁn E? @fcg%g{gﬁoforgb kasgoringj  oxi de
or PdTi Si  oxi cfé meEhods raws in Breapyisiop e cotalybtaonipeisinPa0 gyt 6r SajagRAAt € can be
formed. by prepakinpdcR: 0X] descri hed ahoye, and by reacting the
20 propyl ene oxi orllg Q&B%?R%lja E%HQ%%%EF%} e% 06yP§%@¢?§¥'Y%F%@dﬁéioﬂi rectly
converted to hbsindudeoaidovetd, Gal Al AnsStngiZy, 61 APXRETSSh.0xiHBE Water

oxydehydr ogengt | t f _1sobutane.an - but ane can |ikew se be
further react ed?ﬁﬁg%g)ﬁ%gﬁdet : g% n 646%8} ot ﬁ%’f‘“& tgfégi"gat,'onfr&"rc“@k adegialdends. £ or m

net hacrylic atgctpldehydgisembeforned foem bhylchedccodantte thethbey k%@ ant 0 form
but anol , but angdi ok | ¢t hyl et hyl ketone (MEK), L .

net hyl vi nyl ket oner Wi ?%rﬁg‘hg&%{b&?gpmo %‘fﬁfg%{‘&%ﬁ)‘;ﬁ c.”‘?%ff‘r &ﬁﬁ‘é‘-’dﬁfi cally,

i sobut ene or rxitiged freacstaldchyle fsingre datilyst compiging aedlsnahe by drpeaaalv g t he

respecti veyutang ae. - f at al.ys opprising (i) N7 a N
oxide, a Ni_salt %{Irf&ngsxgctﬁﬂr%%ﬁﬁ ee‘retcég‘fe,taﬁl%%ﬁ&?‘il?é?ttegf“g?fg;ﬁ‘f’? oBtdatiqnyiatabisted s

sel ected fromfprrsctgidehyde fomstiatingigdeafxidEl of Ady Cul\W, or b, orWixt¥res ZPauckl » Al

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

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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30 oxides thereof, and salts thereof, or m xtures of such elenents or
conpounds. The catalyst can be.nore specifically characteri f as

descri bed above. The isobutene or n-butene can be optional I§ &84#?%, and
then further reacted according to one or nore of the follow ng schenes.
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ot her net hods RHGWA Th > T he art) "using a catal yst” conprising an el ement or
conpound havi nghladtdtion tatalfssy foo piegaringwenyy cldendecdropiss amotay helidser et t o _
but adi ene. The cat al.yst . Al [ i Ni oxide, a N
salt or m x;gur ec’%‘)aﬂ?aﬁdegé%q f&%ﬁaﬁfﬁ?%hdgﬂ:g?éﬁggd eloq?ég’oge%ggdlg agel ected fromthe
group consi st i ngyddorfiatonTegctitih 2 gafeousiyxidant gnd HGHar othgr chlogngtiag seenh@feof ,  and
salts thereof, olcIHyLlas, Bl -Gk She/TRE bhy Rhe i ORI if B pralcal yst can
be nore specifi cafﬁy characterized as described above. Butanediol. Butane
di ol can be pr effarcaeyiyatiog artingy fouvashlonsatingsthyleacioiviwhbchigsidge Prefgigdt hen 15

hydrati ng but a%ﬁgpeéeégﬁﬁﬁmtg“tcgtg@g%ggr ré}!ﬁﬁﬁ%rﬁﬁ ddertcomsriseMEkeal N- But ene.

can be oxidatiVv rogenate of m but adi ene gas descri bed above),
and but adi ere Takide drenatel oxihabde, aesl ment prefisetiy rdaliip ok epvsaide kR Fef&Srding to

the methods K00 Dol ibnateh B ol Bl eARGIRE ABo@mglbenentor

conmpound havi ng vty oxi dati-on’.of butadi ene to MEK. The.cat al yst

pref er abl y conpnéthwis kBiviip havishysie axgtalysCsosterising 8] SJoxShearpat. having
Met hyl vinyl ket O%Bﬁ%&ﬂdi%hg%gl@ﬁe {6 2thyRGe Ox4h16 At wahtyst preHl ted to -
as ‘descri bed a

f orm but adi ene ove), and butadi ene can be oxidized to form
met hyl vi nyl ket ohg abpkide thereomdixiils theseaf gea sabt theserd: kAre Firol nethylshe using a

catal yst conpri g Bty Qkids che @R GthAehd dkidelss Hle¥cribegi dat i on
of but adi eng})t ogcik/%%&%gk‘%at al flfstlpre erabley corrpr?qses Bi'/,‘l\/g No/ VIW VPO

or a 25 pol yoxomevalehdhydrating etalenc widedn £orpegihfiese geqh A tsayeliatgiere ng
n-butene. Crot %%Ieggﬁ%ggd infolefiyRAa by ESctB AR dAmRIBPFERESDEryRRET NG
e

but adi ene, as descri - above, and then oxidi zing butadiene to form.
cr ot onal dehyde. Crborste Ethyleng pasbefetsreanbaprodpred frpm ethiiene byrsratipg AEYIGEE ¢ he

oxydehydr ogenat {yﬂg car %qocﬁ&ﬁae%rkﬁmgn mofxiae 16 Rtm cByRRY ttRate U bREARIvelyt he
reactants are pretrerably provided to 30 the reaction zone in the presence

of the respeeti befomingleihslens slyged axdaseribpd ebavp apgthen ReetingihiG AOYIERGBlY
reaction(s) can.lg fQGRL AhYSESaR BM)Id8Matt Gal RiSorfRIBoMRBGICIaGE, FEReed N

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 oxide, 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
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whi ch the oxydehydrogenation catalyst is situated, or alternatively, can be
provided to a physically separate, down-streamreaction zong | f P@%ded
as a to-catalyst i-n the 21 August 2003 WO 00/ 48971 PCT/ US00 bAxeus

reacti on zone, the catalyst for the downstreamreacti on can be prepared and
provi ded to theoemazti on zone as a separate conposition froghtj{; o 4at al yst
of the present invention, or alternatively, can be prepared an gﬂ?vi ded
to the reaction zone. as a single conposition in separate phases or. as an-
integrated catal yst conposition 5 having activity for both the

oxydehydr ogenat&cteiasd s desceipell dbhee. rRspedlylenecanbe WA BANAFRAGLE 81, Of

i nterest. Regarmhessea0bswhgiher, the oxydehydrogenation Teaction and the
downst r eam react i on of ?ntere!gi{me?rne"')rc%l1 rr“’ic’ré1 eJ?fP‘f“i“Fﬁ%“PF‘é“%ane or in,

sepa{ at e( r )eact i on -zfﬁéfsqufﬂhee. M_mbh?@ﬂ@@mﬁ{lﬂeﬁﬁdﬁemip@l}p%%ﬁ he. dO\|M|2$t r éf"‘m
reaction(s) areQe®sk sequenti a e.g., where an-al kane is
10 oxydehydrogeﬁat‘gq&é{oo f%?%%&‘gﬁ%@?%‘gg%ﬂ%ff@alﬁ%aﬁ%wmg o -
](c)xyde thr ggénagPHﬁ‘mﬁﬁzgﬁ?@ﬂPnamObfmmpale:le rmeﬁﬁla?rhﬁpyfeyé f,&]ﬁﬁcﬁﬁ?@pt ed to i
orim t he downstggRm nierest) .. The.faol I'owi ng exanpl es
illustrate the pt_rgl?nc?%l eg’qgrnﬁg_ma{l !fa%\’ agné'%rP %JFYTFT'@YSW miFEein o RropylsnemxhPL ES,
General . | n g&niizad to fe@tlambtgwdhgmmpmbmﬂbﬁnﬁméhm@méa{aiﬁ@ (e.g. -
100 ng) or in L&k s i 1] e.q.,.-- 20 .using conventional .
preci pitation 2nd%gsﬁngZOlgé%%%g%g%qﬁc?ﬁg%p%a%%@ﬁ%‘gy fé’r?é%%m?ﬁf’&?ﬂﬂlqﬂy teat al ysts
wer e gener al | y2@Pi&PaTbe coiplyst preferabiyavmgridcs euibxld€6rERans Tedr MRS LAV 0 -
SUbstrat e, Cat o] ookl UPy A5 PoMIhe SR Piidap oo ria o
dehydr ogenat i ofceardingta methodSlopmn intlstar wiresscanfyst dRpE&aY & Amdf goar at i on,
wppl i bt on o ol RAGEERRAY o URALAR S ibibe Bachiit s “Beampbe 1. COre
over Ni NoTi OxPETaRHICORIPTAT an@xidgef B, ¥ or W sor mifttibdS0HEIRE) 4. 5aLal VSt S
were prepared jABetsdeahd bOERBLdH - ) fromnickel nitrate 30 ([Ni]
1.0 M, titani 5mtoxal at eHl(%[ l'Bl'éie%i ﬁ%ﬁ’b&?ég%@;@ OX{ I ATPERY R &ropfaw] = 0.569
M, and tant aP’HA oxapdens qap papxidized ®Formdpropyjurankic sécafing e kidiogns by

precipitation Mowh in HRtHARELRLAE hydraxi de %NNE4C]—I] =1. 44M) .
Briefly, a library of catal %/st grge)%hh%%? Y q?’Be%P‘((e HPEL i viag apierisi ng
vari ous anount¥T 8¥idizigg &Epsiese trakopdingtoxisies Th8catdlysPreftaBly Tbmg L3 Tisi
oxide or PdTiSi oxide catalysts. Propylene carbonate. Propylcne carbonate can be
formed by preparing propylene oxide as described 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.

The oxydehydrogenation products of isobutane and n-butane can likewise 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 selepted from the group consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al

30 oxides thereof, and salts thereof, or mixtures of such elements or compounds. The
catalyst can be more specifically characterized as described above. The isobutene or

n~bu_tenc can be optionally purified, and then further reacted according to one or more

of the following schemes.
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WO 40/ 48971 PCT/ US00/ 04478 using a Cavro automated liquid handling robot to
an array of glass vials held in an alum num substrate. The E&gﬁ%@h@ﬁﬁing
agent, NMe4CH solution, was added to the various catalyst p

conposi‘tions in about 1.3 equivalent of acid and netal ions, by high-speed
injection frquygusyii nge head. The hi gh-speed injection ofcthgehase °
provi des m xing of the catalyst precursor solution and precipitation
agents, thereby effecting precipitation of solid catalyst materials. To -
further insure well mxing, additional liquid (e.g., distilled water was,

in some cases,pahRAlicHcRE ifbuieRt Sanlbl 8xidizéd to férRMheMablyRgadid@céBiaho Pr ecur sor
solution and base precipitating_agent, The resultjng precipifate m xtures

were al | owed troetaads knquwvipin thaast HSINES: catalyshCOmPIARAS 28 SiFBIGRIOT CORPPUGRAYIDED t hen

cent ri f uged. at,.30Q%0¢ S¥RitiAg RERAER 1S meRhdFlicREBCTR datilyer fréfaapiiyhe sol ution.
The - solution was decanted and solids were dri eg}-{g&der vacuum at- 60 Cin a
vacuum oven. °papries p pAlyexsmaitiarEOMiend Bragpichies neF O UARIZNEE ¢ he

vari.ous catsal M, B2sR2S Hutafioan beppdrdd by hy&eingeibuexp &) foERitamol.t he dried -
cat al yst conpositjons were calcinedt éS 300Q ggi?rggwﬁﬁnqgﬁhere of air .
with an oven tRisdanst B‘IBé‘“iS‘PS‘f‘ilfeé’.x‘qaﬁYFB’ qepydsersaricidp 1o igneAceerdiRgl | at
300C for 8 houp the rAiGak 05the/BFeCen® indktitidn Ynb/Or scsriag tol cther HeRodskinyeflinet al
oxi de catal ysts were scr.eened in the fixgg bedtﬁgggglel react or.

(., .50 ng)

The per f or mandBe ERAFEE pERANE, cowPpfing CBLAT SPRAMAC PRy SE Toxi dat i ve
dehydr ogenat i. afkidativedp BehySrogédating fbaxehce bithdiieatscanlysairkfaaity ni t r ogen: oxygen
of 20 0.42:0.54:0.088_sccm.are sunmari zed in Tabl.e ég.gethane conver si on)
and Tabl e 1 CEPHFSEN Nielicdeys N Jit oRppayesihireoh 4pd S PERRITY, t hese
cat ?I ?/st Wﬁr e M@ﬂ&&téﬂhﬁ&@ﬁie@@doﬁsﬁﬁﬁ@ﬁ@f i, Taj ) 4, \f:j YT;iZIﬁZr,tAﬂ,rrpeL ature
profile. The perf{ormance racteristics.of. these catal ysts r .et hane
b dat | ve  dohyR SO EIEEEGR R TREEohAF RIAEH O FEB Gepet P ap o B8G0 G wi th
25 relative fl@awat&s beingké Hredediytchagtdizaxa dedarink above2 Biakdlid). 088 scent
are sunmarize in Table I D (ethane conversion),an ble | et hyl'ene
Sl ectivity) - BRI e T WE OO et I SRE6 BIS SUE e La
Cat al yst cosTpOBydrdtiap btasiks: tb fambuen}dial MehybibyForadEK). nTBatehe caxbale
m xtures and sanpl.e s,. "'t used.in paralle] .fixed.bed..reactor
screen. RowCol 9% %%¥%%§@6@366¥ggé%@g@?@ﬁ%ﬂgﬁ%ﬁ?@?&?ﬂ?ﬁfﬂ@E%@hﬂw —
1Nb0O. 00000. 000&4.He 0k RN MeMYRtHHMIEKne (MEK) according to the methods known
Ta0. 00000. 10310. 056.0.3073?.40830...50861 . . aving activity fir
170, 00000, 00000 HOBIFBAITHISITTTTHEB " SFRFa: S SHmHL bovins Eiiydey
Ni 0. 91190. 90916xi84oR of HidXdiene @ MFERT Orhd 988 yst 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 |
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2Nb0. 08810. 00000. 00000. 00000. 00000. 0000
Ta0. 00000. 00000. 10420. 20760. 31030. 4124 . £2003
Ti 0. 00000.-09090. 09060. 09030. 09000. 0896 an50. 249. 550. 350. 549. 48"

Ni 0. 82140. 81880. 81630. 71170. 60790. 5048

3Nb0. 17860. 089%©.6089@0. 00000. 00000. 0000 PCT/USOU44T8
Ta0. 00000. 00000. 0000' . . 0. 10520. 20970. 3135 -
Ti 0. 00000. 09210. 18370. 18300. 18240. 1817 m¥9. 549. 549. 350. 45050. 3

Ni 0. 72840. 72610. 72390. 72160. 61630. 5118

4Nb0. 27160. 180562B9T6%100F0wrythe cu@Yst fy®e: downstream reaction can be prepared and

T/ 0. 00000, 093407 186102 F50- SAF0 3 FeR TafF TREE P e Al

Ni 0. 63290. 63090 PE38Y iNVentivpooraiteogivelygan be prepared and provided to the reaction. zone

5Nb0. 36710. 2744Qs 18340 ¢ RioR0Q0:-Q0
Ta0. 00000. 00000, 0Q00D. 00000, ooooopafo7’?1&?‘5"‘”‘m‘saﬂmm‘gr ated catalyst composition

Ti 0. 00000. 092 60haAREAS iy YD % So@xBirkGirges0atds fcaBtid Bd theXdPeabR. 4

Ni 0. 53480. 53300 463dst@arn 29¢kbnt 80Qes? 203 ardless of
BNDO. 46520, 37100, 57740 18450 DoT00 0 s dless of whether the oxydehydrogenation

Ta0. 00000. 00000TBETERE HrsoviGaD rGeHn of interest are camedout in the same orin- - .
Ti 0. 00000. 095905%@6&@@99@@@%%&&%7&5&&?%%% &Q % @ &9 929, 6- Table 1B

Et hane conversion for the catal ysts In ORGP ERs . 300C
wi th et hane/ ni t FOGR(D Rrgesferably perfrmest segyeptidly/(0g08Bers an Bllk'aneﬁk hane

Co ofycbhydreAfedt y 1 |
19nﬁr78|923 8% 11?‘6131@]16}3&'k I%%dtg{%%g c% H‘i %%%‘%%?g’ig"%%fgy"é‘l%%‘f’fl 619. 318. 6

419. 418. 219 418PH¥Ectopd the atkepsig ﬂwmér@mem@ tq f@mahedotvnstream product of
619. 016. 217. 918irRk&816. 8 310. 21 August 2003 WO 00148971 5 _

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
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PCT/ USO0/ 04478 Table 1C. Ethylene selectivity for the catalysts in Table
1A. Test conditions: 300C wth ethane/nitrogen/oxygen flow o{
0.4210.54/0.088 sccm Ethylene Selectivity (% of N -No-Ta- TP BREY§E2003

M xtures 1.23456 147.282.884.383.7='.84.783.3 279.578.584.285.0- 81.284.9
384. 583. 683. 584 0k84ssA485. 0 484. 284. 183. 484. 184. 884. 8 : US00/04478
584.884.982. 182. 382. 183. 8 682. 681. 179.980. 578. 879. 0 Tabl e 5: gqt ane
conversion for the catalysts in Table-1 A but recalcined to 400 C. Test
conditions: 300C with ethane/nitrogen/ oxygen flow of 0.42/0.54/0.088 sccm
10 Et hane Convensih®nC{A) ammmmbmaandﬁhg b che a%ﬁfi%f%&s&-&%l@%@ld in an

i 5,811.912. 212. 411.89. 6b g,g 211..59. 211. 3%% Igl 012-711.112.013.812.3
412. 811. 513. 311 "PHFEFH! f"‘§1 SHSCRIiF5n3Bpnty NMeefdH) sofution, was added to the

613. 09. 013. 01.3. @éﬂnuB&a}alﬁt gﬁaaimr donkposifibiayh ssvat asle@mtaneﬁt b8facidOdnd k@t foas,al yst S
in Table I A but E |CI oférlOO C. Tes%%glgb 300C with-

et hane/ ni t r ogenP¥ ?88%“ fnb 05} T 9 STiREeR ‘“WL%“’EPEW@P%

Sel ectivity 6% pofviddi midng BithEicatiyst ghrecivbor keltweh ahd 3ébipitation agents, thereby

134 283. 185. 484, 485, 285, 4986 4
365 164 105 704 ORTERTRgLonaN Glysagedly 32’8%‘%“ insure well mixing,

586.485. 9. 79. 378dd2i8ﬁa14&31d1[e QSdlstillEﬂiwdtZBw&?i?l s&rf2 cdbsds] aldo Amteheﬁto kichiAar y of

Ni NbTi. oxi de ca sts repar ed ubst tially as described above and
haVI ng t he Con‘pégl'!t% ta.P Iel l.lfS rSOlU%. (ﬁaltﬁt,m @erﬂi: Gesvh@g
per f or mance c hap&cnt_)ﬂm: mixnﬁes vﬁl:fre :Illbe&etoeatlaht)asbl& 2beC f@ttabane Howdaldiwes.

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 reactor.
The performance characteristics of these catalysts for ethane 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



37 21 August 2003 WO 00/48971 PCT/ US00/ 04478 dehydrogenation in the
parallel fixed bed reactor at 300 "C with relative flow at esal ?‘ﬁg“f&%qoé 1 G
et hane: nj trogen: oxygen of 0.42:0.54:0.088 sccm are sunmmari ze A
(ethane conversion) and Table 1H (ethyl ene sel ectivity). 3z 21 August 200
WO 00/ 48971 PC¥OUBEO7:104478 Table |F. ‘Catal yst conposition (mer@sdfpsgd i ons)
of N NoTi oxide catalysts and sanple nmass (ng) used in parallel fixed bgd.
reactor screen. 'RowCol um123456' N 1.000 1NbO.000 Ti 0.000 nass49.9 (m}?.
Ni 0.8410. 885 2Nb0. 0000. 115 Ti 0. 1590. 000 nmass45. 056. 3 (ng) Ni 0. 7140. 7480. 784
3Mo0. 0000. 1030. Pebb 144: G2abG0conmOsition (@ge fracsisd)lof NINB Al NiT8)Ti oxide |

Ni 0. 6120. 6370. GBBYEIE! sHxirle OGO PIABE) 1@4Gn BidlleT FiRed A VeadibPbrekf 10. 000
mass49. 651.451_950.8 (ng) Ni 0.5260. 5460. 5680. 5920. 617
5Nb0. 0000. 085QRe®g40CAI7H0. 3B3 'Ti 0.2474)0. 3690 [25@0. 1830500 6
mass44. 946. 34¢. 744. 047.]101.0060 | NLED645(50.744410. 18B6. FOGO1 PA6§aH
6Nb0. 0000. 0780. 1610 N25100.84®0 | 45H00 0.0000 | 0.0000 | 0.0000 | 0.0000
Ta 0.0000 | 0.1031 | 0.2056 | .0.3073 | 0.4083 | 0.5086 |
Ti 0.0000 | 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0000
m 495 50.4 30 494 3| 50.1 50.1
Ni 0.9119 | 0.9091 | 0.8052 | 0.7021 | 0.5997 | 0.4980
2 Nb 0.0881 } 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000°
Ta 0.0000 | 0.0000 | 0.1042 | 0.2076 | 03103 | 0.4124
Ti 0.0000 | 0.0909 | 0.0906 | 0.0903 | 0.0900 0.0896
n 50.2 49.5 50.3 50.5 49.6 49.8
Ni 0.8214 | 0.8188 | 0.8163 | 0.7117 | 0.6079 | 0.5048
"3 Nb 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 50 503
Ni 0.7284 | 0.7261 | 0.7239 | 0.7216 | 0.6163 | 05118
4 Nb 0.2716 | 0.1805 | 0.0900 { 0.0000 | 0.0000 | 0.0000
Ta 0.6000 § 0.0000 | 0.0000 { 0.0000 | 0.1063 | 0.2119
Ti 0.0000 | 0.0934 | 0.1861 | 0.2784 | 0.2774 | 0.2764
m 493 49.4 ~ 493 50.1 49.4 49.3
Ni 0.6329 | 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 | 0.0000 | 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 49.9 50.6

Table 1B: Ethane conversion for the catalysts in Table 1 A. Test conditions: 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.5470.088 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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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 convs{ii on J%r
catal ysts listed in Table IF. Test conditions: 300 C with <4l August2003

et hane: ni trogen: oxygen flow of 0.42:0.54:0.088 sccm 23456 18.4 216.618.2
317.516.516. 9 @6@ é}é 317.016.1 515.916.217.115.917.9 PC‘I‘IUS00!04478
6--)-16.617.51 % 17.214.4 5 Table 1H Ethylene selectivity for -
catalysts listed in Table 1F. Test conditions: 300 Cwth

et hane: ni trogen: oxygen fl-ow of 0.42:0.54:0.088 sccm 123456 143.3 281. 582. 8
383.181.982.5 482.577.283.183.5 577.878.477.9.78.180. 6
677.876.975.478.880.173.0 10 Exanple 2. ODHE over N NbTaTi Oxide Catalysts.

(#16160116223) ﬁ?&@idméf&%aédumrpfb%&mmr@Mbmm qusscérﬁhﬁam ¥ggegmount s of
oxides of Ni,  Npith difia ben/8Rfe8n R6RBLO.EH05H0REm( - - 100 ng) quantities
by precipitation substantially-as described in connect ion with Exanple 1.
Tabl e 2A sunmmar ylene RPRSVity PA) 7 68 ous catal yst
conpositions. 15 In apikhik Set o experl ments, the dr| ed cpt al yst

composi tions wgre CACIMEd §O 300 T M ANM gUnpspierg ofgarf with an oven.
t enperature prdfitEe— gt g 2Lt HAG W tgaat BO0C for 8 ° |
hours. The m xed'ﬂ'ée'(—oul ;g%ut %Ed] yg;‘%g_l( ”ly) %\?\gr 83%31—; 1ied in the fixed

bed parall el r aL,L3UI T 865 P! '88'6” g L gfi’,lc' | %hlq_bb %5.0 hese catalysts

of et hane: ni & r daeroxronie of oo Bt of el CITend 1" F, 0 01T 132, %0
. CT OUA 1 .YV . UjJU SGUI I %
2B (et hane coru % y.)ugq“&.“ T?% e 2\,7 ?et Y %{éeh s"sggct i :’f‘l, LN The catal ysts
were al so scre ndrdxildaPe dehydregerati-o '9 atd 300" C'with

rel ati ve fl ow-at es of

Table 1D: Ethane conversion for the cafal}#ts in Table 1 A but recaleined to 400 °C.
Test conditions: 300°C with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 scem.
10

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

Mixtures .
o1 2 3 4 5 6
5.8 11.9 12.2 12.4 11.8 9.6
-0.8 9.2 115 | 9.2 11.3 13.0

12.0 12.7 11.1 12.0 13.8 12.3
12.8 11.5 13.3 11.1 10.1 11.9
13.5 12.0 12.9 11.1 11.9 10.4
13.0 9.0 13.0 | 13.6 11.3 11.0

O (A [ B e

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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et hane: ni trogen: oxygen of 0.42:0.82:0.022 sccm The perfornmance
characteristics for these experinents' are summarized in TagL 2D:%®ghane
conversion) and Table 2E 25 . (ethylene selectivity). 4D 21 gﬂ??t 3 W
00/ 48971 PCT/ US00/ 04478 After these screenings, these catal yst were
subsequent | y weoaughned to 400C for-8 hours with a sim|l erature
profile. The perf&?#&nce characteristics of these catalygﬁgh%gﬁug@hane

oxi dati ve 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 summari zedddhidr : 'ﬁ(ﬁ;a i . 2 et hyl.ene
sel ectivity). Tgeggg%gréﬁne %gﬁgyﬁggfﬁ%gpg&50§§93§§§g§38?kgwn%{ ane

oxi dati ve dehyHh@§aHEersexyaen of3:0.9:0§88 scqmetra sumrearized inrBebksl Mfethane

et hane- . ni t r og@aveyIeRd 9hnil 182 sccm. The perfornmance
characteristics for ?ﬁ%se ex%é??%%ﬁ%gggggaghnnafized in Table 2H: (ethane
conversion) and Table 21 (ethylene selectivity). 10 Table 2A: Catal yst:
conposition (nole fraction) and sanple nmass, “in" (ng) of bulk N NbTaTi
Oxi de M xtures : RowCol 12345'6 N 0. 60140. 5714Q. 54180. 51240. 48320. 4542
NbO. 10650. 11880. 13100. 14310. 15500. 1669 ¥
1Ta0. 09480. 11330. 13170. 14980. 16790. 1857 7 _
Ti 0. 19730. 19640. 19560. 19480. 19390. 1931 nb0. 050. 050. 350. 549. 550. 5

Ni 0.48890. 47300. 45590. 43750. 41760. 3959 T -

NbO. 08080. 10890. 13920. 17180. 20710. 2454

2Ta0. 26990. 25180. 23230. 21130. 18860. 1639 , '

Ti 0. 16040. 16620. 17260. 17940. 18680. 1948 m49. 550. 650. 0- 50. 549. 649. 4 -
Ni 0. 60040. 57310. 54480. 51540.48490. 4532

Nb0. 11630. 12790. 13990. 15240. 16540. 1788 :_ ..

3Ta0. 12950. 14240. 15570. 16960. 18400. 1990 - '

Ti 0. 15380. 15660. 15950. 16260. 16570. 1689 n49. 949. 349. 549. 649. 750. 0

Ni 0. 64350. 61350. 58350. 55350. 52340. 4934

Nb0O. 11730. 13150. 14570. 15980. 17400. 1882

4Ta0. 13060. 14630. 16210. 17790. 19370. 2095

Ti 0. 10860. 1087. 0. 10870. 10880. 10890. 1089

sy

2%



mi9. 549. 349. 649. 550. 150. 3 15 L41 21 August 2003 WD 00/ 48971 E thane
Conversion ( % 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 HHSIR003
19.116.8 47.816.819.518.8" 17.7.-18.2 5 Ethylene Selectivity (% of

Ni - Nb- Ta- Ti OXivilgoeoeri ur es 123456 | 82. 983. 184. 385. ! 84. 283, 2PCT!USOOID4473

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 N -Nb-Ta-Ti Oxide

M xtures 123456 10.511.21-11.411.911.$11.0 28.2i 1.411.811.311.911.5
39.311.611. 311. 6ikBle§R 1CAalYt cdmpobikioh Ldole Frhetfhd)-of MU bridd eRhigstelng Et hyl ene
selectivity for shhgle fsqngpised inpakdBl fedBed &R0k sGORdi t I ONs: 300 W th
et hane/ ni trogen/ oxygen fl ow of 0.42/0.082/0.022 sccm Ethylene Sel ecti vi ty
(%9 of N -Nb-Taj TRo#Xi] @1uMpff UrgS 123456 |19 6P, 792993 D92T99%75

290. 193. 493. 393[ 493. 292 R; 3961498- V93-593. dfjdad 3p2- ? :
487.793. 493. 493] 0938. 292. Qv 0.000

Ti 0.000
rnass 49.9 |
(mg) i
. Ni 0.841 0.885
2 Nb 0000 | 0.115

Ti 0.159 0.000
Mass 45.0 56.3

(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



PCT/ USO0/ 04478 Tabl e 2B: Et hane conversion for the catalysts in Table 2A
Test conditions: 300C wth ethane/nitrogen/oxygen flow of O 4%}0. ?ﬁ{Pg 088
sccm "Table 2C. Ethylene selectivity for the catalysts in Ta%}e IR st
conditions: 300C with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 sccm
Tabl e 2D: Et hanmoogemyer sion for the catal ysts in Tabl e 2A pTewsoomensitions:
300C with ethane/nitrogen/oxygen fl.ow of 0.42/0.082/0.022 sccm "4,k 21
August 2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 2F. Et hane conversion for the
catalysts in Table 2A. Test conditions: 300C wth ethane/nitrogen/oxygen
fl ow of 0.4210.Taklk 0G0 BSasconver&oinfon catdDyatnittegiinBat(€4 F.ofeshbonlifiona 300 °COxi de

M xt ur es 123456vithkGafehfrdded:oRygkd fiod4f 6.72:0.52:0.088 dectil 3. 511. 4- 15. 08. 7 '
38.112.613.314.6"' -- 14.6- 11.1 43.710.414.314.814.814.4 5 Table 2G :
Et hyl ene sel ecfiviiylfor thel catal ystg i:H Tabbde2A. Test conditions: 300C
wi t h et hane/ ni frogéng.eaxygen fFlow pf 0.][42/0]54/ 01088 sccm Ethyl ene '
Selectivity (99 of |N6sNp18a-[l1 Ox|j de M xtunes 12345. 6

183. 480. 982. 18¢F. 183.1884| 962381 .1683] 984.1384. §83.685. 1 o

367.983. 583. 78B- B8P 1694 364 /B1204] 188.[883. §83.684.5 to Table 2H. Et hane
conversion for{THe|G3bal YgbsS| in1T180se [2f%.9 |€Sts gonditions: 300C with

et hane/ ni troge OB [ 1199 Phs9- F44 90823 §- @ |s- ccm- Et hane Conver sion
(99 of Ni-Nb-Ta=Ti Tde—Mxtures 123456 15 710- 78. 411. 511. 97. 6

5  Table 1H. Ethylene selectivity for catalysts listed in Table 1F. Test condiﬁons_: 300
" °C with ethane:nittogen:oxygen flow of 0.42:0.54:0.088 sccm.

1 2 3 4 5 6
43.3
81.5 | 828
83.1 | 819 { 82.5
825 | 772 {°83.1 | 83.5
77.8 | 784 | 779 | .78.1 | 80.6
778 1769 | 754 | 788 | 80.1 | 73.0

| Wb —

.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



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 Table ﬁA Test
conditions: 300C with ethane/nitrogen/oxygen flow of 0.42/ 02b8ugust "%}?é
sccm Ethylene Selectivity (%9 of Ni-Nb-Ta-Ti Oxide M xtures 123456
188.992. 192. 493. 292. 890. 9 287.493. 293. 193. 093. 291. 7

385. 792. 593. 03 YW¥¥Thoo 3 485. 592. 693.-192. 993. 192. 9 4D 21 AU BHF: wo |
00/ 48971 PCT/ US00/ 04478 Exanpl e 3. ODHE"over N NbzZr / N TaZr Oxide

Cat al ysts. (#14840/ 15157) Catal ysts were pr epared in small quantities (-
100 ng) from nickel rate bi um.oxa = 0.569
M, tantal um oxal af'8 (‘%efgfme‘%‘g%bﬁsmma%é;%e? SF@%?HPW(S??&F&EQ ‘{Jf\ég‘lrhﬁ: 0.36

M aqueous st dadg tmo}suhﬂmmih@t tqﬁtpetanm prafileo Thaipkfornant©thamartiftyds afmoni um

hydr oxi de. SOl | arated fr
cgnt rifugati oﬁh éaq%s% déatnﬁﬂ’t“ WA d%’é’@ E] oﬁr"ln SIP?ISJIMX&?P%C‘Y‘Sa%r e dried
at 60 C underat 200 €dvthaelatite fasypdtes of ethdwdalitodhh: oy peneoti 024250, 543@088)3%}9@& tion

and anmounts. of the vari.o st _co t| irst setr .of -
exper | nont <, RS PREAAAS TSR R s PR R o ePle BTz ¢ in
an at nospher e The rahlcined ¢aknlysts veevesisd serppedabeteaniproafdaties dehpdrpgdnati@dO C at -
-2Chnin and d L 3 he m xe i catal.ysts (-

50 ng) were ?@lr]e%‘ﬁqe%re?gwf hg‘;"?l §§Pq%m&n;g°|garf ?’gge?gng{):tg%g)% 0%%% P&r f or mance
char act eri sti (ke pérformaes ehaataistystfe thae emehawetsmxe oatmarzedimtfatile@ibnat i on at
300 "Cwithr en: oxygen of

0.42:0.54:0.0 %ﬁsgcgﬁﬁ“fée?sg %ﬁr%?lle%e Sﬁ%‘?‘?%fct&ggpw (et hane conver si on) and
Tabl e 3C (#t hyl ene selectivity). After initial screening, these catalyst
wer e subsequerifablg 2Ae Cathlystvenipestion @D ae frattidn) snd isarplamass p8 (meloféulkr of i | e.
The per f or mandgNbhali xideMistuiess of t hese -catal ysts- for ethane oxidative
dehydrogenation in the parallel fixed bed reactor at 300 "Cwth relative
flow ates of ¢t Rawe:|ni Cologén: dxyden df 0.42 0. 54: & 08B sécrn| aré symmari zed
20 in Table 3D (et hgneNionydr&iién) 0and Tabb4 83E (.&i2dy| B3z el oaibkyijty). 44
21 August 2008 WO OQ/ 48871 0.1065 | 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 | 0.4730 | 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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PCT/ USO0/ 04478 Table 3A: Catal yst conposition (nole fraction) of N -Nb-Zr
and Ni -Ta-Zr oxide mxtures & sanple mass, "m' (ng) used inzggéallgg fixed
bed reactor screen. RowCol 123456 N 1. 00000. 89690. 79440. 69270: 5t 4934
1Nb0. 00000. 00Q000. 00000. 00000. 00000. 0000

Ta0. 00000. 103¥8.%¥6860. 30730. 40830. 5086 .

Zr 0. 00000. 00000. 00000. 00000. 00000. 0000 N¥9. 849. 549. 6?-
Ni 0.91190.9328' 0. 82620. 72030. 61520. 5108

2Nb0. 08810. 00 00000. 00000..0000. |
% %ﬂve\lﬂ T ﬁ]fé:@talysts in Table 2A. Test conditions: 300°C
50" G R BER A R A% 618988 558, 449. 950. 349. 3

PCT/US00/04478
49. 650. 149. 5

Ta0..00000. 000
Zr 0. 00000. 067
Ni 0. 82140. 84

3Nb0. 17860. 09140. 000D H3ATSH5866) b-Ta-Ti Oxide

Ta0. 00000. 000EO—6064 .“‘};’f% —22100.3303 :
Zr 0. 00000. 068+6—+3946—13898 13340 1379 o B50]650. 549, 560. 449. 9
Ni 0. 72840. 74360-—76310-2d260 44820 sthy | 194 19.2 13.6 |
ANbO. 27160. 1952302094907-Bo0bolhdnda o | 168 19.0 15.6

Ta0. 00000. 00doo_haodo 8da 14.630. 2P%6 19.0 ¥ %19.] 16.8

Zr 0. 00000. 0690044140 28740 »6850. 21%9 (b08189] 4497549 R4} 550..6"

Ni 0. 63290. 64810. 66400. 68070. 69830. 5796
5Nb0. 36710° 28190. 19260. 09870. 00000. 0000 o
Ta0. 00000. 000&P e Fh e EleayDY Gor tROGtalysts in Table 2A. Test conditions: 300°C
Zr0.00000.070UﬁbThgﬂﬁ?@%ﬁﬁbﬂﬂﬁﬂﬂQWSGOQQNBEﬂH%QsG%Q.849.549.949.7
Ni 0. 53480.54780.56140 57580.59090. 6068

6Nb0. 46520. 34120. 29%@@@4@9&\@@'&% OONONb-Ta-Ti Oxide
Ta0. 00000. 00¢Q0. 000AIXBOBO0. 00000. 0000 °. °. - L :
Zr 0. 00000. 07100. 14550. 22390. 39630. 3B32 0.4049] 859. 350. _ 1p0. 049.9 5 Tabl e
3B: Ethane cqnvdrsi bn82.8r |t h&8.Latlal8dst s|i gs5kab| egdA | Tagh cpnditions: 300C
wi th et hane/ mit2ogen/ 86ygen 8d.6w|ofgshr 427 @47547 P RBS $CGAT hane Conversion
(99 of Ni-Nb{Ta3Zr pxiole M x84 es$ 84.9 84.7 346 84.0

4 769 | 847 | 848 | 845 | 848 | 850

10

15

Table 2D: Ethane conversion for the catalysts in Table 2

with ethane/nitrogen/oxygen flow of 0.42/0.082/0.022 sccm.

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

Mixtures
1 2 3 4 5 6
1 10.5 11.2 11.4 . 11.9 11.8 11.0
2 82 11.4 11.8 11.3 I1.9 11.5
3 93 11.6 113 11.6 11.8 11.3
4 7.1 - 11.6 12.0 11.6 117 11.4

A. Test conditions: 300°C

Table 2E: Ethylene selectivity for the catalysts in Table 2A. Test conditions: 300°¢

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

YR




123456 19.118.218.919. 218. 615. 7 216.014. 818. 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 AdhGEEssHHH3 wo
00/ 48971 5 PCT/ US00/ 04478 Table 3C. Ethylene Selectivity for the catal ysts
in Tabl e 3A bodsgypdi tions: 300C wi th ethane/ nitrogen/ oxygRisobbyy of
0.42/0.54/0.0 sccm E thylene Selectivity (%9 of NN Nb- Ta-Zr Oxide-

M xtures 123456 | 46.083.884.484.0' = 84.883.0 280.474.483. 481. 180. 783. 6
384 883. 777.281.873.981.5 484.484.279.576.673.679.1 584.7

' 82. 973. 476. 6. T3u14 78: BnbB2orl@dkidn/Br héQaRaRSts %7 Batle 14 TEakbrdiddas: Wottane
Conversion for ﬁ:ﬁ%ﬂﬁﬂé/ﬁ&&g&x&stﬂwef@AJbﬁufomesadcﬁn ned to 400 C. Test
conditions: 300C with ethane/nitrogen/ oxygen flow of 0.42/0.5410.088 sccm

Et hane Conver.s[on { %) E@hnd\oNBmiba(%) o Xi-le- M Fioni®s 123456 .
16. 312. 212. 612} 511. 98pPxid@s 110. 812. 210. 811. 415. 1 312. 213. 810.{211.-98. 011. 2

413.213. 211. 48y 8T0.370. 8 513.613. 5. 6BI. 2P. 2%2. 2 614t. /13. 47. 56. 48. 07.5"
1 3.6 12.3 13.2 14.1 14.6 7.1
2 4.9 14.7 13.5 11.4s. 15.0 8.7
3 8.1 12.6 13.3 14.6% I+ 14.6 - 11.1
4 3.7 10.4 14.3 14.8 14.8 14.4

Table 2G: Ethylene selectivity fér the catalysts in Table 2A. Test conditions: 300°C
with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 scem.

Ethylene Selectivity (%) of Nl-Nb -Ta-Ti Oxide
Mixtures
1 2 3 4 5 - 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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Tabl e 3E: Ethylene Selectivity for the catalysts in Table 3A but recalcined
to 400 C. Test conditions: 300C with ethane/nitrogen/oxygen {I ow {0
0.4210.54/0.088 sccm. 15 Ethylene Selectivity (% of N -Nb- T4l 21 oL

M xtures 23456 | 33. 483. 385. 484. 686. 086. 7 278. 866. 283. 3. 81. 080. 983. 5

386. 484. 170. 68¥0 90485181 1 485. 884. 878. 669. 169. 378.5 5 PCT/US00/04478
86.583.771.975.869. 777.0 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 small
quantltles( OOr fromnickel nitrate 20 ([Nl = 1.0 M, titanium
oxal ate ([Ti] "‘b‘“?’%g‘ %EIV%N‘EB%T’MB&B‘D@@C@@M;S €¢14848A5457)21 August

2003 VIO 00/ 48971 PQIASAOLEHIB.M iR Qs ekOC fomghittlons, by, regr pi'tati on

with tetramet h@a}'mﬁ&w dr oxi de.
from sol ution ce £Ri§ W&%ﬂawﬂé&kupééwn,mammqmﬁmsm solid,

material s wer eandrzireshigth oR4late (e Tahl e
sunmari zes 5thetF n&g}ﬁll tloon,aargd an%?ﬁ’ﬁ g@?&g%ga%/%ﬁﬁlgﬁsgbycp&cé?l?g?“ §'1th

conposi ti onis framoniam hyfrogidedibe selidmaterinly averhrsemmlatedfrarh Yolttion

conposi ti ons Virencdhgation drhedupRfntwhdl f air with an oven
tenperature pry ramp .to 300 C af e%]tea%!?gm%fl%sé"tﬂ%ﬁéaﬁ‘

hours. -The ni xgo”“r‘?ﬁ%e dugser qEnaspliess. Y ahle3 A sunBliriaey)the avetpesiacd 2ARBGUE T he
fixed bed par aiftied vatig@cdailyst ddMpoRifbA:0r Mance characteristics of 10 these
catal ysts for ethane gxi datlve dehydrogenation at 300 'C with relative
flowates of ethah®?HFst§egEerresigednthofiial cé@ly@tcﬁ#lpﬁmﬂﬁﬁu&ﬁeﬁdmcﬁ{eﬁtéum“ zed

hmgust 5005 vaoanaeey LAl YT e B e SR i (o
fraction) of N ¥R agkdvrll & 3080 et Shoarsdsanipddanctiloside Eamyste b gy paral | el
fixed bed reaeciepd scheh&ER mmm%&lfggél%?’reacﬁ)r "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 ;emperature profile. The performance characteristics of these catalysts |

for ethane oxidative 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



Ni 1.000 1Zr0.000- Ti0.000 mass54.1 (My)- ; N 0.9300.913 2Zr0.0700. 000

Ti 0. 0000. 087 massb52.347.6 (ng) N 0.8620.8470. 833 3Zr0: 1380. Oggg 0092003

Ti 0. 0000. 0850. 167 mass54. 850.352.3 {ru ) Ni 0.7970.7840. 7710. ugus

47Zr 0. 2030. 1330. 0650. 000 Ti 0. 0000. 0830. 1630. 241 mass52. 054. 047. 450.2 (M)

Ni 0. 7350. 7230%¥P19988%7H10. 6 00 5Zr 0. 2650. 1950. 1280. 0630. 000 PCTI/US00/04478

Ti 0. 0000. 0810. 1600. 2360. 310 nmass52. 052.945. 346.4' 49. 6 (nQ)

Ni 0. 6760. 6650. 6540. 4440. 6350. 625 6Zr 0. 3240. 2550. 1880. 1243 (Z)Géo Oog 46 21
Ti 0. 0000. 0800. 20 3050. 37 SS 3. 045, 647. 351. 85

August 2003 V\Blg’ﬁgﬁgz f@f %’ %‘2“3! éf‘ﬁ‘gr%‘ Tétﬁﬁ\?é%dél on for
catal ysts in TABMES £52MPEdPasgo (‘E“ﬁdﬁ%d‘“:%fél L 1ikpd bed reACIORFEECR t r ogen: oxygen

'\ EA- 0O NOO o~~~ 12240 64 17 0
fl ow of 0.42: ~RA-OO8E sep— &7

3 " 4 5 6 |
- Ni 1.0000 | 0.8969 | 0.7944 0.6927 | 05917 | 04914 -
1 Nb 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

Ta 0.0000 | 0.1031 ] 0.2056 | 0.3073 | 0.4083 | 0.5086
Zr 0.0000 [ 0.0000 | 0.0000 | 0.0000 4 0.0000 | 0.0000

m 49.8 49.5 49.6 13496 50.1 495
Ni 09119 | 09328 |°0.8262 | 0.7203 | 0.6152 | 0.5108
2 Nb 0.0881 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000

Ta 0.0000 { 0.0000 | 0.1069 | 0.2130 { 0.3184 | 0.4230
Zr 0.0000 | 0.0672 | 0.0669 | 0.0667 | 0.0664 | 0.0662

m 493 49.6 50.4 49.9 50.3 49.3
Ni 0.8214 | 0.8405 | 0.8606 | 0.7502 | 0.6406 | 0.5319
3 Nb 0.1786 | 0.0914 | 0.0000 | 0.0000 | 0.0000 | 0.0000

Ta 0.0000 § 0.0000 [ 0.0000 | 0.1109 | 0.2210 | 0.3303
Zr 0.0000 § 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

us
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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. Ethylene selectivity fgf C%&ﬁ%$§ts I n
Tabl e 4A. Test conditions: 300 C wth ethane:nitrogen: oxyge PP :
0.42:0.54:0.088 sccm 12345'6 146.1 272.978.5 375.876.581.9

471.378. 881. 08YOMOKEIL 074. 872. 181. 284. 7 669. 071. 376. 870. 977 pdHBs0diadeFs
Exanpl e 5. ODSE over NiTiCe / N ZrCe Oxide Catal ysts. (#14841/15158)

Ni -Ti-Ce and Ni-Zr-Ce oxide catal ysts were prepared and screened in a
manner simlar to the catalysts in Exanples |I and 3, using ceriumnitrate
([Ce] = 1.00 M aqueous stock solution. Table 5A sumarizes the conposition
and anmounts of 5 the various catal yst conpositions. In the initial
screeni ng (cal %3 oRthylenestptretity for tﬁ@mt@lystﬁoﬂ‘ahlnimgﬁsﬂcéﬂd&&(ﬂs;@@d"c par al | el
reactor at 300 Vi qfepenifrpsrfoxysss flow 0§D HARSHM BB ogeem: OXygen of - _
0.42:0.54: 0.088—scorn._as described), ethane conversion values for the.

Ni Ti Ce oxi de crposi t Erene Seleadjatr (¥ of NBNG- TaeZrwixdide et hyl enc |sel ectivity of .
66.5 % to 17. 6% (wi MiKtues\y| ene - 20 selectivity of 79.3 % | and ethyl ene
selectivity values rdngdd firomd 66/5 % (witht efhase conversijon of 9.6 % to
80.1 % (with efhahe corddr sli 83.80f | 184.80 %) . 846 HhR@4gcOnvgs g1 on val ues for
the Ni Zr Ce oxi 2onod0yi gns74danped3.sr dm 13l 41 Ygbwi th ggdyljene selectivity
of 69.1 % to 6.3 %) (\WH#Bh let83yl ene7nel gctdig Ly ¢8.979 JRP4, |and ethyl ene
sel ectivity values randged fir anx%9| 1795 (W 75 €T 1apgeCqnvag pipn-of 13.4 % to
25 78.2 % (w tp_efhane gggnVergaion] ok3 1574 Fgg N v€h T[ECH i ng (400 'C, .8
hours, as desclibed),| t8hg datqleysfS738Te TRSCT eHEY ('TEP H s not shown).
14q 21 August 2003 00748971 PCI/USO0/ 04478 Tabte—5 ’

abte—5A—Eatal yst
conposition (rfole fraction) of Ni-Ti-Ce and N -Zr-Ce oxide catalysts and
sanpl e ness, " Mable DU e enleRidAbAht Bharfdoii TN AP QinSFL o805
Test conditions: 300°C with ethane/nitrogen/oxygen flow of 0.42/0.54/0.088 scem
10 .

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

Mixtures

1 2 3 4 5 6

1 6.3 12.2 126 |. 125 11.9 8.9
C 2 9.1 10.8 12.2 - 10.8 11.4 15.1
3 122 13.8 10.2 11.9 8.0 11.2.
4 13.2 13.2 1.4 8.8 10.3 10.8
5 13.6 13.5 8.6 11.2° 9.2 122
6 14.7 13.4 7.5 6.4 8.0 1.5

“Table 3E:_Ethy1cne Selectivity 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 )

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 Quéntities (~ 100 mg) from nickel nitrate

20 ([Ni]= 1.0 M), titanium oxalate ([Ti] = 0.713 M) and zirconivm oxalate ([Zr] = 0.36 - - -
Yo o



RowCol 123456 Ni 1. 00000. 92590. 84750. 76420. 67570. 5814
| Ti 0. 00000. 00000. 00000. 00000. 0000- 0. 0000

Ce0. 00000. 00000. 00000.00000. 00000. 0000 21 August 2003
Zr 0. 00000. 07410. 15250. 23580. 32430. 4186 _ 9. 549. 4 . 49. 748. 649. 249. 8
Ni 0. 90910. 9474 @A%HFO. 78300. 69280. 5967 ———

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.

Ni 0. 81630. 85110/)86@00k SAREOLTLBYY. peckTtatdoh Wit BRI dmonium hydroxide.

' 0. 00000. 0000 ooggo.a%gigg Ce0. oooo% 05320..11110. 1.1470. 11850° 1225

Zr 0. 00000. 0000000 F! reieAsR TS E T sigtion ey et lugaeony jide gupymmatant

Ni 0. 72160. 7527 Qva¥ &oafleddad 50/ X8Rl 6REE dried at 60 °C under a reduced atmosphere.

ATi 0. 27840. 193%9511%10' 00000, 00000. 0000 - '

Ce0. 00000. 053802514 % FFBaEzss fis 58Posiien and amounts of the various catalyst

Zr 0. 00000. 08006orRE@ErsD0000. 08760. 1814 9. 950. 650. 449. 350. 050. 0

Ni 0. 62500. 65220. 68180..71430..750Q0. 6477 . . . _ ,

5Ti 0. 37500. 29350. 203847 6% PHREBHERtH dsoriried cataly$t compositions were calcined to

Ce0. 00000. 054380030 @n dthitpherdIGR wilaQa oven temperature profile: ramp to-300 °C at

Zr 0. 00000. 0000 °c21%§00 80020.000000.0933 mi9. 749. 649. 950. 650.-150. 4

Ni 0. 52630. 54956 C52##8d gyelhe) 388 5of9r $Bwys The mixed metal oxide catalysts (~ 50 mg)

6Ti 0. 47370. 395ke 3&BAd 21160 Hx 1638 GardMit) Beactor. The performance characteristics of

Ce0. 00000. Q549(. 11490. 1%7 . 25320. 3333 , i _

Zr 0. 00000. 3B0o0oBEERBYH ST H2BRBBR DDV BEGlo 3400 Sheitostrtiysfouass Exanpl e

6. ODHE over - Noflétthe:ditrbehrcRpgdadrdei Gatal 088 sSem 4rf 1AL LpPble M - Ti - Sb and

N - Zr-Sb oxi de, gat al ysts, r repared and screened in a manner simlar to
the catal ysts feﬁ“a@%‘l’ ‘Tré‘gf\{ﬁ?“gﬂngb]%,Bgﬁ‘gl?%ﬁwéﬂf?‘ﬁ‘ﬁ)ﬁ)y acetate ([Sb] = 10 0.234
M aqueous stock solution. Table 6A sumrari zes the conposition and anounts
of the various catalyst conpositions. In the initial screening (calcination
at 300 C, 8 hours, screening in fixed bed parallel reactor at 300 '"C wth
fl owates of ethane:nitrogen: oxygen of 0.42:0.54:0.088
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scene. as described), ethane conversion values for the N Ti Sb oxi de
conpositions 60 21- August 2003 WD 00/ 48971 PCT/ US00/ 04478 raﬂggd frogl 1.0 %
(with ethyl ene selectivity of 73.3 % to 15.8 % (with ethyl eAb™&EI % ivity
of 79.2 %, and ethylene selectivity values ranged from73.3 % (wth
et hane conver sv@e4ed711.0 % to 81.8 % (wi th ethane conver Sip@Ryu@fsnimé A -
Et hane conversion values for the N ZrShb oxi de conpositions ranged‘--f rom
1.4 % (with 5 ethylene selectivity of 75.5 % to 11.9 % (wi th-ethyl ene
selectivity of 74.7 (V%ﬁ and ethylene selectivity values ranged from63.2 %
(with ethane cdaWefsGaalyst camgosion (mole fi8ctRuoINITIZ oxitidcady LY S4silon Of
11.3.9% . Aft er Meac@iee pyedigpardBhfixeg be@reatiauesen.as descri bed), the catal ysts
were rescreened._(resulfs not shown). 10 45} 21 August 2003 WO 00/ 48971
PCT/ US00/ 04478 TRbw e | €Alun@alt al st |colpodi tion [noke flragtioph) gf i Ti Sb /
Ni Zr Sb oxi de nfi xture$ ¥nd [sdm@0e]{mass, ['m (r|{ng) uged in parartal fixed
bed reactor screeh. RowZol 1234®6 N 1. 00J00. 937[70. 864320. 7 6640. 669%0. 5365
1Ti 0. 00000. 00g00. 00090. BDO00.0WO0Y. 0000 [Zr 0. O0P00. 062330. 13580. 22360. 3305 .
-0. 4635 Sb0. 0g000. 00POMagOO00540D0P0. 00000. 000Q} r n49. 450- 650} 450 649. 349.5
Ni 0.92330. 94030. 86690. &&0Q. 67190| 5387 -3y -
2Ti 0. 07670. 009J00. 00090. 8D0C0.033000. @130 |. ;
Zr 0. 00000. 00000. 0B810. 1496(. 24960{ 30eub .
Sb0. 00000. 05970. 06510. 07il50. @880} 0BGy 160. 450| 750. 049. 450./050. 2
Ni 0. 83590. 85230. 8695p. #8k6(. 6s0440] 5498 —
3Ti 0.16410. 08370. 000P0(A£0J0. 0000P. 0000
Zr 0. 00000. 00040. 0000p. Ob0(. dEEe20| 2684 | 0.833
Sb0. 00000. 06400. I3305D. 12434d. 3940} 1o/s 750.0450. 449. 250. 349.{449. 7
Ni 0. 73530. 75090. 7672D. 78420. §.0680! HR3 °.. .0.167 )
4Ti 0. 26470. 18020. 092{L0m@R000. AR00D. 8BV 52 3
Zr 0. 00000. 000Q0. 0000D. @AH0Q. 08360f 1877
} Ni 0.797 0.784 0.771 0759
4 Zr 0.203 0.133 0.065 0.000
Ti 0.000 0.083 0.163 0.241
mass 52.0 54.0 4714 50.2

{(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

4§



Sb0. 00000. 06890. 14080. 21580. 23950. 2691 mM49. 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. 07460. 15270. 23460. 32050. 3603 nb0. 849. 549. 350. 050. 249. 7

Ni 0. 48080. 492800 608%0. 51880. 53290. 5478 - PCTUS00/04478

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

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

Sb0. 00000. 08140. ] 6690. 25700. 35200. 4522 i n20. 250. 650. 550. 850. 449. 0 5 Exanpl e
7. ODHE over Ni'#PIRdB/ Effjens sqavessiop fo r@aﬁlﬁzgifsblewlé’mwmgﬁoomm Nd and
Ni -Zr-Nd oxi dec@é?%’lu%ﬁeé‘ onieres fioropArel- S 4Rd8&¥rBened in a rmanner sinilar to
the catal ysts | anples’ | and 3 . using neadyniumnitrate ([Nd] . = 0.50. M

aqueous st ock 'ml ilidn ' 2rahl d Ia4shmdnri fed the conpositi on and. amount s
10 of the variluk ¢a¥8lyst conpasitigns. lln_tthe initial screening :
(cal cination 200 156, {84%olrs, Iscreening in fixed bed parallel reactor™

at 300 ' C withl f3owldtles 165 pidéne: nilt roden: dxygen of 0.42:0.54:0.088
sccm as descrl béd]  13& hade coh¥edEBon (@) ardg,et hyl ene selectivity (S)
values for th N TilME gxisdie] tHEPOET1 2069 r ar e_%i from6.3 %C, 45.1 %S to
18.1 % C, 84.60 %S| 24 Augissi 120033.9D16014894] PCT/ US00/ 04478 Et hane =
conversi.on values for the N ZrNd oxi de conpositions ranged from4.5 %
(with ethylene selectivity of 41.5 % to 13.4 % (with ethylene selectivity
of 71.8 %, armdbletby Eeiytns edi@Glityot daralyals HEFable?) €Test Ednditibls: 3006 Wi t h

et hane conver sivath etfandnifrodén:oxygen flowdt #eif:0/58:0.088 Kame conversion of ~13.1 9.
5 1n a second screening in the fixed bed parallel reactor at 300 "Cwth

different fl o at s yeffhane] ngtfogen: gxygen jof 0.42:0.082: (62 sccm,

et hane conversion (G and efhyl éne $élreqirvijty (S) values for the N Ti Nd
oxi de conposi tfops(rargedglsy pm 4.9 6 C, [62. § %S to 11.0 % C, 93.3 % S.

Et hane conver sfof {Gs @Mty gMe  sereqrivijty (S) values for the N ZrNd
oxi de conposi t FOFIS|TANUEld PRI #{419C 997071 1D % S to 10.0 % C 90.7 %S
- After recal cf e 7P 1;4:3” AWEIS IS desgri bed), the catalysts were

rescreened (r 56,” S P A OT™Wd g 7093 794 I%g-gLSt 2003

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 seiectiviq'( 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).
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WO 00/ 48971 PCT/ US00/ 04478 Table 7A: Catal yst conposi t lon (nole fraction)

of NETiNd I N ZrNd oxide catal ysts and sanpl e nass, in (mz:;? used in

paraltel fixed bed reactor screen. Rowcol 123456 August 2003

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

1Ti 0. 00000. 00GEPecaeR0. 00000. 00000..0000 PCT/US00/04478

Zr 0. 00000. 0741. 0. 15250. 23580. 32430. 4186-

NdO. 00000. 00000. 0000. 0 00000. 00000. 0000 i n49. 649. 7. 49. 350. 349. 5 49.5> -7

Ni 0. 92590. 94740. 8677 ' 0. 78300. 69280. 5967

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

Zr 0. 00000. 00003267 34 atabysi G FUOO(nBASfYaction) of Ni-Ti-Ce and Ni-Zr-Ce oxide

Nd0O. 00000. 0526 0at@$t204 85aIOmeSs,7 7o' (G&QWsedﬁgpa&IleEﬁkeSBEd rb4&od#Peeh50. O

Ni 0. 84750. 86770Q0. 883890. 80280.7109. 0. 6127 :

3Ti 0. 15250. 07811 0R&00D0EH00J. 00000, 0090 3 4 5 6 - .

Zr 0. 00000. 0000 . 0. 00POMNI082600MDBOKLO92BAT 0.8475 | 0.7642 | 0.6757 | 0.5814

Nd0O. 00000. 05420. 1111p. 1T470. AAWE0 222H NIO0DES. 2.06004500.6e0D. ¥4L00b0

Ni 0. 76420. 783I. 8028p. 8235(. ¥@BOC;. 62000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
1

4Ti 0. 23580. 161j10. 08250. BHO0QA.EVO0OHOBAO0 | 0.1525 1 6.2358 | 0.3243 | 0.4186
Zr 0. 00000. 000000..00000. 0R00Q. GEB60. 184t | 497 | 486 492 4938 - |
NdO. 00000. 0559{0. 1147pD. INi650. A8250. 6888 MEAFS. 558004 D). 873 B4H57
Ni 0. 67570. 69280. 7409p. 7%99(. ¥&0O0. 64700 | 0.0000 | 0.0000 | 0.0000 | 0.0000
5Ti 0. 32430. 24940. 17060.@876¢00.A00000080 | 0.0542 | 0.0559 | 0.0577 | 0.0597
Zr 0. 00000. 0000j0. 0000D. GRO0Q. AEDO0. 098® | 0.0781 | 0.1611 | 0.2494 | 03437
NdO. 00000. 05770. 1185p. 1,8250. 28600, 250 § n46.5549. 4. $5Qo0A9| 45061
Ni 0. 58140. 59670. 61270 60 70. ®#E70. 68611 | 0.8889 | 0.8028 | 0.7109 | 0.6127
6Ti 0. 41860. 34370. 2640.#8140.¥333000090) 0.0000 | 0.0000 | 0.0000 | 0.0000 |
Zr 0. 00000. 00000. 0000P. G000 A)6HO0. 00852 | 01111 { 0.1147 | 0.1185 | 0.1225 |
NdO. 00000. 0597/0. 12250. 1.8890. R&@a 0. 333® | bidod 49034 PBAR. P42ed7 9 Exanpl e
8. ODHE over N TIYb [ NuZr |YoWXi|desdat fl ¥ekS.| (BIPIPSI442L) 503
Ni 0.7216 | 0.7527 | 0.7865 | 0.8235 | 0.7299 | 0.6297
4 Ti 0.2784 | 0.1935 | 01011 { 0.0000 | 0.0000 | 0.0000
Ce 0.0000 | 0.0538 | 0.1124 | 0.1765 | 0.1825 | 0.1889
Zr 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0876 | 0.1814

m 49.9 50.6 504 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



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 y{terbium
nitrate ([Yb] = 10 0.456 M aqueous stock sol ution. Table 8A EgﬁﬁﬁVayés t he
conposition and amounts of the various catal yst conpositions. In the
initial screenwogogssal ci nation at 300 'C, 8 hours, screeni npcimsobases] bed
parall el reactor at 300 '"Cwith flowates 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 pdngédYwmok® eke(withrefhyint seteagvityafi §2.d -Yo)to 0fB 46 (with chyléik. 6 % S to
16.8 % C, 83.4 %S.. . Et g,.conver si o ..and et e ecti-yity (9).
val ues for the f\iriieﬁv Oggla'geﬁ’)’_ %nor?pgzﬁln ?e%)"’%@“rygvﬁg’é"gmgg%%@3%@“"%‘6. 8 %Sto
132. % C, 75. 6etharB.colvarsmnsét.0%6) te 81.8 &nfwityy ethand ¢tvavérsine df H2 8s)p Exahd el _
reactor at 300 'C with diff.er . L K 2 1t r,agen;.oxygen of .
0. 42: 0. 082: 0. 025°PY &I ‘é“t"‘ﬁ%’r%gen‘gbzﬁé’egr"é@%‘%?-‘g‘l"g‘géﬁg%ﬁ@‘{’ué%é‘ A ity (9
val ues for tlse bhjlendselontivitg of BPYUS kot 1S (wiinghydedersolertinGty®f #4.C2%6)7&d9 % S to

10.6 % C, 91.8 % S. FEthan nversj ang. . - I iV{Ly (S)
vai ues. for the KPBPVBUSa s vARtTaReP R 22h il s afipf R ARISY 57
10.3 % C, 89.9 98.5% (b@thAfhtuerconewsidreofiil 86X 400 * C, 8 hours, as descri bed),
the catal ysts were rgscreene u : T
00! 45071 boT) Usooy oA rEERRbe 0PES %ﬁ'ﬂ% %3%%\3@ ﬁeéﬁa@%@?‘%%g"t%?% of
Ni Ti Yo / Ni Zr Yb (resultslmot slatvan).yst s  and sanple mass, "ni' (ngy) used in parallel
fi xed bed reactor screen. RowCol 123456 _

Ni 1. 00000. 92590. 8475. 0. 76420. 67570. 5814

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

Zr 0. 00000. 07410. 15250. 23580. 3243- 0. 4186 - .. -

Yb0. 00000. 00000. 00000. 00000. 00000. 0000 i n50.0--------- B

Ni 0. 90910. 95180. 87180. 78690. 69640. 5998 '

2Ti 0. 09090. 00000. 00000. 00000. 0000, 0. 0000 -

Zr 0: 00000. 00000. 07850. 16190. 25070. 3455

Yb0. 00000. 04820. 04970. 05130. 05290. 0547 mM9. 349. 650. 150. 049. 450. 3-

Ni 0. 81630. 85510. 89770. 81090. 71840. 6194

3Ti 0. 18370. 09620. 00000. 00000. 00000. 0000
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Zr 0. 00000. 00000. 00000. 08340. 17240. 2676
Yb0. 00000. 04870. 10230. 10570. 10920. 1130 9. 749. 349, 850. 049. 549, 1
Ni 0. 72160. 75630. 79440. 83650. 74180. 6404 21 Angust 2003
4Ti 0. 27840. 1945_0. 10210. 00000. 00000. 0000

Zr 0. 00000. 0000WOQTGOD. 00000. 08900. 1844 PCT/USOA4T8
Yb0. 00000. 04930. 10350. 16350. 16910. 1752 ‘9. 550. 349349. 850. 250. 6

Ni 0. 62500. 65530. 68870. 72570. 76690. 6628

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

Zr 0. 00000. 00000. TORGER: TAALEt HRPOLaDEble fraction) of NiTiSh / NiZrSh 0x1de ixtures
Yb0. 00000. 04980.2h0 4atfihld bSO 3@d) uBel IS pariilel 54&3 EQe 49 528, 6 "8
Ni 0. 52630. 55210, 58060. 61210. 64730. 6868 ‘

6Ti 0. 47370. 3975(. B#@50. 226K0] 11650, 000D CRE 3 =

Zr 0. 00000. 000004 00000./00@R0. POEH0 0009377 | 0.8642 | 0.7764 | 0.66 3365

Yb0. 00000. 050404 10%90.{167%0. 2360000 318800049 . ¢tdfdo6pB.038H 168! 9. SomoEkanpl e
9. ODHE over N Ti Sm | |Ni ZxSm @oode {Cabedsy$td13seH L pI35¢ 1 s [Ny agds- Bm and
Ni - Zr-Sm oxi de tat al yst s swer ¢ quoepdr edosn{l Geyoaehethob® soghlar to-
the catalysts ip Exangl esnl gndgd, |[US§000 $ampi=UM BHET 4-9 D 0. 506
M aqueous stock soluifi o TR @3VA 898030 I Z&o U T8 75501 f=anount-s
of the various fatalygt qonppsid7e®nSe.06dd hﬁxhﬁ'tbﬁboécrg nation
at 300 'C, 8 hoprs, sdqreegni nf ggnodi[xedodeey o.qa Qliod ¢34 C with
flow ates of etpane: niltregen| aoen @bsd- 1%HQ5543 ié%@ "
descri bed), ethpne convenrst ol ¥ghEUES 507 | NGo i '\@gyxi s 56
21 August 2003 WD 007 489%1  PeR355]04 B I v

e it AR /o
81.8 %, and ethyl ene|sekgct bkbM)“ bee. | 8 [ heRe !l t hane
conversion of 1D.4 % |tog82. B o%ubailt o@bhar@ﬁsﬁghvaﬁéw' Et hane

%

|
conversion val ugs for [The Ngr | CONPRs Lt ons, o
(with 5 ethyl eng"Sete lety Foko ;5%39 0?%32 ”0?70‘32{]"
¢

5 ; .'7 b 09760 -
sel ectivity of 1p o, gid 12%@3{ 8%5;49%‘ g Oe{%g@?;we.-on of
2

(wi tb_ ethane cpnver sitongpof

-13.4° 9. In a second|scggen] af%ow t @sgﬁ gy s aFeaat| 300 " C
with different T m 492 | 493 498 50.7 50.6 49.8 .
Ni [ 06184 | 06326 | 0.6475 | 06631 | 0.6795 | 0.5455
5 Ti | 03816 | 02928 | 0.1998 | 0.1023 | 0.0000 | 0.00G0

Zr 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0943
Sb 0.0000 | 0.0746 | 0.1527 | 0.2346 | 0.3205 | 0.3603

m 30.8 49.5 49.3 50.0 50.2 49.7
Ni 0.4808 | 0.4928 | 0.5055 | 0.5188 | 0.5329 | 0.5478
6 Ti 0.5192 § 0.4258 | 0.3276 | 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 Example 7. ODHE over NiTiNd / NiZrNd Oxide Cataiysts. (#15154/15420)

Ni-Ti-Nd and Ni-Zr-Nd oxide cataiyéts were prepared and screened ina
manner similar to the catalysts in Examples 1 and 3, using neéodymium nitrate ([Nd] =
0.50 M) aqueous stock solution. Table 7A summarizes the composition and amounts

10 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
sccm, as described), ethane conversion (C) and ethylene selectivity (S) values for the
NiTiNd oxide compositions ranged from 6.3 % C, 45.1 % S to 18.1 % C, 84.6%S. .

=



fl ow ates (ethane:nitrogen: oxygen of 0.42:0.082:0.022 sccn), ethane
conversion 10 values for the N Ti Sm oxi de conpositions ranggﬂAfm@c@ %
(with-ethylene selectivity of 75.1 % to 11.5 % (with ethyl efe”8&F Pvity
of 92.2°9%, and ethylene selectivity values ranged from75.1 % (with

et hane conver stamsuagh1 6.8 %9 to 92.7 % (with ethane conversion of 11.3 9.
Et hane conversion (C) and ethyl ene selectivity (S) val ues PCEfUSPod47s Zr Sm -
oxi de conpositions ranged from7.7 %€ 80.3 %S to 10.3 15 %C 90. 4%5.
After recalcining (400 'C, 8 hours, as described), the catalysts were
rescreened (resmhdnsc&%rsﬁiﬂmlsformél\ﬂziﬂdﬁﬂﬂ Shpe03. VO 00/ 48971

PCT/ US00/ 04478 T@rt gﬁn%%t al yst_composi t1on (HBre 17 Heetdfym 66 %\ Ti sm /

Ni Zr Sm oxi de cat °§‘3W15’|fé1 939 13.41% ( )ethﬁdﬁdsélébtxl@%f@ﬁ 19 0§ 1 xed
bed reactor $cremdethendieledddgHoluedl %91041952 0..84750. 76420 6757(3 5814
Ti 0. 00000. 00000. o%)g 'DP % g}@n 00. 0. 0000 ethane conversion of 4.5 %)
17r 0. 00000. 07410° 152 &) WiEs %@&%Slqm%wl%) ‘ '

Sn0. 00000. 00600. oooon{h L6020 242 550. 350. 0
Ni 0. 90910. 97300. go (8p550, 713 6150 el By "“ea“"”tgco "C with different

Ti 0. 09090. 00000. ‘6’66“@6@0@%@0@1‘ 0.42:0.082: 6022 sccm), ethane conversion (C)
2Zr 0. 00000. 0000@nDERBerebBBARit? BH SRS

Sn0. 00000. 02700, 43 Z%Of?% 880. 029 0. 0308 m&”’éﬁ’cfi'%ﬁ’ﬁ“%‘&%“‘f@ﬁswdﬁom
Ni 0. 81630. 87430. 941 155003397 6, @837 S. Ethane conversion (C) and ethylene
glz?olggggooaggoi‘ﬂ@ﬁ@‘wm OQQ%g‘gqg’ﬁgi?tfgﬁg gZO compositions ranged from 4.2 % C, 59.0
Sn0. 00000. 02730. b%'ﬁgg%o%é% d6380. 0653 i n49. 550. 449. 750. 150. 349. 9

Ni 0. 72160. 77350. 83330040826inGR32R "GP flours, as

oo
Ti 0. 27840. 19890710, 00009 00000. 0000 . described). the catalysts were rescreencd
4270 00000, 00005 D08 B0, 09640. 2003

SnD. 00000. 02760. 05950. 09680. 10040. 1043 mM49. 549. 550. 7----- 49. 550. 7
Ni 0. 62500. 67040. 72290. 78430. 85710. 7440 ' '

Ti 0. 37500. 30170. 21690. 11760. 00000. 0000

5Zr 0. 00000. 00000. 00000. 00000. 00000. 1071

o3



SnD. 00000. 02790. 06020. 09800. 14290. 1488 nb0. 649. 649. 848. 650. 748. 8
Ni 0. 52630. 56500. 60980. 66230. 72460. 8000
Ti 0. 47370. 40680. 32930. 23840. 13040. 0000
6Zr 0. 00000. 00000. 00000. 00000. 00000. 0000 :
SnD. 00000. 02829 edh@4P0. 09930. 14490. 2000 nb0. 449. 550. 451. 049 pB1ARe0Resag EXanpl e
10. ODHE over N Ti SnxX (X = Cs, My, .Ca,~Shb, Bi, V, No, Ta) and N Ti NbTaSm
Oxi de Catal ysts (416297/16506116650) -Cat al yst compositions conpri sing
various Ni Ti SmX oxi des, where X is Cs, 10 My, Ca, Sh, Bi, V or Nbo were
prepared in snpdple 74 - Caldddr Slipodiidn {hble Fachioh) B REMNH ¥ NiZrdl oxfdelkakprt i al |y as
described in cQaRSkHE MRssViok \niey a58alif phralldidiXe@ béd fhvisriebmeB.i zes the '
conposition and amounts of. the various catal yst conpositions. In an initial

21 August 2003

screeni ng (calfcigEarT pncal 400 1 C [8 Mpury, sgregning 1h Tisxed[beg dar al I el
reactor at 30¢— C W T i oW #0860 QT 0,954 €HBLTT 00€TeOXYALH7HT | 0.5814 |
0.42:0.54:0.088 21- Auggst 120@800) §0866B978.06%eT/ USEsH00 4y EocdC t .0088 | .
des_crl bed), ef hane cpnvgr sijop ougd Yeg.ohpr [t besN Ti §pas3 0x0.stscpnpnagstfi ons
ranged from 13. 8. % (| ty etlhylane [s6besd i|vobyodf] dode Y90.660018.Rodke (Wi th"
ethyl ene sel gctivity of 83 "Tz@F, [aTg FTNYT & JeIL 1 V1 (5h.37al Ugs st anged
from76.5 9 (with “erfroge GURGEESTOhoRis 1508679 | 07856 | I6 b gkane
conversion of |18.0 9. -hang.o 4£ N Bbed dNolidbd!$So.6000 § NEoddoT ! Siiddag ofxi de
conposi tions fanged froj 13. 4 ofpd v gbg%ft hylogsie (Sei&at | vo.5a0401 Rz 9 to
19.1 % (w th ¢thyl eng S€4 €6t bbby |°b.05% 4 %05425"do.offbt‘:_'@.@fnse!(ﬁ@g‘gvvl ty -
val ues ranged|{from 8 9L hdTo TR TYTTVES 3T UTT 434 T “oW [ Dspg0 |l %
(with ethane Gonverstomeol (gt M REIRTICORRIY ST SEOTE Y YES T ooy
TS o, od corpot thond pFESed (0T lag ol (el Wi | o) 1y
sel ectivity vgl ues ar}%gd f'b%'fﬂ) g. E:O%fw b1 ff raa:glégoiv&“sgsom & 2214. 5%
to 85.6 % (with et hape——convejsornoj, 519 :‘@ 'Ztuﬂj e COTIeET STToTg%atues for
the NiTi SnEb gxi-de—ponflostidss rapgetfi R B (T
selectivity off 83,2 ¥ £b ;JB 5/2 (@5 ED, ot Bkehe 'i‘cui ‘ %()fo‘%ol % ,
and et hyl ene gel ebtiyit i_v I gn 06 "oty 5 320% V\6' 1 hang 4
conversion of {16.3 9% tg{.85 1 S Han %angr%_,’on t? 8751 % Et hane
conversion vallues fot—tBe—N-PSHb 1 SLoA2 “u‘"“l s‘rti'l S—rafige, fi’_u;tlgl 1 %
(w th et hyl end-selectivity f"%g. ‘! %ﬁé.b’n 175@5—%(‘ ';i e+RYEene &9'8“0 Ivity
of 86.1 O D), | and et hyNéne é?eq\7 §ti\gi gglvaloq %gra. I firg . 00'E ggw t-h
et hane converdi on’ of {1118 %0'3t2 6 024 (Wiot0 tth con cn‘g 7.9 %.
Et hane conversji on vallued” f of %4780209 smg; g de %gt)CS g4 ranged from
12.1 % (with ethyl eng_sBfec io\ﬂ..?' 1.0;4.\,.5 N Ei e\:,l ) 3 e;gdyl.me
selectivity ofl. 83 5 9 Yand pﬂﬁéLe‘ne@ﬁLebu !.8'(\, valyes - -

Ni 0.5814 | 0.5967 | 0.6127°] 0.6297 | 0.6477 | 0.6667

6 Ti 0.4186 | 03437 { 0.2647 | 0.1814 | 0.0933 | 0.0000

Zr 0.0000 | 0.0000 | 0.000¢ } 0.0000 | 0.0000 | 0.0000

Nd 0.0000 | 0.0597 | 0.1225 | 0.1889 | 0.2591 | 0.3333

m 50.1 49.3 49.5 507 50.6 45.0

Example 8. ODHE over NiTiYb / NiZrYb Oxide Catalysts. (#15155/15421)

Ni-Ti-Yb and Ni-Zr-Yb oxide 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 6f ethane:nitrogen:oxygen of 0.42:0.54:0.088

scem, as described), ethane conversion (C) and ethylene selectivity (S) values for the .
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ranged from 74.8 % (with ethane conversion of 13.3 % to 83.5 % (wth

et hane conversion of 16.9 %, Ethane conversion (C) and et hgiagne 0
selectivity (S) values'for the N Ti SmNo oxi de conpositions 13903 m
16.0 % C, 80.4 %S to 20.0 % C, 85.5 25 % S. Ethane conversion val ues for
the Ni Ti SmTa GyhdfasgAMPOSi tions ranged from6.1 % (with ethyl ®Hfoaurs
selectivity of 72.7 % to 20.0 % (with ethylene selectivity of 85.5 %, .
and et hyl ene selectivity values ranged from72.7 % (w th ethane conversion-
of 6.1 % to 87.3 % (w th ethane conversion of 18.8 %. In a second

screening in thwlfl%%shdbe&np@&ainkeh?émﬂm%atzﬂfw%sGo%Wél Bigeent 30

fl ow ates (ethane: nitrogen: oxygen of 0.42:0 061 sccrr‘k et hane

conversi on val uE&hane gegyerting ((I;Qi WSWE@“?)%FICH%V"@&%%‘W fo5 e Nigneherider om 15. 0. %

(with ethylene %&hﬁ&iﬂo}iﬁaﬂgﬁffrﬁﬁsé"/ﬁ& m%%@l%(/y\ct%@%fwl ene selectivity
of 88.4 %, and ethyl ene selectivity val uesa@ﬁ]ged from80.4 % (wth -

et hane conversion of Inprseepngyscregninginshesfixedpgdp Aretogpi3 091 C Ay eagH03 WO

00/ 48971 PCTs US4 (ShaRmueizeh:05yzeh ofiB1230082: (Eizlze&el)camenzsmeﬁlo&m}les for .
the N Ti SrnMy oxi de corrp05|t|ons ran%ed froml7,3 % (wth ethyl ene

selectivity of guhethyleneselsefiviyds) yayes for e T%@%P@ENS%HW?“BF“@“B % ; ~and
% h)él 0e/one seggctz 52)(/1%!: Vﬁb%ﬁtdm%cbfgl(}m%&7%&a;%@:&d%ﬁhn@tﬁéﬂﬁ%ﬂ@@ﬁ%ler sion of
to o (W th _ethane version o t hane conver sion
val ues for the RFl REy uasefoaﬁlﬁg{%r 5@%6‘6“%/‘%651‘-3@“‘253%7 *Evieeh |
et hyl ene select lo/ysttdqo;)j%a@g@go;ﬁ,sto 20. 0 % (4ffi ethylene selectivity of - .
86.9 %, and ethylene sel CtIVI ues r e rom83.9 % (wth ethane
conversion of 15.2' A%”F‘E? (%(\n%thr‘n‘“@taﬁ ﬁ% g  Goptsyyera resagrengd
Et hane conversi @RrsiighbEsows). the Ni Ti SmSb oxi de conpositions ranged from
'15.9 % (with ethylene selectivity of 86.9 10 %9 to 19.1 % (w th .ethyl ene
selectivity of 88.1 %, and ethylene selectivity values ranged from85.2 %
(with ethane conversion of 17.3 %9 to 88.1 % (with ethane conversion of
19.1 9% . Ethane conversion values for the N Ti SnBi oxide conpositions
ranged from13.2 % (with ethylene selectivity of 81.4 %9 to 19.9 % (wth
ethyl ene selectivity of 85.8 %, and ethylene selectivity val ues ranged
from78.1 15 % (with ethane conversion of 14.1 % to 85.9 % (with ethane
conversion of 16.7 % . [Ethane conversion values for the N Ti SnVv oxide _
conpositions ranged from14.5 % (with ethylene selectivity of 81.8 % to
17.9 % (wth ethylene selectivity of 84.3 %, and ethylene selectivity.
val ues ranged from78.7 % (with ethane conversion of 15.1 % to 86.1 %
(with ethane conversion of 17.1 % . Ethane conversion (C) and ethyl ene 20
selectivity (S) values for the N Ti Sn\Nb oxi de conpositions ranged from 17.3
%C, 84.7 %S to 19.6 %C, 89.1 % S. Ethane conversion (C) and ethyl ene
selectivity (S) .. values for the N Ti SMNb oxi de conpositions ranged from
7.3 %C 72.8 %S to 20.3 %C 89.5%. 60



21 August 2003 W 00148971 PCT/ USO0/ 04478 Table I OA: Catal yst conposition
(mole fraction) of N Ti SmX oxide catal ysts, where X is GCs, %A Cagtoﬁg Bi,
V or Nb, and sanple mass, "ni (nmg) used in parallel fixed bed*teq

screen. RowCol 123456 Ni 0. 66670. 65930. 65220. 64520. 63830. 6316

Ti 0. 30560. 3022@ @ABSD. 29570. 29260. 2895 - PCT/USO0/04478

1SmD. 02780. 02750. 02720. 02690. 02660. 0263- hle

Cs0. 00000. 01100. 021 7, 0. 03230. 04260. 0526 nA8. 849. 550. 3. 50. 250. 250. 5.
Ni 0. 66210. 65570. 64950. 64340. 63 5-0. 6316 |

Ti 0. 30340. 3005 AR BAOCRARSLoRPBA o’ @Re fraction) of NiTiYb / NiZrYb oxide catalysts
2My0. 00690. 0164@d ERAPIOMAIAEN” @) §EAGH B&raliel fixed bed reactor screen.

SmD. 02760. 02730, 02710. 02680. 02660. 0263 9. 450. 250. 649. 549. 350. 3

Ni 0. 66210. 6557p. 84950. 6&43A0[63750. p316 3 T 2 3 :
Ti 0. 30340. 3005p. 2977(Q. 29490 20e40. P&X250 | 0.8475 | 0.7642 | 0.6757 | 0.5814
3Ca0. 00690. 01610. 02570. O3490. AHRB0] VDB | 0.0000 | 0.0000 | 0.000 51 0.0000
SnD. 02760. 0273p. 02710. 02680 0R6®0. P2AF4IY90.1495 25025330 5)'-:33@4% 008136
Ni 0. 66240. 6560D. 6498(. 64370 6RFH00. P30 | 0.0009 | 0.0000 | 0.0000 | 0.0000
Ti 0. 30360. 3007p. 29780~ 23500 2%230- P8I6. | ... oo T N
4Sn0. 02760. 027B0: 02710, Qg68Y. 35880} B453: | 08718 | 098 52 1 0.5908
Sh0. 00650. 0160p. 0253(. 03450 ] ikl DponH00.068b S4ecst®] 40o84% doos | -
Ni 0. 66210. 6557D. 6495¢. 643401 &3gded- Bdkp0o0 | 0.0785 | 0.1615 | 0.2507 | 0.3455
Ti 0. 303‘7126382?3628;;(62%90 %&%302%%82 0.0497 | 0.0513 | 0.0529 | 0.0547
5SnD. 02 : : 0. Q7/680. UdBb0[ U498 [ 5n1 | 30 1494, ). 503
Bi 0. 00690. 01640. 02577, UgF90 Wg ZRsT :40%09%}, { Légl‘%gd, ﬂ??%szt’%
Ni 0. 66210. 6557D. 64950. 64340| 635a9. B3Hs2 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Ti 0. 30340. 30050. 29770. 29490 205668. ¥R | 0.0000 | 0.0834 | 0.1724 | 02676
6SnD. 02760. 027B0. 02710. Q8680.DfhO0t - 1023 | 01057 07092 | a1130
V0. 00690. 01640} 02570 [03490- PA38Y. o, %}%@ﬂaswd. ol 55853
N 0. 65540. 63600 O SO PAR PBOLe3 | 0.7944 | 0.8365 | 0.7418 | 0.6404
Nb0. 01690. 0460D. 07340. 09930| Ty 5 1%%545 -0.1021 | 0.0000 | 0.0000 | 0.0000
Zr | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0890 | 0.1844
Yb | 0.0000 | 0.0493 | 0.1035 | 0.1635 | 0.1691 | 0.1752

—————

m 49.5 30.3 493 | 498 30.2 | 506
Ni 0.6250 | 0.6553 | 0.6887 | 0.7257 | 0.7665 0.6628
5 Ti 0.3750 | 0.2949 | 0.2066 | 0.1089 | 0.0000 | 0.0000

Zr 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0000 | 0.0954
Yb 0.0000 | 0.0498 | 0.1047 | 0.1655 | 0.2331 | 0.2418

m 49.3 49.9 50.0 49.5 50.6 49.8
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 0.0600 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Yb 0.0000 | 0.0504 [ 0.1059 | 0.1675 | 0.2361 | 03132
m 49.4 49.6 50.3 49.6 50.5 49.8

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]=
10 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
Dparallel 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 |



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

SnD. 02730. 02650. 02570. 0250. 0. 02430. 0237 i n49. 550. 349. 549. 450, 549. 6

Ni 0. 65410. 63500. 61700.60000. 58390. 5686 . 21 August 2003

Ti 0. 29980. 29110. 28280: 27500. 26760. 2606

8Ta0. 0188' 0. OAwtbddue7450. 10000. 12420. 1471

SnD. 02730. 02650. 02570. 02500. 02430. 0237 i n49250. 249. 951. 150 TEEY43)

anot her independent experinment, a N Ti NoTaSm oxi de catal yst having the
conposi-tion N o. (BTio.j oNbo. joTao j oSmo. 020,, was prepared and screened in

the parall el ﬁaﬂgeﬂfroﬁumkﬁ% (26 ethYIthOREABA bt 57.59h Y, Qi Brdikced bEd

reactor. Brief] e W ueous stock solutions were added to
glass vial in ﬁ}/eﬁ'é rﬁggﬁ'%ﬁ ‘?‘T@%&Xﬂ’éﬂse lsctiviRicyalues tapgpddrop 543 % (witoM 2. Orﬂ)
titani um ‘oxal ﬁh&he(nﬁn'ﬁbﬂsleﬁ-o?l@-&/%)\fd YA ma/tthemmc@n&rsion%ﬂa 3 9)) OPMQ oxal ate
([ Nb) =0. 569M wi oxa C a%e]eck‘%%z 0.517ml), tantalum oxal ate - . -
([ Ta] =0.-650M vﬁof‘ﬁerﬂ%ﬁ %esg%rl 5l campasivens Fangerivarm kb Padvwithi tr at e

([ Sl =0. 5060 dhyld setbotivity IL40IRpLoh| 7w i1 bhedEi Lo WRAR =1 . 4 M
3.06ml) was i é gted |n.t%é% cat %}ﬁt recursor conposition, .resulting.in
precipitation. tydene SR, YRS Le Al % e ghareernimsier of(13. SOA) was
al so inj ect ed &l % (Whieethinetcofiersiolyf18.834) ti ng precipitate mxture was.
settled at 25 Cfo hours, and,t rifuged at 3000rpm _ The 10

sol ution was decan?’é%iseﬁ?fﬁfsﬁfé %WE%Q’%@S&JW?I@ reEf'rﬁ‘HéF:"‘\?aGm‘#ﬁd&Tﬂ@@ Cin a
vacuum - - - foowentes (Ethena:ht@ghﬁﬁj‘z@ﬁbﬂ&&zmsm Oin%cr@aérﬁdnee&vgagmgeatl ng to
320 C at 5¢{mi ang H‘BZ‘E%%I ning at 320C for 8 hours in air After

subsequent ' c00 |ur?§ LHf &WW%B?&%W&@%W“QQ%@%S obt ai ned
and 48.7 ny tieelectofitywfizs.1 eQtert. SW(wehb@plene Riekhalyiof 2 Hehwad ag g@.?etl on in the
paral l el fixe d.re aelor a ap 15 et hane; ox | ow of

0. 42: 0. 083 scgsﬁqgg‘fé’“ﬁa AES éfrgi“o W@hﬁgﬂé?ﬁwvé?ﬁ@“%?égﬂ%w (S) were
determned to (b@ththar&%nﬁirmmﬁﬁlz %) FEth@f2 chargngCllahd e@lele @¥Rfvil)i Ti Sn /

Ni Zr Sn. Oxi de g }%AN% 470 é 16505€5 Cat al%?( g ?om tions conprising
various NiTi S oﬂ U PR OSIHTE Faiset o 4 s ¥ StaB@Bant i al Iy
as descri bé&d |%3C1;8€M%:S|on with Exanpl e 1, wnth tin acetate ([Sn = 0. 249
M) aqueous stock ution.. The. v Qus C 03|t|ons and anounts
are summarized in %%Bﬁmc%%“% Elll%'?‘l @nﬂl hoRts s = ﬁﬁﬁfg yssreresgreengdzr Sn

oxi des). For t(tesuliNin®i Sowo)i de catal ysts, in an initial screening
(calcination at 300 'C, 8 hours, screeni ng in fixed bed parallel reactor
at 300 Cwith flowates of '



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 é{gm 1320%3,%
(with-ethyl ene 30 selectivity of 79.4 % to 19.2 % (with et hyt RS
selectivity of 85.4 %, and ethylene. selectivity values ranged from 79.2
% (Wi th ethangggmaygrsion of 14.8 % -to 86.1 % (w th.ethagnpg aeygssi on of
18.2 %9 . In a second screening of these-catalysts in the fixed bed parall.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/ 04478 100y £T Gt Yst Mathptiioh Aholk REcdNn V620 TN AGizeRRBRAL &eitgﬂsas ranged
from 8.5 % (W by sa@pRAh&Ders§ ? se IntphraBbl £2d BedRact® sder? % (W th et hyl ene

selectivity of 94.0 %, and ethylene selectivity values ranged from90.8 %
(with ethane COTFRISTOTEHT 8- 5] % [T0,94.3 A (W T4eT

%. 5 In a thrrd Screeing 9hoddT® ab_ F}5> 'Cg"76hf]
‘&'?23@] 000 1
5

reactor at a ifferé¢ntfenpgihagd
(et hane:ni trogen: pxygen,of g'o ' ) Qﬂﬁ%"e ]
OfYogoc | Pdodh tino.

the Ni Ti Sn oxil[de composdt i ong gohd -

of 86.0 % to B.5 % (W] eryd g 59
sel ectivity V&FU‘E?‘T‘%HQ HrERReo: 1
to 93.4 % (w th ethanhe ﬁgnveggggg ot d:org%og?
catalysts, in @n jnifial scrggphhg I '65§C
screening in fjxed bed garaf E@E 4 d h ' ' Koo¥k t )
et hane: ni t rogen: oxygermr—or—or=% 5 0 ; : 7 ngq’?—h
conversi on vapdwes—or—tae—NEr oo e—eatppsitransraggedi A 15. 0 %
(with ethyl ene| 15 sel ect}lfvi t l? fﬂ' [ g;) %%gvln ‘6%?;“%;%%%
sel ectivity of 80%9 _C/o,zénd _toy%e 81 tosva! (UG S ATGER BT om 77. 2 %
(with ethane cpnvérsilonibf 0 0({() . oz It HaEs ¢PWR5sh on of
17.1 % . In a kecond sc[nr%en ﬁggfg. & ":t"‘Qin the-—Ft+xe 9 par al | el
' C vt h 1 ¥ o ant par 1 Vol = TR e v = Pt O AVESP

1043 34:0. 22| scon | ohbanb 0728 dahiZES) BRI B 0 BB R o
conposi tions rhnged firo 8. p %9%/84%i Wy 15€‘£ivg of H to 9.3
% (Wi th ethyl ehe Sel ect | ity0 Q. g 0 etﬁﬂ ne gze(:t <0 y| val ues
ranged from 87{8 % (wWt¥—et Q900 4o HoR0s9 ¢ G008 1 @ 1.U'1’c‘—“wth_
et hane conversfon of 1o Mol 493 ¢ j -0 mi1g—of t..e,{,e cép‘g! ysts in
the fixed bed parall 4gl N@act@ﬁzé‘i‘ Pf7§?9ert0-'fgé?rpepé§iﬁlr ¢, 0787t c .and
with different]flow dtedi(e} Radel ni n.ﬂgiagmrp-b‘ﬁ‘s 19§99 § 53008 ps5) |
et hane convers|on’valiuegtf of %0980 pRi0880" ¢ H88 ; |t PHRL roaﬁéd fromb5.8
% (with ethylepe sel dct PRt 000033 8:000% 1o8-053P ¢ 1 Od#4R,1| Shids8 :

m 50.6 49.8 438.6 50.7 48.8

Ni 0.5263 0.6098 | 0.6623 | 0.7246 | 0.8000

Ti 0.4737 0.3293 | 0.2384 | 0.1304 | -0.0000

6 Zr 0.0000 0.0000 | 0.0000 { 0.0000 | 0.0000
Sm 0.0000 0.0610 | 0.0993 | 0.1449 | 0.2000
m 50.4 50.4 51.0 49.9 493

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



selectivity of 88.3 %, and ethylene selectivity values ranged from82.2 %

(with ethane conversion of 6.3 %9 to 88.9 % (wth ethane co rsiQ f 7.6
% . 30 b3 21 August 2003 WD 00/ 48971 PCT/ US0O0/ 04478 Tabl e | #]IAE %@

conposi ti on (rml e fraction) of N Ti Sn oxide catalysts and sanple nmass (ng

used in parall d bed reactor screen. RowCol um123456 Ti O. 125
Sn0. 000 rrassSls’? {’)ﬁ%% . Ni 0.8620. 787 -2Ti 0. 1290. 213 SnO. 005%1&8’8%7&47}

mass54.248.2 {m) N 0.8470.7710. 708 3Ti 0. 1340. 2200. 292 Sn0. 0190. 0080. 000 .
mass53. 946. 146. 6 (ng) N 0. 8320. 7550. 6910. 637 4Ti 0. 1390. 2280. 3010. 363

71 0. 1450, 2360, SFTb S0 470 L5 BAB0 039 ke Bidhopidetnbustis 120, 572

mass45. 052. 350. 05 2eBREGN 13.8 UMpithNitlerosdecidinri 865 06)30 B2 $8mith5thglene
6Ti 0. 1510. 2450. 32200 AR00 L0 48700 0820 P AL HRE% X096 99734800

mass49. 546. 452.
ethane conversion of 13.8 %) to 84.7 % (with ethane conversion of 18.0 %). Ethane

s 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 '



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 etiﬁﬁ?S
(nirrg) -used in parallel fixed bed reactor screen. -RowCol unnlgggﬁé"é- i 0.914

1Zr 0. 086 Sn0. 000 mass45.8 (m N 09010. 849- 2Zr0.0890. 151 Sn0. 0090. 000

O
mass52. 951. 2 (wgpodd@. 8880. 8340. 786 3Zr 0. 0930. 1570. 214 Sn0. @200, L) 0. 00
mass50. 950. 647.6 (nmg) N 0.8730.8180. 7700. 727 4Zr0. 0970. 1630. 22@]8 %%

Sn0..0310. 0190. 0090. 000 mMmass55. 654. 453.-151. 2 (ny)
Ni 0. 8570. 8010. 7520. 7080. 670 5Zr 0. 1010. 1690. 2300. 2830. 330
Sn0. 0430. 0300. 0$9V¢E08 0f PRIDYapelsBb cditvirsBn4AuRSHr BeNi 2iSaNg oxide

- 0. 385
Sn0. 0360, 0420, 0SB "OTAE LRt “000 ne il BB SREV894%6) ' 200
- (with ethylene selectivity of 88.5 %), and ethylene sel_ectmty values ranged from 87.3
% (with ethane convcrsioﬁ 0f 18.3 %) to 90.2 % (with ethane conversion of 17.9 %).
5 Ethane conversion values for the NiTiSmCa oxide composiﬁons ranged from 15.2 %
{with ethylene selectivity of 83.9 %) to 20.0 % (wjth ethylene selectivity of 86.9 %),
and ethylene selectivity values ranged from 83.9 ‘VJo (;mth ethane conversion of 152
%) to 89.9 % (with ethane conversion of 17.9 %). Ethane conversion vahies for the
NiTiSmSb oxide compositions ranged from 15.9 % (with ethylene selecnwty of 86.9
10 %)to 19.1 % (with ethylene selectivity of 88.1 %), and ethylene selectivity values
ranged from 85.2 % (with ethane conversion of 17.3 %) to 88.1 % (with ethane
conversion of 19.1 %). Ethane convcrsfon"j?ali;es for the NiTiSmBi oxide )
compositions ranged from 13.2 % (with ethylene selectivity of 81.4 %) 10 19.9%
(with ethylene selectivity of 85.8 %), and ethylene selectivity values ranged from 78.1
15 % (with ethane conversion of 14.1 %) to 85.9 % (with ethane conversion of 16.7 %).
Ethane conversion values for the NiTiSmV oxide compositions ranged from 14.5 %
(with ethylene selectivity of 81.8 %) to 17.9 % (with cthylen-e selectivity of 84.3 %),
and ethylene selectivity values ranged from 78.7 % (with ethane cofxvcrsibn of 15.1
%) to 86.1 % (with ethane conversion of 17.1 %). Ethane conversion (C) and ethylene
20 selectivity (S) values for the NiTiSmNb oxide compositions ranged from 17.3 % C,
84.7% S t0 19.6 % C, 89.1 % S. Ethane conversion (C) and ethylene selectivity (S) -
values for the NiTiSmNb oxide compositions ranged from 7.3 % C, 72.8 % S to 20.3
% C,89.5% 8.

L0



5 Exanple 12. ODHE over

Bul k Ni Ta, Ni Nb, N NbTa (Various Fornms),

Ni Ta(Ce, Dy), and NiNo(Ce; Sb, Dy, Sm Oxide Catalysts..

of experinents,
were prepared in |arge,
screened in theopeausatil e
et hane: ni tr ogen: oxygen

conpositions, sanple ma

SS,

and

at 300

various N Ta, N TaNb, N NbCe and N NbSb
bul k quantities (-209),
fi xed bed reactor

Cwth

I n f

i o

b

Ni Nb
irs

‘ PCT/US00/04478
flow of 0.42:0.54:0.088 scem as follows. Catalyst

wah

and -50 ng thereof was

TaCe,
oup
| ysts

resul ting ethane conversion and ethyl ene

selectivity are summari zed in Table 12A. (#12087) N 0"s3Tao-17: Agqueous

sol ution of ni ckefabki Kpafatalyst composigon (o]

o) frapricn) of Bi TS ehxidke ctally s twiblersmn

oxal ate (0.66M i nXvifeMaiGahSt BA6frla lkidsaapledpass SmOitink) ustdin pabblePixeAUgust
TrPN478 the stirring m xture of nickel

2003 WD 00/ 48971

nitrate

and

tantal um oxal ate,—tetranet hyl anmoni ym hydr oxi de _aqueous sol ution. (1. 42M
210.0 m) was addedowo i Ee! prlecibitati @, IThe3 wdter4in|the m ktuge Was.
removed by freezg¢-drying, Mind [t P€667e$U.6598g $@52 |was432henn.63zal Fioidds Under
an atnosphere of |air at|thB bgqafB0% | a1.3028f| 0.288%iin0.2e57t Nep.29@pEroatans d 5 of
120' C, dwelled af 120C folSm2 Hr8.02% | the27heanionee ra0.0265 | 10.6s61 h ol2s390C,
dwel l ed at 180 Cjfor 2hgs.Csat [t 6.8000eat0.QidOr p0S2UE |20.03331 N 0.@1240D 0052610 -
dwel l ed at 400 € for 8 hrm, dnd8hen d8sl ejd 5®3.2% G0.2X5 ay 580l 1 I Bbp.Fa |oxi de
(18.0g) were obtai ned andNi50.]00.6621t hex&6t was49est @ed3qn| tdss761 KeE3beo
paral l el reactor {for etharB Jx0.8234 ye.306by/d0agENAt 0.29490uNdero2d hE 02895 .
af orenenti oned condi2ti ons Mgl0 |( #e@B7T)0.0Ni6. 620257, j! ONDA9] P:0.4gREP D 53HI{Ut | On
of nickel nitrate¢ (1.0M__8568. Q-0.6276, | tee2ral lumipKal| a0.62680La0nr%s SPloWwbsPr]
(0.66Min water With 0.[26Mhoxdl i49.4ac{ d5023.10 508 ) | a9 n|{ 0BpEM OX&p. 4T
aqueous sol uti-on|(0.62M i mNiwat|ev.66d1t h (06535NI 0%2935 ¢ @edxd, | 0/8379 JTok3YETI e
mxed in a 2 L bg¢aker. [WiTie t{he3sal Jtd_mos_ciae.zvmor@mby hdons ed ghyos
mechani cal stir, jamionijum@zar homedsd aquEeds 60bsr il amodad. PAN438285008%9 |Was
added 15 in a control | ed_Sanneéro.ezvét hatoavhe 0.0z Wamofesr rechogh oWyt |gi ve
precipitation. The mnixture was 497angt apped tsp£ONT FOBET 5, suAi CN Y§5
centrifuged at 4000 rpm fon 1% 0.8823uUf @S6560 NEQBHIUT | EUIFAL (GRG U3 '
solid materials yere furthgr dro.ssteal odoL | oRorr | resiseed ooesslup8gddlf S
hours. The resul{ing sqdli dmmates.oziss| wazes dabopned omeer| oapsatmappaer|e of
air at 3¢ mn to[350C gnd sgwell| ®gosat | 3566 |f 00283 hakszs pRdasheN 46 £90l ed
to 25 C. Dark gray solild NhTalNo soxi dp g3 8. Q0)4904S | Olaggi N dso.@“ ?%p—rrg
thereof was tested in thengar§ld.6d21T | 6a85Pg00 bEACT U307 | BLAFE gHsfA T ve
dehydrogenati on fnder tlhe @f of eg®uyyi predos dnghéj-0 150_2963122453 2 | 028
Ni 0. 62TaoaoNboss} Aguequssgol Uitg @ys0f oagkel o.mdir atgodsd - Ol89- 10 '053 )
tant al um oxal at e| aqueous sR! ufiebeo0} BRYEA 1 BBILT | VU 4309 0L 3GNEENal s 2¢i d.-
19.0 25 m), and ni obi[UmpXalayg saquegys 01 J5d Ol ({gs02M L3V tcliggl‘ﬁ h
0.35M oxal i ¢ aci ff,” 57U MR VTEIXEQ 6557 4 G.hos0 T &aa [ieass MG a3ty ('t i on
was vigorously stirred by-@ | 03034 | 03005 | 02977 | 02949 | 02922 | 02895
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
be3] 50.3 45.0 49.5 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



mechani cal stir, amoni um carbonate aqueous solution (1.62M 143.0m ) was
added in a controlled manner so that the foam was forned s{,\gw{ to gve
preci-pi tation. The mixture was transferred to containers, | ﬁg‘lﬁb@a '
centrifuged at 4000 rpmfor 15 30 m nutes. The solution was decanted and
solid materi &&ooAew7e further dri,ed at 60 C wunder reduced girrasssidsgsf or 5
hours. The-resulting solid naterials Wwere cal cined under an atnosphere of
air at 2Cmn to 300C and dwelled at 300 C for 8 hours, and then -cooled to
25 C. Dark gray solid N TaNb oxide (12.0g) was obt ai ned and about 50 ;fv 21
August 2003 WOtedbadoeratop@ricflsote dallorangagutdue sted{ solwsions st adiledl r 4 he

paral l el fixedgy y. at.ion under the
af orenent i onedg%gﬁﬁ!??g‘%gs}ﬁﬂ glﬂglé%)@&ﬁl&éégﬁ &gg(ﬁg@ﬂog@nget qué%us sol ution
of nickel nitregete(iTig.71350wih oplic acidiloiBM)michieh ozdlae ﬁlj‘u}aolsﬁmsmhthtl on -
(0.58M in wat egy i 1 617 oxal Qan%,ﬁ riumnitrate
(1.OM 4.6 m) x\fa\l/ere m xe%él‘:\d n a 2’15L &‘EOX&%\&%?]%%]OM Pt‘ﬁ 1°3ﬁlg1was '

vi gorously %t |Q HiG szl}@éﬁmwnmﬁtﬂ([mmmwdﬁlndhat e aqueous

sol ution (1. 62MamddhyiaHldoni@Sh G@E ner that the foam
was fornmed slowy t% gl \?g pr e%“?g’uﬁ?eaﬂslé’%‘ E%%Mkfﬁédg?g\%ssmer%%%’s 27'?"r ed to
cont ai ners, WhiAYSURISCUEROR EOBQsiog, Tesuldm0io prepipititon. Thinsirnadegwate fixings ol ut i on
was decant ed %ﬂlll@@%@rﬁ]&nﬂ@aﬁrals@l\? xﬁtoftfrlarr}xﬂrl&e dlrlfe?guﬁ)ih gr%c: ita é‘der
reduced pressure for 5 hours esulting solid mater ar re cal cined
under an at nospherewassetied adS A for? owrs, andﬁ@@@hrmuﬂgeslvaeﬂooecbnatﬂﬁoo Cfor-8

hours, and;t h av, S Ni Nb Qxi.de (20.949) was
obt ai ned an% z%lug%tv?ﬂ%érc%g amrllgm%)? ftasg'er‘:'dnﬁg “%"Wﬁ‘i“r“é? O ﬁi’éﬁ 8" r eact or
for et hane oxidat.i Ve digbyrdteoxg&naére then baleifed HylRatiilp@s SI0ENTS At 9 hinldnd

condi tions. (#14620 2 Qagbo 33Ce0. 020x: Ni NbCe oxi de (10. 41h£) pr epar ed
as descri bed 1335\9‘8 net 43 § BOPTIn- (ATISE sibgranent Setinges? S Grse cal ci ned

to 400 C at 2 masm:di\(@bb@gvﬁisoﬂl@&e@ﬂd% 7&n§4hel%ofbwaa!%stéarfo@éu{mcsphere of
air. Solid N NbCe oxide 19g) was obtai ned, and 49.2 ng thereof was

tested in the PeHYs %elhyéfP&“é‘at“Hb’d‘ thepargdish fixnd hr-@rea@@ma@ °65<‘1"@a%11 ve
dehydr ogengd i ashBERzech h@w%?@@ﬁmg's%?dﬁtﬁ%(ékﬁ\)egfbﬁ (C) :&ﬁ%@?&é{ﬂ 150.0. ),

Ni 0. 7] Nbo. 27Sbo, 020K:” Aqueous sol ution nic trate

ni obi um oxal at¥ eé‘ﬁ’i&‘ééﬁb‘”@@#ﬁ?ﬁf@ﬁﬂk@bsfz%ﬁ% Gandef5r% Wi t h 0. 14M oxal i ¢ acid,
98. 3nl), and antinony acetate aqueous solution (0.234Mwi th oxalic acid
1.27M 18.1 mM) were mxed in a 2 L beaker. Wile the solution was

vigorously stipfaehiovi.coBAEReP TRal , queous-'
solution (3 62M 228.4m ) was added Pﬁzggnc%ﬁ%%g%ﬁg{nﬁggﬁgﬁoﬁhat t he:

foam was forned sl @Wayyst @uipo¥ifofd &%lpﬂ's:h@%r%s NFA&h 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 xture was transferred to contai ners, which was centrifuged at 4000 rpm
for 15 mnutes. The solution was decanted and solid nmateri a#]is vver%of)%rther
dried at 60 C under reduced pressure for 5 hours. The resul A [
materials were cal ci ned under 30 an atnosphere of air at 2 Cmn to 300 C
and dwel | ed aty@Pffhsdryfor 8 hours, and then cooled to 25 C, Pﬁé $ %ray solid
Ni NbSb oxi de (18.75g) was obt ai ned and 54.8 ng thereof was P& n 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. 7kbbRisloadat %ﬁ) descri bed
above in connection wthﬁﬁggr%é&lwﬁ%ggéh%&& e%'e@ Cﬁﬁgé“’f 400 C at 2
C/nin and dwelctalnaselongyinrof 68 %ptoripd "/@ﬂﬂéreﬂadlﬁnam@spnewf@4®f%}anmd Sol i d

Ni NbSb oxi de-- (eglyﬁggéelé%ﬁ%tﬁbﬁfi’és?ﬁged MQ@g'%](va elnBG SV, rsy\@lsoftSejs‘%ﬁ% in the
paral l el fixed bed reactor for ethane oxidative de cfro enat oh-under the
af or enent i oned éér/elfwlﬂb%ane%‘ﬁrs@n}?ﬁﬂy@at al yst corrp05| tion (nole -
fractions); ssanpl e BSHirdIG f vari ous
Ni Ta, N TaNb, Ni NbCe and Ni h%x%ﬁgﬁ%&%g?%%ﬁcﬁ% %ﬁgclg:’?li IO(IBIS 300 'C.
with ethane: ni SHEFEhteBRsHEHEATHE: @Fdwﬁ@dlﬁeﬂm ﬂ)i'.“ﬁates(letb@@ nitogen-oxXyighn afzy -

#Conposi t i onVag 5o GaPe reaiaeﬁrégb/@gsmuemﬁmﬁsﬁﬁ BOdAPER Q1L 1985. 0%

12277Ni 0. 62Tao. i 9Nbo. 190x50. 010
12442Ni 0. 62Tao F"8rbEoD 363 Bdwih shplegeselposvity of 86.0 %) to 8.5 % (with ethylene

14560Ni 0- 65Nb0sdGeny 8961d ;) € 8&&:@ & tivity vatu ed from 85.4 ¢
14620Ni a. 65Nb0. 33C80, 020x49. 213, 8YB2, 0% 1AL TN 01 o o><4 % (with-

Nbo. 27Sbo. 0¥0x5 %ﬂ%ﬁn85/8‘lzf‘éﬂ%r”oﬁwwhwswe@mﬁswmm 4982 5% | n

anot her group of exp&ithdRMrSn oxi¥AdataB¥E, ilad Ritialbd Gy (DT T3Ce, 15
Ni NoDy, N Nb apd titania su ported %PNbSm o;<|1ade catgafygis weartgbdp\)l?:épar ed in

| arge, bul k quiRtFFregnipe d begpgralighreasing at108 (6 vith fnraees pf wer e screened i n

the parall el feihm&du@@ginroaggdn@&"oab 0300.08Escbnt £ RIHBAS, ftlahd QBGHsBYYIen flow
of 0.42:0.08: 0 &Eg? as faollows., Catalyst cogBosml ons, sanpl e nass,

and resul ting &% Heds,fgr ﬁ%@PQFﬂﬁc%?ﬂﬂs‘B?rﬁf%ﬁ‘éﬁgléll # (rithyethylene summar i zed i n

Tabl e 12B. 120 6etdG8RLIF M. DUFETEIB 46 etﬁgqemasctﬁm Wso@b/opan&t%)h%{e, ni t ftat e
I n wat er

(I.OM 150.0 ni I% tal um gxal at e ueous sol ution

with 0.19M oxaff °“¥'6¥‘éﬂ“esg§lgejirfuf)’mﬂér’~e’°ﬁ'rl Ippcopversion ofdSI6ch) oBRiN% the
sol ution was Vi@t ahtfk Yostdrdidred 1Y 99. nechani cal stir, ammoni um car bonate
aqueous solution (1, 62M s added . in a cont roll ed manner so. that

50. 07l )
the foam was forned™ 58%?“391 %eﬁ?%\{\%?ee‘@faﬁsfsé’ﬁ ths fixedred paralichyegetar & 3RS
transferred to"Cofthdiffegdns flowhies fetv@eniogintdxl eaed 1.04:1.39092 5RM) [ @fand 5

20 conversion values for the NiZrSn oxide compositions ranged from 8.2 % (with
ethylene selectivity of 87.8 %) to 9.3 % (with 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
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m nut es.
at 60 C under
wer e cal ci ned

320 C for 8 hours,

under

and t hen

The sol ution was decanted and solid
reduced pressure for 5 hours.
an atnosphere of air at
cooled to 25 C.

RS

materials were further dried
The resulting s
2C/mn to 320C
Dark gray solid N Ta oxide

ials
d at

(15. Og) was omoa4sed and 45.6 ng b K-21 August 2003. WO 001¢t8% shosa4q7s

PCT/ US00/ 04478 t hereof was tested in the parall el
dehydr ogenati on under the aforementioned reaction

Ni 0.-65Tao. 31Ceo0- 040X: Aqueous sol ution of nickel
nF3talyst somopobition ¢ fragioa ufliTiSn sRide titapseé :69M i n wat er

et hane oxi dati
condi ti ons.
nitrate (LOM

(#1591

ve

1aie

bla.

fi xed bed reactor for

with 0. 19M oxafdmplemmesd (mg) 18al io pirpllel frell edireashor mirtenat e aqueous sol uti on

(0.50M 15. 0ml,)

were mxed.in a1l L beaker.

vi gorously stilrRay | a@olmmdchdni clal 3tif, amopi-um ¢ar Bonaf € ggugous
solution (1.63M 174} 0nN) waé.8a%ded in contrplled nner 5o tngt the
foam was fornmgd sl ow y Tio gi0429rieci pitation. [The ﬁiT?ure was trarsferred
to containerg, which vs defded fluged aj 3000 rpmfof 15 mijhutes. |The g
sol ution was 10 decahtmessand 584l i|d natefials were fufther i ) 60 C -
under reduced{pressufe(@gr |5 hodurs. Thg resu”éing splid erial g were
cal ci ned underl an atpofihee0.eé2 g n.&y [20 MR To 3ZPTand dweited -at 320 C
for 8 hours, gnd2 hen CHOIedOJm)250Q43DTrk grijay sol{d N TaCe oxide (21.99)
was obtained and 51.3 iy t heo.oesf jwapobested in the parallg .fixed bed |
reactor for efhane oxislasksi Ve sgehydraggenat on under tie 15 gforementi oned,
reaction condiitions.{ ( 916) Ni d. 73Taol 24Dyo.jo30x: RAqueoug sol utifon of
nickel nitrat¢ (I.OM 260. 0 0.847) .| ©0ant a| gyl ate apueous-fsotutign (0.51 M
in water with|0. 87M joxafii c|agizh | 9826 )go2end dysprbsi um gcet at e |aqueous
solution (0.294M 21L. Osn) Vep.gi9niixewdos Nj-apodo } beakef. Wille the.gol ution
was vigorously stirrleandy § BBONINTRYT HlLiEg. (20 ammpriunrgarbonafe agqueous
solution (1.62M 269. Qalg) was added in p controll ed | manner] so thgt t he
foam was formpd sl oWy Ni0 01 yg2PTelBE T ALY 88T (10835 nsferred
to containers} whaich was cengiisf yggdrat| 3 rpgiskor| 15 mnutes. The
sol ution was ¢lecantgd and $0domd MabRL 2l SoRF § ldhé her dried at 69 C under
reduced presgure for,amQOJrglol'eé?gpu TSI §OT4s% Meterats—wereq cal ci ned
under an at nogphere 29n pir at |20 mn to'%Z(C-ahd dwel | eq at 320 C for 8
hours, and t hen COOIEd};0 £ TP k- T ottg-tNTfeBy-ade—(211 99) was
obtai ned and $0.Q rrg tlr}hrl-]er aifgas Uggggst e g% t'hg‘s. raIL(%‘?i2 fli xed. bed reactor
for ethane ox|dativs dggyd'qggmatighzynquOIhe O% §rere%gi(ned reaction
conditions. (§15922) TF$STiﬁQ9?UmT A TCe, oD qgc i5s—soluti-oni of ni ckel
nitrate (1.0M 30 15 mg,)rr ), tamtaltm oxg?'gte a?&@e us %bl gtion (P.51 Min
water with 0. p7Vroxgi T; aC %796|6 '8j 7‘, r‘Ui &3 urr‘bgég:', at-e—ael DI ut i on.
, p IV L0.796° 1 0417 0 8. ) 05521 0513

(0.62Min vatpr with 021 TOTST 70245 | 0322 | 0386 | 0441 | 0.487

Sn 0.052 0.038 0.026 0.016 0.007 0.000

mass 49.5 46.4 520 | 449 50.6 49.1

(mg) -

LYy

Whil e the.sol uti on was



26.0n ),

and ceriumnitrate aqueous solution (0.50M 4.0m) were mxed in a

1 L beaker. Wiile the solution was vigorously stirred by a E'Pﬁﬁ‘a@@ébﬁﬁ
stir; -amoni um (cA 21 August 2003 WD 00/ 48971 PCT/-US00/ 04478~ carbonate

agueous solution (1.62M 235.0nml) was added in a controlled manner so
o5l OWy to give precipitation. The m xt U Er
whi ch was centrifuged at 3000 rpm
decanted and solid materials were further
The resulting solid materials

the foam was f
transferred to
m nut es.

cont ai

ners,

The sol ution was
at 60 C under reduced pressure for 5 5 hours.
were cal ci ned umged 118D CalalRERBHPbAE (mdlel fradfiond 4 MNiRrsh xR Ueta
320 C for 8 housdnpleifidds {ritg Bsed @0pLRal1el BxedBerealttl dreetll AY SOl |

e

g adyel

t hat

0gzs

dri ed

| ed at

Ni NbTaCe oxi de

(20.7 g) was obtained and 68.5 ng thereof was tested in the parallel fiXxed
bed reactor for[ gfRanNECeh@Rt1 Y€ denyadr ogengti gn undef THe tioned
reaction conditfions. L0 Ni#FIPIZd)a %ﬁo. B68NpOSSDYQ. 07DX: | Aqueots sotufi on of
nickel nitrate j(1..OM} - 7z -11588:¢ |mM ), n|obi umjoxal ate aquedus sol dtion
(0.62Min water] with 0. 3iM dox@haec |aci d, {89. Or|), and| dysprosi um aget ate
aqueous sol utign (0. 293N 58 Yak) (WeTe nyxed T]f -a |t beaker—Wjl e the
sol ution was vilgorous| ygsyi {red by a necpani cajj sstir,| ammonijum car honat e
aqueous sol uti qm (ITTORMN; 20p- §Hd) [Wggagdped 11T a contyotted—i5-mafner so
that the foam vas f orjneg,sl D\I\gzﬂ q gh¥p precipiitation. The nixture|was
transferred to jcontailnerg, Ah@g%g vag oggnf ri fuggd at 3000 rpmrfor 18
m nutes. The 9ol uti o Was~ fetsgtgd :’EQE SO d mteri&l}h were—further dri-ed
at 60 C under r{educed @lgspure fqr oirs. The resuj ti ng solid materials
were cal ci ned Jmder- @M dtmpSpiEr ¥ 0@k a o4& M to—326§—=and—eyel | ed at
320 C for 8 hoyrs,3 and then|c 'ggec b'qéS 23)?3@ Dark gfray sol|id Ni NpDy oxi de
(19.4 g) was oltained ar 47.%0;@ t%bgqf,.ﬁ'&fot ged in fthe parlallel- fixed bed
reactor for ethane oxfdg@iive g‘ﬁlyyu genatto T Ut der—the—aforerent+9ned
reacti on condi tji ons. (#(:r[n 31) Ni o.]JaZNbo. 857,',: Aqueous sol utfi on of {ni ckel
nitrate (1. OM 56— NG ..Ois.,iLb'%. u'ad"*e BgYEHt S—sotuti-or—(68462M i n
water with 0. 21 M px Ii(‘Zrac '0 53'.1;%& efmp in al [L beakgr. Wile
the solution wgs vig I’Olé%|y st redQ)lMga hanQ' stir, gnmoni um
car bonat e aguedus sol pt+on—{1-5ZM 4—CH '3 1S “f e -r—a—jcontrol | ed
manner so that {t he foa:ﬁ“ﬁ%s Fotfed Sfaw ,/ *h gi ve ]\grec_i pitatlion. The .
m xture was transterHed e :06‘“‘ FefS—wh-eh—was gm‘.triﬁ ygeg-at—3000 r pm
for 15. m nuted. Tg'ue sol Ut i pn "Wds |d t e and |so e als were further
dried at 60 C |30 undrsedjcgé prle el f Sh% | 2% dsulting solid
material s were |cal ci nee-—Brebrouh at ph PL3e 1500090 D998 3 1o 320C and
dwel | ed at 320 {C for {8 'A% r;,-"% d thl-’g;ﬁg cog?%d t 3385 |C. 4DAr K gray solid
Ni Nb oxi de (14. yat-ned—and—47-3-ng—10.
: Ni 0.839 | 0782 | 0732 | 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 59.0 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
L5 . ,



21 August 2003 WD 00/48971 PCT/ US00/ 04478 thereof was tested in the

paral l el fixed bed reactor for ethane oxidative dehydrogenaalla %%& t he
af orementi oned reaction conditions. (#15944) N 0.63Nba, 34Sma g

Ti Q2 support in pellet formwas dried at 100 C for over 8 hrs. After
cooling to 25w0 0082 support was inpregnated with the 5 ptugshoaRiAl
nitrate or oxal ate solution. Catal yst | 0oading was about 6 % by wei ght, :
relati've to total weight of the catalyst. After centrifugation, the solid
materials obtained were dried at 60 C under vacuum and then calcined to
300 C at 2C mi the stridg ohwerirk efinielte] BiftBte@nd phtafilnr Gkalald) RridnMBPAmONAIEA WaS

obt ai ned and 143 thereo the parall.el fixed bed reactor
for ethane oxi g&r?r@dee aﬂb“ae%" 083%%@\3123?1 Odﬂlelgf‘s ?cﬁlé‘sﬁ’f%YeeHFE‘ﬂQ‘TaB?i’eJ beacti on
condi tions. = 1ﬂvat2ﬂmﬂwgmsmre2@ﬁaemcﬂ®§tﬁ8&zldqﬁnféﬂ SO0 RIAg £fia Tabkien 12B.
Cat al yst conposg nole fr ns S and performance
characteri sti cgal%?e(a\}lg‘gﬁr BUE™Q® c%l’“f&(‘f@e ﬁ%?%ﬁe °f§|| éﬁéﬁ%‘haﬁnf{ﬁwm Ni Nb

and titanias su@mDP@ChuPdllE&)zﬁrm@@mQ e hithy/ fdaBing rh@SIF 10€RAL PRRSe, 300 'Cwith
et hane: ni trogen: oxygen flow of 0.42:0.08:0.022 sccni. Libra

#conposi ti OnMag\ge }itégﬂvg rfgﬂaﬁggqﬂgcltcpw rate of 2 °C{mm to 400 °C and dwelled at

15891Ni 0. g6 Tao4d % APno ke .

15915. Ni 0. 65Ta0., 31Ce0, 040%5§§§ﬁ%“%§3§ "8 iagﬁi]é?\F’Tafé‘Fgélaz%were

0. 030x50- Oni Vi otgnedxod 539 mpsherenfiwes Ratkibin thafieed. bbd Gwalld) 1@ cH8fobethint0. 8994. 3%

15927Ni 0. 68Nbo,,

15931Ni 0. 82Nbo. ’%@%ﬁ%gg‘ﬁ%g‘ﬂf tﬁelfg’ﬁ‘e?\‘l“’é‘c%%‘?ﬂg““’ﬁzlsm 030xr 1' eC* 142, 8
nB. 69093. 0%!®  Cat al§Pe7T)d¥ick:Frg.1dMo. tsh@qlsgm@hmom of mtielnitréR b§MyEsBght . 1 n a
third group’ of osi-tion
wer e prepared ?ﬁxﬁﬁﬁlhﬁ%ﬂ%}%ﬁe a&néélgn&lm - - -r%é{?}‘%mgf%ﬁw\%’éﬁggﬂ%%g ysi cal
10 forms, and mb)ranéwbmma@ mh@ue@ﬁlumr(Q\G%MnedethhnOﬁﬁM opaicakidel fi xed
bed reactor at 760R erduhba BSAN etk "WERMMOBLHARH vl OfoRlist) il vy O 088

sccm as fol |l ows.
mechamcal stir, ammonium carbonate aqueous solutmn (1.62M, 285.0ml) was added

15  inacontroiled manner so that the foam was fonned slowly to give precipitation. The
. mixture was transferred to containers, which was centrifuged at 4000 rpm for 15
minutes. The solution was decaﬁted and solid materials were further dried at 60 °C
under reduced pressure for 5 hours. The resulting solid rﬁaterials were calcined ﬁndcr
an atmosphere of air at 3°C/min to 350°C and dwelled at 350 °C for 8 hours, and then
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
. .



catal yst conposition, physical form sanple nmass and resulti ng et hane
conversion and ethylene selectivity are sunmari zed in Tabl e C tgﬁé?lm)
Ni 0. 63Nb0_19Ta0. j sOx: Aqueous sol ution of nickel nitrate (1.

m ), niobi um oxal ate aqueous solution (0.62Min water with 0.21M oxal iC
acid, 73.0n) wangstzant al um oxal at e-aqueous sol ution (0.51Fcirfshwaigs W th
0.67M oxalic acid, 84.0mM), were mxed-in a | L beaker. Wile the solution
was vigorously stirred by a nmechanical stir, tetramethyl arnnmoni um

hydr oxi de aqueous solution (1.28M 390. 01 ) was -added quickly to give
preci pitation. Ao:gtﬂuérédfm&hte@ﬁdBfthébarm:);ed\m&re%&oﬁﬂsdelﬂm&ﬁﬂxdmw@d wth the

resulting m xtur The m Xt Léfemmﬁ tratnsfﬁ contai ners, which was
centrifuged at é‘g@é‘%ﬁ‘m‘?‘b PROFEMRA TG onER &° 6f°&°‘| on was decanted and
solid materials were(#i4g60)E) sMbh gde@ioxﬁﬁqlﬁolﬁuﬂ)ﬁmoheﬂﬁi(ﬂ&dm&ﬁ@%ﬁUM?lj(nT S
hours. The resul_ting,solid ter| al an at npsphere of
air at - 20 ni nr?li)n%?ﬁ@ é‘ﬁl& CARRTRY ‘ﬁ\onfl@é)gc%"fg?w%wﬁbg?@w o%3lif 3¥en cool ed
to 25 C. Dark 251.0mb,yand oériuth :Nu&ibrnomx:t i) werbrdg) inas L@b&k&tnwdﬂamé 50.0 ny
t her eof was testelg as for0 éfﬁﬁ' h taF %parallel }]xed bed reactor .
for ethane oxi daf %"é“&"érﬂﬁ%gg‘@ﬁ FEOON 2 HFrRETCY % SPEPUNR SEPORIRPPERNE t i on |
condi tions. For sclotigua(l ﬁ%MnZldf‘intlhwaﬂdﬁahh a@ﬁnmﬂly,s nmmherfs@ﬂhlltﬁ)é fohfevagat al yst,
a portion of th oxi de bul above was .pressed
and broken int o%%“rpﬁ? N°‘§ 1 PR BECPY fon g.ﬁ X’%x%"b Sg‘ﬁ“f? ferfeBrngR: ‘f’@@ktl on
vessel s of the p'asedntréhgdilaxwomdfaraammrtes mescﬂimoeugpsslbcaﬂﬁﬂand/\GhGO/ 48971
PCT/ US00/ 04478 an tested, .in and_br oken form
in the paral %l nfai%? “i%e g "Pw&%ﬁu%‘fcﬁgﬁgﬁ&?ﬁf ff’égg'g dT%genati on
under the af orerokingagd nxaeaamslvw?e caloiiediuhded B8 atm%@ﬂ'lel‘d dTaRki 22Cramab her
portion of the N NbTa oxide bulk catal yst.-prepared as described.above was

pressed and grodR¥C¢ a&ﬁé‘”B‘E‘Eth?ﬂ?°9'fé¥%’éﬂ“rhé%dtlh@§?‘l%edt?%533 Pk gey salifd gr ound

form in the panaNb@ oxide(@6loda§das SRHHATNank 25 sl RRNE L W4E AL M8he paralle]
dehydr ogenati on under the aforementiqned reaction-conditions. Table 12C.

Physi cal form dJfhbed reasios for phsneridativg dehydragraation aderdhesforgmpntioned
Ni 0. b3Nbo. | 91ka0.chsdidions.Cat al ysts (#16116). Test conditions: 300'C wth 10

et hane: ni trogen: oxygen flow of 0.42:0, 54:0.088 sccm ConpositionFornivass
(ng) Conver si onSel ect {A#420NNissBBnE o PralNbCe orise k i ioe) greagad as described

Ni 0. 63Nbo. IgTaOzb&@%PéonnéuS@wRﬂﬂbééﬁﬂﬁsdw%&&Hﬁ%&&lﬁ% h@@q(f)*ta S 019. 1
184.6 P* pressed; B* = broken (not ground); G = ground. 15 Exanpl e -13.

ODHE over N NbSrnd dxdlige a@Rp &F Jart8 hrundeGan armgs,ph@a of &b, Saiid NiNbCe qiide Ta

(#16298/ 16507) . ({453} W obB M Ub ARy FORR A} AR YT Bk Alpl b Ox1 des.

20 reactor for ethane oxidative dehydrogenation under the aforementioned conditions.
(#14587) Nig_lebg_27Sbo_020,: Agqueous solution of nickel nitrate (1.0M, 150.0
mil), niobium oxalate aqueous solution (0.58M in water 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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My, Ca, Sb, Bi, V, Ti or Ta' were prepared in bulk (--- 20 g) quantities by
precipitation substantially as described in connection with Ega Ig %

Ni ckel- nitrate ([Ni] = 1.0 20 M, niobium oxalate ([No] = 0.3 g)fs}f 00
samariumnitrate ([Sm = 0.506 M, cesium nitrate ([Cs] = 1.00 M,

magnesi um ni t rEeeiapmy] = 1 AO M, calciumnitrate ([Ca]l _ rctaesdoddss

anti nony acetate ([Sb] = 0.234 M, bisnmuth citrate ([Bi] = 0.293 M,

vanadi um oxal ate ([V] = 1.00 M, titaniumoxalate ([Ti] = 0.713 M; and
tantal um oxalate ([Ta]-= 0.650 M aqueous stock-solutions were used. Table
13A sunmar i zes 25 t He14666)Nis4 NborSba.pn, 2MidIBEb 6xiad (8I83E) pfé}fa}ealﬁde@ahﬁhyﬁ
conposi ti ons. Qb A0 n|cn}ut1| al %é\eéanl %g 5% al'cination. at 300 'C hour s,
screening in fixed bed AR 15 W Tugthgr cagsingf £a400) G\M%f@@mf

et hane: ni t r ogenambapgie ﬂﬁO@"@rﬁ)r@h%n@er@%&nﬁ@sﬁﬁ@ré@isdudﬁﬁﬁ%ﬂﬁﬁgo fhane .
conversion (C &gﬁg et hyl ene  sel ect|V|ty (S) values for the N nCs oxi-de
conposi'ti ons r atffd8 Vissansd.andpt] meghéreof vasested dn the paraiel Breddedseagor S,

Et hane conves si o etiflcwgRafi@dehfRoddhMaSmler 9d A5G QEBRI o %ﬁtﬁtﬂﬁ\ ranged from -
17.5 % (with ethyl ene selectivity of 83.1 % to 19.4 % ‘et hyl ene '

selectivity of nd eth Ien sel ectlvH;y val ues ranged from 83. 1 %
(with ethane co’ﬁ&éer&‘qorpat St‘i"fn@“ ”Z‘PS&R@"% spopls ssHmedandonver si on of

18.7 % . Ethane® %F}&FF‘C E‘gﬁ:gg Wi @ndi TeNp MNP Ge and NipShventidees f or t he
Ni NbSnCa oxi 8}' %C%‘thib@@ifr%awg@cmow\o 00148971
PCT/ US00/ 044 8 3 %Sto 20.0 %C, 84.5 %S. Ethane conversi-on
(C) and et hyl e m !a 1-|\111-\I_LQ\ \'&LUE for the N NoSnfSh_oxide:
CoMposi tions r ey #y, b 1 Eompesiten o]~ Mags ng)o| 1Gomyersiow, | aplestionys] Et hane
eth !(ppm‘] /i Ly (890 yg nedld¥r the 8. WBSHBI  oxi de
conposi tions rp fr *%ﬁaﬂwmtmoﬂq - 045801 o 19 308%06 C| 8%546% $. Et hane
conver si on val Qi de c#8osi | i odd0% anhedsFém 13.8 %
(Wi th ethyl enel ¥efRct | /NfomNbassﬁmé)x% to #3987 9% (wilBh%et hyl e§f0%sellectivity
of 84.3 9%, anpl482®y| chNicedNbenCroniQyy \lal ud82r anhed 13.86m 70. 9826%wi { h
et hane conver s|H38hf 14NR1dbot8bA:3 % (W5ER et han@teBnvef si sine%f 17.7 % .
Et hane conver 6146 ( C) | NivaiNbb 1§hopsth sdl ectavi t yv| (SE4¥%l ueb f&ms%he | Ni NbSniTi
oxi de 10 conpositions ranged from17.6 %C, 82.8 %S to 19.1 %C, 84.9 % S.
Et hane - conversion values for the N NbSnfTa oxi de conpositions ranged from
17.3 % (with et hyl émenothet goup vﬁebcyemiﬁen&Bwﬁw%Nﬂh, RiTaCe, WiTalhyt NidtTagkene

| ectivity,pf 9 ect df 83.4 %
Qi th et hand” c ooy Rina a8 ity WrBRk SERRE! Glo el R PRZ R PR TurgPon of
18.2 %. 15 In !aﬂlswewwssr@e)emd@nm an‘m&mfsnheeeﬂ:fbrenés@a&nad inahe gaetlel or at 300
"Cwithdiffer eﬂed bgcl &X‘&&t gOO( %I‘Dﬁ,l El{tr% en?xgr)é%/l}g@nt(ﬁ'o(t@j(ﬁéé)rq} 3:0. 061

sccm, ethane conversion y ene~se s for the
Ni NoSnCs oxi de %‘amﬁp&%n§atnlaﬂqempositrommsﬂp1@ s CanddSsullingtedbariec0 19.8 % C,
B e o hanGnfAONELAI BN ALHER ] Ol LG dBTIM 581 00 coMpoSi tions

ranged from16.0 ene's Vi
20 (#15891) Nip, g(,Tau 140, }}queous solutxon of nickel nitrate (1.0M, 150.0 m1),

and tantalum oxalate aqueous solution (0.69M in water with 0.19M oxalic acid,

J\\J\

conversion (Q ﬂgznfh
fged

35.0ml) were mixed in a 1 L beaker. While the solution was vigorously stirred by a
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
25  mixture was transferred to containers, which was centrifuged at 3000 rpm for 15
minutes. The solution was decanted and solid materials were farther 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 b}{-ide (15.0g) was obtained and'45.6 mg

¥



20 88.3 %9 to 18.9 % (wth ethylene selectivity of 88.2 %, and ethyl ene
selectivity values ranged from86.4 % (wth ethane conversi &n éa% i

to 88.3 % (with ethane conversion of 18.-8 % . Ethane conver o %es for
the N NbSnCa oxi de conpositions ranged from18.2 % (with ethyl ene

selectivity ofw@usr?9 to 19.8 % (wi'th ethylene selectivi tP)gTR,%m%Z“@ 9%,
and ethyl ene sel ectivity val ues ranged from 86.3 25 % (w th et

conversion of 18.2 % to 87.8 % (w th ethane conversion of 18.7 %. Et hane
conversion val ues for the N NboSnSboxi de conpositions ranged from17.0 %

(Wi th ethyl ene matmtasvesteymhe%al&l fiked Ked tehchr %r bithlehRiafiyd ene selectivity
val ues ranged from84.2 % (wth

of 89.3 %, éjch)? rhﬁé ene uﬁ %t IfVI téﬂ ;

et hane conversion pafiog ur Glgementigned feqy eednditientonver sion of 19.4 9.
Et hane conversion vﬂlﬁem)mﬁs'tahﬁcamw thsammgfﬁgg@%gel EB E}ﬁ{}ged from
17.1 %.(with et@;ltert\g ct I Vi t’%/ {!} Pﬁﬂto 19. 8 ene
selectivity of ‘87 ZProsm osgldle aqusonssaitan, Oe‘i? ‘Yi}er\Y’éth?& ‘P’@hgé@id,f rom 82.4 %
(with ethanes co&ii\,%ﬂ)shmhcmtunhﬂ:raic @@mmsaau&; (%s(m Lhoflh BRASnix PR ST on_of
18.5 %.. Et hangt&%% ﬁ'@@ @1 atléues for t SnV oxide 21 August 2003 WO
00/ 48971 PCT/ U 8&%‘6 ‘%“t"("’ér’(égc'F“é‘ﬁ éH”? E?rﬁlﬂ??han% £t arpmeniny | .ene
selectivity of ciﬂ)oﬂat@/aqu'emzs:héluﬂmﬁ(d 60M, 1. @ﬁlbl%ﬁﬁlﬂe@ﬁ'a%ﬁ&dﬂe&&aﬂﬂer% 8 %,

and et hyl ene S‘&hﬁg“te'}” LY, via % ran g}n&(} fromJ/6.7 _ % (wth ethane conversion
of 14.0% to Ofa(mvm BB R X B 8185 P Epitalipn. | Thegnigre wasitygasfereddmver si on
val ues for the duitnSsiihidxwateantifipedit300Npn RAISHikited MHkolfiBh ¥ad (Wi th-

et hyl ene seloe %. vmth et hyl ene selectivity of

88.0 /a), angtdgfaﬁ' é‘ﬂ‘{ Soitglrr@&ef/‘%@l“fef 65#“?5 geq a8l e up BFRdBEdpresure WT'@S h et han'e

conver si on Of - Ius. TH@ rebultirdGolRd z%u(eml& WeRichioMed GRRVAI2h&PhaE o ﬂzj %t Ilgt tl1ag}e
rom 0

conversi on val ugs, f.or £ a oxi.de conpositi ons range

(with ethyl enelﬁs m‘&o%ﬁ?pt%a‘ﬂfw“gg at 388 °¢ fpr Bonrsoand fiep focdedty REAE. Detkect i vity
of 87.7 %), ancgr@tsbud HTace ehe@(tzll Wi} WadhAR aAD5T. %g%é‘o%%a &8edin’ t%e(WI th

et hane conver si onuq ‘6\%5? ?g g 87.8 % (with ethane conversion 18.1 9%.

Z5 21 August 20831 RS b radstey orstaen ivadehgdrpaaspionpader tgat al yst

conposi t i onts( Mafeeridnbicidd @esktidi cohliibibenX Oxi de Catal ysts, where X is Cs, My,

Ca, Sh, Bi, V, Ti o nd sa | e rrass “m' (nmg) used in parallel fi xed
bed reactor screen. {#@ébﬁ 0.03 INI"‘@“C?W@WES%C‘CPBISQGC?12@?1015101840 7103

NbO. 21640. 2138@al iah&mnz&&&&h &Q&ﬁ@ sl (0.51M in water with 0.67M oxalic acid,

1Sn0. 03080. 030499 B 02970 02940. 0291
Om ‘dysprostum acetate aqueous solution (0.294M, 21.0ml) were mixedin 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 dwelled 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 ml), 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



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
Nb0. 21460. 21240. 21030. 20820. 20620. 2042

2Mg0. 00850. 01850. 02830. 03790. 04730. 0565

SmD. 03050. 030%8.%4¥Y0. 02960. 02930. 0291 i n49. 649. 849. 349. 7AETSEP/MU48

Ni 0. 74640. 73890. 73150. 72430. 71720. 7103 -

NbO. 21460. 2124. . 0. 21030. 20820. 20620. 2042

370, 03050, 03050 1S IBE AT ITB S G BD e3> Y a5 idsd =ramrladngansr o

Ni 0. 74680. 7392batTi31fpam w24 dGmEd 51201y 14 GiRe precipitation. The mixture was transferred to
220 03060 0300BC D508 T 058 800 0%sa 450 rom for 1 sminutes. The soluton was
Sb0. 00790. 018 1BcHRBCAJ 0@ ¥ HateelilS0erd HifitRer difad) aAHC oL 2 0cel PRrsfddils
T TN M
5Sn0. 03050. 03020/miA9OE2BLA6H VAR At 3389 for 8 hours, and then cooled to 25 °C. Dark

i 0. . . 02 90. 04730. 0565 nb0, 953:650. 249. 449. 349. 9
EI: 8 32228 gég%a%ﬁggll%%oyﬁygwb@dgs obtained and 68.5 mg thereof was tested in -

NoO. 21460. 21240 gitA1RD£i %4420 12062 f0r B4 oxidative dehydrogenation under the
6SnD. 03050. 030%0. 02990. 02960. 02930. 0291 . o

V0. 00850. 0185F YSBIHOFXASAFUGR 9RIt9BE5 50, 449. 850. 851. 049. 449. &
Ni 0. 74010. Wl 560. 69 28G5 1) ¢:8BHBOyH ALY Aqueous solution of nickel nitrate (1.0M,

y .tlj.? 0 2 éigg 0 2 82;1%0%%%&%&%?1%80 % E%%%glség %(getgm (0.62M in water with 0.21M oxalic acid,
SmD. 03030. 02930.04dR 3K HRFLOuMGERe ARRSTIRIFA.2500; BAIPRGe RBPLRdHa
PR o

8Ta0. 01850. 04 GinfindfifnT CarBdh3ZAqlso84£blutan U1.62M, 206.0ml) was added in a controlled

SnD. 03020. 02930, 02840Q. 02760. 02680. 0261 M¥9. 449. 549. 950, 450, 750. 0 5 Exanpl e
14. ODHE o%r W@SQ@ Fzrﬁg"-"’@éf"éﬁ ’895?“5.5%(‘%@%‘@?1%5%)0“- 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 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



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) quan&i'Eéi es @%
precipitation substantiall'y as described in connection wth W‘i 1
usi ng copper nitrate ([Cu) = 1.00.1\1) aqueous stock solution. Table 14A
summari zes thgoGgegeqsi tion and amounts of the various cat abgmUsennd478
conpositions. In an initial screening (calcination at 300 'C, 8 hours,
screening infixed bed parallel reactor at 300 "C with fl owates of

et hane: ni trogen: oxygen of 0.42:0.54:0.088 sccm as described), ethane
conver si on ( C)masst vt hyle@iahspiaR] fixddtbyd feSjtovfat etbameopidativee  Ni NbCu oxi de
conpositions ranged from7,2 % g’ 47..9 %0 Sct.onclt%.dl mg@ C 79.7 %S. In a-
second scr eeni H§YIPERHHEN LA B RPN P HAL PSRy 300 C with different
10 fl owr at es..( et hage5pi4) NI NG, 98 R0/AI0D TH2; DRt i pBL femowds dried #tane -
conversion values for the N NoCu .oxide, ¢ sitions r.anged fromJ7.4 % .
(with ethyl enel@é’p&rtqvgq%l@rsb#&ggﬁgqlglg% E? oa%%“@/é’? W ?Sﬁmé’?%?ftg%‘gmé efectivity
of hss. 2 9%, s anglixed &%édagﬁﬁatgeﬂ mﬁig\gbwoo?. \Gﬂ_tzﬂgﬂ lcraﬁilﬂgeads fboong %&_;yZNéYgl?,Wilté h2 ]
et hane conversion o A4 9t : 0 th e ne ..conversion o : :
15 In-a third @@P@ﬁﬁ%w@"fﬁ@hﬁ Lué‘gérﬁﬁ?‘ﬂgﬁgynr%%%‘ﬁ‘é‘ﬁ%{?“%o 'C wi'th
different fl oygiah@syd&dRaRE60HC IaBaR:AKY, grdthed cdlkidd:tO3EBI it 20CMmiscan) , -

et hane conversion (C) and ethylene selectivjty (S%a,v% ues fQr the N NbCu
oxi de conposi t indriwelledngde) G rfhrs ThepfiNgamepdeiwss gpjaived apd yoigme j7 o1
August 2003 : Ahadedixilaiied conposi tions: .
(nole fracti %@%ﬁ%%ﬁ%?ﬁg?gﬁggﬁgﬁaﬁsaml e mass, "m' (ng) used
in paral | ellof i dehpidiogaatianamdetbenframpntiongsiicstion gondgions. )

Ni 0. 85740. 79230. 72630. 6594. 0. 59150. 5226.

| NbO. 14260. 20770. 27370. 34060. 4085. 0. 4774 .. : L

Cu0. 00000. 00000. 00000. 00000. 00000. 0000 i n49. 850. 750. 749. 350. 249. 7

Ni 0. 85300. 78820. 7226' 0. 65590. 58840. 5198 '

2Nb0. 14190. 20660. 27230. 33880. 40640. 4749

Cu0. 00510. 00520. 00520. 00520. 00530. 0053 nb0. 949. 550. 550. 850. 749. 4

Ni 0.84870. 78420. 71880. 65250. 58530. 5171 :

3NbO0. 14120. 20560. 27090. 33710. 40420. 4724-

Cu0..01020. 01030. 01030. 01040. 01050. 0105 M19. 250. 050. 349. 649. 850. 7

1t



Ni 0. 84440. 7802- 0. 71510. 64920. 58220. 5144
4ANbO. 14040. 20450. 26950. 33530. 40210. 4699
Cu0. 01520. 01530. 01540. 01550. 01560. 0157 nB0. 649. 450. 050. 950. 0&py8ust 2003
Ni 0. 84010. 77620. 71150. 64580. 57920. 5117
5Nb0. 13970. 20%88%4¥8810. 33360. 40000. 4674
Cu0. 02020. 02030. 02040. 02060. 02070, 0209 16O. 850. 450. 350. 049. 950. 4
Ni 0. 83590. 7723. 0.70790. 64250. 57620. 5090

CRRSEHOMEE fitstionsh gamplemess (mgPar@49. 950. 4 5

6Nb6. 13900. 202
Cu0. 02510. 0252

Exanpl e 15:

COI’TpOSI tions. CO

einiTog

0,2 E g 90. 39800. 4650
0&%%: Ristes

ripus MiTy.JYiZaGey NeBO51 NBBTaTe, CHNRDy st

it %ﬂﬂgﬁﬁ%%ﬁ?ﬁ

PCTIUS00/04478

PCaxidseriglyats. vieERtEoRtignar 394 “Crwiths nal |
208U ¥2seei al |y as described in

second screening in the fixed bed parallel
flow ates (ethane: i & third eroupsfmypminetsONMDTE oRide Catdfils Faeikkle et hane

conver si on val dgSodidn &
et hyl ene selectivity of

88.0 %, aHd

conversion of b6 wih eft@neS
screening in the flwxede bed ;r){%e %’Fyﬁﬁ
flowates (etH&d

M

conver si on
(with ethylene

Eé?é‘ctlg'!
el ect | Vi

t

bl laGR 0, i SRR

oS eeatesempings theredf wead mnadam degating Iii"bcEcheG r%c(c%{ h ethane

reac

m@éﬁf‘hq%ﬁ?ﬁ

B B{tg@eo 546

react or

11.8 % (with

OSI ns .rran

58 oBtrad i
erS|on I
seqn tf‘ﬁoéﬁsf fhs o

et hyl ene

(-.100 ng) guan {2

Connect i on 1 +h E(:awpl el usi ng cobalt nitrate (fCO] = 1. 00 M aqueous
stock sol uti oft 89’:@5“. e 1EA ,:Gmc the Mmﬂmg) Copvepsioh_hi$elentivityof t he
various cat al fg—ge#pels‘g-‘ﬂﬁ m (tal¥iNati pn at - 300
'C," 8 hours, ;rigi AR -lfwsfﬂow&qg% nar |frle'1mge ct5%i BO®3.3% wi | h -
-flowates of g uﬁe—m. : . 0.10886 sccm3.Bs :
descri bed), elR222 con bCal 0% de caymMsi t) ons 15
ranged from 7 = | 80.1D.9% tp 20.88,%)(with

et hyl ene sel 9 L el dotzeyi tly \oaliggs Jranged
from73.1 % (w3oh¢ e iinmban sDeMiQF* |121428 #4¢ [t o 86%9 % (walds, etlhane -
conver si on of ﬁ@ﬁtaévswadmg@ttzqsmmtab@mmm@e@t 48971 PCT/USD07 04478 In a

at 300 Cwith different

%gd from8.8"% (wth
H%plgfé’ic@ctlwty of

nathrd
nt,

REysifompesition: miwgaé foref safnpleanGs me@umgztmm)]wﬁbthe
ositions ranged from7.7 %

sel ectivity of 93. #1616 ths 0. 4o eaile: Aqueelseclmmn dfyickel Initese (ﬂ@m,geldo br om -83 0
% ( wi th ethanegny, Qﬁb‘lﬁﬁﬁ@éﬁﬂte%ﬁuééu; solioh . O 1 Wi water with 0.21M oxalic acid, ~

73.0ml), and tantalum oxalate aqueous solution (0.51M in water with 0.67M oxalic

20

25

30

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



(wi th ethane conversion of 11.7 %. -1 C? 21 August 2003 WD 00/48971

PCT/ US00/ 04478 Tabl e 15A: Catal yst conpositions (nole fracti ?PAlé%fs M gleO
oxi de -catal ysts and sanple mass, "m' (ng) used in parallel TiX toeg
reactor screen. RowCol 123-'456 N 0.85520. 79030. 72450. 6577. 0. 59000. 521- 2.
1Nb0. 14220. 203200c2i&890. 33970. 40750. 4762 Co0. 00250. 00250. 00 "%g 0026-
0. 0026 i n50. 549. 950. 949. 650. 449. 4 Ni.0. 85150. 78680. 72130. 65 35189
2Nb0. 14160. 20620. 271810. 33820. 40560. 4740 -

Co0. 00690. 00690. 00700.°00700. 00710. 0071 nb0. 450. 1 -50. 849.849.4-49.1

Ni 0. 84780. 78348nd/BRDg GiBOwaSested, il fibssed and broken form, in the paralle] fixed bed

3Nb0. 14100. 205 33670, 40 4718
Co00. 01120. 0113 °98§‘Z§685Tf§6%6‘i‘i%‘%gbdf‘i%"“% ugds WYB‘BWW reagors
Ni 0. 84410. 7799¢onddionid 4040itob80Y) 26RRAGofibA Bf the NiNbTa oxide bulk catalyst prepared

Co0. 01550, 01560 STEIE! BELRY BOH BYOHe®$50 g seigrs b 4

Ni 0. 84040. 77650re%td 80, gt Forny, 3O padralel fixed bed reactor for ethane oxidative -
SNb0. 13980. 203 40020. 4

Co0. 0198- 0- 019 %ggég%§8%§§§%9%§8%8m6§@%mﬁE§“§§§”§%§@§50 750. 450.3 5 Exanple :
16. ODHE over N NbCr Oxide Catal ysts. (#16373116513) Cat al yst. comnposi tions
conpri si ng var Fagus12G. Ntb@ricad forde sampde map(mppine geiftrmatis|charbcteristits ¢F)
quantities by PhedibpisTati@raalissi#io] 16| Test andidescBddiedsitin connect i on with .
10 Exanpl e 12, ebinsgitoigroesygon Ao vi080.42:05€00884cch0 M aqueous stock sol ution.
Tabl e 16A sunmmarizes the conposition and anmounts of the various catal yst
conposi tions. |1 n Gempasitional $cr dening j( caMas (mAp) on @énvasion [C, SelektiRityS
screeni ng i n 1 Niedbhe@ac.ig6hr all belk r eactlor ats0300 "G Wi {du f | wr at g5, of

et hane: ni t r ogeNisgbeeTi2aefO:0. 42*B*54: 0.]088. - B@emM ds dmprri fed), ggphane
conver si on val Nes:NoaTéh@®.N NBEGoxi dg. corga@si T gns 19.p r gngedgigom LfL. 7 %
(Wi th et hyl enePSepesded\B* 3y boken/(hoOgrbindy;GG¥Begrbudd, (W Th €ThyT ene sefectlvity
of 82.7 %, and et hyI ene selectivity values ranged from71.5 % (with

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 ethane:nitrogen:oxygen of 0.42:0.54:0.088
scemm, as described), ethane conversion (C) and ethylene selectivity (S) values for the |
NiNbSmCs oxi(_ie compositions ranged from 16.3 % C, 78.5 % S to 19.2 % C, 84.9 %

30 S. Ethane conversion 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 ranged 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

>



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 f'
different flowates (ethane:nitrogen: oxygen of 0.42:0.23:0. “gélﬁtm

et hane conversion values 20 - for the Ni NoCr oxide corrp05|t|ons ranged
from14.1 % (Wybhelehy! ene selectivity of 80.5 % to 18. 6 W|th ethyl ene
selectivity of 86.7 %, and ethylene selectivity to 21 Aug

00/ 48971 PCT/ US00/ 04478 val ues ranged-from78.8 % (with et hane conver5| on .
of 15.1 %9 to 87.0 % (with ethane conversion of 18.3 %. In a third

screening i n { i ocdsliod sanobbe, mwtsomg;ec%qo%séé; g Gl et

fl ow ates (ethane: nitrogen: oxygen 082: 0 ane
conversi on val FEStYig (S} anenfox iftarempesidens rangadiiomfl6SH6 &, 6 %

(with ethylene aosaec}/esctblmntwmsﬁﬁs%%ﬁan& am%ém%n%’e;)( %&gﬁhg@%ﬁ%tfg)ect ivity

of 90.0 %, and ethylene se ect|V|ty val ues range
et hane conver si Bpesfor gieglibpSmai exjdesompositigns 1ngs 15 biver Bion St 19(5 99%.

10 Tabl e 164 Gﬂ,tcalsyst% S%ﬂ%&b&dv&@ﬁn@ﬂ&és%rﬁﬁ@fmmv% o'NgngE 954
Catal ysts and - | e mas N )8 used in parallel ftI 3 reactor ’

screen. RowC | 9861 38 6 (Wit ethylenp sejagivitpa 255 00l B dwith SthyRne

1NbO. 14220. 207 20123901 889 V4, 40 Zéﬁ?lene%@l@gnwtg values ranged from 79.9 % (with -

Cr 0. 00250. 00250. 00260. 00260, 00260 -
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



50. 049.849.750.049 4 0 0 . N 0.85040.78580. 7203653958650 5182 .

2Nb0. 14140. 20600. 2714' 0. 33780. 40510 4734 Cr0.00810. 00820. 00 . 00 0084.
0. 0084 nb0. 750. 650. 450. 750. 950 O . N 0.84570.78140. 71620. 62%‘8@%@@6

5152 . 3NbO. 480. 26990. 33590. 40280 4706
Cr 0. 01370. 01333%8@%?5 01400. 0141. O. 0142 mB0. 349. 550. 149. 7BOTHSW04433

compositions ranged from 14.0 % (with ethylene selectivity of 76.7 %) to 18.7 %
(with ethylene seleétivity of 86.8 %} and ethjzlenc selectivity values ranged from 76.7
% (with ethane convcrsmn of 14.0 %) to 88.2 % (with ethane conversxon of 17.8 %).
‘Ethane conversion values for the NiNbSmTi oxide composmons ranged from 17.7 %
5  (with ethylene selecuwty of 87.3 %) to 19.4 % (with ethylene selectivity of 88. 0 %),
- 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 for-the .
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



Ni 0. 84100. 77700. 71220. 64650. 57980 5122

4Nb0. 13990. 20370. 26840. 33390. 40050 4679 Cr0.01920. 01930. 01940,019
0. 0198 i n50. 650. 049. 949. 949. 550 8 .
5093 5' 0. 13910. 20250. 26690. 33210. 3982.

Ni 0. 83630. 77270. 70820. 54D%HS
0.465 2

%8%2197

Cr 0. 02460. 0248©9.0028290. 02510. 02530. 0255 nb0. 749. 950. 750. 550 P22@s@i0dds gl 21
August 2003 WO 00/ 48973 PCT/ US00/ 04478 Exanpl e 17. ODHE over /
Ni TaGd Oxi de Catal ysts (#13899) Catal yst conpositions conprising various
(-100 nmg) quantities by
preci pi tation FasldktCadiysy caspaiion (mdle fradtion) &f NidbSmXtOxide: @dtilbstExanpl e 1,

Ni NoGd and Ni TaGd oxi des ‘were

usi ng gadol i ni wirmit isCeMg, Gd)SbrBi, 00 TMr Tagarelcample esd “m3 ¢hghtusahin and

prepared in small-

Ni NbGd /

cal ci ning to 3pdall fixedidnactoancteamni nt ai ni ng at 320C for 8 hours in air.
The conpositions_and_ampunts_of the various catwal yst conpositions are shown
de gat @l ysts

in Table 17A
were screened

dehydrogenatran at 3¢

Example 14. ODHE over NiNbCu Oxide Catalysts. (#16360/16511)
o

NRébCd) €oid Tablle 1/B ¢Ni TTaGh . The 4Nl NpGds0xi
in the{fixed bew7izarpiol7edo rleagssy |Tmr2671D 00NBAFT DY EI3E
0 N& W ton1skomoates [06.2e13hdre208bt | opes® Xy 0om2
1 Sm 0.0308 | 0.0304 | 0.030L_ | 0.0297 | 0.0294 | 0.0291
Cs 0.0000 | 0.0118 | 0.0234% 0.0347 | 0.0457 | 0.0565
m 49.4 49.9 493 50.6 50.6 508 .
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 |-
2 Mg 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 49.6 498 | 493 497 499 504
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
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 | ©0.0201
m 493 50.2 50.7 49.9 492 50.1
Ni 0.7468 | 0.7392 | 0.7317 | 0.7244 | 0.7172 | 0.7102
Nb 0.2147 | 0.2125 | 02103 | 02082 | 0.2062 | 0.2041
4 Sm 0.0306 | 0.0302 | 0.0299 | 0.0296 | 0.0293 | 0.0291
Sb 0.0079 | 0.0181 | 0.0280 | 0.0378 | 0.0473 | 0.0567
m 50.8 498 50.2 50.9 508 | 499
Ni 0.7464 | 0.7389 [ 0.7315 | 0.7243 | 0.7172 | 0.7103
Nb 0.2146 | 0.2124 | 02103 | 02082 | 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 .4 493 499
Ni 0.7464 | 0.7389 | 0.7315 | 0.7243 | 0.7172 | 0.7103
Nb 0.2146 | 02124 } 0.2103 | 02082 | 0.2062 | 0.2042
6 " Sm 0.0305 | 0.0302 | 0.0299 | 0.0296 | 0.0293 | 0.0291
\' 0.0085 | 0.0185 | 0.0283 | 0.0379 { 0.0473 | 0.0565
m 50.4 49 8 50.8 51.0 494 496
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 | 0.160%
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 02124 | 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 49.5 499 50.4 50.7 50.0

hane



of 0.42:0.54:0.088 sccm Ethane conversion values for the Ni No&d oxi de
conposi tions ranged from4.9 % (with ethylene selectivity of 4 %)0%0
20.3 % (with ethylene selectivity of 83.2 %, and ethyl ene %

val ues ranged from45.6 % (wth ethane conversion of 7.2 % to 83 9 %
(with ethane cemwergizon of 17.6 % . 15 The N TaGd oxide catg Hg g‘ﬁmx\ei

| i kewi se 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 N TaGd oxi de
conposi tions ranged databyi Sorfpdktibid oy 53. 4. 9

19.0 % (with etzﬁ%/aﬁne ag)j:agltecn'(ti)l? vity of gthgbﬁ{b?S x}qe%a'xneemgré qed oy ty
val ues ranged I W%Tg»q‘%“m}\ﬁs P@W&N@“@@W@imd@m}&d& &i)médmm84 9 %.
(with ethane comMEEsM Diusing CoppedRitratd %]LQ%M)%E&?E{S‘%Q%LO&&% NG oxi de

catal ysts were effected at different tenperature

et hane: ni t r ogen-"OXYFERIEEINF eRmaesition sndsamaynty@Bthe varinps catellyst ¢ éamposidpar at e
experinments,s at di f iesenital {eWhmbesd en n flow of
4 £ I?ag?n at@fooeémﬁrﬁrgﬁ&’g%ﬂf 0148971

25 1.05: 1. 35 0.22 d not s own
PCT/ US00/ 04478 PREHF e“‘:%}f’l\(a %iﬁ &1 Wit flovgnishel qthaaﬁsm_pmroaygenaﬁ@ mms; 0088 Ni NbGd

oxi de cat al yst scands d&RiIpdd, JMmss H dREPRL be gact or
screen. RowCol yglas. 456 N 0 G o S RS %ﬁ’g P‘l’é{h ‘

Ni 0. 8150. 820 _ °¥g8 BoRRstieAR g drosn 02 YnBet A W)S U5.B%AC, 79 7%S$

Ni 0. 7400. 7450. 749 3Nb@sea&mcaezaﬁ abthe f543-bL0 48 A8 A0
(Mg) 52. 249. B0 Dbl 8110, 8750 0850, 685 ARED Baa0 Tee0’ %‘%‘ﬁf&m‘“

&d0. 2370. 15 AFU8FY PAYEE 940.6%6.27996 8 scom), ethane conversion values
Ni 0. 6080.6110: ﬁdﬁﬂe RN uwkZde compositions ranged from 7.4 % (with ethylene selectmty 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 (ethane:nitrogen:oxygen of 0.42:0.082:0.022 sccm), ethane conversion (C)

and ethylene selectivity (8) values for the NiNbCu 0x1de compositions ranged from
41%C,546%St0102%C,91.4%S.

1



Nb0O. 0880. 1600. 2320. 3050. 378 Gd0. 3040. 2290. 1540. 0770. 000 mass
?ng)55.254.050.549.747.0 Ni 0. 5490. 5520. 5550. 5580. 5610. 564 2 s 2043
6Nb0.-0850. 1540. 2230. 2930. 3640. 436 Gd0. 3660. 2940. 2220. 1490. 0750 88
(m 50. 750. 550. 751. 452. 945. 0 83 21 August 2003 W 00/49971 PCT/USOO/044r
Tabl e 17B. Catwby@issgonpositions (nole fractions) of N|TaGgCBéb%%ﬁ§§Eglysts
and sanple nmass (ng) used in parallel fixed bed reactor screen. umme-
123::456° Ni 0. 879 Ta0. 121 Gd0.000 Massb55.5 (m)kl. N 0.8000.793 2. -
Ta0. 1160. 207 Gd0. 0840. 000 Mass50.951.4 (Ms) N 0.7270.7210. 715
3Ta0. 1110. 1990128k 1mmwmﬁﬁﬁ3iaa&q&oméﬁ%§é€mé§ %tsj(e@?&swgg 000

Ni 0. 6600. 6550. 6dAfle sk, 4TAEng) 0568 inkDkMlPHAD b3DSa ki Qor
Mass52. 753. 053. 651. 7. m ) Ni 0. 5980. 5930. 5890. 5840. 585-

5Ta0. 1030. 1840] 2840. 343Ge1420 GIU. PUYY. 23203124 7P- 07 30:106%; =
MassS5. 147. 5544 650. 845. Ri (M0D.8574 | 0.7923 | 0.7263 | 0.6594 | 0.5913 0.5226-
I Nb | 0.1426 | 0.2077 | 0.2737 | 0.3406 | 0.4085 | 0.4774
Cu 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 I 0.0000
m 49.8 50.7 50.7 x| 493 50.2 497
Ni 0.8530 | 0.7882 | 0.7226 7] 0.6559 | 0.5884 | 0.5108
2 [ Nb 01419 | 02066 | 02723 | 03388 | 0.4064 | 0.4749
Cu 0.0051 | 0.0052 | 0.0052 | 0.0052 | 0.0053 | 0.0053
m 50.9 49.5 50.5 50.8 50.7 49.4
Ni 0.8487 | 0.7842 | 0.7188 [ 0.6525 | 0.5853 | 0.5171
3 Nb | 0.1412 ] 0.2056 | 0.2709 | 0.3371 | 0.4042 | 0.4724 -

Cu 0.0102 | 0.0103 | 0.0103 | 0.0104 | 0.0105 | 0.0105
m 49.2 50.0 .| 503 49.6 49.8 50.7
Ni 0.8444 | 0.7802 | 0.7151 | 0.6492 | 0.5822 | 0.5144

4 Nb 0.1404 | 0.2045 | 0.2695 | 0.3353 | 0.4021 | 0.4699
Cu 0.0152 | 0.0153 | 0.0154 | 0.0155 | 0.0156 | 0.0157

m 50.6 49.4 50.0 50.9 50.0 50.7
Ni 0.8401 | 0.7762 | 0.7115 | 0.6458 | 0.5792 | 0.5117
5 Nb 0.1397 | 0.2035 | 0.2681 | 0.3336 | 0.4000 | 0.4674
Cu 0.0202 { 0.0203 | 0.0204 | 0.0206 | 0.0207 0.0209

m 50.8 50.4 503 50.0 459.9 50.4
Ni 0.8359 [ 0.7723 | 0.7079 | 0.6425 | 0.5762 | 0.5000
6 Nb 0.1390 | 0.2024 | 0.2667 | 03319 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
parallel reactor at 300 *C with flowrates of cthane:nitrogen:oxygeh of 0.42:0.54:0.088
scém, 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_:thanc conversion of 14.2 %) to 85.9 % (with ethane conversion of 20.6 %).

7%



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 (‘{\r{:@ %ﬂgml e
18. ODHE over ‘Ni NbBi and N TaBi Oxi de Catal ysts Catal yst corrp%]s )
conprising various N NbBi and N TaBi oxides were prepared in small (-100
ng) quantiti eswywosm9Bci pitati on substantially as described j 10 .
connection with Exanple 1, using bismuth citrate ([Bi} = 0. ﬁ%’m"é&eous
stock solution. The conpositions and anounts of the various catal yst
conpositions are shown in Table 18A (N NbBi) and Table 18B (N TaBi). The

Ni Nb?i o]>c<i de catg ail; y@t@emdgéﬂmirtgiigﬂxle)ﬁxécm:qa@,&ad?lir%hgggpﬁ 81})53?%&@%%\%?% al | e:c
reactor for oxigg@faked _ e ro tion a Z W 0 es  of
21 August 2003 maoeqf‘i%%{. %&%%ééﬂ/%ﬁ%@%ﬂ%é@%mﬂ@genormc;s'gmmmés '
0. 42: 0. 54: 0. 88T §isAWNbEe hridecamosidomsiraized Sb 8% % Qhidt Hfylel MF& Qe
conposi tions rgp_g%jtg fé?é“ol(ﬁritil[efﬂ Q{\é tp tet.gkll ne selectivity o Y :§: %) to
19.8 % (with ethyl éne SR %’y or 8a"! -oéﬁ/gff'oa(ﬁc@é?ﬁylemal@éﬁacti vity
val ;Jﬁs {ﬁngéd "’%hl“‘éﬂi‘}“_gzd @%ﬁ.ﬁ“@?ﬁ?te?aneﬁo&ﬁ_&& g{Bpm; %f[toljﬁ:og%%ritﬁ fmnd4. 9 %
g\tljmbseqﬁenfllng ?éeagglé\rglig%ggw%%kg_o 'C (5/(); a r-gi nl_ t;‘:ﬁ :It488 ?C?/sd\ile}lvlergt 400 " C
for 8 hours), and thamixlereerieainiti fieébanmalibitactda®d *BSsim &AL for -
Ccroon (300 " G et QRGeS R0 BE0 R0k Bosromm) obene compedomccn) .

Et hane 10 conv¥HSH B thed¥ilibGo pxide ¢ompodiiods Bingekfrela 7G00PRR EhRs ranged from
9.9 % (witho edelevkiorsshontd vidy, @f85.6 % to 14.1 % (wth ethylene

sel ectivity of 85,‘%@% , .a;%é ef%%l(g}lﬂéetg&e ec?"}e%ti“f’? of &1-41&a), andisgwient r om 74. 5%
(wi th ethane CGHHBEYvaHesTRnged FPmoBs.01% (wiBlbetBancdrvession 8F £2196) 16 95y8) Si on of
13.3 19%." Thq“ﬁ@@@xhxféceﬁﬁkrﬁlﬂmil_-ﬁot al ysts were screened again in the
parall el fixed bed 15 reactor at ‘different flowates screen (300 'C;

et hane: ni trogen: oxygen flow of 0.42:0.081;0.022 sccrn). Ethane conversion
val ues for the Ni NbBi oxide conpositions ranged from9.5 % (wth ethyl ene
selectivity of 93.0 %9 to 10.9 % (with ethylene selectivity of 93.4 %,
and et hyl ene selectivity values ranged from89.8 % (with ethane conversion
of 10.2 % to 93.8 % (with ethane conversion of 10.6 % . 20 The N TaBi
-oxide catal ysts were likewise initially screened in the. fixed bed _
paral l el reactor for oxidative ethane dehydrogenation reactor (300 'C;
flowates of ethane:nitrogen: oxygen of 0.42:0.54:0.088 scan). Ethane-
conversion val ues for the '

9]



Ni TaBi oxi de conpositions ranged from13.6 % (with ethyl ene selectivity of

3 SheAthS 4 o

82.5 %

to 84.8 %

to 19.1 % (with ethylene selectivity of 84.8 %,
selectivity values ranged 25 from78.9 % (wi th ethane conver

(wth ethane conversion of 19.1 % . The N TaBi

subsequent |y r¥@a¥#fMed to 400 'C (5 'C/rain to 400

for 8 hours),

screen (300 30_'C, _ethane:nitrogen:

and then screened in the parallel

0X

an

catal ysts were

"G, dvRATUR90/04B0 ' C
fi xed bed reactor for
et hane dehydrogenati on under the same reaction conditions as the initial

gen flow of 0.42:0.54:0.088 sccrn).

ygen f ) .
Et hane conver sil8Me {4} ¢@lyst mppnigonsiopalpfragionties Nisge oxide ofslystamased from 9. 4
% (with ethyl efERERgs: T (mg) wed imparplishfixed begeactapsergen-h et hyl ene -

selectivity of.84.3 94 _and ethylene selectivity C5 21 August 2003 WO
00148971 PCT/ UsoRgwnahzdoballies! r ahged friam374 & ¥f(wikh 8t hdne &onVersion
of 10.4 /a) tol 86.9 YWt h le®-Bade| 0JORYr&V2He of0.66771] ©y5900He0.6242al ci ned
Ni TaBi . catal ysfts her¢ egn@dZgni0?0vd [t he730at H-338F [ 0,468 he@4762ehct or at
different flow ates hcr@en |(80025 (0.0025 4120026t § HIRE oix PHORE f|| ©0PAGF
0.42:0.081: 0. \C,\)r22 scch) . mEt Han®-Xohy 428 gn 50Q) _&nd9ét hyl 80é del4datifity (S)
values for the N TaBi Bki de0.8dfppdiMbdns0.7213dee.450dm 8.58734, 0.81898| % S t o
11.0 % C, 93.6 %2S.| Tibl § A8A6 CM24P33t0.2TVBppA.A38dNnis 0[40B8 ¢ 0.4A0t | ons)  of
Ni NbBi oxi de clat al ysts @ad [ 2.00689am0869as&0q7Gy) 0.0920 ji A.002r 4 0.8071f | xed bed
reactor screen._RowCol unm1434%6t N ' 60.890 15080. 11@9Bi 0. 0804 MassBI 9f (m ) .
Ni 0. 8790. 810 2Nb0. 1160. NP0 |B).84TB0} 0.7890 [ MuBES0| (66318 |( 03R4 |00.8F680] 7960: 736
3NbO0. 1190. 1970 2631 Bf 0.10440. Q06®. D@ROAAYSE3I084D.(2B879 04038 | 04718
Ni 0. 8530. 7810.{7210. 668 Co 0.0112 { 0.0113 | 0.0114 | 0.0115 | 0.0115 | 0.0116
S m 50.9 50.0 50.0 50.5 493 49.6
Ni 0.8441 | 0.7799°.| "0.7149 | 0.6489 | 0.5820 | 0.5142
4 Nb 0.1404 | 0.2044 | 02694 | 0.3352 | 0.4020 | 0.4697
Co 0.0155 | 0.0156 | 0.0157 | 0.0158 | 0.0160 | 0.0161
m 50.3 50.0 49.5 50.9 49.7 49.4
Ni 0.8404 | 0.7765 | 0.7118 | 0.6461 | 0.5795 | 0.5119
5 Nb 0.1398 | 0.2035 | 02682 | 03337 | 0.4002 | 04676
Co 0.0198 {- 0.0199 | 0.0201 0.0202 | 0.0203 | 0.0205
m 49.3 508 | 49.9 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 -
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 -

15

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
©



4Nb0. 1250. 2050. 2730. 332 Bi 0. 0220. 0130. 0060. 000 nmass56. 153. 654. 751. 4 (ng)

i 0. ¢ 140. 2840. 3430 394 1 August 2003
0. 8390. 7650. 7040. 6510. 606 5NbO0. 1300. 2 21 Augus
II;:I: 0. 0310. 0210. 0130. 0060. 00. 0 nmass49. 345. 553. 252. 046. 0 (ny)

o [360. 2230. 2950. 3550. 4070. 453
Ni 0. 8240. 7480. 6850. 6320. 5870. 547 6Nb0. 13 ~ 048, 2 m 01) 21
Bi 0. 0400. 029. OYQMB®E$@120. 0060. 000 nmass49. 751. 153. 94 %’%8’%%’ 4Ty

8B. Catalyst C

003 WO 00/ 48971 PCT/ US00/ 04478 Tabl e 1

/(A\lrjrgrztfrzactlons) of Ni TaBi oxi de catal'ysts and sanpl e4gass (&?)0 gggd in
parall el fixed bed reactor screen. RowC | o 1123 .. um

1Ta0. 094 Bi 0. 000usvamtztd Bohi 788 % (wiSdRan@35n %I&%ogﬁ? %) 8587, wf atine 0 2SS
(M) 46.354. 6 N0, 8780 99, 769 37a0. 1010. 170 -

- In a third screemng in the ﬁxed bed parallel reactor at 300 °C with different .
flowrates (ethane nitrogen:oxygen of 0.42:0.082:0. 022 scem), etha.ne conversion
5  values for the NiNbCr oxide compositions ranged from 8.6 % (with ethylene
selectivity of 85.0 %) to 11.2 % (with ethylene selec'hvxty 0f 90.0 %), and ethylene
selectivity values ranged from 85.0 % (with ethane conversion of 8. 6 %) to 91 5%
(with ethane conversion of 10.9 %).

10 Table 16A: Catalyst compositions (mole fraction) of NiNbCr Oxide Catalysts and -
sample mass, “m” (mg) used in paralle] fixed bed reactor screen.

Row Col 1 2 .| 3 4 5 6
Ni 0.8552 |.0.7903 0.7245 0.6577 0.5900 0.5212
I ‘Nb 0.1422 0.2072 0.2730 0.3397 0.4075 0.4762
Cr 0.0025 | 0.0025 0.0026 | 00026 | 0.0026 0.0026
m 50.8 50.0 49 8 49,7 50.0 454
Ni 0.8504 | 0.7858 0.7203 | 0.6539 | 0.5865 0.5182
2 Nb 0.1414 0.2060 0.2714 | 0.3378 0.405] 0.4734
Cr 0.0081 | 0.0082 0.0082 0.0083 0.0084 0.0084
m 50.7 50.6 504 50.7 50.9 50.0
Ni 0.8457 0.7814 0.7162 0.6502 0.5832 0.5152
3 Nb 0.1407 0.2048 .2699 0.3359 0.4028 0.4706
Cr - 0.0137 0.0138 0.0139 0.0140 0.0141 0.0142
m 50.3 495 50.1 49,7 50.4 504
Ni 0.8410 0.7770 0.7122 0.6465 0.5798 0.5122
4 Nb 0.1399 0.2037 0.2684 0.3339 0.4005 0.4679
Cr 0.0192 | 0.0193 0.0194 } 0.0196 | 0.0197 0.0198
m 50.6 50.0 499 499 49.5 50.8
Ni (0.8363 0.7727 1-0.7082 | 0.6428 0.5765 | 0.5093
5 Nb 0.1391 0.2025 0.2669 0.3321 0.3982 0.4652
Cr 0.0246 | 0.0248 0.0249 0.0251 0.0253 0.0255
I 50.7 490.9 50.7 50.5 50.2 493

15
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Bi 0. 0230. 0110. 000 mass ( 48 ) ng.253.8:55.8 N 0.8590.801 '..0.7510. 706
4Ta0. 1050. 1760. 2390. 294 Bi 0. 0360. 0220. 0100. 000 rmass km) 54. 515’92&752'2%%9' 9 Ni
0. 8410. 7830. 7310. 6870. 647 5Ta0. 1090. 1830. 2470. 3030. 353 - August

Bi 0. 0490. 0340. 0210. 0100. 000 mass (ng)51.9154. 250. 054. 051. 1

Ni 0. 8220. 7620WDl0k@ss@650. 6260. 591 6Ta0. 1140. 1900. 2560. 31403B2rQs040L764

Bi 0. 0640. 0480. 0330. 0210. 0100. 000 nass (ng)52. 548. 651. 548. 651. 050. 7 ‘Exanpl.e
19. ODHE over Ni NbSb / N TaSb Oxide Catal ysts. Catal yst conpositions :
conprising various N NoSb and Ni TaSb oxi des ‘were prepared in small (-100
ng) quantiti eExayppridciQDHEpvorNidiboat NiTaGd DyidaCatdwor(#13899) N connecti on
wi th Exanple 1, using antinony acetate ([Sb] = 0.234 aqueous stock 10
sol ution. The conp6stilyfteampesiicna aeumisiigyrriqus MNiNeEd and NiEaiddxidas were '

v

conposi tions. are: o dibolas! ! ' mﬁg : j :TaSh) . The
Ni NbSb oxi de cpgétpa ﬁg/st S mérgboﬁﬁ?tqﬁgﬁ%ég lg)gf%reene oﬁgst%g%ﬁ?é%ﬁgégh l-|cl);ar al l el
react or fors oxpereciopevith Bigmplede Hsiel gadelimium airatet((Bi)o 1:00 M) aghedus staelat es of -

et hane: ni trogep; g8 caf¥ng 0§64 asE Gl 6 s, (O and -
et hyl ene 15 sg gg%%w ty E%?gtééfuesétfsggﬂl? 3§‘IP\IT|GNQ% C)%Ip%g ggar%go@i iqr(l)ns ranged
from 14. 8 % C,air6 7T18 comp@Bitions &6 novsiCof B4 variols GdlfEhenniyiodib s acathalpst s wer e
screened agai [ I i [ﬂﬁ?‘ actor at different flowates
screen (300 ' ;abfeétl?lgggﬁ\ﬁjic?‘b%gde%%b%e)}?gen c%‘&/ of 1.04:1.34:0.22 87,21 August
2003 WD 00/ 48971 PTh¥ NBbGdax=itieatekyessivereBraensd indbnfned Spdparallel reastof for  t he

Ni NbSb oxi i L4 : . ' ; selectivity of
B 1 0yt o p SheH e S BaGatidd g Kl Hoolled  BhinBENEEE T
sel ectivity vaifQd2:0540¢88 s¢orp Ethiangqongersior vilues fasthedfilbGodnxide si on -

' compositions ranged from 4.9 % (with ethylenc selectivity of 48.2 %) to 20.3 % (with

ethylene selectivity of 83.2 %), and cﬂlylcﬁé séiectivity 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).

B2



of 1.2.6 %9 to 84.6 % (with ethane conversion of 12.7 %.

catalysts were likewise initially screened in the.

fi xed bed
2 R

reactor-for oxi dati ve et hane dehydrogenati onreactor (300 'C,

et hane: nitrogen: o

Ni TaEho

for the'

Sig’en of 0.42:0.54:0.088 seem.
8ie conpositions ranged from 14.5 % (wiRQT/ésongsne

The N TaSb oxi de

%0@2 of

Et hane conversi on val ues

selectivity of 72.2 % 10 to 18.7 % (with ethylene selectivity of 82.1 %,
and et hyl ene select|V|ty val ues ranged

of 145%to

catal ysts were
di fferent fl owt

|.04:1.34:0. 23

% (

o gsg%“

from72.2 % (w th ethane conversion

wi th .et hane conversion of 18.4 9
ta] F‘H“I?%‘“f”l‘ﬁémﬂlé

. The Ni TaSb
frastiops) of NidE@datfiercatglysis andat
‘B%)ﬁ"sfds‘B@amk}ﬁ fiatdbahesagionseisgien: oxygen flow of

conpositions r
14.2 % (Wth €
val ues ranged
(wi th ethane d
PCT/ US40/ 04478

oxi de cat al yst
screen. Row- Cg
2 Nb 0.115 0.1

0.74-4 3 Nb

83

seem thane conversion values for the N TaSh oxi de '
0 45 do(Rith eBhyllenet sel echivilty ®f . 69:5 % to
t hyl eng s@l ect i98%y [of 80.l2 9% ,| and el hylend sel ecfivity"
from 6p. N8 (WiGHW4etdhane donversion of| 10.0(% to . $3.1 %
onver slofG&f 190000 $8 21 August 200B 5 WO}001489F1 -

Tahl elmasymalat 41-3st conpadsi tions, (ol b fractfi ons) f N NbSb
s and | sal¥pl ef MBS (n§320uged in pParall gl fixdd bed feactor
luh NN OYI890! 0109R | 00.1800 |Sb 0.d00 Maks 51.4 Ni 0. 879 0.814
86 Sbl0.GD6 10086 | M6t 145.0 49.8 (In Ni (..867 0801 .

119 0Olmesg(nie) 2 5§).8 54.7 _ "

. 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 0.671 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 0.618 0.622
5 Nb 0.088 0.160 0.232 | 0.305 0.378
Gd (.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 0.222 (.149 0.075 0.000
mass (mg)l 50.7 50.5 50.7 51.4 52.9 45,0



Sb 0.014 0.006 0.000 Mass 46.1 44.5 1.3

(m} N

4 Nb 0.125 0.201 0.266 0.322 Sb 0.021 0.013 0.006 0.000

46.1 48:3 m) N

0. 333 0. 383
50.9 (m) N

47.3 51.4 54.

10

kit

Table 17B. Catalyst compositions (mole fractions

0.840 0.771 0.712 0.661 0.617 5 No 0.13

0.854 0.786 0.728 0.678

WéSl'S'&@%?’ )

0.020 0.012 0.006 0.000 Mass 52.7 48.9 52.9 48.0
. 754 0.694 0.643-0.599 0.56 6 Nbo 0. 1F6T{HSB478. 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
8 (m) 23 45 6 ‘

} of NiTaGd oxide catalysts and
sample mass (mg) used in paralle! fixed bed reactor screen, ’

A ‘4

Row Column [ - 1 2 3 5 6
Ni 0.879
1 Ta | 0.121
Gd 0.000
Mass 55.5
(mg) iR
Ni 0.800 | 0.793 s
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 51.3 46.7
(mg)
Ni 0.660 | 0.655 | 0.649 | 0.644
4 Ta 0.107 | 0.191 | 0.274 | 0356
Gd 0233 | 0.154 | 0.076 | -0.000
Mass 52.7 53.0 53.6 51.7
(mg) :
Ni 0.598 | 0.593°| 0.589 | 0.584 | 0.580
5 Ta 0.103 | 0.184 | 0.264 | 0343 | 0.420
Gd 0.299 | 0222 | 0.147 | 0.073 | 0.000
Mass 55.1 47.5 54.6 50.8 455
(mg)
Ni 0.540 | 0536 | 0532 | 0528 | 0525 | 0521
6 Ta 0.099 | 0.178 | 0.255 | 0.331 0.405 | 0479
Gd. 0.360 | 0286 | 0.213 | 0.141 0.070 | 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 various NiNbBi and NiTaBi oxides were

prepared in small (~100 mg) quantities by precipitation substantially as described in

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



000 21 August 2003 WD 00/48971 PCT/ CTS00104478 Tabl e 19B. Catal yst

L . : . q _ os
itions (mole fractions) of N TaSb oxide catalysts an .
((:(r)rgngooased in g)ar allel fixed bed reactor screen. RowCol urleS%fE%H%l 620939

1Ta0. 121 Sb0. 000 Mass51.8 (ng)!l;L N 0.8680. 788 2Ta0-1260.212 Sbh0. 0060. 000

293 SbO0p8i3&% . 000
50. 3. 52. 2 (MRH487D. 8550. 7740. 707 - 3Ta0. 1310. 2200. 00
%::50 052.452.0 (My) Ni 0.8420.7590.6910. 634 4Ta0. 1370. 2280. 3030 @%2 .

Sb0. 0210. 0130. 0060. 000 Mass51. 451. 150.250.4 (m)

6740.6170. 569
N 0. 8280. 7430. ethane; nitrogen:oxygen of 0.42:0.54: 0.088 scem. Ethane conversion values for the )

NiNbBi oxide compositions ranged from 13.1 % (w;th ethylene selectivity of 72.9 %)
10 19.8 % (with ethylene selectivity of 84.2 %), and ‘ethylene selcctivity values ranged
. from 72.9 % (with ethane conversmn of 13.1. %) to 84.9 % (with ethane conversion of
5 17.5%). . ' o

The NiNbBi catalysts were subsequently recalcmcd t0 400 °C (5 "C/min to
400 °C; dwall at 400 °C for 8 hours), and then screened in the paralle] fi xed bed
reactor for ethane dehydrogenation yunder the same reaction conditions as the initial
screen (300 °C; ethane:nitrogen: oxygen flow of 0.42:0.54:0.088 sccm). Ethane

10 conversion values for the NiNbBi oxide compositions ranged from 9.9 % (with
-ethylene selectivity of 85.6 %) to 14.1 % {with ethylene selectivity of 85.2 %), and
ethylene selectivity vatues ranged from 74 6.% (with ethane conversion of 12.7 %) to
86.3 % (with ethane conversion of 13.3 %).

The recalcmed NiNbB;i catalysts were screened again in the parallel fixed bed

15 reactor at different flowrates screen (300 “C; ethane:mnitrogen:oxygen flow of
0.42:0.081:0.022 scem). Ethane conversion values for the NiNbBi oxide compositions
ranged from 9.5 % (with ethylene selectmty 0f93.0 %) t0 10.9% (w:th 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 %). : ,

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




5Ta0. 1430. 2370. 3140. 3780. 431 Sb0. 0290. 0200. 0120. 0050. 000

Mass51. 752. 250. 352. 151.8 (m ) N 0. 8120. 7260. 6560. 5980. 5500. 5
6Ta0. 1490. 2470. 3260. 3910. 4450 491 Sb0.0380. 0270.0180. 0110. 00
ng) 5 Exanple 20. ODHE over

Mass50. 050. BSOW%%%#?
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NPT SR04 %y | ous

Ni TaSn

(-100 ng) quantities by

ene. s,
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ns r

nof 15.1 %-to 85.8 % (with efhlane conversion of

% . The Ni NbSn Catalysts were screened again in the parall el
reactor at di.fferent flowates screen (300 'C; ethane:nitrogen: oxygen flow

of 1.04:1.34:0.
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conposi ti ong, regglg

13.3 % (wth ethylene
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Qxd
Vi

fixed

10 connection with Exanple 1,

gueous st.ock | on .1 onposi tions
SEREEREREr LD ki % Greaees 2o
The Ni NbSn oxi de cat al ysts were initiall y
agtor for 0|dat| et
Bofle Loty Erale A b 48971

l%g?‘ﬂ (51 Egé‘&‘érct :)/(ill ty

5 19.2
bed

e Ni. NbSn .oxi de.

SFEHYSEF™ 0y to

x%l%'ﬁ%ﬁhﬁ?olf | ,
EX e% ) and et hyI ene sel ectivi ty

val ues ranged f{T 84 vt cuua. comverstor—pt—8—8—%+6-85-9 %
(with ethane ¢ mgg‘?vai ﬁ’;‘é‘%ﬁ l" 0/9. .2.:. att h?rd sereer{—the—N-Ns at al ysts
wer e screened tlhe pa&gl 0 0goed bed-.lreactqr at d{fferen} flowlates
screen (300 'C} ethane: BLtr ag(ﬁibooxygen flow of | 1.04:9.21:0. P55 scam.
Et hane conversion valm for—theiNNbSr—oe-de—egrposH{oens—bi+anged from
8.4 % (with et 1y| ene [sef et ng gf 91. 8 %9 to|10.0 % (with kthylene
selectivity of yeh—€ “”‘ H-are "tivity valuss—+anged-from 89, | %
(with ethane of ﬁﬁ g&%% % (Wi th et hane copversign of
10.0 %. Ina1 en 3‘ cat al y§ts wer¢ screeped in fthe
paral l el fixed Mass 207 534
(mg) X
Ni 0.867 0.79 0.736
3 Nb 0.119 | 0.197 | 0.264
Bi 0014 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 0.332
Bi 0.022 0.013 0.006 0.000
mass 56.1 53.6 54.7 514
(mg)
Ni 0.839 0.765 0.704- | 0.651 0.606
5 Nb 0.130 0.214 | 0.284 0343 | 0394
Bi. 0.031 0.021 0.013 0.006 0.000
mass 493 455 532 52.0 46.0
(mg)
Ni 0.824 0.748 0.685 0.632 0.587 0.547
6 Nb 0.136 0.223 0.295 0.355 0.407 0.453
Bi 0.040 -] 0.029.] 0.020 0.012 0.006 0.000
mass 497 511 539 41.0 48.2 46,9
(mg)

o



bed reactor at different flowates screen (300 'C, ethane:nitrogen: oxygen
flow of 20 0.42:0.082:0.022 sccm). Ethane conversion (C andzpkgéqsm3
selectivity (S) values for the N NoSn oxi de conpositions range roma8.7 %
C, 89.8 %Sto 11.5 % C, 93.8 % S. The N TaSn oxide catal ysts were |ikew se
initially scr®h8d897h the fi xed bed "parallel for oxidati Ve &N i7s
dehydrogenation reactor (300 'C, flowates of 25 ethane: nitrogen: oxygen of
0.42:0.54:0.088 sccm). Ethane conversion values for the N TaSn oxide :
conpositions ranged from16.6. % (with ethylene selectivity of 84.6 %9 to
20.3 % (with ef#Js ¥Re Cotlvst cqmpiosifionst(mdt: Factihns) e TaBI KGRI GRS | Vi t Y

val ues ranged S¥iPEasa(me)ossedin phrakidl fiaetbaioracesr séregh, Of 18. 3% to 85.7 %
(with ethane pversian of - 19.7 % . 30 The N TaSn catal ysts were screened
again in the pateylleColmped bell refact @r at] di3ffarent Jrowrages screen (300
' C, ethane: nitlrogen: oxigen|f 108060f| 1. 04: 1./34: 0. 23 sﬁm—‘Ehme—tﬁl oinver si on
val ues for thé N TaSn Bxi d¢ dd9dos|iti ons fanged flrom 9j0 70 (with ethyl ene
selectivity off 89. 7T_%Bito_91 0AD0OAUgust 2003 WO 00148971 PCT/ {JS00/ 04478 9, -
and et hyl ene el ectimept{mgyal uks3 r gnged Trom 88y 7% (W T ethpme—cerver si on
of In athird. scfeerNi the Nig8daS c@gsd y$TS WeE¢ Scregmed—h—the—aral | el
fixed bed reactdr |at T di {f @098t |t eorpgy ature angl at diffferept fl.oyrates
screen (275 ', 5 et hadie: n| to@gen:joxygsn 1l ow of | 1.04:D. 21: 0}.055 sdcn).

Et hane conver §i on Valassdme) pr 46ie [N $gagn oxXi de cpnpostrons—tFangeddfrom 6. 9
4(wi th ethylepe selectNivity ofg781.]8 089 TP 8780 79 (Wrthethytere—selectivity
of 93.6 9%, ahd3et hyl @me sgl eqbi vilt yo.¥R ugsgoganged frpm 91.8 % (wijth

et hane conversion of Bi7 /) 0log3 94. .dpi(WM t hogd hpne cpbnversjion of |[7.7 9.
10.1 99 to 94| 2 % yinkdd (RENRNGIBRONYET 53 M Pl 54401712 {1H0—2+1August{2003 WO

00/ 48971 PCT/ [JS00/ PA4TE 1aPbT 6 880A GRATYFGooPPY ik Fe—tragt i ons)
of N NoSn oxi fle 4caf al yst s and_10§a+'pl¢:-l7|gass gg% e, iin pargllel fiixed bed
reactor screeh. C | Rowi 0036 | 0022 | 0010 | 0000 | - |
| mass (mg) | 545 50.7 526 | 509
Ni 0841 | 0.783 | 0.731 | 0687 | 0.647
5 Ta 0109 | 0183 | 0247 | 0303 | 0353
Bj 0049 | 0034 | 0021 | 0010 | 0.000.
mass (mg) | 51.9 542 500 | 540 | 5Li
Ni 0822 | 0762 | 0.711 | 0.665 | 0.626 | 0551}
6 Ta 0114 | 0190 | 025 | 0314 | 0.364 | 0409 .
Bi 0064 | 0048 | 0033 | 0021 | 0.610 | 0.000
mass (mg) | 52.5 43.6 515 | 486 | 510 | 509

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 198 (NiTaSh).

The NiNbSb oxide catalysts were initially screened in the fixed bed paralle]
reactor for oxidative ethane dehydrogenation at 300 *C with flowrates of
qtljlane:nitrogen:oxygen 0f 0.42:0.54:0.088 sccm. Ethane conversion (C) and ethylene

15 selectivity _(S) values for the NiNbSh oxide compositions ranged from 14.8 % C, 67.6
%St020.9%C, 84.4%S.
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 ' -



n o 123 14 15 um Ni

2Nb0. 1060. 177 Sn0. 0090. 000 Mass 53.6 {50.4 Am N 0.8710.8079; 332003
3Nb0. 1100. 1840. 247 Sn0. 0190. 009A. 000 Mass 48.3 147.0 155.0 (i

Ni 0. 8560. 7910. 7350. 687 4Nb0. 1150. 1910. 2560. 313 Sn0. 0300. 0180. 0090. 000 Mass
52.054. 152, 75 B 4H7INi 0. 8390, 7730. 7170. 6680. 626
5Nb0. 1190. 1980. 2650. 3230. 374 Sn0. 0410. 0290. 0180. 0080. 000 Mass

PCT/US00/04478

49.252.148.051.547.8 (rn ) Ni0.8210. 7540. 6970. 6480. 6 660. 569

10

15

scem). Ethane conversion values for the NiNbSb oxide compositions ranged from
11.8 % (with ethylgne selectivity of 81.1 %) to 18.4 % (with ethylene selectivity of
84.0 %), and ethylene selectivity values ranged from 77.0 % (with ethane conversion
of 12.6 %) to 84.6 % (with ethane conversion of 12.7 %), ' L
The NiTaSb oxide catalysts were likewise iniﬁally screened in the fixed bed
parallel reactor for oxidative ethane d_ehydrogenatigp Jeactor (300 “C; flowrates olf
ethane:nitrogen:oxygen of 0.42:0.54:0.088 sccm). 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 values ranged

from 72.2 % (with ethane conversion of 14.5 %) to 83.5 % (with ethane conversion of

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 0.0
% (with ethylene 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 éonversion of 13.4 %). '

- 88

0. 898 | Np0. 102 Sn0. 000 Mass 47.0tJ LIN) N O .8850. 823e.




Mass
NbO. 1250. 2060. 2750. 3350. 3860. 431 Sn0. 0540. 0400. 0280. 0170. 0080. 000 5

24 550. 246. 4-51. 953. 247. 8- (ny) R3 21 August 2003 WO 00/ 48971, F%é’ P44t7§
Tabl e 20B. Catal yst conpositions (nole fractions) of N TaSn oxi aI ys
and sanple l used in parallel fixed bed reactor screen. RowCol um-
123456 Ni 0. 88 1‘}&4591 15 Sn0. 000 Mass52.6 (ng)$171 Ni 0. 8720 r80Ds00/04478

2Ta0. 1190. 198 Sn0. 0090. 000 nass52. 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. 7700.724RQ 0858 ] 1 342 .0290. 0180. 0080. 000
%5553 051, 75208 a %&iﬁ%ﬁ% ‘%)g&%(gﬁ gl'fg) m@mde catalysts and

5Ta0. 1340. 2200. 23%6“%%5(5@5) 406 h ﬁaﬁi‘f(:ifﬁ‘g?g 02(734n e
mass52. 753. 750 R53 139 o) T N G- B676-7330—67+0-6190 ; 26
6Ta0. 1400. 2295‘307@36@ AR 2464
1 -0.110 ' : :
Sb 0.000
Mass 51.6 .
(mg) ' N
Ni 0.879 | 0.814 =
2 Nb 0.115 | 0.186

Sb | 0.006 0.000
Mass. |- 45.0 49.8

(mg)
Ni 0.867 | 0.801 | 0.744
3 Nb 0.119 | 0.193 | 0256

Sb 0.014 0.006 |[°.0.000
Mass 46.1 445 51.3

(mg)
Ni 0.854 | 0.78 | 0.728 | 0678
4 Nb 0.125 | 0201 | 0266 | 0322

Sh 0.021 0.013 0.006 0.000
Mass 51.0 53.3 46.1 48.3

(mg)
Ni 0.840 | 0771 | 0.712 | 0661 0.617
5 Nb 0.130 | 0209 |.0276 | 0333 | 0.383

Sh 0.029 0.020 0.012 0.006 {.0.000
Mass 52.7 48.9 529 48.0 509

(mg)
Ni 0.825 | 0.754 | 0.694 | 0.643 | 0590 | 0.560
6 Nb 0.136 [ 0218 } 0.287 | 0345 | 039 | 0.440

Sh 0.039 0.028 | 0.019 | 0.012 | 0.006 { 0.000
Mass 49,7 45.9 46.6 473 51.4 54.8
(mg)




Sn0. 0530. 0390. 027. 0. 0160. 0080. 000 nmass52. 050. 4-52. 750. 953.051.8 (m) 5

Exanmpl e 21. ODHE over
#12080 / #123801 #11285) .
prepared i n bwbloryzipr éci pitation 10 substantially as descrg
using ceriumnitrate ([ Ce]
and cal cining by heating to 350 'C at 2'C/min and .
The conpositions and anmounts of

#11169 |

connection wi
stock solutio

mai ntaining at 350 'C for 8 hours in air.
vari ous TeblealB. €Zatalysy sdmmaiioasinidlOfsctionsg oSROMSH bkidd aithi9steddy The
Ni TaCe oxi de smapkimass fngiesel mpuedddiked Bed Rectdrisy@en.bed par al.

t he

th Exanple 1,
n,

Ni TaCe / NINbCe |.

Ni NoTaCe Oxide Catal yphg
Ni TaCe catal yst conpositions

1.

00

%\gtidﬁ%23l4l
obrfhazs

aqueous

el reactor for
15 oxi dative ethane dehydrogenation at 300 'C with fl ow ates of

et hane: ni t r og

0.42:0.54:0.(
conposi tions
18.1 % (with
val ues rangeq
(wth ethane

(mole f'racti
fixed bed red

0. 89500. 81780.

4420 . Ce0. O

eRooxyjgeolumferiy 21 Augugt 20033 WO Q04891 5 HUl/Q$00'04478 of
88 sccim Mat hane.ggenyer sion val uég 1or the N TgCe-oxite -
ranged frram (. .12a (Wi t h etfhyl enefsel ectjvity df 59.4{% to
et hyllenebsellectoogi {y of 84.7 /a), and fthylere seleftivity .
from3IMs%| (sug hfethang convefsion of 2.8 9 tou 8p.4 %
converfsi@g)off 16.8 fp). . Table 2JA: Catjal ysts jconpos|tions
ons) df MiTaCeozed Fagmdse [mass, [ yoseg—Tmpayallel
Ict @r Slcremn. | 0,1bRoM@ 1523456 Nip 9 , -
73620. 6488 (0 698865P0p.000 Ta0. 031P0. 105q0 1822(. 26380} 3502 0
000. 0J0Gag000GB00PUsPFUQ— U Q00PN 407[846-653=—"56 ' :
| (mg) '
Ni 0.855 0.774 0.707
3 Ta 0.131 0.220 0.293
Sb 0.013 0.006 | 0.000
Mass 50.0 524 | 520
(mg) | -
Ni 0.842 0.759 0.691 0.634
4 Ta 0.137 0.228 0.303 0.366
Sb 0.021 0.013 0.006 0.000
Mass 514 51.1 50.2 | 504
(mg) . :
Ni 0.828 0.743 0.674 0.617 0.569
5 Ta 0.143 0237 { 0314 | 0.378 0.431
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 0.247 0.326 0.391 0.445 0.491
Sb 0.038 0.027 0.018 0.011 0.005 0.000
Mass 50.0 50.3 505 51.6 51.5 50.3
(mg)

Example 20. ODHE over NiNbSn / NiTaSn Oxide Catalysts. (#16467 / #16469)

Catalyst compositions comprising various NiNbSn and NiTaSn oxides were

prepared in small (~100 mg) quantities by precipitation substantially as described in - |

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}

“réactor for oxidative ethane dehydrogenation at 300 “C with flowrates of

§o




55.3. Ni 145.2 50.8 0.95690. 8844. 0. 80790. 72700. 6414 0 5507 .

2Ta0. 03160. 10380. 18000. 26050. 3457 0 4361 . Aueust 2003
Ce0-0115-0. 01180. 01210. 01250. 0128 0 0132 . mMi6. 747. 150. 652. 7%11 gngGZQ .

Ni 0. 94610. 87410. 79820. 71810. 6333 0 5435 3Ta0.03120. 10260. 17780. 2573. 0. 3414
0. 4304 Ce0. 02%0(o@d%30. 02390. 02460. 0253 0 0261 . nbl. 645. 54 %"%éé%%ﬁz 7 58 8
. Ni0-9 5550. 86410. 78880. 00940. 6 554 0 5365 4;20008332 1014 82542.
0.3371 0.4249 Ce0.03370. 0346-0. 03550.:03650. 03 .

mi4. 152. 246. 353. 347.6 56 9 . N 0.92510. 85420. 77960. 70080. 6177 0 5297 .

5Ta0. 03050. 1002 #i&dgdh:odPehdf 8329.59:0488 Socrm. Fthane conversion values for the
: NiNbSn oxide compositions ranged from 15.1 % (with ethylene sélectivity of 82.0 %)
to 19.4 % (with ethylene selectivity of 84.8 %), and eﬁxylcne selectivity values ranged
from 82.0 % (with ethane conversion of 15.1 %) to 85.8 % (with ethane conversion of
5 192%). ' '

The NiNbSn catalysts were screened again m’lhe parallel fixed bed reactor at
different flowrates screen (300 °C; ethane:nitrogen: oxygen flow of 1.04:1.34:0.22
sccm). Ethane conversion values for the NiNbSn oxide compositions ranged from 8.8 -
% (with ethylene selectivity of 80.4 %) to 13.3 % (with ethylene selectivity of 84.4

10 %), and ethylene selectivity values ranged from 80.4 % (with ethane conversion of 8.8
S - %) ta 85.9 % (with ethane conversion of 12.8 %).

In a third screen, the NiNbSn catalfst's"Were screened in the parallel ﬁxed—bf;d |
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 seléctivity values 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% St0 11.5% C, 93.8 %
N ,

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 -



. Ce0. 04440. 04560. 04680. 04810. 0494 0 0508 n¥9. 255.744.143.0. 54.1 55.6
Ni 0. 91490. 84460. 77060. 69250. 6101 0 5230 6Ta -0.03020. 09910. 171802453
0.3289 0.4142 Ce0.05490. 05630. 05780. 05940. 0610 0 0628 m5. 658. 145. 545. 58. 4
55.1 10 NNNbCe t | - ca t including freeze drying, precipitation with

t et raet hyl armBRi%#Hy dr oxi de, and precipitation with amonid st pgnat e,
and then screened as di scussed below. Briefly, in the freeze drying-nethod,
Ni NoCe cat al yst conpositions were prepared by conbining various anounts of
t he agueous ms%[d salt solutions to forma catal yst 15 precursor sol ution,
and then freeze k3l Heylens i@ vaesmangel fon\BNDZAwiA bihytSdonvEomasi t | ons
prepared by praojlgk)taiols®e,\i I ium hydroxi de were prepared
substantially as de)t Cri beﬁ%ﬂbgg{ﬁﬁ@%&?{&ﬁ%&‘@eri umnitrate ([Ce] = 1.00
g5 a ys conposi t i ont T sean thediTafn @ialystsarerclictetmidan the PRtalIQGSed B AUUST
2003 WO 00/ 489 FéactBEat/aBE04 L ng fetraet hyl anmoni um hydr oxi de
as the pr ecispi't ti nrg agent . ﬁ&é%%ﬁag?gt#_ﬁ%’glgfiomtﬁégééé?ﬁéxr esul ting .
solid materral §E% rogan:gxiend oy ofd R4 02 :0.055.26m CEdbnelcoldriiBn @ik gyl | i ng

at 120 C for 2tHeGHTsSn SUASRRHHBELbN, j 1 at PC/min an o
dwel Iing at 18(,.C %gg % hour s, gh’%&%ﬁ@%ﬁ’%‘%@gﬁﬁ5‘%‘8“%6%?”@"&0?81@C/ m n
and dwel i ng at®) Rob? & £6ith ghylensselectivity o6 9N B Card ey iaheySelecEARPARIS 1 ONS
prepared by premgddfidahbon 9Mwith SEFRQ r r.epar.ed ‘
substantially as_ descri beo)g,(i n Exang?%?&uog?!r?g/%ﬁ%pﬁj% E’i"ﬁ‘reéhaée([Oe] = 1.00
M, and using SIYBRCBRE 7dakbonate as-the precipitating agent. "In this .
cases, thelsesulting solid material was calcined by heating to 300 C at
2C mn and dwelling at 300 C for 8 hours in air. 10 The conpositions and
amounts of the various N NbCe catal yst conpositions are shown in Table 21
B (prepared. by freeze.drying), Table 21:C (prepared by -




precipitation with tetraethyl anmoni um hydroxi de) and Table 21 D (prepared
by precipitation with amoni um carbonate). The N_NoCe cat al %E%g%@%%bl e
21 B - prepared by freeze drying - were 15 screened in the fixe e

par al | el react@‘ao&%noxi dative ethane dehydrogenation at 300 "'C wth

fl ow ates _of ethane’nitrogen: oxygen of. 0.42:0.54: 0. 088 scciCTEstans

conversion values for the Ni NbCe oxi de conpositions ranged from6.6 % (with
et hyl ene selectivity of 61.8 %9 to 11.7 % (with ethylene selectivity of

71.6 %, and ethyilepe éﬁé@ tivity. va ues ranfgsd from61.3 % (w th ethane

conversion of 8¢5, ,?éz;p oot LTCIe REHRES) eENPR pefe etalys 83 9) . The

Ni NbCe cat al ystg o}%‘;{é 1_}_13 I(%l D -p-ar::"qp;;\‘ré\fl §?E§%§ft‘f5rs‘"é'ﬁ‘?npi tation with |

t et raet hyl amnWst% se{-eened ki nts'r ggbf | ée(_j Pﬁd .
; A a W

paral | el reactor—torioxgoaati-ye-ethanrc—dghydiog o

flowates of gthape: i i b‘%gggan of {.42:0.p54:0.088 sccnp  Et hahe

conversi on val Jes ftor Ce oxidg conpopitiong ranged from7.5 %

(with ethyl ene |sel ect 8-04—+d 188 Do(with ethyllene se|ectivity

of 85.7 %, and ethyl ify valJes ragged fjfjom58.9 % (wth

et hane conver sijon—of 5.7 9% (\Mith eflsane conversilon of | 18.8 9.

These cat al yst g e d i%823nd parailel fiked bed reactpr at

different flowates ( e rﬁ"c7r7ogen: oxygen fl pw of (.10:0.85:0.088
N0 3t al ysils of Thble 23 D - pfepared

sccn) 30 (data not s

by precipitatign with i cay bohété - werle 1i kel se sdreened| in the
fi xed bed paraltet—+epectd-flor—oxildat i velet hane dehydf ogenatfi on atj 300 ' C
with flowatesof jeth ‘lo n|q&7381 |August]| 2003 WD 007 48971
PCT/ US00/ 04478 of 0. 4p2: S Ft &tk [converi on vdl ues flor the

Ni NbCe oxide ¢onposi &8 f 0016 %008 (wi t h el hyl eng sel ectivity of
78.1 % to 19.1 % (w ;2 setet {vbb) df 81.5[ %, and et hyjl ene
selectivity val JAE 1_% ¢with dthane konvergion of|f 16.7 %
to 83.5 % (with ethan : of0-798. 5 0435 [Th&82 katal y3is werle al so
screened i n an}et Hyl eneNoo- { @415 i P81 Eedi3Sceyposisrent (djEta not| shown) .
These catal yst$ were QB A9 iM8 af t®P0SHEi AG00 ecal ci ngd by [heati ng

to 400 'C at 2|'C/min pePPPng at4-40p SL7fdr B.shdurs Tnjarr. (|data not
shown). 21 Augpst—20 PCT/ US00/ 04478 Tabl e 21B; Cat aljyst -.
conmpositions (frole fr )08 Ni RFC2 bx1.1e ¢ababy St 9.628T €par ed |by freeze

drying and sanpl e’nas ghg USER | ng{(jgga Igegfgfi xggg:bed Qr3gact or
: . .008 6.000

52.1 48.0 515 47.8

0.754 0.697 0.648 0.606 0.569
0.206 0275 0.335 0.386 0.431
0.040 0.028 0.017 0.008 0.000
50.2 46.4 - 51.9 53.2 47.8

E #o)




screen. RowC ' | o 1234 155 um N O . 907 NbO.068 Ce0.024 Mas 41 (5 s . m
Ni 0. 8600. 850 Nb0. 0690. 126 Ce0.0700. 025 Mass n) 44.939.7 Ni 0. S%gguﬁggﬁ(ﬁ%
-Nb0. 0710. 1280. 183 Cc0. 1180. 0710. 025 Ma ( 431 ) ‘ss .140.4 737.

Ni 0. 7620. 7520 @h%sg 4 NbO. 0720. 1300. 1860. 242 Ce0. 1660. 1180. 0710. 025 Mass
m 44. 239. 738. "\ng 1 0. 7100. 7010. 6920. 6840. 675 Nob0. 0730. 132@%899@4421_460. 300

Table 20B. Catailyst compositions (mole fractions) of NiTaSn oxide catalysts and
sample mass (mg) used in parallel fixed bed reactor screen.

Row |[Column |- 1 2 3 ). 4 5 6
Ni 0.885 '
1 Ta 0.115
: Sn 0.000
Mass 52.6 .
(mg) 3
Ni 0.872 | 0.802 I
2 Ta 0.119 | 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




' 7.843.639. 7
.1670. 1180. 0710. 025 Mass () 39. 343. 13
ﬁ?g:éégg.6480.6400.6320.6240.616 Nbo.07?giig4gs%9§gézggg.Sggglégg?tmm3
Ce0. 2690. 2180. 1680. 119' 0. 0710. 025 Mass 852,736, 637. 930 438 H7 0
i 5780. 5710. 5630. 556 NbO. 0750. 1370. . .
2;8'22%8:2388?@%@%??680,1190,0720_025 MasS n)42.338.744.93&Tk@ﬁmﬁﬂﬁ7.436-81

5. 4& 21 August 2003 5 WO 00/ 48971. PCT/ USQg/ 044'[78| Tg?lse ;ngegérlecgt -zgly'yst

: it |l e fractions) of N NbCe oxi e cataly
corenc);)s: E;;)ingn(npé & hyl apmoni um hydr oxi de “and sarr_pl_e rrassNE)(r)rgz)%used
P?\ palroal lel fi é\%d%égiz{’@g%f%’rn' E@F@éﬁ_ nvmlmiﬁml dh_lloﬁlgiggzolooo. 058
Ce0. 000 Mass52¢otngositipnstagdll fad D9Niwid 'é'ﬁ;gfeg@%%gﬁw fgg’;‘; S}% 0139 To@iich g0 -
43642.7(m)thl\]li 0.898.0;0§ZQ/.801311N ooz U: , 0. X |
0.019 0.000 NS F SHeeyity of §4.3 %) and cthylene se eotivity values ranged from 31.9 %

. (with ethane conversion of 2.8 %) to 85.4 % (with ethane conversion of 16.8 %), -

5

Table 21A. Catalysts compositions (mole ﬁ'actions};_qf NiTaCe and sample mass, “m”

(mg) used in parallel fixed bed reactor screen. TE
Col 1 2 3 ~ 4 5 .6
Row i

Ni 0.9681 |°0.8950 | 0.8178 | 0.7362 0.6498 | 0.5580 | -

1 Ta 0.0319 | 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 | 526 55.3 452 508 |
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.] 0.0118 | 0.0121 | 0.0125 0.0128 | 0.0132
‘m 46.7 47.1 50.6 52.7 51.6 56.3
Ni 0.9461 [ 0.8741 | 0.7982 | 0.7181 0.6333 | 0.5435

3 Ta 0.0312 | 0.1026 | 0.1778 | 0.2573 0.3414 | 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 0.3371 | 0.4249
Ce 0.0337 | 0.0346- | 0.0355 | 0.0365 | 0.03 75 | 0.0386
m 44.1 52.2 46.3 533 47.6 56.9
Ni 0.9251 | 0.8542 | 0.7796 | 0.7008 | 0.61 77 | 0.5297

5 - Ta 0.0305 | 0.1002 | 0.1737 | 0.2511 0.3329 | 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] 0.3289 | 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

10 NiNbCe catalyst compositions were prepared by several different methods,

including freeze drying, precipitation with tetracthylammonium hydroxide, and
precipitation with ammonium carbonate, and then screened as discussed below,
Briefly, in the freeze drying method, NiNbCe catalyst compositions werﬁ prepared by
éombining various amounts of the aqueous metal salt solutions to form a catalyst
I3 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 '




Ni 0.875 0.823 0.778 0.737 4 No 0.064 0.138 0.204 0.263 Ce 0.062 0.039

0.018 0.000 Mass 54.0 50.7 49.8 51.2 (ng) N 0.849 0.798 0. 7?3“,‘85,%%%0 675

5 Nb 0..066 O.

48.0 52.9 52.%&%8%152 9 (ng) Ni 0.822 0.771 0.726 0.686 0.650 0.617 6 Nb
0.068 0.147 0.216

0. 000 Mass 51. 9 ! . .
00/ 48971 PCT/ USOO/ 04478 Tabl e 21D. Catal yst .conpositions (nole fractions)

of N NbCe oxi
car bonat e and
RowCol um1234
2Nb0. 1150. 190
3Nb0. 1190. 198

10

142 0.210' 0.270 0.325 Ce 0.085 0.060 0.038 0.0

278 0.333 0.383 C e 0.110 0.082 0.058F¢THSWA#7®. 017
0 45.2 49.9 45.3 48.7 50.2 {m9)-- g9 21 August 2003 WO

d reC| itation with ampni um
é\ “ae%%afe’g%r i }?)ﬁm EPreFipiaine pgsat dasedhof scr een.
ﬂ&sé\m& @90, th&h@ulﬂxﬁ@soh@ﬂﬁteﬁ@l@w@&&%}@&e 8(7 o 5‘\% Pa(PQ- 810 -

0, 0 mass48. 149. 0 Ni 0.8 736
lgur? o ﬁgng ‘at 120 °Cfor 2 hours su sequently, heating to 180 °C at

°C/nun and dwelling at 180 °C for 2 hours, subsequently hean_ng to 400 °C at
2°C/min and dwelling at 400 °C for 8 hours. The NiNbCe catalyst compbsitions
prepared by precipitation with ammonium carbonaig?;_*,:".{_ere prepared substantial lj as
described in Example 1, using cerium nitrate ([Ce] = 1.00 M), and using ammonium
carbonate as the precipitating agent. - In this cases, the resulfing solid matcria_l was
calcined by heating to 300 °C at 2°C/min and dwelling at 300 °C for 8 hours in air, _

The compositions and amounts of the various NiNbCe catalyst compositions are

- shown in Table 21B (prepared by ffeezc drying), Table 21C (prepared by

15

20 -

25

30

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
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
éonversion 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
74.3 % (with ethanr; conversion of 10.5 %).

The NiNbCe catalysts of Table 21C — prepared by precipitation with
tetraethylammonium hydroxide — were likewise 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 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)
(data not 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
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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 mass51. 051. 5531 A%?.S?zéﬂr;g),
Ni 0. 8400. 7660. 7040. 6510. 606 5Nb0. 1300. 2140. 2840. 3430. 394 gu

Cc0. 0300. 0210. 0130. 0060. 000 .mass51. 954. 451. 454. 453. 4 ()

Ni 0. 8240. 7490. 88EW“¥3b0. 5870. 547 6N\b0. 1360. 2230. 2950. 3560. %gglqr 453,

Ce0. 0390. 0290. 0200. 0120. 0060. 000 mass45.452. 749. 149. 047. 852. r‘??“’“l‘\ﬂ?F\IbTaCe.
catal yst conpositions were prepared in bulk by precipitation substantially
as described in conpection with Exanple 1, usi-ng-ceriumnitrate ([Ce) =
1.00 M aqueous OO@FP-%‘@Q&&SGW}-E@mdemmi;i&iﬂﬂlepférmé?ﬁﬂlﬂ&#2%350 " C at
2'Cmn and 10 nakohibaiisy : 0 hours in air. conposi tions
and anmounts of t teﬂp va?iisg%sg@él\fr&%gg%?%’a‘iwéfﬁﬁg?h%ﬁ{ﬁwtrbf)ﬁsl %) & hown i n Tabl e
21 E. The N NoTd®Hhg%yiee selectiviyof 81.518),and st'hj,mrﬁlsfglycﬁ%ﬁ};@mggg%n Lhe fixed bed
paral | el react 0% (Wi etk datividSn §F 101 tO|§|3ydr ogenation a ff Temffdn
fl ow.at es of 5 ethane: nj t rogen: oxygen O ° .ﬁ%’@ﬁ@&ﬂ@mﬁvmiquﬁtm]ne o
conversion val u C?G&Ftab'ﬁ‘éwe@@lsg1mmwm2mﬂsne\egf&9/(lﬁ§ggﬁee§g/ US00/ 04478
Ni NbTaCe oxi de ({Whﬁdﬂ?{%@é@%sé&%m 16.8 % (w th ethy eneEBf et vity
of 83.4 % to 50.8 % (wi,th ethylene Sel SeiTnidysain afssbeingecalained W hyl ene
sel ectivity val (&¥m8 [ t{el a2 &ﬁm@]@n@d%l(iug'&hﬂ@ﬁh&%sﬁ&%&%%ﬂ% OL 17. 9,10)
to 84.0 % (withsletwhpane conversion of 20.8 %9. 5 The N Tacs "8ki de

catal ysts were screened again in the-fixed bed parallel reactor for

oxi dati ve ethane dehydrogenation at ce the flowates as conpared to the
initial screen (300 'C, ethane:nitrogen: oxygen flow 0.84:1.08:0.176 sccm
). Ethane conversion values for the Ni NbTaCe oxi de conpositions ranged
from1ll.6 % (wth '




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 ?ﬁéﬁ%ﬁbo‘it hane
conversi-on of 12.7 %9 to 84.3 % (with ethane conversion of % 01 21
August 2003 VWOwhAsa71l PCT/ USO0/ 04478 Table 21E. Catal yst conpositions
(mol e fractions) of Ni NbTaCe oxide catal ysts and sanple nmag n’?’ﬁ@j‘”ﬁ%ed I n
paral l el fixed bed reactor screen. RowCol urm12345678 Ni 0. 988 Nb0O. 000

| Ta0. 000 Ce0.012 mass (N)49.2 Ni 0.8990. 904 NbO. 0000 085 2Ta0. 0900. 000

Ce0. 0110. 012 nmagsblé PIB. @:ﬁﬂs?cénﬁ\&sﬁioﬁs]é{&@@zgg% § 000 (é)z?tz%?rstsl 65

3Ta0. 1740. 0870: Bfedar 92 0dr9thdQnd
Ni 0. 7380. 7410. 74«5&;1%% NbO. 0 37%%”"159 ﬁi‘é%e%fg?)‘émooo

Ce0. 0110. 0110. 0110. 011 mass  (ng) 52. 351. 751. 451. 4

Ni 0. 6650. 6680. REG] 6 Club S [NOF. U
5Ta0. 3250. 2450. (1640, U83H. U0 5587 .
(mg) 53. 153. 053.[850 245N1, Ni Q.&
NbO. 0000. 0740. 1490] 225@3020. 3¢5 §
Ce0. 0100. 0100. 4100 TR FFP P HLS
Ni 0.860
2 Nb 0.069
Ce 0.070
Mass (mg) | 44.9
Ni 0.812 | 0.802 | 0.792
3 Nb 0.071 | 0.128 | 0.183
Ce 0.118 | 0.071 | 0.025
Mass (mg) | 43.1 40.4 - .374
Ni 0.762 | 0.752 | 0.743 0.734
4 Nb 0.072 | 0.130 | 0.186 | 0242
Ce 10166 | 0118 | 0071 | 0.025
Mass (mg) | 442 | 397 38.7 38.0
Ni 0.710 | 0.701 | 0.692 | 0684 | 0.675
5 Nb 0.073 | 0.132 | 0.189 | 0246 | 0.300
Ce 0.217 | 0.167 { 0.118 | 0071 | 0.025
Mass (mg) | 393 | 43.1 37.8 43.6 39.7
Ni 0.657 | 0.648 | 0.640 | 0.632 | 0.624 | 0.616
6 Nb 0.074 | 0.134 { 0193 | 0250 { 0305 | 0.359
Ce 0.269 | 0218 | 0.168 | 0.119 | 0.071 | 0.025
Mass (mg) | 40.8 | 52.7 36.6 37.9 39.1 38.7
Ni 0.601 | 0593 | 0.586 | 0.578 | 0.571 | 0.563 |0.555
7 Nb 0.075 { 0137 | 0.196 | 0254 | 0310 | 0365 | 0419
Ce 0.323 | 0270 | 0219 | 0.168 | 0.119 | 0.072 |0.025
Mass (mg) | 423 387 449 35.1 35.8 374 | 36.1

a8




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. 54

Nb0O. 0000. 0720. 1450. 2180. 2920. 3670. 443

7Ta0. 4580. 384%030#07:2320. 1560. 0780. 000
Ce0. 0100. 0100. 0100. 0100. 0100. 0100. 010~ mass52. 550. 148. 845. BEHUGR4p47 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. G211 2 XL 0Cat4l§4 GorRd?

£ 134
mass53. 853. 045 PM@CO%&:rEdﬁtaQ&a?wQﬂéfﬁﬁf}% tions) o

&E@@i a?’§} ‘t'

41 August 2003

BF!E“@%? N TaYb /

N NbYb Oxi de Catedliyptailel {4 38d%adtorsbd Osﬁ’ﬁ‘ﬁkl“f%@@ﬁ) |
conprisi-ng varieus Ni TaY and Ni NbYb oxi des ver e, prepar ed in small (100 ng)
quantities by [prRsy p| Celuingr] substTRNT al Ty —&s ;\,4; bed—in—connection with
Exanpl e 1, usijng yttprNum|nobERT E - pemtghydrate—{-¥ej——D0.4h6M adueous:
stock sol utiorn and cal ¢Nbhi ngo@sg 300 ' C, jas descrl bed The cpnposi tji ons and
amounts of thg various @eat @l gapg clonposi {ions dre shoywn in Tpble 22A ‘
(Ni TaYb) and 10 Tabl ev ] T TN ) exi-dp—catallysts wgre
screened in the fixed paral | gl reacfor forfz oxi dative et hane
dehydrogenati gn at 300nNiC Wi g8 TOWeghep—of—etfhareArtrogen oxygen - of
0.42:0.54:0.088 gccm Hphaheg, vebﬁgpn valueg for the N TgYb oxide
conposi tions ranged |f rgg 1B. ®ofd (yv!o_t0 b € Exl gne selecfivity jof 75.1 % to
20.0 % 15 (wi th ethyl engs SETEEET YT t 70839 45~——and yl gne_sel gctivity
val ues ranged{from 45.¢hg) % (Wt h et hane| convefsion of 13.51% to B4.7 %
(with ethane-gonver 41 oR; of [ %ok 40 0.847 catallysts were
| i kewi se screened i tnlg I Xeghob¢dpas 3 1€ eactor| for oxidative ethane
dehydrogenati pn at 300ce C miggaof I 0 gs- ﬁ et hane:ni troggn: oxygen of
0.42: 0. 54: 0. 0B8 sccif 18156~ etsior \9*9:3u-e; for tlhe 20l NbYb joxi de
conposi tions [anged f(rg Wi ?‘ﬁoft thr P seleqtivityfof 68.f8 % to
19.4 % (wi th pthylene gerachivity—»45:89-—0-%41-and_etithyl eneisel ectji vity
val ues ranged| fgom| 68¢8 ¢ %65 eg'ﬁ%ne ggﬁ/ersg-% ¢f 10.5]/% to[84.0 %
W th et hane tonver i of 0 . e i
( e 962 190039 | 0018 | 0000
Mass [ 540 | 507 | 498 [ s12
(mg) .
Ni 0.849 0.798 0.752 0.712
. 71 0.
5 Nb 0.066 0.142 0.210 0.270 O,g Zg
. MCe 0.085 | 0.060 | 0.038 | 0.018 | 0.000
ass 48.0 52.9 52.1 49.2 52.9
(mg) : -
Ni 0.822 1 0.771 | 0.726 | 0.686 | ©
: . . 650
6 Nb 0.068 | 0.147 | 0216 | 0278 | 0333 g'gg
N?e %110 0.082 | 0.058 | 0.037 | 0017 | 0000
ass | 510 | 453 | 499 | 453 | 4 '
s (mg) : 8.7 50.2




Table 21 E, Part Bit 3 21 August 2003 WO 00/ 48971 PbCT/ UngI 0447:3 Tabl e |
22A. Catal yst conpositions (nole fractions) of N TaYb oxide al ys an
sanpl e masg (m) ml:J)sed in parallel fixed bed reactor screen. %ﬁéﬂ’@}é@lﬁam 1
23415N 0.879 Ta 0.121 Yb 0.000 Yb 0.021 0.000 mass 53.9 51.0 (m)
mass 51.2 (w@ooms7D. 855 0. 793 Ta 0.124 0.207 N 0. 8310. 764G fshiesss
3Ta0. 1270. 2120. 285 YbO0. 0420. 0190. 000 nass51. 054. 054. 6 ( ME) _
0. 8050. 7430. 6900. 644 N 4Ta0.1310.2170. 2910. 356 Yb0. 0650. 0400. 0190. 000
mass49. 552. 653. 250. 5 (ng) 0.7770. 7160. 6640. 6190.-580 Ni
5Ta0. 1340. 2220r:BR&ND3 3Gy mARii0RIEh MO0 0f RN QR e catalysts
mass49. 447. 95Gréhaizd b4 predipith@dn 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. 7490. 6880. 6370. 5930. 5550. 521 Ni 6Ta0. 1380. 2280. 3050. 3710. 4290. 479

0.1140. 0840. 0580. 0360.-0170. 000 mass51. 654. 053. 453. 352. 553. 1 éi\/ﬁ)lggispif)ogl
August .2003 WD 00/ 48971 PCT/ US00/ 04478 Tabl e 22B. Catal yst conpositions
(mol e fracti oRges 8; N NoYb oxi de catalysts and sanple mass (ng) used.in
parallel fixed bed reactor screen. Columm N | Nbo 0.896 PEPUSwHELs 2 -

. Row mass 0.000 .820 1 (My) 51.8 0.180"356 2Ni 0.873 0.000 Nb

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 %).

1o}



0.107 54.5 Yb 0.021 mass 49.0 (ng) N Nb 0.848 0.795 0.749 Yb 0.109
0.185 0.251 3mass 0.043 0.020%0.000 (ng) 53.748.845.9 Ni hb,0 825 9.770
0.724' 0: 683 4Yb 0.112 0.189 0.257 0.317 .

WO 00/48971 _ PCT/US00/04478

Table 21E. Catalyst compositions {mole fractions) of NiNbTaCe oxide catalysts and
sample mass (mg) used in parallel fixed bed reactor screen.

Table 21E, Part A . -
Row| Column 1 - 2 3 4 5 6 7 | 8
Ni 0.988 '
Nb 0.000
1 Ta 0.000
Ce 0.012

- leap
I

_tmass (mg)| 49.2
Ni 0.899 | 0.904
Nb 0.000 | 0.085
2 Ta 0.090 | 0.000
Ce 0.011 | 0.012 .
mass (mg); 45.3 41.5 ‘ .
- Ni 0.815 { 0.820 | 0.824
Nb 0.000 | 0.082 | 0.165
3 Ta 0.174 | 0.087 | 0.000
Ce 0.011 | 0.011 | 0.011
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 | 0.011 | 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 | 0.232 | 0311
5 Ta 0325 ] 0.245 | 0.164 | 0.083 | 0.000
Ce 0.010 | 0.01G | 0.010 | 0.011 0.011
mass (mg){ 53.1 53.0 53.8 50.2 45.1
Ni 0.596 | 0.599 | 0.602 | 0.605 | 0.608 | 0.611
Nb 0.000 | 0.074 | 0.149 | 0.225 | 0302 | 0.379
6 Ta 0.394 | 0.316 | 0238 } 0.160 | 0.080 | 0.000
Ce 0.010 | 0.010 | 0.010 | 0.010 | 0.010 | 0.010
mass (mg)| 55.2 47.8 51.3 48.9 47.1 49.7
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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
Yb0. 0910. 0630. 0400. 0190. 000 ' mass52. 049. | 48. 352. 253. 4. m)
0. 7650. 7140. 6700. 6300. 5950. 564 N

21 August 2003
6Nb0. 1180. 1990. 2690. 3310. 3870. 436

Yb0. 1160. 0870¥06¥B91380. 0180. 000 nmass49. 951. 848. 946. 854. 84 CrhIsomEd7s5
Exanpl e 23. ODHE over Ni TaEr / N NbEr Oxi de Catal ysts. (#13950) Catalyst .
conpositions conprising various N TaEr and Ni NbEr oxi des were prepared in
small (-100 ng) quantities by precipitation substantially as described in
connection wit fagxadpPert B, using erbi um acetate hydrate ([Er] = 0268 M
aqueous ii on 0232 [cab2i nimsp7al 0300 | ©54nd doscri bgghy [The -
conposi tions | §.000 [00.0The b4Si DO BN| TAES2 ana3sd NbErsoxj de ¢
conposi tions’ 058 d00.884 | 2B ThasN| TaEse gno.od NbBoomxj de
catal ysts (- r 8.04¢ rie@AHM | i 0010hE Ol & ¢d0.0ked patml|l ebi1a act or
oxi dati ve et hane| dedsydr d@engt 560 4t 4800] @sva § hs5lhiowr aB@s [ofa75U-IS 21
2003 WO 00/ 48971 ! R@E) US00/ 04478 efihane: pi tr ogén: oxylgen of| 0.42:/0. 54:
sccm Et hane conyendi on 0w yeg4Toq 0.4%8 | Bi4TRIEr 0.930 deos 08483 ONG4gA
from12.9 % (wth @&bhy] 6060 Jed.0mt i V0.t pD.26D| 76884 |t 0390 . 40%ed Wi d.5or
sel ectivity of{ 83. Ta%| 0snel |, @84ty || edBg4spbsot i vo.236 ad.uss |r apged o.b6m
% (with ethand conwersj 6009fl A.2100 |%.0100| 8414 | %.0M tlho.eihangop® VORI
17.9 9. Ethane ¢anaserkisaR Jalsses |fe5.7t hets NOE9 5041 de.oCOnNBoD (i a8S |
from12.5 % (i §hmed hyl ene |sel ecfivity]of 65.0 % |to 2049 % (wWth e
et hyl ene selectivity values ranged fro
(with ethane conversion of 12.5 : )

ht al yst

for
August
D. 088 -
nged -

[ hyl ene
m 69. 7
bn "of 5
r anged

[ hyl ene
65.0 %

selectivity of 83.9 %, anc

Example 22. ODHE over NiTaYb / NiNbYb Oxide Catalysts. (#13947 / #13946)

Catalyst compositions compﬁsing‘\;az-ious NiTaY and NiNbYDb oxides were
prepared in small (~100 mg) quantities by prccipitati.on 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
Table 22B (NiNbYb). |

The NiTaYb oxide catalysts were screened in the fixed bed parallel reactc;r 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 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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% 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 bEEAB s?ﬁdO?l
reactor. for oxidative ethane dehydrogenation at a different enpéerature
(250 ' C, ethane: nitrogen: oxygen flow of 0.42:0.54:0.088 sccm. Ethane
conversi on vaMtR¥“%t "the N TaEr oxide conpositions ranged pbiR@hgtfis % (Wi th
et hyl ene selectivity of 55.1 % to 7.8 % (with ethylene selectivity of 65.0
%, and 15 ethylene selectivity values ranged from55.1 % (with ethane
conversion of 3.6 %9 to -76.6 % (wth ethane ‘conversion of 7.1 % . Ethane
conversi on val (@ble284. Catulysi dBpsitians (ifale GaoMAs) AN/ Y ARG AQ RS- 5 %
(Wi t h ethyl ene ssmple vwapsfntay ussfl injgardledfixddbed redetdb scfash.t h et hyl eﬁ”é selectivity
of 74.4 %, and_ethylene selectivity values ranged from44.3 % (with
ethane conver s|_oRowf |TLohumg [t 0183.[6 % (W T h3et Hane CONVEEST g of—6;6 % . 20
| Nn 21 August R003 W) OB 480 7187RCI/ USO07 P4478 fablre 2BA Catratyst g
conpositions (Lm)'l & fracﬁ‘honE)O.m’l Ni TaEr | N NbBr oxi'd cat @l ysts psed in
paral l el fixed] bed reac¥br sdr@dn.| RowCo|'.12348.6° , .
Ni 1. 0000. 9190. B420. 768ma696{0. $28. [INb0. 0P0U. UQYU. uu’aq.voooo §

. YUU
Ta0. 0000. 081. 04_1580. 2320gB30M0. 372 | Er 0. OObO. 006 0000.{0000. 0000.
Ni 0. 9150. 9670.[880. 8060. X300 @&&#352N0p76B50. 00000000666 0
Ta0. 000. 0. 0000. 0880. 1630a 2
Ni 0. 8350. 8810.[9320. 8480Y7680.0601 3NbOagl650. 087¢. 0000.]0000. 0pQ0. 000
Ta0. 0000. 0000.]0000. O866hads6 0. 540 ¥ @; gOOU. 032010680 G670—06p0—-664
Ni 0. 7590. 799 H0. 8440] 8%hf). §090. 728 4NbO0.]2410. 1700. 09d0. 0000] 0000. goo
Ta0. 0000. 0000.10000. 0P00NPBH0 oBEZ :r@g'mg)qo.o‘ 3 +07T0666—34656—16p0—100--
Ni 0. 6860. 7220.[7610. 8960185500468 PNP&314Q.,2480. 174. (. 0920. P000. 040
Ta0. 0000. 0000.{0000. 0D00vH0J0 @2 Er§ef000.¢$340]| 0640. 1020. 14bh0. 141 |

mass 51.0 54.0 54.6

9®.1341 | Eg,890000. 033&). 0320.[0320. 081 . 0. 30

(mg)
| Ni 0.805 | 0743 [ 0.690 | 0.644
4 Ta 0.131 | 0217 | 0291 | 0356

Yb 0.065 0.040 0.019 0.000
mass 49.5 52.6 53.2 50.5

(mg) :
Ni | 0.777 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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Ni 0.6170. 6480. 6830. 7210. 7640. 813 6Nb0. 3830. 3220. 2550. 1790. 0950. 000
Ta0. 0000. 0000. 0000. 0000. 0000. 000 Er0.0000.0300.0630.0990.140? éﬁ? éME§anple
24. ODHE over NiTaDy / NiNoDy Oxide Catalysts. (#13949) Catafy&pe"s
conposi ti ons GPHPYssy NY various Ni TaDy and Ni NbDy oxides were prepared in
smal |l (-.100 ng) quantities by precipitation substantiallyPasudmagss bed in
connection with Exanple 1, using dysprosium acetate hydrate ([Dy] = 0.294
M 10 aqueous stock solution and caIC|n|ng atDSOO C, as described. The '
conposi tions an of the various N TaDy and Ni NbDy oxi de cat al yst
conposi tions ar gabl EQV\%%&% Rositiang (moledrargionsmg NiNel INeNbEyatdystdadcat al yst s
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(mg)

D. 528

522

46.2

52.4

Ni
Nb
Yb

0.794
0.115
0.091

0.743
0.194
0.063

0.697
0.263
0.040

0.657
0.324
0.019

0.622
0.378
0.000

‘Inass
(mg)

2.0

49.1

48.3

32.2

334

Ni
Nb
Yh

0.765
0.118
0.116

0.714
0.199
0.087

0.670
0.269
0.061

0.630
0.331
0.038

0.595
0.387
0.018

0.564
0.436
0.000

mass

49.9

(mg)

51.8

48.9

46.8

54.8

47.6
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Example 23. 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’

23A.;

of the various NiTaEr and NiNbEr oxide catalyst compositions are shown in Table

Cat al yst
used in

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

==



1Nb0. 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. %880 620%3
2Nb0. 0850. 0000. 0000. 0000. 000. 0. 000 TaO. 0000. 000' 0. 0830. 1620. 8ush.
Dy0. 0000. 0360.W3bdus8350. 0340. 033 Ni 0. 8350. 8780. 9260. 8420. 7%2%@& -8
3Nb0. 1650. 0870. 0000. 0000. 0000. 000 Ta0..0000. 0000. 0000. 0850. st
Dy0. 0000. 0350. 0740. 0720. 0710. 069 Ni 0. 7590, 797 %®. 8390. 8860. 8010. 721
4Nb0. 2410. 1690. 0890. 0000. 0000. 000 TaO. 0000. 00Q0. 0000. 0000. 0870. 170
Dy0. 0000. 0340. 0% | 1201080 .0 s 68! 0 0 80. 8430. 758
5NbO. 3140. 2470. f%%%e.l%g_l Mot °fgg%MTgso‘?§gggo.z%g'og.&g%eccé’.zgﬁgﬁ‘? thiss Fee
Dy0. 0000. 0330. 0 AHBaEr prige eqympsition apegd GOm0 2846 (WEY oDyIPleIR]eeHAR.of 89.7 %)
6Nb0. 3830. 3210. 25364 7 . 5R0Q0; .0000. 000 '-
Dy0. 0000. 0330. 0680. 1%8@8?% g%@%%i&ggggg@n%@ %@%&%&8@%&%&?@% 192 Nocs
Oxi de Cat al yst s.fFomb5{p%dyith ethang comversion b 62 P £6)dn 84.¢ Bifyithsitige sevimios bE Nb St
and Ni NbCs oxi dag.owgy e “prepared. in snall (-100 ng) quantities dispensing.
various anmounts of aqueous netal solutions (nickel nitrate ([N ]=1.0Ov, -
ni obi um oxal at e FtijaRpjonyersign Kalucs for deNidipBr oxidel ermnositiogfistiagged f8AAIAS %St r ont i um
nitrate ([Sr] =l .M «haad ' fst s & i1 .an ted

| i quid handl i ng (robotﬁi ntsglgg%ﬁ%d%% ﬁng’g’gz (‘\7?%?@%?16 %%ftcg‘f%nqlfgg%gﬁ '
substrate. Magnéhd gthdenesplastivityesives sapgedifrom 6690k (with ethamegbmesionicdli2.s and t he

precursor  sol Uts)qn8s 987 GiliedhetortersdaibiGsdsp hot place with vigorous
magnetic stirring, such _that the water in the solutions boiled off after .

about 2 hour¥. The dFiedtiTakRaad NaYuErgeide cagdysthenStnt)overestrisyedreatniingict o 320
C at 5C m n and fRecoed etalié ket foBebatlvO Eth S RU & %ehﬁi&iaﬁadﬁfégnﬁlybsequem ly
e |

cooled to 25'C.' The conpositions and anounts ofo vari ous NbSr and
Ni NbCs oxi de catSRFefre@nd dsictreitregeaosyaspfloprpl P4BI0S 425088 st@a). Bhakugust
2003 WO" 00/ 4897 Lortverbiol!SRQ4sHARENI TaEr oxide compositions ranged from 3.6 % (with

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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The N NbST and N NbCs oxide catalysts (-- 50 ng) were screened in the fixed
bed parallel reactor for oxidative ethane dehydrogenati on at gg C@ﬁ"ﬁ
flowmwates of ethane: oxygen of 0.42:0.058 sccm Ethane conve? o I

for the Ni NbSr @@/49 conpositions ranged from17.4 %(Wlth et hyl ene

sel ectivity of ® to 22.0 %S (with ethylene sel ectivityf/GPY4#785 o,
and ethylene selectivity values ranged from82.3 % (w th ethane conversi.an
of 18.1 % to 89.6 % (wth ethane conversion of 21.2 3k Ethane conversion

Fanged 1 ?2?2?2%&5’?{%%55 ool e bl bl R NG R 0T 07N e

oxi de cat al yst s tl %ﬁused élr{g%foégal Hin the 10 fi xed bed parall el

reactor for oxige € L"'r‘. gehy ent enperpture
and different fle M*cs %Jy e stcm) .
Et hane conversi pn yal lies. ¥ or 51] df from
10.6 % (with efhyleng eqt i\l | gne )
selectivity of pP1.4 %, -&nd %tﬂ om 83.7 %
(Wi th ethane copversi-ba-o% 11.% ) - +5i on oOf
15.5 % .. Et hane| copversigh (|C}- gne- s|for the
Ni NbCs oxi de coppoSitijongs™rgn F . 3 90 PO. 196.
lit) 21 August P003 WD Off 4d9 /o é
conposi'tions (nmple—f+aetEons) 00\ NRES )L QNp used in
parallel fixed ped reclcé@% scP% .| Rb%ol|ulP2 1 L
Ni 0. 8980. 8830. 86703 85( 32 g‘. 2| | 10949 o 0} 123
Sr0. 0000. 000. 0. P000. 0G0 gﬁ‘ooo % op & 40 391 . p65
mass51. 251, 551. 43—50.0-48.3 8403 L alPnil0 8850 06601 0. 748
2Nb0. 1060. 1770. 1830. 190 B 1979930k &, 19840 28. D00
Cs0. 0000. 0000. 01.10%022 ONip3d @-244s| fhtdsd. 9401 M)
Ni 0. 8670. 8050. 7530. 7 4 'gp 71%‘3336938‘32? 8322

Ni 0.686 | 0.722 | 0.761

5 Nb 0.314 0.248 0.174 .

Ta 0.000 | 0.000 | 0.000

Er 0.000 0.031 0.064

Ni 0.617 0.648 0.683

6 Nb 0.383 0.322 0.255
Ta 0.000 0.000 0.000
Er 0.000 0.030 0.063

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




NbO. 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 nmassb2.452. 151. 649. 500 48 gRO 5%@%80
(mg) Ni 0.8500. 7880. 7340. 687 0.667 0.646 Nb0.1140. 1900. 2560. 3% g . 333
4Sr 0. 0360. 0220. 0100. 000 0. 000 0. 000 Cs0.0000. 0000. 0000.000 0.010 0.0212
mass52. 250. 658Bhkssm 52. 300 54. 400 (ng) Ni 0.8320. 7690. 7140. BEAIsGB28 0. 605
NbO. 1180. 1970. 2640. 323 0. 374 0. 385 5Sr0:0500. 0350. 0210. 010 0. 000 0. 000

Cs0. 0000. 0000. 0000. 000 0.000 0.010 mMass46.451.149.251.5 49.9 54.200 (m)

Ni 0. 8120. 7480. 6930. 646 0.605 0.569 NbO.1230.2040. 2730. 333 0. 385 0.431

6Sr 0. 0650. 0480. £33 01.9 ZL(vAth@EAnOccDVEsiCs Of 00 )00 867 HOEGthadengcapasiomefD00
mass52. 353. 650. 048, 8 50.5 54.4 (ng) 111 21 August 2003 WO 00148971

PCT/ US00/ 04478 Hxhfpl e 26.- Lifetine Tests for QDHE over Ni(Nb, Ta, Ti,

Zr) - based Oxi deEthi@riconvessicn vakues for fienSNbBytoxle mﬂqumggi framp HAR. %er m
stablllty andp or, nce5car tiard StyaGSe , %) ‘
Zr) (Ce, F ﬂ%ﬁf‘ an @1 /éjot% @%S/Qt&tlﬁ cat aN %@oﬁ?g A’e’val uat ed

in a 200 hous Iﬁd&thyt&ekdhﬁhvxt)iwlus wgcﬁlﬂoméﬁrlc% (W@ﬁbmewem@mnl B2t erm

stability andp gyarious Ni(No, Ta, Ti)(Sm

Sri, Co, GCs, Sbg I&S%“%(i r}ﬁfl%)&,OXI (?:letsg{/ 3. were evaluated in a 400

hour lifetinme test. mmmwmyowdesmgshﬂm@W@Sm@aﬁﬁalﬁ"bn :

met hods were 10 vgi ‘Iﬂﬁb hae fr?tr' rdeOkthoh hONBErMER e, in the
gl et B R ol S5

200 hour test, a no Hour Lifetine Test In the
200 hour i fet| temptatte (25@;)1(1 y&mmmuogmmmnﬂwoﬁﬁﬂrmﬂ g:pss SZFTX @ém"BSI Er

15 Nd,Sm. \gg ho\m?drhese data?ys »\9@& Q?o ﬁl‘?&x@lj Mhfthred WPAdD P;{;ﬁﬁﬁern%@rc@:ﬁﬁ 9§a§ﬂ ng to

one of the B
. in separate experiments, at 250 °C and at 300 "C, in each case with

ethane:nitrogen:oxygen flow of 0.42.0.54_.0.088 sccm. (data not shown).
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foll ow ng net hods, designated as Method A through Method F. The vari ous
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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

acid [H'1=0.346M), strontium nitrate ([Sr}=1.0M), and cesium nitrate ([Cs]=1.00M)

with an automated liquid handling robot into 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 boil:d off after about 2 hours. The dried materials were

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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measured after various tinmes during the test. 115 21 August 2003 WD
0014897] PCT/ US0O0/ 04478 Tabl e 26A: Catal yst conposition andTQ{ﬂgQ%gigog)
met hods -for catal ysts screened in 200 hour lifetinme test. Par t

A Catal yst ConpQsd

Ceo-

(L;Bg,,anr eparation Method Ni o.a6Tao. 140xA - N a-65Ta0 31
040. A Ni 0. 62Nb0’. 19Tao. 19Ceo. alOxA Ni O 73Tao. 24D 0. 030x ATHUFBEKISo. 25D

0. 070xA Ni 0. 68Nbo. 26Er 0. 060xA Bl ankn/a N 0. 62Nbo. 380xA

Ni o.
Ni 0.

Ni o.
Ni 0.
Ni 0.
Ni o.

Ni o.

71 Tao. 23Ndo. 060xA N O 63Nb0Q. 34SnD. 030xA Ni 0s4Tao. 45Sn. ol OxA-
7.0 2200 S ARSI P S R
60Nb0. 19Taobet raghiel re®0x Briixiiatvedian SddRy drop@N dnnwm MNhra@SH0O0. 370>< B
oaNbo- 24Gio DRI & Srba s b hut SRR 5 e s oni
82Nb0. 14Sb0caeyitins ranged from 17.4 % (with ethylene selectivity of 84.4 %) 10 22,0 % -
5 (with éthylenc selectivity of 87.5 %), and éthylcne selectivity values ranged from 82.3
% {with ethane conversion of 18.1 %) to 89.6 % (Wlth ethane conversion of 21.2 %).
Ethane conversion (C) and ethylene selectivity (S) va]ues 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 (8) values for the NleCs oxxde compositions ranged from 3.3 % C, 14.4
%St014.4%C,
1 90.1%8S.

WO



i 0. 6aNb0. 39Sbo. 01 OxA Ni 0. 72Nba. 27B i 0. 01 OxB N oa3Tao. 2sBi O 020xB
mi 8, 63Nbo: 33YbO. 040xB Ni 0. s9TaO 37Ybo. 04OkB bl ankn/a Ni o. GSN?gé?ég[%?@gZQ(C
Ni 0, 71Nb0. 27Sbo. 020xC ‘N1o. 6sNb0. 33CeO. 020xD Ni 0. 63NbO. 19Tao. E
Ni 0. 71NbO. 27Sh@o@ufd¥fp Ni 0. 65Nb0- 33CeO 020xF bl ankn/a (K] 21Pc§lf§s%§ﬁ;4433003 WO
00/ 48971 Table 26A, Part B N o.74Nbo. aaTao.i 7Ceo.o i OzF 7
Ni 0. 75Nbo. 24Ceo. 0i OXF Ni 0_ssTao. 40Gdo. 070xA N 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 WO Offuf8RA1 c%ﬁys%&%s%‘cfhz&@g?&&@%%ﬁ@@%ﬁ%@gg%ﬁg; { ! 0?15)
sanpl e nass (NY)catfds QbR BarARMN D@ Foale scfmﬁ . . he | .yf O e
measured at various times on stream during ,scrseglﬂgg) Lg 20?; rglrj\rl ﬁ:\ gs m

test. 5 Tabl e 26BREA T Aljdd [TE_PT b Al PR Pl S

(AS (AHC (/a)S(oro) N0 POTsHE TH0RE [ 0867 -‘oﬁas'q““o.gs’? 5812
I Nb | 0.102 | 0106 | 0110 | 0.114 | 0.118° | 0.123
Sr 0.000 | 0.000 | .0.000 | 0000 | 0.000 | 0.000

Cs | 0000 j 001! | 0.023 | 0036 | 0.050 | 0.065

mass | 512 | 515 514+ 1 500 48.3 54.2

(mg)
Ni 0.883 | 0.823 [ 0.806 | 0.788 | 0.769 | 0.748
2 Nb 0.106 | 0.177 | 0.183 | 0.190 | 0.197 | 0204

Sr 0.011 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Cs 0.000 | 0.000 | 0.011 | 0022 | 0.035 | 0.048
mass | 532 50.1 50.9 51.8 51.3 475
(mg)
Ni 0.867 1 0.806 |- 0.753 | 0.734 | 0.714 | 0.693
Nb 0.110 | 0.183 | 0247 | 0256 | 0264 | 0.273
3 Sr 0.023 | 0.011 | 0.000 | 0.000 { 0.000 { 0.000
Cs 0000 | 0.000 | 0.000 | 0.010 | 0.021 0.033
" mass 52.4 52.1 51.6 | 49.500 | 48.300 [ 51.100
(mg) :
Ni 0.850 | 0.788 | 0.734 | 0.687 | 0.667 | 0.646
Nb 0.114 | 0190 | 0256 | 0313 | 0323 | 0333 -
4 Sr 0.036 | 0.022 | 0.010 | 0.000 | 0.000 | 0.000
Cs 0.000 | 0.000 | 0.000 | 0.000 | 0.010 | 0.021
mass | 52.2 50.6 538 51.5 | 52.300 | 54.400
(mg) A
“Ni 0.832 | 0.769 | 0.714 | 0667 | 0.626 [ 0.605
Nb 0.118 | 0197 | 0264 | 0323 | 0374 | 0.385
5 Sr 0.050 | 0.035 | 0021 } 0.010 | 0.000 | 0.000
Cs 0.000 | 0.000 | 0.000 | 0000 { 0.000 | 0.010
mass | 46.4 51.1 492 51.5 49.9 | 54.200
(mg) : '
Ni 0812 | 0748 | 0.693 | 0.646 | 0.605 ‘|- 0.569
Nb 0123 | 0204 | 0273 | 0333 | 0385 | 0431
6 Sr 0.065 | 0.048 | 0.033 | 0.021 | 0010 | 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)

K




N! 0. 65Tao. 3| Ceo. a40x5017.8 -82.418.5. .82.8

Ni 0. 62Nbo- 19Tao. | gCeo. oi Ox50. 416. 484. 314. 384. 6 Ni O.73Ta0. 24D, , . 1002
0. 030x50. 519. 183. 818. 984. 2 N 0. 6aNbo- 250 0. 070x49. 818. 683. 618 GBEK

Ni O 68Nbo. 26Er 0. 060x49. 819. 083. 018. 183. 1 Bl ankn/ a0. 146. 00.

. 62Nb0, 380O¥#I"MY 685 218.285.5 - %%"g““’““”s._

Ni o .

Ni 0. 71Tao- 23Ndo. 060x49. 617. 381. 517. 0. 81: 8 -
Ni 0. 63NbO. 34SnD. 030x50. 4' 21. 185. 020. 385. 2 . :

Ni n. 54Ta4- 45Snq. ol 0x49.5..17. 484, 516 2 NeOwt 2Ti 018, 785, 018. 385. 5
Ni 0. 66Ti 0. 29YbG™ &ég ’g‘{“‘]f‘%‘g'g‘?si??f %é?@wﬁfgﬁ@%’i gﬁ’?’%@éu.‘i‘h@?‘ée .

Ni 0. 62Nbo. 34Ce&*B%a2. 615. 781. 014, 981. 8 : I

Ni 0. 62Tao. 34Ce0040xA7. 614 781 714 982, 3 L
Ni 0- 76Nbo. 17Er o. o?é%fsf%.sﬁ%’% ?@f‘i‘f“é@ﬁ%‘?“%ﬂ%’? gighility apd performanc -
0- 070x44. 213, 28Rurieis SRR Jaibio NSO, INTENCLIITEISDSA5 YBLE:, B2, 883.4

i 0. 64Nb0. 34Pr a, 020x48_ 115 584 614 633 9 bl.ankn/ ap. 426 .
N 4. 63Nba. 370x 455 Phhgtre St {ob rooP LKA thdfecdia s |
51Taa, 4277 0. 07 xgbAmBAS, 10831 Sal9RY a6d PérforfiaTE HRRBUSESBT 22686 NIgth, 283. 5

30 SoTa0 SLCISUIONES, 60550 s o) et wr o0

Ni 0. SONbO. 19Sbhmoarlifuiti: t624A085Sciitied bd8%, Sonpositikmy and ple@®ateh rhethGdd v@re
Ni 0. 82Nbo. 14Sho- 040, 49..612. . . 282. . .
N o GaNby. ShonqPiiich EP Bt T cBitfidhs were in the 200 hour test, also varied
Ni 0. 72Nbo. 27Bi Qdadsfot Skbwhal5. 485. 915. 185. 8
Ni 0. 73Tao- 25Bi 0. 020x5010. 986. 010. 285. 9

0

Ni 0. 63Nb0. 33Yb 41..1.13..983. 312. 782.7 .
Ni0-59Ta4-37Yb%mg§%é2#@%T6?%§4.97.285.1?5rankn/a0.140.00.148.2 .
Ni a. 6sNbo. 33Ce0. 02 Ok¢itBe ZWhob SN Steay Brig-two different Ni(Nb, Ta, Ti, Zr)(Ce, Dy, Er,

N 0. 71Nbo. 2750 D20x48. P16y 38715 e Sufarfhrs ek oo MBS 200 Q00148971
J 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




Tabl e 26A, Part A2 PCT/ US00/ 04478 N 0. 6sNbo33Ceo. 0, Ox49. 313. 082. 512. 580. 4
Ni 0. 63Nbo. 19Tao. | sOx | H O 145. 97989. 15.989.8 N D. 7) Nb0_27Sb_029%(3é<u55t]20%}1. 2.
81.58.8..77.6 N 0. 65N00. 33Ce0. 020x49. 716. 785. 216. 2- 85.

bl ankn/ a0. 137. %0@88’3711 Ni 0. 74Nbo. osTao. 17Ceo. 01 Ox50. 16. 184?3%6' 884.9

Ni 0. 75Nb0. 24Ce0. 030X '50.2 19.4 85.8 19.1 86.4 fUSPWUWI_!

Ni 0. 53Tao. 40Gdo. 070x48. 916. 878. 816. 277. 4

Ni 0. 74Nbo. osTao_17Ceo. 010, , 50. 917. 384. 315. 685..0

' . . 717.884, 217, 584. 6 o

N 0. 6cTao. 3681 o Gr0F S0 7A Sulted SI0IE r shrs. Afionconligrdaniogs *Ashony 48971
PCT/ US00/ 04478 Tadalysts 6@ calblaéd aghth td 9 °2243¥§9C/§3192nd9!§{ch'apﬁ%f % ﬁ)ﬁ%@% lsmC
(NDS(ANC (Y8 (% 86Ta0 140 17.083.2-17.483.118,083.1 N O . |

17. 882. 516. 682. 017. 8M8394 EcEPapgpe s oliehiorm wd dricd 3t BBACHbM0@B8 11 2. 884. 6.
62N00. i gTao. | 9Cemrdiding 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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Ni o 18.484.218.084.018. 784. 2 73Tao. 24D 0. 030« .

Ni 0. 6aNbo. 25D 0.070x Nio 26Ero.060x 17.983.0---17. 282, 4- 18.%%@@@890 .
. 0.148.30. 144. 10. 145. 3 Bl ank Nio 17.585. 116. 384. 716. 984. 9 62Nb0® 380%™ _
Nio 16.481. 416, 33de7#16. 781. 3 71Tao. 23Ndo. 060x _ Ni O

19. 485. 018. 884.517. 384. 5-63Nn0. 34Snp. 030x .

54Ta0. 45Sno. 010x

Table 26A: Catalyst composition and

200 hour lifetime test.

Table 26A, Part A

NiO 17.785.217.485:117.485.0

Catalyst Composition

Preparation
Method

NiggsTag.140;

Nig.gsTa031Ce0.640x

Nigs2Nbg 19T a0,19Ce0010x -

Nio_73Tao,24Dy0.03Ox

Nig.6aNbg.25DY0.070x

Nig 6sNbg 26E 10,0605

Blank

Nip.6:Nbg 3805

Nig.71Tag.23Ndo.060x

“| Nig.g3Nbg 34S5m0,030,

Nigs4Tag.4s8mgp 01Oy

Nig.72Tig 260

Nig.65T10.29 Y bo.050x

blank

S 2 (R[> > [ >

o]

Nig.62Nbo.34Ce0.040x

Nig.s2Tap.34Ce0,040x

Nig.76Nbo.17Erp.060x

Nig.ssT80.25DY0.070%

Nig.soNbo.19Tag 185m0.030x

Nig.64Nbg.34Prp.0204

blank

Nig,s3Nbg.370x

Nig.s1Tag 427216, 070;

Nig 73Tip2704

Nig.szTag 34Gdg,e70«

Nig ssNbp.24Gdo 08O«

Nig goNbBg 195bp.010x

blank

Nio.g2Nbg.145b 040

Nig 6aNbg_39Sbo.01Ox

Nig72Nbyg27Bi.01Ox«

Nig.73Tag 25Big,020x«

Nigp.63Nbg 33 Yo 040

Nigs9Tag37Ybo04Ox

blank

Nig 6sNbg.33Ce0 204

Nig.71Nbg 278bg 6204«

Nig.s5Nbg.33C€0.0204

Nig.63Nbg.19T 80,130, /Ti0;

Nig 711Nbg 278bp,020x

Nig ¢sNbg 33Ceg 6204

||| 00]5 ww|w|w| > |5 w | w|w o) e | e o] o] w

blank

5

T

18. 183. 5, .

Ni 0 15.383.971

~a

- ispp
g

17.682.918. 182. 9
LEBYETE 883 6

preparation methods for catalysts screened in



72Ti 0. 280x .
Ni 0 13.982.313.282.212.782.1 62Tao34Ce0. 040x . -

Ni O 14.182.813.782.213.782.4 60Nb

81.0. .

Ni 0 17.080.516.579. 115. 679. 0 66Ti 0. 29Ybo. 050x .
0.143.80.142.20.1-39.9 blank Ni o 14.781.614.581.514. 481. 5. 6i2[r1\|%<é. 3@1@@%. 040x
. Ni 0. 76N0bO0: PE 660x
11.4 84.5 11.§0%¢ugdn11. 4 84.2 Nio 11.882.711.782.311.882. 4,
0.19Ta0. 1SSno. o30x . 13.7

Table 26A, Part B -

Nig 74Nbo.0sT20.17Ce0.010x

Nip75Nbp24Ce0010x«

Nigs3Ta0.40Gd0070x -

Nig 74NDg.0sT2017Ce0.0104

Nig 7418022 Yb0.040x

|3 [ ||

Nig ¢s120.36B10.010x

usS

gy

. |'1'l.;,1lp

D 0. 070«
-




12.8 81.4 N p. 64Nbo. 34Pro_020x 0. 144.00. 143. 20. 144.8 blank N o

10. 486. 19. 985. 310. 185. 6 63Nbo_ 7Ox _  Nio 12.982.312.582. 012, ?ﬁz L Rlgdao
427r0.070x . . 10.683.710.183.79.683.6 N 073Ti 0270« .. N os§Ta

83. 18. 582. 58. 588 00f43834Cd0. 070x 9.0 . N 4. 68Nb0 , 4Cdo. 080« ;,gT,ﬁSﬂm“% 11.6
74.0 11 7 74.6 19Sbo.oj Ox 11.9 85.511. 285 011.185.3 Nio aokbo . .

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



40.00. 140. 60.141.1 blank 0.1 Ni o 82.38.681.08.981. 7 82Nbo: 14Sb0. 040x 9.5 .

Ni o 83.415.482.915.583. 2 60Nbo. 39Sbo. ol Ox 16.0 . 010k 14.4 N0 .o .

85.913. 685.214.185.5 27Bi0 72No0 . . 85.78.985.59.385.7 . ugus

Ni 0a3Tao. 25Bi Gy@aido;,9- 8 33YD0. 040 x 12.6 NLO 82.210.880. 412. 081. 3 63NbO .
37Ybo_040x 6.2 5.15. 485. 05. 985. 0. Ni 0 PCTAIS00/04478
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Nip.6sNbg 33Ce0,020, 493 - 13.0 825 | 125 80.4
NioﬂNba_wTﬂoJaO; /TiOg 145.9 7.9 80.1 5.9 80.8
Nig_nN'bo_z']Sbo.onx ) - 515 11.2 ' :81.5 8.8 - 77.6
Nio.ssNbg13Ce0 020, 497 16.7 85.2 16.2 "85.1
blank n/a 0.1 37.4 0.1 431
Nig 74Nbo 02 Tag,17Cen.m Ox 50 161 84.3 16.8 84.9
Nig 75Nbo24Ce0.010, 50.2 . 194 .| 858 19.1 86.4
Nig.s3Ta0.40Gdg.070, 48.9 168 % =788 16.2 77.4
Nig 74Nbg 03 T2g.17Ce0.0105 50.9 17.3 " 84.3 15.6 85.0 - |
Nio_uTao_zszu_MOi . 50.7 17.8 84.2 17.5 B4.6
Nig_ﬁsTao,g,sBiomO, 504 16.3 826 15.3 1 - 82.1

|




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 N O. 71N$g 278@0920x
14. 2 Ni 0. 65Nbo. 33Ce0. 020x12. 478. 410. 270, 3108731 Ni 0. 63Nb0_19 ‘é‘\‘ 4

MD26. 189. 04. 989. 25.389. 2 N 0. 71Nb0 275b0. 020x9. 676.87.971. 48.874. 1

Ni 0. 65Nb0. 33Caw0 @A6R®17. 085. 616. 085. 417. 685. 9 bl ank0. 147. QOPWS@@“@L? 8 21
August 2003 WD 00/ 48971 Tabl e 26B, Part B2 PCT/ US00/ 04478

Ni 0. 74Nbo. ogTao. i 7Cea. nt Or 15. 784. 715. 384. 315. 5%$4?

Ni 0. 75Nbo. 24Ce0. 010x18. 686. 318. 286. 118. 486. 3

Ni 0s3' Tao. 40CdoTa k6B P4¥BI 314 774 415 075 .2

Ni 0. 74Nbo_osTab. i 7Ceo. 0i Ox16. 085.1314 H¥¥424314 gg3 51893 207.98
Ni 0. 74Tao. 22Ybd. 04Ok TAbBBEE 116. 684 QA7 hSesh NCHYas T Re REITY6) | S (%)
Ox14.982. 912..68MiyQl40.140x 83. 7 400 {HofO Lj f 83.2ng THd<t {5884 1 hi8-0id0 $hlur _
lifetime test, | Noys{Tyo-eCqhiO.di f ferlentZ.oNi { NB2.5 T4, 16i6) ((S#2.0Sn, 1%h | cB2.1 Sy
Ag) (My, Ca, Li)JTNaxiNbgTatisleysOs Werkd.pr ppd4.6d |bvi1dr eci®izt At 1%h sty fihe
metal salt pre¢WhsIs.Duwhsdantiall yigss deB£2i hed8in |ed4l0i dr 1&%k dnpbed -
herein. The valiNguSNwaDabyol conposigl ohs83.fost -1gréecl BROatli thl tir e8dFregt (i f
any) and cal ci Naf{ by, EaRM.I T ons jary.g nfli 8aded™11.2Tap|82.426C1828 | 82.3 :
Blank 0.1 48.3 - 0.1 44 1 0.1 - 453
Nig 62Nbp 330« ' 17.5 85.1 16.3 84.7 16.9 849
Nig_’nTao_szdo_QsOx 16.4 814 16.3 81.4 16.7 81.3
Nig 631Nbg 345my 0304 19.4 85.0 18.8 84.5 17.3 84.5
Nio_54Tao_4sSmo,9;O, . 15.3 839 14.5 83.5 1_4.8 §36
Nig72Ti0.250x 17.7 85.2 17.4 85.1 17.4 85.0
Nip gaTlp29Y o050 17.0 | 80.5 16.5 79.1 15.6 79.0
blank 0.1 " 438 0.1 42.2 0.1 -39.9
Niu_(,gN-bolyceo_mox 14.7 gi.6 14.5 g1.5 14.4 81.5 :
Nig.s2Tap 3aCe€0.040; 13.9 82.3 13.2 82.2 12.7 82.1
NigjﬁNbu_]l'jEro.oﬁOx 1 1.4 84.5 1 1.5 843 1 1.4 84.2
Nig.s5T80.25D¥6.070: 11.8° 82.7 11.7 823 11.8 824
Nig.golNbo.19Tag.158me 030+ 14.1 £2.8 13.7 822 13.7 B2.4
Nio_mNbo,;.;Pro_onx 13.7 829 12.7 81.0 12.8 514 -
blank - 0.1 44.0 0.1 432 0.1 44 8
Nig g3Nbg 3704 10.4 86.1 9.9 853 10.1 85.6
Nio,s|Ta0_4gz.I'o_o70x 12.9 823 12.5 82.0 12.6 82.1
Nig 73T 2704 10.6 83.7 10.1 83.7 9.6 83.6
Niu_saTao_g.;Gdo‘mox 9.0 83.1 8.5 82.5 8.5 82.7 7
Nip ssMNbo24Gdp.080x 12.5 76.5 11.6 74.0 11.7 74.6
Nig golNbg 195bg,010x 11.9 85.5 11.2 85.0 11.1 85.3
blank 0.1 400 0.1 40.6 0.1 41.1
Nig 59Nbg.145bg.040x 9.5 82.3 8.6 81.0 £.9 B1.7
Nig.soNba 395bn 01 Ox 16.0 834 15.4 82.9 15.5 83.2
Nig.79Nbg 27Big.e1Ox 144 85.9 13.6 85.2 14.1 85.5
Nig.73T20.25B10.020x 9.8 85.7 8.9 855 | 9.3 85.7
Nig g3Nba 33 Y by 0sOx 12.6 82.2 10.8 80.4 12.0 813
Nig 59Ta037Y bp 04O 6.2 - 851 5.4 85.0 5.9 85.0
blank 0.1 48.6 0.1 47.5 0.1 47.1
Nio_ssNboJ;Ceo_nsz 14.6 78.1 12,7 723 13.5 73.6
Nig71Nbp 275bg,020x 14.2 73.4 11.4 62.3 123 64.8
Nio,ﬁsNboJ;Ceg_ogox 12.4 78.4 10.2 70.3 10.8 731
Nig63Nbg 16T 20,1505 /Ti02 6.1 9.0 49 89.2 | 5.3 89.2
Nig 71Nbg 278b0,020x 9.6 76.8 7.9 714 3.8 741
Nig.65N05.33C€0.0204 17.0 85.6 160 | 854 | 17.6 | 859
bliank 0.1 47.9 0.1 473 0.1 47.8
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10 The forty-eight catalysts of Table 26C (- 50 ng) were screened

sinmul tanteously in the 48-channel

parall e

fi xed bed reactor r oxidative
et hane dehydrogenation at 275 'C with et hane: oxygen fl ow of 6I %‘ﬂglﬁ%%gg

sccm Table 26
et hane conver si onh

cat al yst s,

that, after 48 hours on stream the 48 catal ysts |ost,-on

o rizes the amount of catal yst screened, as well
wgﬁand ethyl ene sel.ectivity (S) for eachPoVUiopRs478
neasured after various tinmes during 15 the test.

average, |ess

t han about 13 %ﬁk&cﬁggﬁgﬁﬁkpn and | ess than about 2 %in selectivity.

Sever a

of the AT S nac—t ST "ltiql
over  the 400 ﬁ??ﬁﬂg Lho 3 CVD b al3d 2 B4,
et hyl ene sel ecthiyrty—datha —rersusi i R ¥ G
Iifgtine fost flauesfanupdeend Joc ol o SWVE B 144,
Ni 0. 71Nbo. 27Cod: 00 T D
ref erence #, aré. 4
lifetinme test.

(1, 1) 16693.
(1,2)16693.
(1, 3) 16693.
(1,4)16693.
{1, 5)16693.
(1, 6)16693.

(2, 1) 16693

Nbo_, OTi 0. 1oTao. uuSno. o

n. o

ctivity Ar o LVi

NN AT N 7

i négéhzll 1 1hofh:3
: 150 1752 |-

J : oftdsilt 149h | 1833 ady -

T8orl 85k of 166 do88dnddl7h (408 olr

Partl A tghr‘ar%z-&tpwnﬂzréi tli §&Bedml4dk 83.7

1ANi 0. 6sNbo. t oTi o_ECTao. 1nSno. 020x5£320/ 8/ ai r

1BNi Q8 $0r AL 9470 Ta0. | nSno. 020k PGSF>300 m :

1CNi 0. 6RNbo,t oTi 0. | OTao. i nSxno. 020xPGS, . >150 <300 prn -

2Ni 0. 6 RNo#: they¥i0 onpiifaidne sSpforoxists AFRemMENNDD, Ta, Ti)(Sm, Sn, Co,

3Ni o. i B, i1 ] [ F L8/ H | Ar-
int o GRRAOR ConaaR IR R i ppipdani |
5Ni o Tetalsai fresursers supsigstialyssslessribpdinadiesexpglss B2oa8Ts r | 19 21

ch A 1D
(v ]

g Tw

?ﬁ?.zsﬁbom. €0010¢, . i

L

'Y r} 1l/
de: 83 41 48" 4
-

[ = imiie in — 4

Ox5/°320/ 8/

August 2003.vm>QQA&§g;ggﬁgagéggghgéﬁ%%?§§?%2%%§§%?§@ﬁgmgbgghghﬁgggg.eNio.6

(2,3)16777.
(2, 4)16777.
(2,5)16777.
(2,6)16777.
(3, 1) 16467.
(3, 2) 16469.
(3, 3) 16469.
(3, 4) 16505.
(3, 5)16470.
(3, 6) 16470.
(4, 1) 16470.

25 Table26C, Part A

31N Gomditigesars sulicated I Tahie26C. -

16N 0. 66NpRx: 3 heaf B 3 frabl 2‘ C(~50
35Ni0:71Nbo.2f65£3:>é .osoﬁéfszoisfafr( mg) were screened

53Ni dpyleperusly dnthe d8obanndarabiekfixed bed reactor for oxidative ethane

54N QrekyfiNiehaBeona79 1%ah 3224 8d:8iskn flow of 0.42:0.033 '
52Ni 0 5?%0.2aSno.o30x5/320/8%§?Tn owe scem. Table 26D

64N CUBDIEESS Bre amowt pEsatal g sgremad.ras well as the ethane conversion (C) and

53Ni QhiRgs Q1ck sPREXRA 320 8h@lybis d after various times duri
SIN O GRE: factitails Pt Yesh 8 e 2 altis, messured afte various times during

55N dhegrsti Thesy Givoshey datyaBio0f Blaiiry on stream, the 48 catalysts lost, on -
63N Qv&Bgkl RssIRanNBell 33 Vi BRI 86:Rhdd 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 preparation methods for
catalysts screened in 400 hour lifetime test. .

Remarks*

Library # Composition
(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/Na
(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

as the

These data show



(4, 2)16650. 14ANi 0. 68Nbo. | oTi 0. t oTao. t oSnD. 020x5/ 320/ 8/ ai r

(4, 3)16650. 14BNi 0. 6sNbo. | oTi 0.1 oTao. i oSnD. 020x5132018/ ai r
(4, 4)16650. 42Ni 0. 6gNb0. 10Ti 0, 10Tao. 10SnD. 020x5/ 320/ 8/ ai r

(4,5)11525Ni 0. 63Nbo. 19Tao_1EOx5/ 400/ 8/ air (4, 6)16610. 3N o.
63Nb0. 19Tao. | A¥RYY4$9V/ 8/ N2 (5, 1) 16365. 31Ni 0_a5Nbo. 14Co0. 010>camw4878a|r

21 August 2003

(5, 2) 16365. 42Ni 0. 7aNb0. 20Co0. 020x5/ 320/ 81ai r
(5, 3)16365. 53Ni 0. 71Nbo. 27Coo. 020x5/ 320/ 8/ ai r
(5,4)16298. 11N Q. 75Nno. 22Snp. 030x5/ 320/ 8/ ai r
(5, 5)16298. 13|\|iLEil ble 296 R By 03Cso. 020x5/.320/.8/air
(5, 6)16298. 41 NO§63B16516) Nigabo. it a5miaPail (5/320/8/Ha/ Ar&5/320/8/air
(6,1)16298. 42 NHé?imm ) mqhnﬂmgg%;gﬁmmm r 51/'320/8/air
(6,2)16298. 71N NOG7PhlA 6. 02SnONpa: 320/ 8/ Air 5/320/8/air
(6,3)16297. 11N Tile/733SmD. 03 b /1D P6:Shams Ps 5/320/8/air
(6,4)16297. 21N Tile/7303nD. 03 M1 dbdxShada0/ 8/ ailr 5/320/8/air
(6,5)16297. 24Ni 8.164Tit64633%nD. 03 MNigeNigRMoAR0/ 8/ di r  ( 6,5620&2687. 33N p.
65Ti 0. 30Sno. 0308®) d2CsdeR 3204 8/ ai Nip7sTa0248n0030x 5/320/8/air '
(7,1)16297. 83N G, DA Ti6162%4a0. 07 S, O363Sh381)/ 8‘7&1 r 5/320/8/air
(7,2)16160. 14N 8,4 1Npgs505431 0. 19Tan,d&s %832/ 8/ ailr 5/320/8/air
(7,3)16160. 43NI @&.,53N\ngu70311 0. 11Taf, B}.’ﬁQM/ 8raifr 5/320/8/air
(7,4)16790. 13N' @) (2064785307 OTOX R 3, zﬂéﬁg@,bz@ (7, D) 16790 .5530kpiH3 1a0. P6A
- 010. 5/ 320/ 81ai ¢4 1y 1, 84506901 30N Qi Ik 985 G0, O- O LPKS7 SZW B AV ir .
(8, 1) 16685. 32"% TREs 0P 9 ONE B ’P‘Ja?os&oozo 5/320/8/air
(8,2)16687. 33Nk RYTeds0o PV ML TR 3 St F5H00:0, 5/320/8/air _
(8,3)10087. 43N, LD a&cm i B0, | S/300air
(8, 4) 16828. 14N Z 1 CoP—2 7 RG0! oL A~ (0, 3y 16824, o
7oNbo. 27Co0. 0 drLE2s6) i ai 400 2 é%%—ﬁ%ﬁlf ieiall
010x5/ 320/ 8/ g L9 ;ﬁgg Gt on—e Rl IO oo 1oy o SO0/,
. ' ‘ A 5 1“ \»(JII63 L UT1 : I. U | \v) 0xl QIIP 1 m_ vsgggﬁlalr R
(a rin)/ievel (JeptdverosS-Het 1)+-eRRErOAUERR0O: » pds geeund and
si eved. 1gD 21-Befdds +15§§¥‘3 : ﬁ’ﬂ-m Q"S““/(4478 5?2?/5132@:_@  al yst
library refere 1o 21 o hd
et hyl e%e sel ecf{s\rf‘nt y 1(\6238-] hS.Ur (?Niﬁ Q@Mﬁ@t tinmds on fFEBMEIN i ng
screening in 460 k6298 ¥ | nlioreNbuxSmosGsi0:0: 26 Par 5/3R0/8/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.a7T10.305mp 0304 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) 1 16790.36 Nig 71 Tin2:480.010x 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 Nipg5Ti0.33C00.020% 5/320/8/air
(8,4) 16828.14 Nio,ﬂNbo_z?COo_ozox 5/320/8/air
{8,5) | 16828.34 Nig 70MNbg.27C0g 0310010 5/320/8/air
| (8,6) | 16828.62 Nig 711 20C00,0:Mg0.010x 5/320/8fair

* Calcination conditions = ramp rate (°C/min)/level(°C)/dwell time(h)/environment.
* PGS = pressed, ground and sieved.
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1 August 2003 PCT/ US00/ 04478
|12|29§. 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
16297. 3349. 915,, 5.491. 413.591. 412. 991. 012. 791. 5
16297. 8349. 615, @g‘%"ﬁ 5.291.512. 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

. 1350. 1.6 . 690, 311. 390. 011. 389. 6 -

16790. 1350. ' Cg Stj cronee éﬂsa@f? %59 (188)ng 9tiage conversion (C)
ig;gg :2),228 o éé ﬁn a%@é AYVAPOBHmEs10n spe@n Guring screening in
16685, 3249. 514. 391514 91 411.090. 510. 89. 89, 858. 4
iggg;f{%ﬁg T%EZEBJ’HQ%E 2241 311? 8?8 gi% gqn 314_088. 6- -
16828. 1450, ?@ﬂfﬁ E45 090, %913 800, 9‘1-%. 590, 2112672"22. B 2488 .| 4062
16828. 3449 [; “nll_.nnn 343589 1 ’228@ |_§ coles E&mﬂ@z?: S .
16828, 625( 814 ]-I(\gfg‘ 52& X q'?’cf?z?' f%q o Gy Ca._SI%)_{%%Bi ) (% Ee
over N (N, 7885317 sof Ty [ R85 o y8%:5 ok £i38i9hd40.20h88.1 1 Ngs Yarnlis
catal yst s [ kb S 16 501 1loia 9 90 5 12(% |.90d, | $B) [B89.0 OXisde$ 8By €
Ni (Nb, Taf 166937 1508 | 141 gg,zﬂf,dma,z\,?t}ﬁ EN:hp[96-225 12.9 clesdlal 8.226/&7,7 pnd
P baned B e T T e | e o | ran 2.5 Viesglely dp og@sar | on
orpene et::l 00334 1O L120o] 867 doks4 §rafi {1108 | B33t hene |17 TATRlyy ST ver e
screened a+199984 F500 1 78, Phhnel&N¢ 8.64 aad| Ecky] oue (8% 5 95 | 155,
feed at aleabe35od 50@nk 29 800 die. X89! fldd @ higg.eolgens XFIEN W8S | 85.8 »
0 42 0. 54 n‘fé@A A8 TAbPd 879 Ishawd &7 |caoa BS2_[CRmPds84I PG [ 138 oS ﬂ)n
mass t her ee @g@g@ﬁm, 14-Rg b k4201 Wthane.d pss2/| el nyIsne| ggian R 9
fromthe fel%TAh] 53&d A58 [190.6 4] Gdl Aiosd etBYl pee4slei2eT 13617 V 195 | 983 of
reaction. o6 T bk 4t 93 ¢ i3al 9otse | 106y/deRy dr DOSTIa0I 0T 1951 | ¥k 5 A
t he cat al 37533 B0 |sib8t|at3 Al 14y proodu¢ti2iznnefrtiemh 4 [30% rig,‘,b 374 e
dehydr ogehai6#eh54. hi50.0el 4.7 dc?1ed | ugionty sb@ed 13117 eaas [NEV3 Do 179 FRe¥"
product . 666215980 32.0Tlabd.8 (2801 [Ra0t | B1loal 1431 #09USia. 2003 of 151 ['9r7 ]
PCT/ US00/ 044969.64 | 48.0.] 159 | 92.6 [ 159 | 92.6 | 120 | 92.1 |12.4 | 91.7 | 125 [907
1650553 | 52.6 | 12.8 | 86.5 [ 12.7 | 863 | 113 | 844 | 95 [83.8 | 93 1833
1647031 { 510 { 132 | 878 1 1290 874 | 11.0 | 853 | 106 | 84.8 11.1 84.3
1647053 | 48.7 | 16.1 | 92.6 [ 155 | 92.7 | 146 | 92.7 | 146 | 92.5 | 114 [ o3
1647063 | 51.0 | 154 | 923 [ 156 | 92.4 [ 135 [ 992 | 13.8 | 910 | 138 | 967
16650.14 | 49.1 | 144 [ 90.8 | 140 | 90.8 | 12.1 | 892 | 117 | 884 | 121 | §74
16650.14 | 225 | 113 | 88.9 | 1.0 | 88.5 | 8.7 | 86.5 | 83 | 856 | 85 | 840
1665042 | 54.8 | 149 | 90.3 | 146 | 90.6 | 11.0 | 89.7 | 10.7 [ 89.0 1 123 | 854
11525 | 543 | 57 18681 57 | 87.1 | 5.0 | 863 | 48 | 855 | 47 T 849
166103 | 52.0 | 154 [ 91.5 | 14.8 | 619 {127 | 916 | 123 | 911 | 104 899
16365311 50.0 | 14.9 | 91.8 | 148-] 91.9 | 13.4 [ 925 | 13.8 | 92.6 | 144 1 913
1636542 | 50.2 | 15.1 | 91.7 | 152 [ 91.9 | 14.6 | 92.5 | 14.6 | 923 | 155 |99
1636553 1 49.8 | 153 | 91.4 [ 155 | 915 | 14.5 | 920 [ 14.6 | 91.6 | 152 | 904
16298.11 | 504 | 15.1 | 90.9 | 147 | 90.9 | 133 | 90.7 | 12.3 | 90.4 | 120 | 59.¢
16298.13 | 500 | 153 | 91.3 [ 152 | 913 [ 14.2 { 61.1 | 142 | 91.0 | 145 | 504
1629841 | 50.1 | 14.8 [ 91.4 | 137 [ 913 | 12.8 | 61.3 | 103 | 90.8 | 10.2 1 63
1629842 | 49.8 | 155 | 92.3 [ 153 | 92.4 | 13.6 | 92.9 | 140 | 925 [ 142 [ 91¢
16298.71 | 504 | 14.6 | 90.8 [ 147 | 909 | 13.5 | 003 | 12.6 | 80.6 | 13.8 | 853
16297.11 | 496 | 142 [ 91.8 [ 157 | 91.9 [ 14.0 | 91.8 | 142 | 91.3 | 145 | 500

{20



Tabl e 27A. Et hane | oss,

f eed
bed react
sccmat 3
(rng)Gain

ors. Tes
00

| os

Stafutth

t

Vi

condi ti on:

ty

2Nl 0. 65Tao. 31Ce0. 040 x50. 02. 5-5. 838.-0
3Ni 0. 6zNbo. | 9Tao. i 9Ceo. 0j Ox50. 40. 4- 3. 3. 11..4, 4Ni 0. 73Tao. 24D
810. 7 5N 0- 6sNbo- 23D 0. 070x49. 82. 0- 5 035 0

0. 030x50.
6N 0. 6SNb
380x49. 2

—8

Bl ankl

6-

02.1-

7.959.9

L] el

Pugit

PCT/US00/04478

Ni-0. 62NhO

et hyl ene gain and ethylene selectivity for a nixed
(ethane (49.5% and ethylene (50.5%) screen in the pa
(C2H4/ C2HB) : N2: 02 fl ow of 0.4
al yst MassEt hyl eneEt hane. Et hyl ene
1N 0. s6Tao. 140x49. 45.

#55s

5-
31%%%% DorRiE
a0

Y,

OO,

-_.v
A
4

9k

138

TeH &)

A3d1

90 | 12.8

90.3 7

10N o- 63
12Ni 0. 72T

Lol i = TEE~ g |

196292483

e

09190k

H.G

TH

d4&8p

80-85] 41395

2 58.91

1845

09146

Ti3

2D

d28x

19185 1377

HS 5

638. 0

14bl ank1l.

dp287.83 4

dad.

odbe4

D129 (

4.0

dd.1g

903 | 12.9

.88.5

16N 0. 62T

abf160.44

158

093.2

i hl.Gd

b N9

16449

- 55K ¥ 410.9)

8813

127,.3

18Ni 0. 6sT]

adO16QH3

dag

1192.0

11.6

90.4

11.4

8OO | 114

88.6

19N 0. 60

h&%/9343

L 1446

864

711.6

,.90.3

11.3

90.0 | 113

89.6

20Ni 0. 64N

hd6730.28

a4

8909 0] Bk

798.6)

00.08

90.5 | 10.8

90.0

22Ni
24Ni
26Ni

0- 73Tii
0. 68N

0. 63Nn 67903

&

23R

0982 T

ab2.4 2

A0k

h 1064

UOB2 | 2P, ¢

p89.34 1

i $662370% 4

$4$A4§ﬂ36

A5Ri

0968 T

A bl..(B 4

| G,

b 2064

H8BB | 7948, ¢

) 38.42

b6632.38 0.

D)

58.92 91.4

947.

5927 N

i 8.8

) NISCh

a&80|.

8ADK 48.76

). 8832

819.9

28bl ank1.

016683.43 3

ZDNI

0k5, N ®0iH

506.10

40%39|

BA10 |

b-58).92

1039

90.3 | 14.0

88.6 -

30N 0. 60N

bi6829.38 0.

0D

oIb.182.99:55

440.

SELYAN

| 1.9/ 1

P NI

/BBS.

LA B H 413 4D |

1898

B63. 6

32Ni 0. 73T

A b6288H1 0.

42270)

S13.01.98:08

343.

990.3

13.5

89.1

13.3

883 | 133

86.9

16828.62

50.6

14.8 | 91.2

14.0

133

91.7

12.8

91.9 | 13.6

10

15

914

Example 27: ODHE over Ni(Nb, Ta, Ti, Zr)(Ce, Dy, Er, Nd, Sm, Yh, Pr, Gd, Sb,
Bi) Oxide Catalysts with Ethylene Co-Feed
Catalyst compositions comprising various Ni(Nb, Ta, Ti, Zr){(Ce, Dy, Er, Nd,

Sm, Yb, Pr, Gd, Sb, Bi) oxides were prepared as described in connection with

Example 26 (see Table 26A), and screened in the paraliel fixed bed reactor for

oxidative dehydrogenation with an ethane and ethylene cofeed. Specifically, these

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

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.

i
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ni obi.um oxal ate_and tantal um oxal ate by preci pit@hi op wWd; o
t et ramet hyl ammpnli Um __hy d¥igxTae.@and wi th agpaxifTusig Cal ci g Totr At Ur.e
of 320 C was sirlegned Niges@ahiCdhy0Re- stjaggolyl X¢d ped [eactpr |av38|@ mrul tipl e
oxygen feeds, Bubgt adipkNbh ¥ TRS(HOGN [andodesS¢ripgd [N %luc.uyﬂ Hh
Figure 1 B. Brjeflly, alipuTandwe®l tHe gakal ystgwas| T ogued Tt g £ae of
the reactor stladeg Et hn@NbONY@E/D,aNd [N YEQTEN WERE | €U g5 T H3 fbed to
the first stage 60fl t heNipliNbjxE§i@Q€ T 9achok, wh% g et .iség"c S c%fi datively
dehydr ogenat ed| t7o {f or m et hyla@ne. Ihe 15 eix(pamt fom thﬁ'g -5t %uge was
fed to the secjorsd [st ageNifQUQLIET W T agghtTpm _'% fr—ah “szc egen.
feed, and furtiher Joxi dal) ¥4 .Sy, 00catygy Of =g e ferg, din the
second stage. [Signil ar Nyo,ﬁm;gﬁ,p; 1,07 OTi T, gec Jllul-GL fed 7 LQthe _
third stage, tjogefhér NM.sE'Hao% wwndi OXYgEN uuo'z'“.i t rogz.afeledT—géend_f urt her
oxi dative dehygF ogenat hqJL, BBt Narme was sgffert gt th‘s'SL hird Bhad The
reaction exhaysiz rOmMg0, h“%‘ i Hu st age, Jas n%"d:z\,d b%- gas—cl enat ogr aph.
- Nine differdgnjg FITETH 2 © reapRSHearbawi-t ,d-gu mrﬁi&nq in (1)
t he 15 Nig.6sNbp 34Ce0,0s04 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 64Nbp 34P 10,020 48.1 2.7 -5.0 46.8

21 blank 1.0 -1.0 0.8 *

22 Nig 6:Nbo 3704 459 0.2 -19 0.0

23 Nip 51 T20,42Z10.0/0« 44.5 2.5 -4.6 46.4

124 Nig 73Tl 2704 45.8 1.3 -3.4 34.6

25 Nig s3Tag 34Gdo.0704 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§5Nbo.145bg 040« 49.6 1.5 -3.2 409

30 Ni,6oNbg 398bg 010, 51.8 2.4 -5.2 405

31 Nig 72Nbo.27Bip.01 O 54.7. 5.1 -6.8 63.6

32 Nig.73Tap 2sBi0 0204 50.0 1.9 -3.5 47.9

33 Nip 63Nbg.33Ybg 040y 41.1 0.5 -3.0 14.5

34 Nia_ﬂTaa_;'JYbo_mOx 47.1 -0.7 ~1.2 0.0

35 blank 1.0 -0.4 0.3 *

36 Nig_gsNboJ}Cea,ong 48.3 2.6 -5.1 441
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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 ?gdltg)@?
feed in-the second and third stages, and/ or (3)C)thle: reactloﬁ ures
of the three i zones (300 'C or 275 25 . For conmpar.ison,

Ni NbTa oxi de c\gdtqa 45}55)’? was al so screened, in each of the nfh&Y8 Wéﬂ‘rrent al
cases,. under simlar reaction condltlons In a single- stage single tray 21
August 2003 WO 00/ 48971 PCT/ US00/ 04478 feed fixed bed reactor,
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about M5 %) WhEHe—reitt ﬂ.imweﬁrh- hodt hll end2selloct$0d tibs
(e.g., S of }oapt—aeasiibay 0 982 Lol adai nflfrom ool 70 % to
about 85 9% . _5‘}521 Al Lﬂﬁﬁ%&_ﬁ@_ﬂﬂ/ 6879 fol»ﬁQﬂ('/ﬂA'l?R Tiabl B-8A! . Et hane
conver si on and; ¢ .y.ﬁ:'P u@—&mmmwo_ﬁsﬂ% 9Ta3-5180 | 8.9

WLk gl BioasT2e YhoaeO
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mul ti-stage al ' 1 c8®¥i glur 24l ods af-lvarli ouds.¢ el hti ve
f1 owr at esgand Celnp 16Bofhh| o 128804 Pt 28 React-8f Rdact4lon nhss
Initial feed addltlon feed Configura T ( ©O(ng)N2:02: C21-16 N2: 02 C( %) S(X

-tionscen(sce rT]Example 28: ODHE over NiNbTa Oxide 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 Q). | |
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-

=4




SF300. C52. 90. 32: 0. 0. 8: 0. 42n/ al8. 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 F%ﬁ 98%9%2:
0. 066 0. 42n/ al7. 487. 7 CaseMF1300 C51.60.25: 0.066: 0. 42 MF2300' G148 5:
0.066 MF3300 Gbdodfds5: 0.06632.076.9 SF300 C52.9' 0116:

0.044: 0. 42n/ al6. 5- 90. 8 Case MF1300 C51.60.16: 0.044:0.42 | ACTHSo@aos
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 |V MF2300

C49. 00. 082: 0. 0221 i3 B8 1 300 CR2. 90. 16:
0.044: 0. 208n/ a22. 085. 9 Casearﬁ/lé:m i%%%"&gﬁs%%‘?%?‘ﬁémgﬁ 1 Fopppstiap Wit Bgwe
C49. 00. 16: 0. 044WF3300 C51. 40. 16: 0. 04444. 673. 9 SF300 C52. 90. 082: -
n/ al8. 291. 2 0.022:0T2M82688 0 ws M 082: 22:0.208 MF2300 -
C49. 00. 082: 0. 022 %/FB 300 C51. 40. %%gg"%ﬁ‘éﬁ'g& B> gy °%|§ t, éniyal éftsd041 -
n/al2.189.9 0. d9s Tgizaggn oxygen:ethane), additional feed rates (scom of o

5  mitrogen: ethane), and performance data (conversmn, selectivity) for each of the nine

- different experimental cases shows — for the multi-stage reactor and the single-stage
reactor configurations. These data demonstrate tha%o%crall ethane conversion canbe .
substantially improved (e.g., C of not less than about 30 % C, and rangmg from about |

| 30 % to about 45 %) while maintaining relanvely high ethylene selectmues (e.g.,Sof
10 ot less than about 70 % S, and ranging from about 70 % to about 85 %).
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i ncorporated herein Ry ence, able 29A lists the conmposition and
mass of Ni - Co- 3‘8553%' ﬁﬁbﬁﬂ"&ﬁfg&‘b&‘}deﬁa&lyﬁ%ri ty ethane and 14.4 % 02
in N2 were obtained,from MATHESON, Pure.-N2--was obtained from an-in-house
supply line. After THHMIHEETE REPFedY ¢t aaperss sediodi PRe mpler niglgl angk K0 Mst s, t he
vesselds yve[]ma p ustgk dtovit ioﬂhtiblﬁsh\ﬁr&elj)fﬁﬁﬂ\é@by eiséowi%.?@d&s g',‘d%{ckqlt(ﬁ!ﬁm}tﬁgﬁel sffY\ere
purged. wi th et hane for. another ten nut es. e _conpasition of the effluent
20 from each o e’iaﬁ’éc{r@‘égl?«gﬁ?‘ile‘gﬁgteﬁ@égﬁﬁ‘@?w H90 ghrshhyrbissplaipe Y948y to
ensure that thef cobtlh@heitaestekaliydthtdiadistiiel Wheo REhARolRe SEI®ERL NY. The

02/ N2 m xture was, éh?ne‘g\gﬁ@g .zo thatk t@e reactant flow. rate was 0.524
stern per m nutEPHEY MPRTLTIOCK SR Uphwas prepared by slowly hydrolyzing .

100 mmol niobium ethoxide in an oxalic acid solution (2.7 M) in distilled water at

—
[§
0

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 ul of solution, and the molar

concentrations of the metal ions in each vessel were given by expressions:

_2000-300{i - 1)

Ni], .
[Nil,, 2250 ° v
. 200+ 300{j — 1
20 [CO]i,j = 225(5 ): : V.
50+75(i - )
Nb],, = ——=7
[ ]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, r¢spectively, 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 liquid nitrogen, and then placed

in a high vacuum to vaporize the ice, The resulting dry mixtures were placed in an
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reactant gas conposition was 40.1 % C2Hb, 8.4 % 02 and 51.5 % N2. Gas flow
stabili tygwas rrerrgsured periodically by GC. Two VAR AN 3800, ?l' han@gégas
25 chromat ography were used to detect ethylene in vessel eff_ h of
the three channel s_contai ned 6-i nch HAYESEP col ums, nethani zers, and
f1ane-ioni zat'0%&Btectors. CO C®@, C2H4, and C2HE wer e REBPEPUHEE t O
basel ine in about three m nutes. The responses of the flane ionization 3
detectors and the net hani zers were calibrated using a standard gas m xture
conta|n|n9200 ‘ ggz 6.0 % C2H4, 30 30.0 % C2H6, 4.0 % 02 and
the bal ance N2° Ve&lorgakélﬁ‘i“f(’ﬁr F {5PeRtyEs of hAfven Wasiacreased frasmiroogut t o generate

cal i bration coehpérgimend 520 ReaaraE of VESHRI, )1'1‘%1& m%@f"hﬁ‘?‘* %éggﬂiéﬁggggc y st
300 C, and re rec rri out at psi a abl es

et hane | eg 21all%)g§sr}sr %11% gé‘l”’ iy 9489 8Cc Shrasiesi on -and

et hyl ene sel ectbmpveratyrpwzaehﬁeettlmebyforz‘lgixrs&acghrafﬁw%ﬂaﬂ &imﬁ@c}}{ht nQ2(§h;

m xtures |i I . Tabl o ta corrp05| I on

fractions) of ‘@)er 0“5?(?&@0 gqg ‘fsm‘éf'l'écs“f?‘ ﬁ'ﬁ?)‘feé € p¥pg)and 1 2 3456
7 Mol e Fract i oeréalBamd t@cdﬂbmsaom&mbbﬂaﬂré%%@lk@&ﬂ)&%e@@gﬂﬁ% vigedNi 0 . 840. 76

#4 .11 0. 25- 0. 36
Co0. 10 0.22 N0 30102 MBS Bk ferd. O 7 - 718 0.69 062 (011 0.2

. The catalyst compositions were each contacted with a gas mixture comprised - A-
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 gae 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, mcthanizers, and ﬂame-ionizatior}
detecters. CO, CO,, CoH4, and C;Hg were sei)arated 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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' . 40
NoO. 11 0.06 0.02 M31.4 39.7 49.4 4Ni0 .70 0.61 0.54 0.49 Co00.13 0.28 0

' ' 5N 0 .59 0.51,0 44, |
11 0.06 0.02 M6O.5 43.3 36.0 52.4 51 40, 4 |
8'280Ng8i1208115 0.32 0.44 0.540.62 Nb0.26 0.17 0.11 03968'§1%0R§§56233_?6
336 52.348.9 QNb&WQ#lo'BS 823§ng'38262§04§27cgg'igzoiaz 9 FRIGS®DR40E 18
.17 0.110. 060. . i .7 36.142.162. M 18
ngSBg 2336120}10 0.09 Co00.22 0.44 0:59-0.700. 780. 84 o.g? gﬁougf gbgg 8[36
0.170.110.06 0.02 Mi5.8 46.8 47.3 50. 745. 765. 4 48.5 M 9

9 15.010. 111. 8
00/ 48971 | 2 3456oRvestitaaet e@@fwlereaedmty{ E’%‘%EQ‘E’% %’3’(}%6? N Qrid s e

" 0. 4711.
2o 611 505 216ﬂ% % Et hane conversi on of
79.611.59. 312. 411, 9@% @Té é%ﬁ%%%00104478 Tabl e 29B.

Ni - Co- Nb oxi de catal ysts I|sted |n Tabl e 29A 1234 5 67 Ethylene Sel ectii vi

, %140.7 239. 445,68 23&6 C%él?ysg' composmon (mole fractions) of N1 Co-Nb oxide catalysts and
5  sample mass (mg). : . -

1|2!3|4I's]e|7

Mole Fraction & Sample Massimg

I Ni 0.89
Co | 0.09
Nb | 0.02
M_ 593

2| Ni 0.84 | 0.76
Co 10.101{ 022
Nb | 0.06 | 0.02
M 355 [59.5
3| Ni 0.78 | 0.69 | 0.62
Co 01170250236
Nb {0.11 | 0.06 | 0.02
M {314 {397 {404
4 I Ni 0.70 [ 0.61 | 0.54 [ 0.29
Co 10.13 | 028 {040 | 049
Nb | 0.17 | 0.11 | 0.06 | 0.02
M _ 1505 1433 {360 [524
5| Ni 0.59 1 0.51 | 0.44 | 040 | 0.36
Co 0.15]032 {044 | 054 0.62
Nb [0.26]0.17]0.11 1006 0.02
M _ 169 |48.6 1338 I523 48.9
6| Ni 0.44 1 037 [ 032 | 028 | 0.25 0.22
Co 10.18 | 037 | 0.51 { 0.61 0.69 | 0.76
Nb 1038026017011 0.06 | 0.02
M 1439 1467 1467 [36.i 42.1 [62.9
7| Ni 022 [ 018 | 0.15 ] 0.13 [ 0.11 0.10 | 0.09
Co 1022044059070 0.78 { 0.84 | 0.89
Nb 1056|038 (026017 0.11 ] 0.06 | 0.02
M 458 [46.8 [47.3 [50.7 45.7 1654 |48.5
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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 Table 29C. Ethylene selectivitgfg B%Zéﬁ

oxi de catalysts listed in Table 29A. 5 Exanple 30. ODHE over i de
Cat al ysts. Tabiy® @41 i Sts conposition and mass of N - Co- Ngc@Xisdfigars

bel onging to a second library. Like the bulk sanples described in Exanple
29, the oxide m xtures shown in Table 30A were prepared from aqueous stock
solutions of nickel (Il1) nitrate hexahydrate, cobalt (Il) nitrate

hexahydrat e and TablebBNEHM: convalsivhof NACERYBRIL BaraikOTsRddgs Thiigud 4l di spensi ng

systemwas used to deJTvgr al I ot Of (Ne gauepussStqcK GSOWUILPHS'IntO
vessel s. Water |was separared fromt neEﬁk&hﬂﬁ@asiyg&yopﬂlIILdLIUH ahd -the
resulting dry lleUIe> LS pracedy T arrjoven tproxrdijze-therretat '
precursors in LiJI ugnltﬁ(-;j W gy et tenperature=tire—ptjoft+te geseribpd i_h-
Exanpl e 29. Th aﬁluu SIOET e ATguy with spattha—te—¢rsure
consistent bul K d%.a. Y7 2 Vi e Lﬂl va|Uﬁ rd ot—catratyte ﬁcrforTance by
contacti ng eacltsanpt ,vfgﬁ € :gne I thn 'li parat-el+-ed—Pped
reactor. Reactifen §6ﬂ1| FORS gése . J“r % $peys dsedtolevalual e the’

m xed oxi des sHewrfinl e o lodld or | didopl JOH & H 107, OB e '30C

| i st ethane cor¥eﬁ%¥eq—;¥%_eLﬁgiena:ggLef*1f2f ‘éiﬂan el y,

for each of the Ni-Co-Nb oxide mxtures listed in Table 30A to 21 August

2003 WO 00/ 4897 IrableBoUISRRY 104 d8:TaPoaNi IAND SaddakBlsts(RIBASTitdI A, ol e
fractions) for [Nir-Co-ND QXT € CAt al YSBS gnd 4 Safipl & mgsS, g~ M™ \@g) 1234 56
0o

=) ~re

JMol e Fraction j& Sanpfe WHSS, g~ - & 0. 070-650.

Co0. 030. 060, 09G—126- 15"50—q‘|77—mbu. 230 ’Z‘Sﬁﬁﬁjafr((‘iﬁzaféto 4‘?:. 2GS —F

.43. 847. 245. 844-065p—+% "lgd'u" 69518’30 710640 67-6F5-Cot 636067 D~ +66—1£0. 15,
0. 18 Nb0. 210. 206- %‘,C. 1 9; oG B0 Mgt 3‘%‘/'64 448542043 64F+1

3Ni 0. 790. 760. 736—Ft6-49 + : :

30.6 30.5 38.9 353 | 326 33.2 37.4

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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: .070. 100. 130. 160. 18 Nb0. 180. 170-170. 160. 160. 15

%g 222 747.746. 050. 446: 9 4N 0. 810. 790. 760. 73: 0. 7.-1 0. 69 21 August 2003
Co0. 040.-070. 100. 13' 0. 160. 19 NbO0. 140. 140. 140. 130. 130. 13 b oxi de
MA2. 841. 444. 642w84d4pA3. 1 Tabl e 30B. Ethane conversion of !;é’é’gf%sgmgs
m xtures |isted in Table 30A. 1 23 i 4. Ethane Conversion, 16 915, 415, 5

16.416. 813.613.3 113 5 221. .416.219.515.914.614 9 . 322.715.7 > f .
115 0 417.314.015.614.513.9. 15.0 5 Tabl e 30C. Et hyl ene sel Iect fvity o
Ni - Co- Nb oxi de nixbles@s Citgjseor PSITafbénwé@a%uods)% ﬁhé g%axi 06 calalysts angs
Sel ectivity, % 16@nf¥Rast50 % am).745. 844 0 266 /
64.871.761.8. 60.855. 75A3[ 2 [ 3 | a | 5 |

‘ - Mole Fraction&SampleMass, mg

I} Ni 0.73 | 0.71 | 0.69 | 0.67 | 0.65 [ 0.63
Co [0.03]006(009]012]0.15]0.17
Nb 1023023022021 [021(0.20
M_ 1437 458 472 [45.8 |44.0 |so.1
2| Ni "£076 1073 [0.71 [0.60 | 0.67 | p.65
Co |0.03(0.07 |010]0.13}0.15]0.18
Nb §021 {020 ]019]0.19]0.18 ] 0.18
M 443 (440 [485 1429 {436 47
3] Ni 0.79 {076 [ 0.73 { 0.71 | 0.69 | 0.67
Co 10.0410.070.0]0.13 016018
Nb |0.18]0.17 | 0.17 | 0.16 | 0.16 0.15
M J43.1 |44.7 477 {46.0 |504 l46.9
4 1 Ni 081 1079 {076 |0.73 0.71 | 0.69
Co {0.04]0.07|0.10]0.137| 0.16 | 0.19
Nb 101410141014 013]0.13]0.13
M 428 (414 446 (428 445 43.1

Table 30B. Ethane conversion of Ni-Co-Nb oxide mixtures listed in Table 30A.

t I 2 T 35 1T % T 35 1 3
Ethane Conversion, %
1 22.8 16.4 16.8 " 13.6 13.3 13.5
2 214 16.2 19.5 15,9 14.6 149
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 | 3 | 4 I 5 [ 6
Ethylene Selectivity, %
l 62.2 70.1 56.4 527 458 44.0
2 66.3 69.8 66.1 61.5 50.1 46.3
3 64.8 71.7 61.8 . 60.8 55.7 52.3
4 63.8 69.6 59.8 - 57.0 513 48.0

.Example 31. ODHE over NiCoNb Oxide Catalysts.
Table 31A lists composition and mass of Ni-Co-Nb oxides beldnging to‘a third
16 library. Like the bulk samples described in Example 29, the oxide mixtures shown in
Table 31A were prepared from aqueous stock-so!utions of nickel (11} nitrate
hexahydrate, cobalt (II) nitrate hexahydraté and niobium (V) oxalate, A CAVRO
' automated liquid dispensing system was used to deliver aliquots of the aqueous stock -

13(



463 . 8 .69.659.857.0'51.3 .48.0 Exanple 31. ODHE over N CoNb Oxide

Catal ysts. Table 31A |ists conposition and mass of Ni - Co- Nb 05 ﬂ %p@ g)ngl ng
to a third 10 l'ibrary. Like the bulk sanples described in Exa 8

oxi de mixtures_shown.in Table 3 1 A were prepared from aqu

sol utions of ni“v(%&[f”’(ll ) nitrate hexahydr ate, cobalt (I1) %{%%';%g@%?ﬁk
hexahydrat e and ni obi.um (V) oxal ate.- A CAVRO automated |iquid di spensing:
system was used to deliver ali quots of the aqueous stock 1 6 12)( 21 August
2003 WO 0014897150F§Ix{sl1§9%]s9447@’3&9&/&?&%& b ERRANS by\/@é 1120860, afPar at ed
fromthe nixture$ b leatlon e resultingd mxtures wer e
pl aced in an ovetke teﬁﬂlfmgldw mixturbewerg plapedrin awovesde axiflize tf&e%ﬂ@am@oww h the
terper at ur o~ i e, LoLL 6iufls Gl A EXRM Sedfled Eexdih oo oniEths ver e
ground with a spatu a to ensure consistent bul k densit and were

eval uated for casaiples were proundwith nseatilntoGRRES eapsisisnt it %&E‘ﬁ“@@rrpl e Wth
ethane and oxydgnney B BRnAld Rtohiaednsh Eﬁ%ﬂcmﬁé&ﬁ%hﬁﬁlcm%héns
were the same as ose used to eval uate e m xed oxi des shown in Table
29A of Exanpl e 291(1OwépltaParfﬁlalﬁiteﬁéBC}@a‘é?faﬁtea@Q\ﬁP’Fda‘E@sme@e%%cm per

m nute per vessely,.[ahlieediBedtmixtdBliesIhovn ﬁ%ﬁle@bhﬂxﬁﬁﬂ%@@sé&&tand
ethyl ene selectivity at 300 C, respectively, for 10 each of the N -Co Nb
oxi de m xtures | Petteareactantiiy eatearss 1.048 soom pygrindte parOsssplo TyluEBrpd

PCT/ US00/ 04478 T%m&:%%ﬁ eﬁ%t: @J}rb(éltmoﬁgl‘i@&ﬁ};léde%@leétmb%t o0t r@pictiebiyNor Co- Nb
oxi de catal ysts and sanple nass 31A, PartA - 234 Mle
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M45.
MAO.
NbO.
CoO.
CoO0.
CoO.
CoO.
NbO.
Tabl

| ' 150. 15
6 2Ni 0. 850. 840. 830. 82 C0. 000. 010. 020. 03 NbO. 150. 150.
540.340.141.0 3N 0. 810. 810. 800. 79 C00. 000. 010.020. 03~ , 0.
190.18. . 0. 180. 18 NB9. 243. 841. 641. 6 4Ni 0. 790. 780. 770. 77
000. 010. 02, 03 Nb0. 210. 210. 210. 21 M40. 140. 039. 242. 7 5Ni 0. 760. 750. 750. 74
000. 010. 020" V3“Kb. 240. 240. 240. 24 MB9. 340. 940. 939, 9 6Ni ®CTARAs 720. 72
000. 010. 020. 02 NbO. 270. 260. 260. 26 M42. 740. 341. 640. 3 7Ni 0. 710. 700. 700. 69
000. 010. 020. 02 NbO. 290. 290. 290. 28 M2, 041, 743. 646. 3 BN 0,69 C00. 00
31 2.5 SNBSS R0, A0, M 33 M i 2 9 , 2003, 40 001
e 31A, Partsaﬁppcg@g,“ losiiy _ | |

Part A~ '

. Table31A - N
1 | 2 I 3 | 4
Mole Fraction & Sample Mass, mg
1] Ni 1.00 .
Co 0.00 .
Nb 0.00 i
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
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-Nb0. 35 MA1.4 11N 0.63 Co.0.00 Nb0.37 M40 9 . 12N 0.61 Co0.00 NbO.39 M40.0
13Ni 0. 59 Co0. 00 NbO.41 M41.8 14N 0.58 Co0.00 M0. 42 MO.9 15%|i 2‘856 @% .00
Nb0. 44 M41.2 16Ni 0.55 Co0.00 Nb0.45 MA1.8 17Ni 0.54 Co0.00 NbO. SNkt

18Ni 0. 52 C00. ORohpikoA8 MA0. 8 19N 0.50 Co . 0.00 PCE/US00/04478

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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NbO. 50. M41.5 PCT/iJSO0l 04478 154 21 August 2003 WO 00/48971 PCT/ US00/ 04478
Tabl e315. Et hane conversion of -Ni - Co- Nb oxi de catalysts IisthAi n Tg@ke 31
A 134 -1 "3 Ethane Conversion, %9 2. 7.87.87.6 8.3 3'10. 09/ 7856487 7-

. 09.611.0 89.8

410. 011. 99. 811wB.004me. 911. 210. 411. 4 69.710.99.4X 11.0 78.7
08.1 107.2 116.5 125.7 135.9 145.5 155.5 164.3 174.5 184.4 US00/4428 1

August 2003 WO 00/48971 1234 Ethyl ene- Selectivity, %

Table 3 IB. Ethané conversion of Ni-Co-Nb oxide catalysts listed in Table 31 A.

1 | 2 | 3 | 4 :
Ethane Conversion, %

1| 39 G
2 8.3 73 78 76
3 10.0 9.7 9.6 107
4 10.0 11.9 9.8 113
5 10.0 112 104 114
6 9.7 100 94 35110
7 8.7 10.0 9.6 | 11.0
8 038
9 8.1
10 7.2
11 6.5
12 5.7
13 50
14 55
15 55
16 2.3
17 4.5
18 44
19 32
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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 §€ﬁ %3
1070.0 1170.0 1270.0 1364.5 1470.4 1572.5 1672.2 1773.1 1868

Exanpl e 32. Obbiospséet Ni CONb Oxi de Catal ysts. 66 bul k sanpl ggy. 00 !(47500 Nb
oxide m xtures were prepared and tested. The 5 conpositions o e oxide
m xtures, which are listed in Table 32A; enconpassed a full range -of
ternary mxtures. Like the bulk sanples described in Exanple 29, the oxide
m xtures shown FableBa0) Bth Ryt PityedtNi&th-Nb ORHASHAUSHE LG SRI344i ons of
nickel (11) nif{ratg hexghydrpte, acobalt (T4) nijrrarg nexeiih rate and

ni obi um (V) okal atje. —A"CAVRO gL AHBEEIg[Wh 0 0T SpersTny system was_used

to deliver ali UqES TP T rhg—agueous st o bUI utToms—+mjo vessels. The
sanpl es were | yogfy '69315‘ . L,dakf.;ﬁgugu' ad éguzuu:: . "gf:"i rr:o:lnﬂr simlar.to the

m xed oxides s TOWIT {117 I4:|.IUI 5 43@5'v7f Fx 1||F§7rﬁ 29~
catal ytic perfmmggiy—tmqtﬁ"‘ . rpt

apd—were] eval uat ed- for
Wt —hane and oxygen in
a paral l el fixpdzbgd—reactot ne same as those
used to eval ua cﬁtlc Q.E'f(ed opt —of—Fxanple 31. 15 '
Tabl es 32B andiSz€ i ethape ¢ 5+gt HenSd3ne ob ectivity at 300
C, respectivepy—Her 2,1ch AN 3061'9 oxide #%turek listed in Table
32A- PCT/ US00/ padzdTot e 21l G Ethyl bne sel ectlivi ty of Nf - Co- Nb oxi de
catal ysts |ist 3d1_9;j —ole 3HA—131021 August .2003 W0_00f 48971
PCT/ USO0/ 04478 T 0.0
12 70.0
13 64.5
14 | 704 e
15 2.5
16 72.2
17 73.1
18 68.0
19 74.7

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 in a parallel 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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Tabl e 32A. Catal yst conpositions (nole fractions) of N -Co-Nb oxide

32A, Part A1 1 N_,1,00 4 IeF
catalyts and- sanple mass, "M (ng) Table
5 16T, 8 raction & Sanple Mass, mg 9 1 10 1J 11 Co 0.00 NB! "8

NiO O 8080 ..0.80
Ni 0. 900. 90 Co NbO. 100. 00 M29. 531.0 3
Co0. 000. 100. 28\?&’8@188%780 100. 00 M24.624.534.4 4NNO O 7070 . .BCTAGO0/0ADrs

Co0. 000. 100. 200. 30 NpO. 300. 200. 100. 00 M26.4' 37.030.329.9 5N 0 60
. 0.600. 600. 600. 60

Table 32A. Catalyst compositions (mole fmcttons) of Ni-Co-Nb oxide catalyts and
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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Co0. 000. 100. 200. 300. 40 NnO. 400. 300. 200. 100. 00 M33. 134.435.538.831.4 6N 0O O
50 .. 500. 500. 500. 500. 50 Co0. 000. 100. 200. 300. 400. 50 6ugust2003

NbO. 500 400. 300. 200. 100. 00 MB4. 4. 32. 730. 839. 430. 435. 5 7Ni O 0 4

.. 400. 400. 400w4fdudeD. 40 Co0. 000. 100. 200. 300. 400. 500. 60 1’5%@“%"44’3

NbO. 600. 500. 400. 300. 200. 100. 00 M34. 637. 530. 130. 434. 332. 330. 0

. 0. 300. 300. 300. 300. 300. 300. 30 Co0. 000..1600. 200. 300. 400. 500. 600.-70 .

NbO. 700. 600. 500. 400. 300. 200. 100. 00 M42. 732. 935. 729. 528. 636. 838. 426. 9 Ni 0 0
20 .. 200. 200. 208bl28m,228.8200. 200. 20 Co0. 000. 10 . 0.200.300 0 0 0 80 40506070

o. . . .. 104 Ni 0.10] 0.10{ 0.10] 0.10{ 0.10} 0.10 { 0.10 | 0.10 | 0.10 | 0.10
) Co| 0.00] 0.10{ 0.20 0.30] 0.40] 0.50 | 0.60 | 0.70 | 0.80 0.90
-Nb| 0.90) 0.80| 0.70] 0.60} 0.50| 0.40 0.30 | 0.20 | 0.10 | 0.00
M | 344 33.2| 534| 32.7] 28.8! 25.0 [ 22.8 | 356 | 31.0 | 25.6 -

11| Ni{ 0.00{ 0.00| 0.00{ 0.00{ 0.00[ 0.00 | 0.00 | 0.00 [ 0.00 0.00 | 0.00
Cof 0.00f 0.10f 0.26} 0.30| 0.40{ 0.50 | 0.60 | 0.70 | 0.80 | 0.90 .1.00
Nb} 1.00] 0.90| 0.80| 0.70} 0.60| 0.50 | 0.40 | 0.30 | 0.20 0.10 | 0.00 -
M | 36.6] 31.0f 38.7} 32.0{ 45.2] 35.1 {:41:0 | 370 | 29.1 | 206 29.0

Table 32B. Ethane conversion of Ni-Co-Nb oxide catalsyts listed in Table 32A. .

l|2[3[4[5!6|7l8|9|10[11‘
Ethane Conversion, %

29 -
54 1 1.1
74 | 19 8.3
72 1113 | 8.6 3.8
56 1102 { 94 | 85 | 8.1
341 93 8.5 86 | 7.8 | 8.1
12 | 1.7 84 1 84 | 8.6 | 8.9 {101
03 | 42 8.7 86 | 84 | 97 | 82 [ 8.1
03 150 | 5.5 9.1 72 | 74 | 73 [ 7.8 | 69
0.2 1.2 15 1 73 1 72 | 73 | 77 1 82 | 84 | 97
0.1 14 | 22 |1 30 | 6.1 6.3 6.7 1 6.7 | 8.6 66! 6.7

—|a{eleeljou|hiuw]bo|—

Table 32C. Ethylene selectivity of Ni-Co-Nb oxide catalysts listed in Table 32A.
1[2{.3|4]5|6|7|3|9|1o|11
Ethylene Selectivity, %

21.0
62.9 (338 | .
66.9 1565 |36.8
73.6_65.1. |449 |27.9
78.9 153.0 147.5 [404 [31.8
77.6 1502 {38.8 140.4 |359 |30.
79.7 1469 |35.0 {33.5 [34.7 [34.2 | 247
79.0 1457 1342 1299 1303 [28.1 {362 |32.7
803 | 33 321 244 129.1 1316 {352 [346 |346
734 |58.6 |513 |214 [264 {274 [329 [357 {345 |294
41.8 1279 (285 [234 [19.8 {225 |225 |221 |17.1 1195 |175

:8\000'-40‘\'-11-#0’?‘3"‘
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Nb ' 0. 800. 700. 600.500 0 0 10 000 403020 0 . . . M
35. 340. 730. 833. 231. 230.333.0 29.6 40 7 5. 137 21 August 2003, Y0, 90448971
Tabl e* 32A, Part B PCT/u300/0447800 100, 100, 10

10Ni 0. 100. 100. 100. 10. 0. 100. 100. 100. 100. 100.
cgo.ooo.100.2669%%@?&00.500.600.700.800.90- PCT/US00/04478

Nb0. 900. 800. 700. 600. 500. 400. 300. 200.100: 00

MB4. 433. 253. 432. 728. 825. 022. 835. 631. 025. 6

11Ni 0. 000. 000. 000. 000. 000. Q00. 006. - 00. 000. 000. 00

b2 000, 900, 800" 00" &0 B0 446 OB B St vas. 631 0ss. 732. 045 2.
35. 1y41:: 0|37 . 029. _}_29‘3512930 lifta lobrepB3ZiBn mﬂmagef%gsﬂﬁlﬁlﬂbsaki?& lgzoﬁﬂé}neg‘ga Nb oxi de
Sl 21:? Yot yl, S:[%ef%Zl 0 2%%@8“&%“5%%‘1?3% g”h%"@%?sz%‘%ﬁ&x’é??m@m% 78.9
_ shown in Table 33A were prepared from 1. 0 M nickel (II) nitrate hexahydrate, 1.0 M
5 cobalt (II) nitrate hexahydrate and 1.0 M mobxum (V) oxalate aqueous stock
solutions. A CAVRO automated liquid d!SanSIDg system was used to deliver _
aliquots of the aqueous stock solutions into vessels. Each vessel contained about 1 9‘ _
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
10 inwater) was added to each of the solutions resulting in a solid precipitate. The solid
o 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 Table
33 C list ethane conversion and ethylene selectivity at 300 °C, respectively, for each

20  ofthe Ni-Co-Nb oxide mixtures listed in Table 33A.
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53.0 47.5 40.4 31.8 30.1 677.650. 238. 840.435.9

779.746. 935. 033. 534. 734. 224. 7 879. 045. 734. 229. 930. 328. 136. 2331 Ku s£2003

980. 33. 332.124. 429. 131. 635. 234. 634. 6 - &

1073. 458. 651. 3W0.002871427. 432. 935. 734.929. 4 PCT/USU0/04478

1141. 827.928. 523. 419. 822. 522. 522. 117:1°119.517.5 123456 7 8 91011 1 Ethane
Conversion, %22.9 5.4 7.1 37.47.98..3.- 47.211. 38.68.8 55.610.29.48.58.1 - .
63.49.38.58.67.88.1 71:27.78.48.48.68.910.1 80. 34.28. 78.68.49.78.28.1

90. 315. 05. 59. 1774 38R, Tatafysteoshpbiti6n @ol@fka&ionyofNi-CANS 6xif8 cAByddmd L

110. 11. 42. 23. O6sample3@ss 6m7 8nH6. 66. 7 ‘Tabl e 32C. Et hyl ene sel ec{’i vity of

Ni - Co- Nb oxi dejcatal ypts I]i szt el isn [Tabl'§ 3ZA] gl "M ZITAGURt 2003 WO
00148971 - PCT|USO0/ OF478 ExaipleFrietiod BdanpleViadl g0 Ok dp Catal ysts.

Tabl e -33A |i st $ 1dopophighdn an@ masg of JN—-Cp—No o onging to a
fourth libraryl] Uike [ beolul k sanplies deéscri ped i 29, the oxide
m xtures sho IInNBapbeo 33A were prepafed ffom 1. el . (11) -nitrate
hexahydrate, 1]0 iMi5 falgalit (1]) niftrat ¢ hexphydr 0 M ni obi um (V).
oxal at e aq'ueougzstNICk 089U ag0NS. A CAVRO auf %ubﬁt_ gl di spensing

system was usef tlacde] bwer 0.04 i :
: Nb | 0.08 | 0.00 - - .
m  |36.6 {347 - -

3[Ni | 0850388092
Co ]0.00 | 0.04 | 0.08
Nb | 0.15 | 0.08 | 0.00
m  [37.2 [339 [34.1
4| Ni [077]081084] 088
Co |0.00}004] 008|012
Nb | 0.23 | 0.16 | 0.08 | 0.00
m_ {408 358 |35.8 |22
S| Ni [0.70] 0731076 [ 0.80 | 0.83
Co |0.00[004]008]012]017
Nb {030 02310.16 | 0.09 | 0.00
m  |333 [383 |46.8 |45.9 202
6| Ni |0.63)065]068(071]075] 078
Co }0.00[004]008|012]017]022
Nb | 037]031]024)0.17] 009 | 0.00
m_|37.0 {324 137.7 1324 (485 |43.0
7|Ni |055[058]060]063]066]069] 073
Co | 0.00)|004|008]{012] 0160221027
Nb | 045|039 032025} 0.18 | 0.09 | 0.00
m {489 [383 1302 [324 [325 1406 [|36.9
8| Ni ;048]050] 052055057 [060] 063|067
Co | 0.00 {004} 007|012} 016 | 021 | 027 | 0.33
Nb | 0.52 | 046 | 0.40 | 033 { 026 |{ 0.18 | 0.10 | 0.00
m 4.5 |36.8 [35.8 [283 [37.1 [34.5 1381 l404
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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 neEﬂk‘%i?q L.SOrs
were Separated from the aqueous phase by precipitation. One Ut Affrtoni um
hydr oxi de (28%weuwgeiia 10 in water) was added to each of the sol utions
resulting in a solid precipitate. The solid precipitate ma§n§§ﬁﬂﬁﬁﬁed from
t he agqueous 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 hoUsble BBJ HHQH kS i p_agcordance wi.th the
tenperature-ti prjot 11 & esgrrﬁggéfﬁigﬂzﬁﬁﬁg%f@?ﬁq$'“ 2 : er e
ground 15 with}a sgatura to ensure—congtstent buPk < 4ify, ahd ré |
eval uated for- Fayalfyrjg—performanee— B @nfact i ng_each sanple jwith
et hane and oxyges i tattet—ixedrbed repctor IReactilon conditiong
were the sane ES3THOSE;US d450 &gua-e—lhn Lxed @xides_shown {n Tablje 3
1A of Exanpl e BI;—fati=—358 o e 33 C lilst ethane conversioh and | .
ethyl ene sel ecHyiy-—364 & sgéei vy Kor eath_ 20 Jof the| N - Co{Nb
oxi de mi xt ur esrHESTerEiAF Bile- 23021 o 6 Allg) 665 2003 WO 007 489]1
PCT/ US00/ 0447 §~Tabie; S3A-—catal 12.20ah o8 i ¥ B8l & fZactfi on) of N -Th- Nb
oxi de cat al ysts—;—nﬁl~' n s d &t miORy) |1 84 4]5@.08 | Mbke Fractign
&Sanpl e Mass, rehi-2bolcd3d o Mhb ob BE1 d 28170, 920.96 [CoRo00D. B4

Nb0. 080. 00 nB6.634. 7 3Ni 0. 850. 880. 92 Co0. 000. 040. 08 NbO0. 150. 080.°00

nB7.233.934. 1 ANbR 33T EiBAhe84E88y of Ni-Co-Nb oxide catalysts listed in Table 33A.

1]2|3l~4|5|6|‘7|‘8
Ethylene Selectivity, %

f
LD

=)

$ITY

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 Cﬁtalysts: 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 optimized Mo-V-Nb catalyst. The
catalysts were evatuated in a parallel fixed bed reactor at temperatures ranging from ‘
250 °Cto 350 °C. 'The Ni_—Nb catalysts were tested at two different sample masses,

_15 while the Mo-V-Nb catalyst was tested at three different sample masses. 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, 72.2mg) 210,212, 214. Ethylene

20 selectivity curves are shown for Nig 6;Nbq37 (10.0 mg, 37.0 mg) 216, 218: Nio,ﬁmw
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Co0. 000. 040. 080. 12 NbO. 230. 160. 080. 00 n¥0. 835. 835.842.2

5Ni 0. 700. 730. 760. 800. 83 Co0. 000. 040. 080. 120. 17 Nb0. 300. 230. 199A090f 56%3

i n33. 338. 346. 845. 920. 2 6Ni 0. 630. 650. 680. 710. 750. 78

Co0. 000. 040. 0800 4@4397470. 22 Nb0. 370. 310. 240. 170. 090. 00 PCT/US00/04478

nB7.032. 437. 732. 448. 543. 0 7Ni 0. 550. 580.-600. 630. 660. 690. 73 -

Co0. 000. 040. 080. 120. 160. 220. 27 Nb0. 450.390. 320. 250. 180. 090. 00

nd8. 938. 330. 232. 432. 540. 636. 9 8Ni 0. 480. 500. 520. 550. 570. 600. 630. 67

Co0. 000. 040. 070162 mg48.8ng) 220, 277238 MdbV-16202 4 6fE, 2D0m3,32.26§). 22822500. 00

M41l. 536. 835. 82 37.134.538.140.4 IL I D 21 August 2003 WO 00148971

PCT/ US00/ 04478 "Tabl e33B. Eth ane conver sion of Ni- Co-Nb oxide catal yst s

listed in Tabl e 33AFig. 323&85‘&6376&3116'@:1\@@1#@:1 emgbmkmm as Yfifactbn o 4 S 610

13 oxygen content of the reactor feed for the two Ni-Nb catalysts and the optimized Mo-

5  V-Nb catalyst. The catalysts were evaluated in the parallel fixed bed reactor at 300

°C. Asin Fig. 3A, the Ni-Nb catalysts were tested at two different sample masses,
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 o0
reactant feed was comprised of 0 % to 21 % O, 51.5 % N», and the balance C,H;.

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; 3Cillustrates ethane conversion and ethylene selectivity as a function of
the amount of oxygen in the reactor feed for four catalysts shown in Table 33 A that
contain small amounts of CObElt—-—Nio_g;COomNbuJ5, Nig 65C00.04Nbg 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

20  catalysts were evaluated in the parallel fixed bed reactor at 300 °C. The Ni-Co-Nb
catalysts were each tested 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 CyH¢. 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 60C00.0sNbo 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 Nig giC0o.04Nbg i
(35.8 mg) 416; Nig.65C0p.04NbDo 31 (32.4 mg) 418; Nig 53C0004Nbo 39 (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.

id=



01 7..12.910.87.2 8 Table33C. Ethylene selectivity of N -Co-Nb oxide
catalysts listed in Table 33A. 134 5 6 78 116. 7Et hyl ene Sel egf‘iALvi t¥200§74 32
90 ..- S81 84 3 ..174.358.431. 7 685.372.479.266. 752A29. 8 ugus

785. 775. 968. 5590 e 37. 827 2 878.376.7.56.952.950.836.3. 31.5 29.3 5
Exanpl e 34. ODHE over N1Nb and Ni CoNb Oxi de Catal ysts: Eff8ETUgRganmpl e
Mass, Reaction Tenperature and Oxygen Content of Reactor Feed on Ethane
Conversion and Selectivity; Conparison with Optim zed M-V-Nb Oxi de
Catalyst 10 Fig 3A illustrates eth .ane conversion and ethyl ene selectivity
as a function d&xampkast i GDHERENNYT® G804 EXQ{ gt the catalysts in Table
33A of Exanple 33 - a@ile% g\t?;ll.\lba. 37 and N ossN 0.45--as wel | as an optim zed
Mb- V- Nb cat al.yst.. TR P éﬁ%@?@“ﬁé?@“émﬁ&fé@muimmmaﬂﬂbﬁhefiﬂr@&?d bed -

reactor at tenfibe etidemixtrangira geldciedWhsed SPHEnfi Qg The, Ni - Nb catal ysts
were tested at - iuo,different sanple rrasse.sfc':p15mgg%e§intgﬁe “Rﬁfl-h?}i"?\ﬂ cat al yst
was tested at AT e dirrET eRePaehioma | fad sikel (IReiteteesahydiryo.7Eie was 1. 048

sccm per ni Aut Biopiam (Vpaxdiane, V8T @dntabSPoHl46) and & .eactant gas was
conprised of 4Q,% % G2H6, 8,4:% Oz and BT, SM%LQ?%%%%“WV@H %Yh curves

automated liquid di3pcgsipg system was used to deliver
aliquots of ﬂw aqueous stock solutions into vessels, Water was separated from t]'-le'
mixtures by lyophilization, and the resulting dry mixtures were placed in an oven io
oxidize the metal Precursors in accordance with the temperature-time profile
10 described in Example 29. The bulk samples were ground with a spatula to ensure
""consistent bulk density, and were evaluat‘ed:fqr pataiytic performance in ODHE by
contacting each sample with ethane and o'xy"geh in the parallel fixed bed reactor.
Reactant flow rate was 1.048 scem per minute per reactor vessel (sample), and the
reactant gas was compr‘ised 0f 40.1 % CyH;, 8.4 % O, and 51.5 % Nj. Tablés 358
15 and 35C list ethane conversion and ethylene selectivity at 300 °C, respectively, for
each of the Ni-Nb-Ta-K oxide mixtures listed in Table 35A.
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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 ng) 206, 208; and Mb-V-Nb (12.3 ng, 23.4 ng, 72.2 gg% 219 0 12,
214. Ethylene 20 sel ectivity curves are shown for Nio. 63Nbo, 37 {46 ¢ ﬁrg
37.0 ny) 216woddasenNi 0. SSNb0. 45 tt# 21 August 2003 WO 00 bo/04478

PCT/ USO0/ 04478 (16.4 ng, X18.9 ng) 220, 222; and Md-V-Nb (12.3 ng, 23.4 ny,
72.2-ny) 224, 226, 228. Fig. 3B illustrates ethane conversion and ethyl ene

selectivity as a function of

two Ni-Nb cat hnsisa. abdaiidieo jtibh ¢ Reten)\ 6 NR-MRTRK R ¢ lysts
wer e eval uat Eﬁxﬂpﬂblhm,‘m&?@{gbfgir&fi xglgdbed re)act or atgg()o%td&c;‘%gsﬁg%; ig. 3A
the Ni-No cafal ysTs] wefeé T[esigd pr gwo [arfferemt sbdlllpi T TEySeS; nd the
M- V- Nb catal yst .waf Tested al WNaF.dik Etaile RAlPLs masses—ha—l | cases,
reactant fl opfjTTagE 5383720 SCa[T_per—frutepet & sanpl e)
The reactant fie 14B0pr i sed| of 0 ql@to 211% 02, 1. ng the’
bal ance C2H6] 10ttthaggsgiqnversipn curyes are|shown ffor N §. 63Nb0OB7 (10.0 -
nmg, 37.0 no)f 302 3044 goddi|o- 55Nbp. 4s (16.4 ngy 48.9 ng) 304, 308;jand
Mb-V-Nb (12.B MO 2 37 Y. 72.2 pg) 3310, 312{,314. |[Ethylefpe seleftivity
curves are STHWT f Ee 10 3IES T (00 To 371136338+ N-0oE5Nbo. 45
(16.4 ng, 48} 91 )312842,q s904)] M- V-Ib (12.8 ng, 23.4 rr% 722 mg)
324.,' 326, 3p8. Fi@m Ci lgg T at es |et hane} conver{si on and .et hy| ene
selectivity ps|a ncd‘b‘w% 0&00@ amount of oxygen i|n the fjeactor| feed for
four catal ysfis|s 4, Tdbjee 33A that | contaln smalfl anounts of
cobal t- N 0, 8fiCy "5‘§, roiisggp""wgg & NbO31 1 N-o—-5gC608—64MNb0—39-fand
Ni 0. 60Co0. 08Nb{. 3. $%7639MRaF, S, .)gbg 3C al so shgws et hane conpersion
and et hyl ene] s¢l gctj Vd% 1foro'0 qp% 'Ogi zed Mo}l V-Nb datalyst. The RO
catal ysts wef e]eyalluafggd iln, Flpad 0bel"-'fixeal bed rjeactor|at 300 C. The
Ni - Co-Nb calalygts g»g.ye ea_,,%lb es&' af one spnpl e rass, apd the - V- Nb
catal yst wasiFeSEY~ @oeb il Beosi F fisnt Saap B ressys—H—pH—scases,
reactant flow f '2§5( ) r % Qg £ per reactor vessel| (sanple).
The reactant] f ¢ ) ofo‘ﬁzo/ot ) Do 02, [51.5 %9 N2, and the
bal ance C2H6} E %SC '4(;; a % pwn forl 25 N D. s1Cod. 04Nbo. 16
(35.8 ng) 40p; 13 '4‘461&? 4D4; Ni @38Co0- paNbo3g (38.3
ng) 406; N oD W55 95,. d No—12—-3—+g—23. 4 .ny,
72.2m-,) 410} 4 eloé@é i e shown for
Ni 0. 81Co00. 04Nb0. 6;, |3ZN 31 (32.4 ng)- 418;
Ni 033Co0. 04Np0 8% { (30.2 pg) 423, and
Mb-V-Nb (12.1 ir) 8. rya| 21 Audust 2003
WO 00/ 48971 ¢ 0.6335 0 E25a

0.123] 0.1235

0.1252 0.2511

0.1283 0.0000

36.1 393

7 0.6318 0.6338 | 0.6345

0.0680 0.0683 | 0.0683

0.1268 0.2545! 0.2972

0.1733 | 0.0435| 0.0000

38.8 429 43.9
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PCT/ USO0/ 04478 Exanpl e 35. ODHE over N NbTaK Oxi de Catal ysts. Table 35A

| ists conposition and-mass of a focused N -Nb-Ta-K oxide |Ib5fil’¥ o 2‘%@

oxi de'm-xtures were sel ected based on the primary' screening res%}H

in Table 36Cvwpeyueie prepared from1.0 Mnickel (H nitrate hexahydrate
0.70 M5 niobium (V) oxalate, 0.87 Mtantal um oxal ate and ECWSQ‘MW@& assium
nitr ate aqueous stock solutions. A CAVRO automated |iquid dispensing

system was used to deliver aliquots of the aqueous stock solutions into
|yOphI|I2atI0n and the

vessel s. vgter'Mmﬁ3gﬁpB&éﬁ@QmLéQaL&HFJQﬂh%kUfeS o N
resulftin r 5, VETE € a
precurso?s | % acco uausulw V\ln t It:"??‘.erteein ,_lainr‘in tilne 5Drof| | e610 ¢flescribdd in
Exanpl e 29. Theurk e s—wer ﬂrnﬁpm%ﬁ:‘?m’efams&atul a to ensure -
“consi st ent bulbkk—ehsi ESV dnd_werd eval ualed forlcatal ytii c perftprrancejin:

ODHE by cont geting § arrg,‘?n Lth et hane and)oxygen|in the parafi
t-oF at2$ ] ouw r 8Be 1. 048 sccm per m nufe per

fi xed bed reagtgr——H&act P T
react or v'essel—gsﬂ@ﬁ%,—%prﬂﬂhp r&dct ant 7das Was comprised of 20T 4o '
C2H6, - 8. 4. % 03—gnd-53:05 04 NZ*4 Tall ef1350 186.land| 386 11 ${ etha si on
and et hyl ene fekeeuw;_ﬂipect isMelfy| Bar — eaggs of rhe A

Ni - Nb- Ta- K oxied—nixPdrest) %% ed i n2.Tablle 23A. | @3 21 AURTST AUS“E W

00/ 48971 Tabl e 35A. Cat al yst conposi tion (nmole fractron)y of =N~ K
oxi de cat al yst Famvhc. SaRR . / US00/ 04478 1 234 5 67 Mol e
Fraction & Sanmoecwass ng 1N| 8 g%%& !\Ilﬁlg?%{lfff%;%a. leidistedan Dado3vBe. 7

Cl
D=
A

2N 0. 59100. SOLR~NRD" 5;89U J‘iﬁﬁ TSEC ;\%m:r_nﬂm KO.Q4050 0000 MB5. 438. 4
3N 0. 50850 59b10. 4997 N0 27900 1706} 2o %a0 104030 08026, 1244 _7
KO. 08210. 0411P90qO=~ yleae Selectivity, %

2 | 623 | 848 =

3 | 455 68.4 852

4 | 344 49.4 73.1 8456

5 | 163 354 554 769 | 859

6 | 13 17.4 372 546 | 809 852

S 7 | 0.0 1.0 87 391 | 564 78.3 86.9

Example 36. ODHE. over NiNbT2 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



MB7. 738. 042. 0 4Ni 0. 60620. 60680. 60740. 6080 NbO. 22850. 22870. 22900. 2292
Ta0. 04060. 08120. 12200. 1628 K0. 12470. 08320. 04170. 0000 M3. 140,638, 740 8
5Ni 0. 61410. 61470. 61530. 61600. 6166 Nb0. 17640. 17650, 17670. 17698; 17#F
Ta0. 04110. 0823@clidARA 16490. 2063 KO. 16850. 12650. 08440. 042205@iﬂ%mmuns
VB6. 436. 542, 340. 1. 39. 0 6Ni 0. 62220. 62280. 62350. 62410. 62470. 6

NbO. 12280. 12300. 12310. 12320. 12330. 1235,

Ta0. 04160. 08340. 12520. 16710. 20910. 2511

KO. 21340. 17090. 1288 0:209R5ndha e o?.ﬁﬂaéﬁ%m&‘i%éé‘ﬁ,%%%%zana

7Ni 0. 63050. 6311 0. 63240, 63310, €3380.
Nb0. 06790. oesoogbgeftlﬁ ci'gagé 9‘?)"8’8‘2(5 Gsmeews'smon and ethylene selectivity at 300

4220. 08450¢° a cad) R
K. 25550, 21640, 1%2%&1%0?gerosG%gﬂgﬁggg(}%%g?df@m’gx%%hﬁt%dsmérﬁleﬂf‘ 642.943. 9.
21 August 2003 WO 00/48971 PCT/ USO0/ 04478 Tabl e35B. Et hane conversion of -
Ni - Nb- Ta- K 0%i d@astase. yG&tﬂydtb&ﬁ;ﬁﬁxt;bﬂ(ﬂ@@hﬁct%ﬁfof%ulk131 ﬁb@% & '%gr}gt?
Conver si on % . | 6nd sadiple nds, IMB(lg)34. 5 5.3 75 § 4.4 5. 1
6.16.5 1[2|3l4|5[:|7
___Mole Fraction & Sample Mass, mg

1] Ni | 0095 .
Nb | 0.03
Ta | 0.02
M P82

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



60.8 2.7 3.8 5.15.46 5 70.3 0.9 2.3. 4.2. 5.1 6.3 5.% Table 35C. Ethylene

sel ectivity of N -Nb-Ta-K oxide catalysts Listed in Table 35
13 4 56 Ethylene Selectivi ,

434. 449. 473. 18408y,

% 180 6 .
.335.455.476.985.9 61 17 3 .

262.384.8 345. 568.

%%E@st%% 2

.437.254.680.985 2 70 . O
al ysts.

1.08.739.1 159.178.386 9 5. Eéagglsgggs aoﬁrE;\ng%r O)|>||| ggT?imvrég?/ ha
Tal [ sition an of - - , oM
IZgLFe§6§fllfLZ ggrgg m xtures shown in Table 36A were prepared from1.0

i obi ' oxalate and 1.0 M

ni ckel (11) Ini trahescenexaly dal s, 1 i,-m'\ﬁ-%ggﬁgpm V)msmdti@rrameglsA.i qui d
t ant al um oxal af’e aqueons % DTN I alli qubt s pbf ®he quegus [Pﬁ?ie
di spepsi ng. Syspem N Fach Vvosspl ¢ ¢ﬁeldfeaimu% 1. 94 m_of E 1h~ e
SQ| utions I ntg V'Fih - Q. \r’\Ir!nr"I.lI‘Q [S were separgted fro L e ) PR g as
Li ke Exarpl e 38 2 et Ay 3 &onl um hvdl oxi de ([28% ammpnia—n AEL»rT-Pﬁz
by brec pi tat | jony—phe g —gt 24 resul®ingin a $qITd pregiprat A
added to each jofj-tersolu 2.6 53 6.1

5 2.3 3.8 4.5 69 .| .64

6 54 3.2 6.6 33 73 7 6.4 S

7 39 3.9 5.2 3.7 53 70 6.1

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 gas was comprised of 40.1 %, CHg, 84% Osand 5 1.5 % Na. Table
(U ' '



15 precipitate was separated fromthe aqueous phase by centri fugi ng at 4000
rpmfor 20 mnutes, followed by decanting the supernatant. 066 was
dried in a vacuum oven at 60 C for about an hour, and then ca gur? i3
accordance with the tenperature-tine profile descrl bed | WF&@Q The
bul k sanpl es WRP#Pound with a spatula to ensure consi st density,
and were evaluated for catalytic 20 .performance in ODHE by contacting each
sanpl e with ethane and oxygen in a parallel fixed bed reactor. Reactant ’
flow rate was 3 WO

00/ 48971 PCT/ Lé& 83 vesseP&tWES%n%é ei@?i%tsg ch;iégi(t:tg%ﬁn@&gﬁ&n%

conpri sed of 40r éacheliBedi-ND-Za Stidimxnges i5kd &n TabM237AT alsbe37RANAAE B | i st

et hane conversi.,on_ and _eth n 00 C, respectively, for
each of the N ﬂﬁﬂ "‘fonvemoﬂ)e‘lmg o %rgée%?ﬁtc%léb;%?’% c%abl e 36A. 5 Tabl e.36A. :
Cat al yst conpositi do d@tmhmetheﬁfcctmf)?ﬂimkmbmlﬂlm ectodfeansibantecoputrsiby st s Li

2N 0.910. 89" NGB Be S AF Ve R G g s R ML TR a8 000 15
Ta0. 100. 060. 02whl¥ g6 3B xRBcotpdisgdofd22. %807 88 1 WCNBOO 8 40C0HE.41°%6 @2 20d :
120 140 100. 050 00 Nl 1 S35 A0 ATt S s
6Ni 0. 730. 710. 660seb(Eaplel @nCBﬂhC fractions of C;Hy, CaHe and CO; in the reactor feed were. -

verified during screening by measuring the composmon of gas effluent 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

..1.

mixtures, show significant ethane conversion to ethylene at 325 °C. Table 37H lists
CO and CO; production at 325 °C.

a4’



. 100. 170. 230. 280. 34 TaO0. 240. 190. 140. 100. 060. 02
w$8:222.437.140.237.039h6 7Ni0.670.660.640.620.6101598.320 031 August 2003
NbO. 040. 110. 170. 230. 290. 350. 40 Ta0. 290. 240. 190. 140. 100. 002 L Auaust
MB5. 645. 236. 142 . %6.138.2 and sanple mass, M (ng). . ! Oof ¥ gb L
2003 WO 00/4897fﬂ%@?%U§00/04478 Tabl e- 36B. Et hane conver5|orr ;p f? ,gf
oxi de catalysts listed in Table 36A. .Table 36C. Ethyl ene seJe; gv7 y L 6o
Ni - Nb- Ta oxide catalysts listed in Table 36A. 12 3456 J- oo

68. 5;4. 3 61. 962. q‘aﬁ .3 ;84 ;4. 965. 2_ ;5. 56; : 3 e ey U 1 .. | I V I Ly,
CE | . E h | g %ﬁsh‘l a ﬁ] D7 | § ct o CO H | H Mf dﬂ
y y l b T

' i i rHo—olidé i xtdur ek sHowr i rs Tapl 6374 Wef e
o emar o4 ?;(Io?ne“lll ! b-[?rn:y';ke! (i) ni tMale Eractien&iSaniplaiMass, ing0 M ni obi um (V)

g;gFg{gdand 1.0 Fluialﬂﬁﬁ%&alate gueous] st ock | sol ut ons,~ gs agsljezsd,
above. A CAVRO aut|o adgﬁggtid di spensi ng syster1ras éo Essgtggl e

i quot S 5 solutifons into vesgels. Hac 9
aliquots of the aqu U>3g3 ‘

21 Ni 0.8128 | 0.8128
Nb | 0.0725| 0.1147 -

Ta | 0.1147{ 0.0725
M | 354 38.5

3] Ni | 0.7583| 0.7583] 0.75%3
Nb | 0.0763] 0.1208! 0.1654
Ta | 0.1654| 0.1208] 0.0763
- M | 437 432 39.7

4] Ni 0.6977| 0.6977| 0.6977] 0.6977
Nb [ 0.0806( 0.1276| 0.1747| 02217
Ta | 02217} 0.1747]| 0.1276 0.0806
M | 508 38.1 382 36.9

51 Ni | 06298 0.6298] 0.6298] 0.6298] 0.6298
Nb | 00854} 0.1353} 0.1851| 02349 02843
Ta | 028487 0.2349 0.1851| 0.1353] 0.0854
M | 489 436 475 483 41.8

6| Ni 055331 05533 0.5533] 0.5533| 0.5533| 0.5533
Nb [ 0.0909| 0.1439]| 0.1969) 02499| 03020 0.3559
Ta | 03559 03029 02499| 0.1969] 0.1439 0.0909
M {283 485 46.4 479 40.0 56.0

7] Ni [ 04664] 0.4664| 04664 0.4664] 0.4664 046641 0.4664
Nb | 00970 | 0.1536| 02102] 0.2668] 03234 0.3800 | 0.4366
Ta { 043661 03800 03234 02668 02102 0.1536 | 0.0970
M |518 34.1 492 35.7 425 475 62.7

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
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The solid was dried in a -vacuumoven at 60 C for

and then calcined in accordance with the tenperature-tinme profile

e by

+in a
il nut e
1.

%

d of

11.2 % C2H4, 28.1, % C2H6, 0.8 % C02, 8.4 % 02 and 51 5 % N2." Reactant flow
rate was maint di ah‘eé'?laIEﬂlan@&t&wsrsmmapmﬁ °Ciof M-BIbPRY oxiR 6t PEts 1S fetabfeS NPl €)

and the fraéti

during screent
vessel s in thg

changes in ef

Ni - Nb- Ta oxi dé¢

325 C. Table §

00/ 48971 PCT/
Ni - Nb- Ta oxi d

Fraction & Sa

Table 37E. Ethylene se]ectmty 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

OA4- of C2H4, C2H6 and CO2 in the reactor feed were. verified
ng b nﬂasudlngzthe cogpos|tion Off gag eTfTueC qIUH7UI k 10
parbll el fixed be I eagih@he CotRbBkRR, %8/ and S TG whitth—H st
haine| ayag et iyl ené gqonceéNt rat i onm g ow gy contact—w+h-—+he

am Ktigrees, [SQOyv Sijgni T capt—ettrage converstofi—t-4 Cthy'gbe at
/K 1] s CP ggigl CQ2pgodurtionatr—325— € M2—August—2003 WO
SQOT P44 68 5 15t al ;tA1Au|;uaitiG. +wole—firacti-on) of

Gal pl{ys nijssniﬂ.l pilgA_llub ’152'\\,1' ”¥4\.8 2A3—4-67 LN 0_Mlie

e VBgS Tyu 92t 114 11.6 11.8 13.9 .

7 2.5 3.9 3.4 1.4 1.9 5.0 2.7



Nb0. 0690 Ta0. 0690 M39.3 2N 0. 81280. 8128 Nn0. 07250. 1147 Ta0. 11470. 0725

| 54 Ta0. 1654 208 ZG3
.438.5 N 0. 75830. 75830. 7583 Nb0. 07630. 12080. 16 0. %2
wg ;143. 239.7 4Ni 0.69770.69770.69770. 6977 NbO. 08060. 12760. 172175. %8%0%

i 6298 . 0.62980.62980. 6298
Ta0. 22170. 174 . 0806 Mb0. 838.138.236.9 N O
Shybat,

0. 6298 NbO. 08

. 18510. 2349 0. 2848 TaO0. 2848' 0. 23490. t8bfichodhads3 0. 0854

MA8.943.647.548.3 41.8 NNO 5533 .0.55330.55330. 5533 0.5533 0 5533 .

Nb0. 09090. 14390. 19690. 2499 0. 3029 0 3559 Ta0. 35590. 30290. 2499.

: : 6 0 :
0. 1439 0. 0909 ﬁ‘@o@e 3%‘-‘ 8 D?ée@éﬂ%é 17n' e hy?'c?xe gon?:cntration between reactor efflu
Ni-Nb-Ta oxide mixtures st

ed in Table 37A (C;H/C,H, Feed).

0. 1969

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 for -

5 _Ni-Nb-Ta oxide mixtures listed in Table 37A (CoHo/CoH, Feed).
- t 1 2 [ 73 T 4 [ 5 1T 6 T 7
‘A CHg, % -
i -03 . '
2 -10.5 -8.3
3 -8.1 -9.3 -7.4
4 -9.9 -8.6 -7.2 ~1.5
5 -89 -9.3 ‘-84 -9.4 -8.8
6 -5.3 -7.1 -6.8 -7.1 -7.3 -7.9
7 -1.3 -2.3 -1.7 0.4 -0.8 - =29 -1.3
Table 37H. Difference in carbon monoxide and carbon dioxide between reactor
effluent and feed for Ni-Nb-Ta oxide mixtures listed in Table 37 (CoHe/CoH, Feed). -
1| 2 [ 3 T = | 5 T & [ .7
ACO& CO. %
1 22
2 33 22
3 2.9 2.9 2.4
4 3.1 1.9 2.5 2.2
5 1.7 1.9 2.5 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 0.3

10

Example 38. ODHE over NiNbTa Oxide Catalysts: Ethylene Co-Feed.

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
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aliquots of the aqueous stock solutions into vessels. Each vessel contained about 3.3
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0.2102 0.15360 0970 Mbl. 834.149. 235.7 42. 5I 47. 5. I 62. 7dTabI e 3(;12e 234
conver si on at w2l f N -Nb-Ta oxide catalysts listed in :

56 f 7 19.6Et han,g&cgnversi on, % 210.210.1 310 6 .10. 98. 21’;3'?’%55“2@‘!‘.‘@99. 18. 2
59. 610. 010.410.29.9 64.57.27.17.27.18. 9 71.42.01. 80: 71.1. 1.4 2.5 1LH 21
August 2003 WD 00/ 48971 Table 37C. Ethyl ene selectivity at 300 C of

Ni - Nb- Ta oxi demfésahusd. STHeinfdd? Prebitsol@RER seﬁﬂfbd el | h%@&@logs 8 by I

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;Hs, 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.

25
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81.8 86.8 84.2 82.51 2 3 456 7 Ethylene

80.4 80.1 84.0 .81 .7 86.3.84.3 86 9 hL"
134567 %82.8 84.5 84.0 84.6 88.1 84.7 84.5 82 g%ugt@t%ﬂﬁ

S Tabl e
g(;l SCEBIQVI].té,G 6 87.2 79.4 87.6 1 90.1 86.6 87.8 80.5 5 37A 12

bl e
nversion at 3RfuoGseef N - Nb- Ta oxide catalysts listed in TI?CT/Usoomu-,-s
3256 7 1Et hane Conversion, % : !

-

Table 38A. Catalyst composition (mole fraction) of Ni-Nb-Ta oxide catalysts and
Sample mass, *“M” (m mg}. :

! | 2 T 3 | 4 T 3 | 6

- : Mole Fraction & Sample Mass, mg
1| Ni 0.7194 0.7196 0.7197 0.7199 0.720] 0.7202
Nb 0.2324 0.1937 0.1550 0.1163 0.0775 0.0388
Ta 0.0481 0.0867 0.1252. |. 0.1638 0.2024 0.2410
M | 446 42.8 38.4 37.1 48.8 41.5

2| Ni 0.6959 0.6960 0.6962 0.6964" [ 0.6965 0.6967 | -
Nb | 02519 0.2100 0.1680 0.13261 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 44.4 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

-1 M 1356 37.0 40.7 41.0 44.2 51.9

4] Ni 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 0.112¢9 0.1632 02135 0.2638 0.3141

M |379 38.6 37.0 -34.8 35.9 36.4

5¢{ 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 | 365 36.0 36.6 41.5 35.6 35.4

6| Ni 0.5420 0.5422 0.5424 0.5426 0.5428 0.5430
Nb | 0.3794 0.3163 0.2531 0.1899 . 0.1267 0.0633
Ta 0.0786 0.1414 0.2045 0.2675 0.3306 0.3937
M | 36.8 38.1 39.9 39.2 33.9 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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14. 6 215.914.5 315, 216. 012. 6 415.914. 513. 612. 7 514. 315. 515. 415. 214. 8

68.211. 811.411. 611. 813.9 .

72.53.9

3.4.1.41.95.02.7 Table 378 \Filylgge

selectivity at 325 C of N -Nb-Ta oxide catalysts listed in T

23456 -7 Ethyl eggy

opbactivity, %1

84.2 281.784.5 383.984.98

Fmusgonars
482. 586. 083. 484 6 587.886. 885. 986. 887. 8 683. 887. 588. 287. 886. %é”g
781.584.286.077. 285. 286. 478.5 21 August 2003 WO 00/ 48971 PCT/ US00/ 04478..
Tabl e 37F. Difference in ethylene concentration between reactor effl uent

and feed for
A CZH4, % .

NiTable 3@ Emyld@e daex.w

B8 3b) < Gl FoBkie dfyst tiseed inrafle! 4 S 67

7.038a6 22 ..
1 1 2 i 3 I 4 ! 5 | 6
Lo Ethylene Selectivity, %

1 | 872 88.0 88.2 89.4 89.3 89.6.
2 86.4 87.1 89.2 90.4 87.3 87.7
3 85.1 84.4 81.8 85.4 90.5 -89.0
4 82.8 84.0 85.2 854 83.5 83.8
5 80.2 83.1 84.6 $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 hsted 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 7] 4 | 5 l 6
A CoHy, %

1 2.3 1.1 0.6 0.4 2.3 1.8
2 1.2 1.2 0.5 1.2 1.5 0.9
3 3.1 4.6 5.6 4.2 3.7 4.2
4 4.6 4.1 4.4 42 55 54
5 3.7 4.2 4.6 4.6 4.0 6.1
6 6.0 5.3 5.9 5.0 6.8 7.0

By




. 46 6 86 ..4.75.3 57 7 33 ..5.97.17.1 64 5 06..5.45.75.36_ 1712 . 20
..1.4-0.40.82.2-1.0 Table 37G Difference in ethane concentr il on spﬁ;)to en .
reactor effluent and feed for - 5 N -Nb-Ta oxide_ m xt ures !l éagli | 3
nae 7A (C2H6/ C21-14 Feed). s T 1 able 37H. Difference in carbon

nmonoxi de and dr19E#7di oxi de between reactor fl PCT/US00/04478

Table 38G. Difference in ethane concentration between reactor effluent and feed for_
Ni-Nb-Ta oxide catalysts listed in Table 38A (C,H4/C;H, Feed). '

1 | 2 ! 3 | 4 | 5 t 6
' ACyH;s % - 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 in carbon monoxide and carbon dioxide between reactor
5  effluent and feed for Ni-Nb-Ta oxide catalysts listed in Table 38A (C,H¢/C;H, Feed).

1 [ . 2 | - 3 | 4 | 5 | 6
ACO & CO,, % - .
1 1.5 1.7 1.5-7 ] 19 1.9 14"
2 1.7 1.8 1.8 1.4 1.4 1.6
3 2.5 2.5 2.6 2.1 1.4 1.7
4 1.9 2.1 2.4 2.4 2.2 25
5 2.8 2.3 2.3 2.4 2.8 2.9
6 23 2.6 29 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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uent and feed for Ni-Nb-Ta oxide m xtures listed in Table 37 (C2H6/ C2H4
Feed). 12 3 456 ,7 ACO&C2,%2 2 . 23 3 .2.2 32 9 .2.92.42g§u§%t%%3
.1.92:52.2 51 7 .1.92.52.31.8 61 3 .1.51.41. 41|. 91.8 7% hllo 200 .ego. 7f
: 10 Exa ODHE over Ni NbTa Oxide Catal ysts: ene Co- Feed.
'?'aglg 38A | i SFJ'/S&CG% dsition and nass of another Ni-Nb-Ta o FHESOFhry. The
oxi de m xtures shown in Table 38A were prepared from1.0 M nickel (I1) _
nitrate hexahydrate, 1.0 M niobium (V) oxalate and 1.0 M tantal um oxal ate

ioed to del i vern it RS el MR IR et el i cophtorsm epwesael o.
Each vessel contieimidsaaplestves:.gdoun? Withugpdhla 20&8ure consistent bulk density, The
-~ bulk-samples were evaluat_ed for catalytic performance by contacting each sample -
with ethane and oxygen in a paralle! fixed bed reactor, described in Example 29, -
5 Reactant flow rate was 1.048 scem per minute per reactor vessel (sample), and the
reactant gas was comprised of 40.1 % C,Hj, 8.4 %{-_g? and 51.5 % N. Tableé 39B
and 39C list ethane conversion and ethylene selecﬁvﬂy at 300 °C, respectively, for - .
each of the Ni-Nb-Ta oxide mixtures listed in Table 39A. The ethane N
dehydrogenation reaction was also carried out at 250°C and Tables 39D and 39E list
10 ethane conversion and ethylene selectivity at 250°C, respectively, for each of the Ni-
-- .- Nb-Ta oxide mixtures listed in Table 39A.
To determine the effect of ethylené.in the reactor feed on ethane conversion -
and ethylene selectivity, selected mixed oxide samples listed in Table 39A were
. contacted in the parallel fixed bed reaction with a gas mixture comprised of 11.3 %
15 GyH,, 28.7 % CyHg, 8.4 % O, and 51.5 % N,. Reactant flow rate was maintained at
1.048 scem pér 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 paraltel fixed bed reactor: -
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.

18k
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Catod1g8 s
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0371
0.000
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Ni
Nb
Ta
M

0.545

0.600

0.455
54.5

0.548
0.086
0.366

54.6
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0.173
0.276

0.554
0.261
0.185

0.557
0.350
0.093

57.2

59.6

. 0.560
0.440
0.000

1 Ni

No M Ni

54.3

50.8

Table 39B. Ethane conversion at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table

5 39A.
1 | 2 T 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



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 & Sanp

0. 71970. 71990. 72010 0. 71967202 0. 1937 .
. 08670. 12520 .

0. 69600. 69620WeP8483 69650 6967

5

i0

1638 4.0.20240 2410 . 2.838.437.148.841 5 .

PCTNIS00/04478

Table 39C. - Ethylene selectivity at 300 °C of Ni-Nb-Ta oxide catalysts listed in Table
39A.

y 196
oo.15500.11630.0775055§§§§§ﬂmgg

1 .2 | 3 | 4 {1 5 T 6
) Ethylene Selectivity, %
i 53.6 -
2 54.9 81.6
3 83.3 83.9 77.4
4 83.3 84.4 85.2 - .
5 1.844 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

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

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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Table 39G. Difference in ethane concentration between reactor effluent and feed for
Ni-Nb-Ta oxide catalysts listed in Table 39A (C3H4/CyH, Feed).

1 L2 | 3 T 4 T 5 G
- AGCHg, % ¢ : i
1
2
3
4 -10.3 -9.8 R
5 -9.7 -10.8 9.3 -9.75 % | ~10.3
[3 -7.9 -10.2 -8.2 T 9.2 -10.0 . -8.9

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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0562 . 0.12560.18150.23740. 29340 3494 . 36.036.641.535.635 4 .

0. 54220. 54240. 54260. 54280 5430 . 0.31630.25310. 18990. 12670 09?% 562003

0. 14140..20450. 26750. 33060 3937 38.139.939.233.9. 35.8 Ni 1895)2 %93 6345
0.3028 0.0627 37.9 6 05934 0.3368 0.0698 36.5 Table 38B. Ethane
conversion at 3E0E8%BF Ni - Nb- Ta oxide catalysts listed in TREI/ESW084B8A 21
August 2003 WO 00/ 48971 PCT/ US00/ 04478 Table 38C. Ethylene selectivity at.
300 C of N -Nb-Ta oxide cat alysts listed in Table 38A

R

Table 40A. Catalyst composition (mole fraction } of Ni-Nb, Ni-Co, Ni-Co-Nb, Ni-
Nb-Al, Ni-Nb-Fe, and Mo-V-Nb oxide catalysts and sarple mass, “m” (mg);
difference in ethane and ethylene concentration between reactor efﬂuent and feed;

5  carbon monoxide and carbon dioxide production.

Table 404, Part A
Sample ACH, | ACH¢ | ACO& | m, % =~ Mole Fraction :
D %4 % CO,% | mg | Ni Co Nb Al | Fe
MoVNb -1.1 -0.4 1.8 40.8 B
Blank 0.2 -0.3 0.4 0.0 : g1 - _
21187.12 3.4 -6.0 3.0 394 ]0.60 0,00 |0.36 [0.05 |0.00
21187.31 4.0 -1.2 3.5 41.5 10.61 (000 |036 |0.00 |0.02
2118732 33 -6.8 38 389 [0.60 |0.00 |0.36 {0.00 °|0.05
21187.33 2.0 -5.6 3.9 407 1058 [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 -9.9 3.5 39.9 [0.77 10.00 (0.23 10.00 10.00
10717.42 7.2 -10.3 3.4 40.2 | 0.81 1004 |0.16 {0.00 |0.00
10717.52 - 13 -10.5 3.5 418 (073 10.04 1023 {0.00 |0.00
10717.53 23 -5.1 3.0 406 (1076 |0.08 |G.i6 |0.00 |0.00
10717.62 0.7 -5.6 52 40.1 1065 |10.04 |0.31 §0.00 |0.00
10717.63 4.7 -8.2 3.8 416 [0.68 10.08 |0.24 |0.00 |0.00
10717.71 5.7 -8.4 3.0 . (1410 1055 (000 |045 10.00 }0.00
MoVNb 0.00 -14 1.8 40.9
10717.72 6.5 -10.5 4.3 40.5 10.58 10.04 |0.39 |0.00 [0.00§
10717.73 -5.1 0.6 4.8 413 1060 j0.08 |0.32 |0.00 {0.00
10615.41 2.7 -6.1 3.8 403 1070 10.00 |0.30 |0.00 §0.00
10615.42 3.2 -6.7 3.8 40.8 |1 0.70 | 0.10 |0.20 |0.00 ]0.00
10615.51 1.6 -3.8 2.5 395 1060 |0.00 |040 |0.00 |0.00
10615.52 1.6 -5.7 473 383 (0.60 1010 1030 §0.00 |0.00
2112221 4.6 -8.6 4.3 394 10.84 {0.01 0.15 |0.00 [0.00
2112222 2.3 -6.6 4.6 322 |0.8]1 10,01 {018 |0.00 |]0.00
2112223 4.0 -1.7 4.0 39.6 [0.78 j0.01 (021 |0.00 |0.00
Blank -0.3 0.2 0.4 0.0
21122.24 4.8 -0.4 4.9 403 1075 [0.01 [0.24 |0.00 |0.00
21122.25 3.5 -7.4 42 40.1 1073 001 }0.26 }0.00 |0.00
2112213 47 -9.2 47 1399 1079 {000 021 {0.00 }0.00
21122.14 4.5 -84 4.2 388 1076 10.00 [0.24 10.00 ]0.00
2112231 4.6 -8.2 3.9 389 1083 |0.02 |0.15 |0.00 |0.00
2112233 5.6 -0.1 3.8 393 10.77 |0.02 |0.21 |10.00 |0.00
2112242 4.8 -8.4 3.9 39.1 10.79 10.03 |G.18 10.00 [0.00

10



1 2 3456 Ethyl ene Sel ective ,

286. 487.189. 290. 487. 387. 7 385.184. 481. 885. 490.589.0
482. 884.085. 285. 483 583. 8 580. 283. 184. 6; ?=85: 085. 585. 9
677.578.181. 584‘,(%

oxi de catal ysts
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, DJLé},fL

ed in Tabl e

614. 114. 015. 915. 616. 516.

SIS A

9- Tabl e

il

512,812,013, 013. 714, 015. 4
38E. BT RY1'éhé*sel ectivity at 325 C of

% 187. 288. 088. 289. 489. 389. 6.

21 August 2003

9§§5 3 Tabl e 38D. Et hane conversion at 325 C of N -Nb-Ta
5 38A.. 2345 6 Et hane ConveP€FmNg0/0¥s7s

fof

Ni - Nb- Ta oxi d@ble4PAIRestE | jsted in TabI e 38A 12345 6 Ethylene Selectivity
85. 785. 685. 92018318 3885.6 234-14.85. 1865.388./1k33 69376 0.03 021 |0.00 10.00
384. 383. 784.198103380 148620 4840.683 |885.7484 4085 | 534 $0.00 | 0.31 | 0.00 10,00
581. 383. 984 (28103584 /58569 - 982, 3814453 |04 18%7080.08 19372Pb803Ph 0
Difference ijR1Ea3dy/| ¢nes.6ong¢end.i at ifonz.et Vi T ea8t 96087 [bH5TF 0.8659[ 6550
. 1234 56 AjCPH8.5 942 %1. 10. 6§142[313F 214835 790.671{ 660 P04 10.00 000 |
33. 14. 65. 64 [281284. 2 | 445.64. 14 4%. 2% 5594 %042, 9.‘59“,0._68-‘?_%.;4# 0.00, 1 0.00.
66. 05. 35. 95|04 L O[Ni 2. No- Taox1 d¢ Cpgal Yi D | LSLEP T ranierson——<z
Feed). -mg |10652.31 8.7 -12.6 4.2 41.7 [0.80 |0.00 [0.20 |0.00. -0.00
10652.41 6.4 -10.6 4.5 385 10.70 {0.00 {030 |0.00 ]0.00
10652.61 3.7 -5.9 2.5 39.7 1050 jo0.00 |0.50 {0.00 ]0.00
10793.1 3.3 -10.5 2.5 392 1086 [0.00 |0.14 ]|0.00 |0.00
10793.3 8.1 -104 2.6 39.1 {681 000 [0.19 {0.00 |000
10793.5 5.5 -6.9 1.7 379 10.75 000 025 |0.00 |-0.00

10

15

Example 41. ODHE over NiNb Oxide Ca‘tal};sts: 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 to 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

20

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



21 August 2003 WD 00/48971 i 234. 6 5 A C2H6, W= 1-3.8-2.8-2.1-2.4-4.2-3.1
2-2.9-3.0-2.3-2.7-2.9-2.5 3-5.6-7.0-8.3-6.2-5.1.-5.9 4 66? S%@
20.6-7.7-7.8 5-6.5-6.5-6.8-6.8-9.0 6-8.3-8.0-8.7-8, 1- 9, 8- 9, §' TABJL2003
Difference in OE Irmnom de and carbon di oxi de between re o ef fl uent
and feed for Ni - Ré%a oxi de catalysts tisted in Table 38A ( ¥ Feed)

. PCT/t13500/ 04478 Table 38G Difference in ethane concentration between .
reactor effluent and feed for Ni-Nb-Ta oxide. catal ysts listed in Table 38A

(T4, TS IR el b e
52.82. 32. 32. 42, swifuged a4008 porg for 28 miuted and the solution was decanted. The solid was
dried in 2 vacuum ovén at 60°C and then calcined at-a maximum temperature of _
400°C. Potassium kydroa;ide: 0.6 ml of potassium hydroxide (5.26M in water) \a}as
. 5 added to a solution of nickel nitrate (1.0M, 1.50 ml) and niobium oxalate (0.70M,
030 ml}). The resultmg mixture was centrifuged at 4000 rpm for 20 minutes and the
solution was decanted. To the solid, about 5 ml of dlsulled 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
10 ealcined at a maximum temperature of 400°C. Sodium hydroxide: 1.0 ml of sodivm
-- hydroxide (3.0M in water) was added to a solution of nickel nitrate (1.0M, 1.50 m})
and niobium oxalate (0.7M, 0.30 m!). The _resulténg mixture was centrifuged at 4000
tpm 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
15 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.
Potassium carbonate: 1.5 ml of potassium carbonate (2.04M in water) was added to a
solution of nickel nitrate (1.0M, 1.50 ml) and niobium oxalate {0.70M, 0.30 ml). -The
resulting mixture was centrifuged at 4000 rpm for 20 minutes and the solution was
20  decanted. To the solid, about 5 mi 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.
Table 41A lists the compositions of the Ni-Nb oxide mixtures, which were
‘25 evaluated for catalytic performance in ODHE by contacting each saraple 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
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Table 41C. Ethylene selectivity of Ni-Nb oxide catalysts listed in Table 41A.

Precipitation R [ 3. | 4
Method Ethylene Selectivity, %

1 {NH,OH 78.3 788 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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20 et hyl ene concentration follow ng contact with the N -Nb-Ta oxide

m xtures, show significant ethane conversion to ethyl ene at 22%8 2O‘I('ﬁbl e
39H lists CO2 production at 300 C. The test was repeated at 31t he
sanme sel ected gaymkes 16& 21 August 2003 WO 00/ 48971 PCT/ Uggg/ugébéb@ Tabl e
39A. Catalysts conposition (nole fracti-on) of N -Nb-Ta oxide ca Es

1 34.56 Mole Fraction & Sanple Mass,. ng-1Ni 1. 000 Nb0. 000 T-a0. 000 I\/56 1

2Ni 0. 8830. 8903 NbO. 0000. 110 Ta0.1170. 000 Mi6.058.0 3N 0.7820. 7870. 793

NbO. 0000. 1030. 208 Ta0. 2180. 1100. 000 M45. 457. 247.7 4N 0. 6930. 6980. 7027. 0. 706

Nb0. 0000. 0970. 196QnPRM2T AODEETS 2060 GHAO CRRMI9. 946. 545. 250. 0
5Ni 0. 6150. 6180. 2220. égo&%g NbO. 0000. 0910. 1830, 2760. 371
Ta0. 3850. 2910. 1950. 0 1§ qorupssitipnandynass eisyNpTa oxide library. The oxide

6Ni 0. 5450. 5480. %&ﬂresméblﬁepz;ea £R601 m&&@m Qﬁéﬂeﬂeia@d?aﬁel&d%m 9 Bum
Ta0. 4550. 3660. 2760. 1850. 0930, 0 o 7.259. 654.:350. 8 Tabl e 39B.

Et hane conver si O%AE 2G5 s %&B@éﬂ@%&ﬁ yigpid dispensing systemrags e 5
39A. 12 3456 sEt hasairo deliveLilRuo® of ﬁ(@ aqueous stock solutions into vessels. Each vessel

cgntaine& about 3.3 ml of solution. About 1.1 mlnf #1.14M 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



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 calcined at 300 C, and sanple mass "M (ng).
15-7 21 August 2003 WO 00/48971 PCT/USO0/ 04478 Table 39C.  Ethph@re2003
selectivity at 300 C of N -Nb-Ta oxide catalysts listed in Table 39A
123456 Ethylene Selectivity, 0/6 153.6 254.981.6 383.383.977.4

483. 384.485. 2- .84.485,186. 186.284.7 683.984. 684. 286. 084. 880. 9 Tabl e 39D.
Et hane conversion at Z89eAI%f N -Nb-Ta oxide catal ysts listed in Table 5
39A. 123456 Ethane Conversion, % 15.4 25.79.7 39.811.05.9 49.84.55. 5--
54.64.54.65.14.5 62.9 . 4.13, 34. 54.124. 0 Table 39E. Ethylene selectivity at
250 C of Ni-Nb-Ta oxide catémgtied for prepgnps aralijene 0893{325“@‘2@21315‘3@ £omy | ene

Selectivity, %127.6 .
the corresponding alkane, the method comprising

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



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- Tl Hxguge2003
catalysts listed in Table 39A (CZH6/ C2H4A Feed). 123456 A CH4, %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 effluent and Ni - Nb- T de catal,ys iIsted in
T e Bon ¢ oo cona anFoRbat s iuipblestBrdfh S1N0% §P6Ru8 vt
5-9.7-10.8-9.3-9.71--=-10.3 6-7.9-10.2-8.2-9.2-10.0-8.9 Tabl e 39H.

Di f f er enc 8 MRREESEBe¥bnoxi de and car bon di oxi de between reactor 5 effl uent
and feeel fnr W-NW,rte --~_ s - -- -- - - | 2345] 6eed). 1AC0&C02, %
2 3 43.03.6 53 onc ot more first n:unnr componenls consmtmg 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 compounds,
and

one or more second minor components consisting essentially of an
clement or compound selected from the group consisting of a lanthanide element, a
group JIIA element, a group VA element, a group VIA element, 2 group IIIB clement,
a group IVB element, a group VB element, a group VIB element, oxides thereof and

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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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 conposl figmt 2088 nass
of Ni-Nb, Ni-Co, Ni-Co-Nb, Ni Nb-Al and N -Nb-Fe oxide m xtures, as well
as an optim zed M-V-Nb oxide catalyst. Bulk sanples of each of these

oxi de m xt @Fsestially of g elstmentionsoimnpuad seloctsd frehhthdwrouesasisiag ofBO\QCa, For
the Ni-Nb-Al and N -Nb-Fe oxide m xtures, nethods simlar to those of
Exanpl e 33 Mgroxidaslthereefiamisaitp therdd] orlmidireb sfbuwwbibldhéntabee@nsorhddM 15
ferric nitrate, were used, respectively. Bul k sanples were eval uated for
catalytic performance in ODHE by contacting each sanple with ethane,

ethyl ene and oxygen d.n t HEhmeiol @I ahy SEthehRebeARBIAMs WileinIRELRRs0aS
was conprised of 11.6 % C2H4, 28.5 % C2H6, 8.4 % 02 and 51.5 % N2.

React ant f e %@bﬁ%@bm@te@%ﬁgesl.ow sccm per mnute per reactor
vessel (sanp eg), and fractions of C2H4 and C2H6 in the 20 reactor feed were

{om bl ank vessel s | norResprErHieri chiadRRRER asbthad el Bt i Ch al so

i sts chan ' | e concentration follow contact with
t he oxi de Qﬁﬁlﬁig%%%%fh@% ﬁ%&gggﬁéﬁﬁ?@gsﬁfmﬁ?rhcé’ﬁ?%%ﬂta@?gpfﬁwtfag@’é‘(’ yeepdd £ or
many of thﬁr%ﬁ%g. oxides.' Notable exceptions include two of the M-V-No
oxi de sanples TBED FOREGNEYS 2003 WO 00/ 48971 PCT/ USO0/ 04478 Tabl e 40A.
Cat al yst conposi ti onﬁlgrcgle fraction) of Ni-Np, N -Co, Ni-Co-No, N - No-Al,
Ni - No- Fe, and Mb- V- NMORT-GRMpoReaf fetsistingesseasipile ofiitst Nit pxide, (ady) salt, or
difference in ethane and ethyl ene concentrati on between reactor effluent
and feed; BUEEFRSERErAYH 8 melanrrpondthe first combdeen raxging fom. abonSaspd eA C2HAA
C2H6A CO &m Mol e Fraction 1D/ a%C0O, . %gN CoNbAl . Fe MoVNb- 1. 1- 0. 41. 840. 8
Bl ank0. 2- 0alB@ A®6p- 21187. 123. 4- 6. 03. 039. 40. 600. 000. 360. 050. 00
21187.314.0-7. 23.541. 50. 610. 000. 360. 000. 02
21187. 323. 3- 6. 83. 8381RNHROMINARoBHONED coflsifing essentially of elements or

compounds 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, the
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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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. 7- 5. 65. 240. 10, 650(1e40¢t84D 00EQINDA wherein a C; to Cq alkane or substituted
10717.634. 7- 8. 23. 841. 60. 680. 080. 240. 000. 00

10717. 715. 7€81cA3s AkinOfR. frbGided fh 4hoQedH0n 06ne MO RIFedardd tiedéin O
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. | 3. 840. 3@, 700rH2QQ:t869 0 PO wherein the alkane or substituted alkane
10615. 423. 2-6. 73. 840. 80. 700. 100. 200. 000. 00

10615. 511. 61'535&%1&, 5&, ¥ oA RAR. 8butane, ethyl chloride or isopentane.
10615.521.6-5.74.3%%?30.%%%.%00.30 10,000, 00 o ¢ Ot 1sopentans
21122. 214. 6- 8. 64. 339. 40. 840. 010. 150. 000. 00

21122-222. 3- 6. 64. 632. 29, 816 D where : .
31125 234 0.7 74, 030, &8 78 BT IE? Y whgrein fhe pasgous pxidan comprises

21122, 244. 8- - 750. 010. 240. 000. 00
21122.253.§?3k%ﬁ3§§g$§ - 730. 010. 260. 000. 00

21122. 134. 7-9. 24. 739. 90. 790. 000. 210. 000. 00

21122. 144. 5- 8. 44. 238. 80. 76 40. 000. L .

21122. 314. 6- 8. 23. 938. gg 83&“8%?%%‘8?‘%8’% . "83‘“ preceding claims wherein the gaseous

21122. 335. 6-9,13..839..30. 770, 020. 210. 000. 00 , . . : :
21122.424.Q?%¢%§F§§§Ffﬁ¢7@@?%§65E%ﬁﬁ%ﬁ%YQWﬁdﬁﬁﬁﬁé 40A, Part A J& 21 August
2003 WD 00/48971 riViL. L'L' tXJIJW J JW U 1/VAA-L 3w.. i~~a . xa .% vat

PCTJUS00/ 04478 21122. 435. 6-10. 45. 142. 20. 770. 030. 210. 000. 00 . .
21123. 16. 2- 10. 64. 740. 68 693 W?Jéﬂcb‘?’?fé’d‘iféhe Pricedinip clanms Wherein the reaction
21123. 25. 6-9. 94. 640. 30. 670. 000. 330. 000. 00

21123. 35. 6-2PNES puintyned aln wmemtyreganging fom about 200° C to about 400° C.
21123. 55. 2- 8. 13. 140. 30. 610. 000. 39. . 0. 000. 00

21123. 75. 6- 8. 22. 940. 30, 590, 000. 410, 000. 00 i
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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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 éS . 000..250. 00- 0. 00 Exanple 41. ODHE over N Nb Oxi de
Catal ysts: Effect of BF }stgrpg?qa&ngﬁae YxerferrsHBstitater alivame to formmiebul k sanpl e
preparation nmethod_on catal yst 5 performance, N -Nb oxi de conpositions were
prepared usPHEEPRAGE Aikene AF sytstiied alkers. precipitate the nmetal precursors.
The reagents include amoni um hydroxi de, tetraethylanmoni um hydr oxi de,

pot assi um car bonat e, sodi um hydroxi de, potassium hydroxide, and anmoni um
carbonate, as fol | ows:18AmdeumsthgdipHdnigie 17 wh@raih thef alkarmmsubsrtigdr oxi de
(28% ammonia in water) was added to a solution of nickel 10 nitrate (1.0OM
1.29 ), nelk@reimetheakarepgrk, phitate, Sifbuth)e omstyiGhigatde. (11) nitrate (0.07
m, 1.OM. The resulting m xture 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 cal cined at 18 mafhemethahpinlaint2oois 406&in dem@BiRTCAr bonat e:
2.9 mM of ammonium carbonate (1.57M was added to a sol ution of nickel

nitrate (1.€pporteds@atdlysiriie, aliinetr sobsoata hikatOiss2neOpBBat, lsobauﬁﬂe W;EM al um
oxal ate (0.87 nil, 0.52M). Foam (C02) was forned acconpanied W th the

formation dfuteseetith] chivRideeid! dabedtis oficdahil Sy 1&%&3@13%%?@%%@ ?o 0 rpm

for 20 mnutes and the sol uti on was decant ed. oth ou m of_

distilled uphets WaRANAPH AafhpkhBle ol sllCalfPihd 4O % lll X hih 8-ras

centrifuged at 4000 rpm tor m nut e € SO aﬁt ed. 20
The solid was dried in a vacuum oven at 60C and then cal ci ned at a- nmaxi nrum

tenperature of 400C. Jgtra %ﬂl i WE ide: 4. 4. ] of

t et r aet hyl ammi ni um hydroxi (gg@ i %ll\)(/{ “has ad géc(fe?%hgcgts}yﬁq1Sc?rFuBP°‘?ﬁdckel
nitrate (1 Ondhd 5 i gbi um oxal ate (0.70M 0.70 m). The
resul ting ma%!twtszrt’gth g/as %:Iesn r u‘%‘g&g‘%‘?“i&ﬁ% TRy pe Qﬁyﬁﬁ%é%e EAF9he
sol uth on Va3, JRGANEned'R o' BRpSAtire ranpitg om Hbout 250 °Crto about 350 °C, and

the ethane is oxidatively dehydrogenated w form ethylene with an ethane conversion

of at least about 10% and an ethylene selectivity of at least about 70%.

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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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 minutes and the solution was decanted. The solid was 2HAbgdti083a
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 (1.0OM,1.50 m) and ni obi um oxal ate
(0.70M 0.30 m). The resulting m xture was centrifuged at 4000 rpmfor 20
minutes and the sol uBiom Hemeteebnteidiorthd BROUE ebhdstird e laRiahide
distilled water was added and then m.xed. The resulting m xture was :
cent ri f uge@leaie olyp MIACH et gﬂﬁ]g =an decanted. The
solid was dri eéﬁi@ﬁ@[a gacufﬁn oene;r?'at géﬂg%éﬁ%}ﬁ’eané%gﬁmc?%%gma?%g Xi mum
t enper at ur f : LY ide. 1. sodi um roxide (3.0Min
wat er) wasﬁa]:go?é%ﬂ% aaég)%k) ut'i 0%19% hlg%ﬁoé%' ﬁ?ﬁ%@gt(ﬁ%?é?\ﬁ&é%e’ﬁﬂh d

ni obi um oxals (O .- The resulting m xture was centrifuged at
4000 rpm 1?{5%2%#1%05%&%%%%% sol ution was decanted. To the solid, about
5 m of distilled water wa eidded and_then m xed. The resulting m xture was
centrifuged at 15 4 f?aﬂf’ﬁrlﬁb‘?m%aﬁi eath mega o5 griyturesthareel,decant ed.
The solid was dried in a vacuum oven at 60C and then cal cined at a nmaxi mum
tenperature of 400C. *!pAraBdierAugHafermebout.5 taabot O, adsa tumbar bonat e
(2.04Min water) was added to a solution of nickel nitrate (1.0M 1.50 m)
and ni obi ufAR&1El fere abeut b4 tcoalret (i) b is Thembeseoging HipnOtd dbeut\@as ¢ is a
centrifuged at 4000 rpmfor 20 m nutes and the solution was 20 decanted. To
t he sol i d, mbbertragzing figin Gits ohdut 8F, wad diis nasmbedte: andfithaleticxed: The
resulting mxture was centrifuged at 4000 rpmfor 20 m nutes and the

sol uti on wagurelsestnt ed. The solid was ‘dried in a vacuum oven at 60C and
then calcined at a nmaxi mumtenperature of 400C. Table 41A lists the
conpositions of the N -Nb oxide m xtures, which were 25 eval uated for

catal yti c perfornmanc22i n OBbmdiyadenilsiat 2 NFheatNASSER Rt Qel@ét@@ﬁﬁ and
oxygen in a parallel fixed bed reactor. Reactant flowrate was 1.0 g‘ sccm

per  mi nutthe pRsupradAciENlig YETE dia, Nﬁmhﬁ%m@s"tﬁfﬂv'a%r&ﬁ'%ét@egg%?as was conpri sed
of 40.1 % C2H6, 8.4 % O and 51.5 % N2. Tables 41 an C list ethane
conversion and ethylene selectivity at 300 C, respectively, for each of

the Ni-No oxide m xtza.es 30cBIeBRA FR1HT T0whBRirSh X%s dif; { nts. |
(Va 21 August 2003 5 WD 00/ 48971 PCT/ USO0/ 04‘%‘7&8 *’-’*ra%?é‘{'%ﬁ“i%g{%%?@% |

conpositi qrjaﬁawoﬁfp@ﬁdgﬁ) of Ni-Nb oxide catal ysts, and

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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sample mass, "M (ng). 12 34 Mdle Fraction -& Sanpl e Mass, ng

| 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$ MB7243%g@4200339. 0
‘' 3N 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 MB7. 839. 148. 950. 4 6Ni 0. 87720. 76920. 67360. 5882

NbO. 12280. 280398 .i32 6dtbéid 4B oYROEEED. 33Bo@4N1 4 (Falthentdi rdheidg RaMEO wboar Si on.
of Ni-Nb oxide catalysts listed in Table 41A. Precipitationl2 34

Met hodEt hang, 108 8i$h mb% thHAEEEeOR1SEe 38, BrealEiAOHB. 96. 28. 611. 4
3K2C030. 00. 00.00.1 4NaOHO. 32. 43. 64. 2 5KOH0. 50. 20. 00. 1

6(NH4) 2CC310. 711. 211. 410. 5 Table 41 C. Ethylene selectivity of N -No oxide
catalysts listed in Tabgke 4 ioPh ! I

Sel ectivity, % 1NH4C]—|7l8%|8378]i@%4 <45 o eyt %‘li@ﬁi%/g 2@ lg’%%fﬂ%mmbcr
3K20030. 050, 427,.30,0 ANBYE 144805, 334 Bl OB HorR 268t 0.3 to abom

6( NHA) 20088
0.4, b is a number ranging from 0 to about 0.05, ¢ is 2 number ranging from 0 to about

0.05, and 4 is a number that satisfies valence requirements.

29.  The method of claim 21 or 22 wherein b and ¢ are sach zero,
whereby the reaction zong contains a material comprising a compound having the

formula I-A: Ni,A,Oq4 (TI-A).

30.  Themethod of claim 21 wherein the reaction zone contains a
material comprising a compound having the formula (1))

Ni, T4 T2 NbiLa Sb.Sn.Bi.Ca,K.MgeOq (1), where

La’ is one or more lanthanide series elements selected from the 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 +k+ 1) 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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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 mixtures were prepared from 1.0 M ni ckel 2{ Abjusi2G08dt e
hexahydrate and 1.0 Mtantal um oxal ate aqueous stock solutions. A CAVRO
automated |iquid dispensing systemwas 5 used to deliver aliquots of the

aqueous stock sol utioms i NTRe ¥REWRA F.cldERCTD WESSR oxfeUTh Ak A&H1 3 Pegé& m of
solution. About 1.1 m of & 1.14 Mtetraethyl amoni um hydr oxi sol ution

was added Q?&ﬂi i, QNns I i The
solid pr eC| p ‘tate ‘\Zé”set%g%%ﬁé‘f%éég‘ﬁ %ﬁrfﬁﬁgh%g%‘e us pﬁgllsagg% @%n ri %glt%g at
4000 rpm fﬁo t2(8 m nutes, followed by decanting the supernatant. The solid
was dried RS ﬂ’f vacuum oven at 60 C for about an hour, and then cal ci ned
in accordance with the terrperature time profile described in Exanple 29.

The bul k sanpl es wer | a to _ensur on i,stent buI K'
density, and were ev%%ate ?@Fth(? tglc%é%”g]é Fig AL r?’“%ﬂ—ﬁ

contacting each sa?l e wth et han? and oxygen ithn a par allel fi xed bed
react or. REAKZEH 294 Hyp s of G T b%‘g%@ﬁ’inﬁé’fmh@ A ab0-4.eact or 15 vessel

(sanple), and the reactant gas was conprised of- 40.1 % C2H6, 8.4 % 02 and
51.5 % N2. Table 42A a 4 | i sts et hane, caonversion and ethyl ene selectivity
at 300 C for each of3%he The mathgdiodslaim 30 whesein the surg g (ot kihld Taegssi | ed
description of the invention and the exanples presented 20 above, it can
be appr eci Soayakds0. It'ﬁ’eﬁbé)@t/‘éﬂaﬂheéb?lélft@bﬂﬂmén‘hQémferH&r@%S:ﬁnm/ed The
expl anations and illustrations presented herein are intended to acquai nt

ot hers ski hbad G405t deabant 0.k ard thé eumomd €mt-ivol w) icdtsgep fione dipdue ©,008nd abig
practical application. Those skilled in the art may adapt and apply the
invention DA.its numerous fornms, as naybe best suited to the requirenents
of a particular use. Accordingly, the specific 25 enbodi nents of the
present invention as set forth are not intended as bei ng exhaustive or
limting of the invemsi on. The(mehoduglidtin? M3 2CoAlVRihetein Aarebditash Joak
preparing an al kene or substituted al kene from the correspondi ng al kane,

t he net hod;mﬁmm&maae@peﬂ[mgggmsgmﬁ@omrm@ egubstituted al kane and a
gaseous oxidant to a reaction zone containing a catalyst, the catalyst

conprising (i) a major conponent consisting essentially of Ni, aNi oxide,

a N salt, or m xturesét herBemet@a@f iy ohe @F 8laBhis 2 MBI o B0NWhereRIAONENT S
consisting essentially of an elenent or conpound sel ected fromthe group

consi st i NgaRfnelbp subBunib¥ alhe 15'5x1dWweYy Aéiydrégenatefito % ﬂl%%o%ﬂ%@&ﬁiﬂga nd

salts thereof, or m xtures of such el erent’'s of conpounds,
alkene or substituted alkene with an afkane or substituted alkane conversion of at lsast

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

172



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 major
conponent consists essentially of Ni oxide 3. The nethod of 2l Akrgnsti20pherein
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 xtures of such elenents or conpounds 4_ The nethod of

claim1l r.el ri i j C hsting
essenti a% %b%%ﬁ%"eﬂlﬂﬁ%}h% Il E Ogﬁ%ﬁ‘rfl%#hg%ggeﬁné'%edctggg%ﬁlgﬁl&he&%e l[shenti ally
of Ti, Ti oxide, Ti_ salt i xtures, thereof qr.Ta, Ta.oxide, .Ta salt or
M xt u es. cRESHe <O igs B et 10 S S R so AR A 0, o
oxi de, Co_sal ,}%&r m xtures thereof. S. The nethod of claim| wherein the
catal yst ca&ﬁﬁ? ds 165 21 August 2003 a maj or component consisting
essentially of Ni, a Nl oxide, a N salt, or mxtures thereof, one or nore
first mnor corrponen%i copsi sti_ng es entifll |y of, an _el ement or conpound
sel ected fromthe grotp cofi® ‘%g’f “ﬁl of RreprFng B tCaalkeng or Czio A |
oxi des thereof and salts thereof, or m xtures of such elenents or
conpounds, Catlsiuedsikens feon Somwarerpanding dllpnsa the sebod spmphisiggessenti al | y
of an elenent or conpound selected fromthe group consisting of a
| ant hani de el enent, provigingipCzZite CAakkdhesrery subatignaig, M/ Ceblkamrdnd 22 group VI A
element, a group IIXB elenent, a group |VB elenent, a group VB elenent, a
group VI B gabenrmkidaaxicteratiier sl coninisgh bt cephrisiap adorigsiag of such
el ements or conpounds. 6. The nmethod of claim5 wherein the second m nor
conmponent haOHig&h§ﬁ§‘nﬁ§§ ially of an el ement or c_orrpound sel ected fromthe
group conS|stC|OngQ(jf La, , (I;’r, Nd, Sm ;gd gg Bi, Pb, TI, ISn, Te, ((j:r V,
My, M, Fe, : , RUARRG, D, Pt Am) , Re, Ir, Au, Sig,- oxides
thereof and salts theredﬁ‘ﬂf@]or m xtures of such elements or conpounds. 7.
The net hod of claim g Lo ¥odupbiiut el Lel a third m nor
conmponent, the third n nmggco on%%fﬁgﬁ%nsélus%ﬁlg ess%%??;ﬂ’ﬁaqgf an el ement
or comnpou 2:}!]11: »st.ing of an alkali nmetal, an
al kal i ne gglr—r?ﬁjc}?nlg?l ) %n%@gé@@@tﬁét?é%?s%@%é&@e%tS t hereof, or m xtures of such
el ements or conpounds. 8. The, nethod.of any one of clai 5-7 wherein the
catal yst further cgﬂbﬂsinécé@}-ﬁuq%ﬁn@eﬁ#ﬂﬁlra 8}8/”83&8& ?utt(ﬂ%é’rfhi rd m nor _
conmponent consistin :
P 'St gA is a metal selected from the group consisting of Co, Nb, Ta and

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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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 elenents or conpounds. 9. The nethod of any2bAuguie2003
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
second or third mnor conponents, the N -conponent consisting essentially
of Ni, a Ni oxide, ad¥ SdllicmethollloftMiBSoAREEalthe FABHPLdHe doRld LT the
first conponent ranging fromabout 0.5 to about 0.96, the first m nor
conponent GORSH3 : I el r onpounds sel ected from
t he group consiag}tbib%gnglf?é%w@ao{'ﬁﬁ w%ﬁ % 5\5 WZn, Zr, A, oxides

t hereof, and salts tRgrgpt rom xt s. of such el enments or conpounds, the
nolar ratio of the sg@én ca6(?r’ponent @h‘é’?‘ﬁlg from about 0.04 to about 0.8
the second m nor conpopent consjist.i essentially of an elenment or
compound sel ect ed fr SM*PReE TPBAR® todggf%? oﬁbbt? =Q§¥‘?‘“§ﬁf %&mé@n&%‘ﬁ@éﬁ a
group I TA elegent, a.gro VA elenent, a group VIA elenment, a group |HB
el enent, a"dfESHFom Q9 @%@Frg%ﬂ,‘Séwt%sﬂ@%ﬁ?{m%\e@ﬂww% @%éh@nt,

oxi des thereof, and salts thereof, or mxtures of such elenents or
conpounds, S¥R&T¥end ¢z ip gk leastgbowhblt hird  conponent ranging from 0 to about
0.5, the third mnor conponent consisting essentially of an el enent or
conpound sel ected fromthe group consisting of an alkali netal, an al kaline
earth netal, oxides4her déf Gof elaim AL mdsfein yrandizare cah gréatensthin

el enents or conpounds, the nolar ratio of the fourth conponent ranging
fromO to adroandwhsreimte smad of yamdyz iseengliee thaal abbnad.6on conposition. 167 21
August 2003 10. The nethod of claiml| wherein a C to C, al kane -or
substituted C2 to C5 alkane is provided to the reaction zone and

dehydr ogenat ed t her e#d. 1TheTheshorbofadainosl ehaicin thewhmtionrzohbeomthisgae or
substituted al kane is ethane, propane, isopropanol, n-butane, isobutane,’
et hyl chl omaeiabrormsrigient anapoidt habhes e tfoechle VRl ai m 1 wherein the gaseous
oxi dant conprises nol ecul ar oxygen. 13 The nethod of any of the preceding

clainms wherein the gaS&TH/NbOR,SARLALBe @7, | NEVY wiebit ed air, or
oxygen-enriched air. 14. The net %dgof’ any ofgﬂw precedi ng cl ains wherein

the reaction zone i sMRi AbASHhnMerelBPRLAL L 13D ILATLE AW ARPHL, 200 C
to about 400' C. 7 ’
and at least one of &, ¢ and 4 is nonzero,
e and fare 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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15. The nmethod of any of the preceding clains wherein the catalyst is
supported on a material selected fromthe group consisting of silica,
alumina, zeolite, activated carbon, titania, zirconia and nabhesist200316.
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 greates thindredual ts @, \buthssatmkaﬁbkacpﬁmf 0.508 kit r Has@ @qual
conversion of at |east about 10% and an al kene or substituted al kene

sel ectivity @Blaﬁutll@saiﬁ al48 %411 4nd BNe étEth“QJSidee fl1gkrs. 1 for preparing
a C2 to C4 al kene or to substituted alkéne fro t he correspondi ng

al kane or substituted alkane the method conprising providing a C to 4

al kane or a substit uigd Czrﬁeqn&ﬂo@bm and1@ elﬂa%@%léﬁte?maﬁkad}eq&a

reaction zone containing a catalyst, the catal yst conprising N* oxide and

-(!I-Iehyc/))c(llrggengfll %ﬁtfiﬁge tﬁﬁgeééeq%glrﬁrogg %E@%%ﬁ%gﬁ?ﬁg&rjﬁi hl"'e‘&g%glﬂéspondl ng
or subst | ¢ of e L@Sﬁeo?‘.dk%?meﬁih%%%a OB e o B R B eyl

chloride. 19 The of claim17 or 18 wherein the catalyst is a
supported @%ﬁ%l‘i/@t 89‘£qﬂéln@r%r substituted al kane i s ethane, propane,

i sobut ane, n-- butane or ethyl chloride, the gaseous oxidant is nol ecul ar
oxygen, and the reactl on z ne i nt.ai ned at, a,tenperature ranging from
about 200 C to about QOO %%Q%%W@Fm&éilw}‘@'ﬁe e‘Fﬁqlﬁlgoﬁat al yst
is a supported catalyst the aI kane is ethane, the gaseous oxidant is

mol ecul ar BRbJERsthan precauakiorq. %mf&@ﬁegfﬁﬁerrﬁﬁW?aﬂwi%gbal lesmthan et equal r angi ng
from about 250 C to about 350 DC, and the ethane is oxidatively

dehydr ogenigtde0.105 1émm@qwltth 01011t dave thoororeqealdn 0.26f amsite keast

about 10% and an ethyl ene selectivity of at |east about 70% 21. The net hod
of cl ai m | grkater pranpaequd] (2002 tubleSsithah e sguaito G365 or b Fersatbsthinh ot eghadl kene
fromthe correspondi ng al kane or substituted al kane, the nethod conprising

provi di ng ta 0Q2uctiess Harbdkanakod. 3 Pail distdrédiéalaCar éath @blaes Badoa

gaseous oxi dant to a reaction zone containi ng a materi al COI'TpI’I Si ng a

conmpound @@mmay%ﬁgzr BYt 8 abd ) ehlmq&@@bc Qd (1), and dehydrogenating the
al kane or substituted al kané to form the correspondi ng al kene or

substituted al kene, where Ais an elenent selected fromthe group

consisting of Ti, Tag7.Nb, The hfethodWf claimZB whérein® is @8&teiiih U Equaplo t WO Or
nore thereof, .

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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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 elenent, a group VB el @héngust 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 to about 0.96, a is a nunber ranging fromabout 0.04 to about
0.8, b is ersquaber).33opb mgaenthan bo cqumd i 0,005 butleksthan oo sdpedl 16 angiang from
O to about 0.5, and d is a nunber that satisfies valence requirenents. 22.
The net hode Bfgredtad tu? br whied & 0.18 buslcadiheh efedqial 00 08! &l 4, '0Mg drlag; gr oup
consi sting of Ti, Ta, Nbo and m xtures of two or nore thereof 23 The net hod
of claim uuh@}@ln Ais a mxture of Ti and Ta, Ti and Nb or Ta and' Nb.
24. The nethod of claim 21 wherein Ais Ti, Ta or Nb. 25. The nethod of any
one of clains 21-24 wherein B is selected fromthe group consisting of La,

Ce, Pr, Nd, Sm Sb, &g, B'rheﬁtbthcﬂafdle{hniﬁ héfein & Cu, Ru,
Rh, Pd, Pt, Ag, Cd, GCs, Re, Ir, Au, Hg and wmf%nurless teﬁ&m%ngfrzsqur?’o?%eo

Lhereol, o%‘%@%%‘;‘“@%a R xturesé*‘@f&eﬂﬂlgfé% RPN D00,
about 0. 850 85Ty %ﬁ%g%ﬁ?%“ﬂﬁ%i‘ﬁ%f bR b (BRI 60 s tauguat

2003 0. 5, is a nlu e{%g % fromO to about 0.1, cis_a nunber ranging
from 0 to “&HboReavs!t ¥ U-9p Buyess énﬁh?ﬂj@lf o 49, @i erf geud H sspalezero.
requi rements. 28. The net hod of any one of clainms 21-26 wherein x is a
nunber ranging fro bou% 0.6t out 0.8, a is a nunber ranging from
about 0.3 to about h‘?EleQm mr@n‘fﬁ“ﬁ'ﬁmfﬂf’érﬁf%ﬁt‘?f(fhé‘b%?ql@]@5, cis a
nunber ranging fromO to about 0.05, 'and d is a nunber that satisties
val ence r q%ﬁ‘?‘&&%%ﬁtf%aﬂ orequEh® hE41rda Serie thanmrzgualito S04k dessdban end ¢ are
each zero, whereby the reaction zone contains a naterial conprising a
conpound ﬁ‘a\}alﬁg0t44ed1$gﬁﬂﬁfw&lﬂﬂ—qﬂwqmlmmmlemﬂwﬂweqﬁﬁdm@eﬁ‘e‘!mthmf claim
21 wherein the reaction zone contains a nmaterial conprising a conpound
havi ng t hgrdagrtdreon il Q.54 pilideddorhims:Shyudhto BY2,Calk pister thirl o eqolietoe La"
is one or nore | anthanide series elenents selected fromthe group

0.04 but less than or equal to 0.38, 4 is greater than or equal 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.

176



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 |east about 0.04, m n, o, 2pAugpst2003s 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
requi renents. 31. The method of ¢laim30 wherein the sumof {j + k + 1)
ranges from about 03584 tJdhgpeethodoclapy43 wherely g is greatsp thanor cqud et hod of

claim 30 wherein one of j, k and 1 are zero, two of j, k and 1 are greater
t han zer 0).55bdt kebethanwr efjudljto 9.68, ¢ islgreatanthes of equal &HBF0 bOT sy thangbout 0. 4.
33. The nethod of claim 30 wherein each of j, k and | are greater than zero

and the sgiitabfo €.40,%nK bt d1¢ ahidyigaml kerom about 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 sumof (m+n+o0+p+q+r +s +t) ranges from about
0.005 to about 0.1, 58nd e msefhiaddf (laim4Y wheydin & dngestet famorlequil t6. 005 to
about 0.1. 35. The nethod of claim21, 22 or 30 wherein the reaction zone

i's mai nt & B GuplesPhb® WP A ¥ 0.60f ¢ {ansarkh@Bn aPeiial 800.3Cbubless thag ofet hod - of

any one of clains 21, 22 or 30 wherein the al kane or substituted al kane is

oxi dat | velanafipfty o WRNALAG s bOLMRa! B0 FANERSBANG fhal @) K651 Rlgrais! [ tut ed

al kane wi an a or substitute ne conversion o about

37, The nUERBCOE: B SRR A REeiet 6 03 A, e e Pl pbBP° . PO0VSt e a

supported catal yst, the al kane or substituted al kane is selected fromthe
group consi sting of .getha [ N Wl =~ - et hyl

chl oride, the gasegﬁ's oﬁaggﬁtﬂ?@gﬁ%ﬂﬂi?ar %%%%ﬁ?ggégpcﬁﬁ@ggact& on zone
is maintained at_a erature ranging fr about -200 | C t.0 about. 400 C
35, "The. rBrRGal Bt Soane R AP RR A oA B Bthacee ot raBSa Rl e i 5 o
supported catal yst, the al kane is ethane, the gaseous oxidant is nol ecul ar
oxygen, tHa*HBL Pon zone is maintained at a tenperature ranging from about
250 ' C 172 21 August 2003 to about 350 C, and the ethane is oxidatively

dehydrogenated to form et hél ene with an ethane caonver iohrll of at |east
about 10% and an et hii-eneThemeheq of any opg ohglajngyd, 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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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 8! Gngust XWde 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

t he al kane or substi Hﬂi}&ﬁo@nkﬁﬂgtﬂeQﬂf@ér@rtsﬁlﬁ;umedmaﬂ@fwoﬂgtﬁé kene or
substituted al kene, where Ni is nickel and x ranges from about 0.5 to about

0,96, Al %@r&gﬁ&,ﬁimgsﬂ@ﬁé &EuhE QAR Bk e Qikh HP AR S Mﬁb@t&m@a adpe Ta and

conbi nati ons thereof and ] ranges fromO to about O, 5, I's a dopant

ﬁ/le,ll eftaedcfe({(ﬂlgbgs%&ra%m an %lt ?r%%%g%r?l}sﬁcinﬁer eo%gtmﬁgd &‘géang%%uf ng ,

about 0. 5,13&}@ ‘Fl /%Znt sel ected fromthe group consisting of Sn, AI, Fe
B, n, , Pb and conbi nations thereof and 1 ranges fromO
to about 0.5, i is a nunber that satisfies the valence requirenents of the

ot her el enents pre d t of and s, at 1. 40 The
met hod of claim 39 r e| E qg“’éi%“ﬁ%%g ‘é’éﬁrﬁn’gtpgﬁ“@}ysf ﬁ%pn’?é%é

wherein the sum gf,d is smaller than about 0.8. 173 21 August 2003
41. The mePtidd ape ( a&}%lé@%%@lsmﬁn&ﬁﬁmeéa’%qmaw gone cepnetlzf & Tamt er i al

conprising a co&Eound having the formula (I1V): N xNbyTaaO, (IV), where x
ranges fr f, V.Y 1B abotnd H1.96, y ranges fromO to about 0.5, z

ranges fromO to about 0.8, i is a nunber that satisfies val ence
requirements, and the sumof y and z is at |east about 0.1. 42. The nethod
of clai m 41l wherein §l-andThe grethodpfiClaim 4 fer prepaiingato taRdaliees @ ¢ tohe sum
of y and z is smaller than about 0.6. 43. The nmethod of claim41l wherein

t he react i@rsubshiatedaikanerfiona thengorespaidingaisanesimiybstitotedpdiond, thewapd he
formula (V): Ni LCozNbcTadSneKf.Al $FerrG, (V), where b, ¢ and d are nunbers
greater thampeisimgqual to zero, but |ess t han one, and.at |east one of b, c
and d is nonzero, e and f are nunbers greater than or equal to zero, bat

less than or equal t@)BoF&ding aC; to Cqalkane or a substituted C; to C4 alkane and a
gaseous oxidant to a 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 (i) an element or compound selecied 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, 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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g and h are nunbers greater than or equal to zero, but less than or equal

to 0.10, a is a nunmber greater than zero, but |ess than one, and satisfies:
a Sl-b-c-d-e f g-h, and i is a nunber that satisfies val encdl Aegit ?%ent s.
44. The net hod of cIa| m 43 wherein c is greater than or equal to 0.1 0O, but
| ess than or equal to 0.85 or c is greater than or equal to O- 12, but |ess
than or equal to 0.42 or c is greater than or equal to 0.14, but |less than
or equal to 0.25 or c_is 174 21 %Cgfust 2003 greater than or equal to 0. 20,
but less than or equaf2to GhgEegRods Qlagaléaf%we?mﬁ oz @yGartkens0n 3 1, but
| ess than or equal to 0.41, and b, d, g, and h equal zero. 45. The

nmet hod of ciukbtifted er%lﬂk@elﬁongﬂmwwmmmﬂkmsubenmwdﬁ@:anmﬂne| ess

than or equal to 0.60 or d is greater than or equal to 0.19, but |ess than
or equal tanéthb@compridings greater than or equal to 0.14, but |less than or

equal to 0.25, and b, ¢, e, f, g and h equal zero. 46. The nethod of claim
43 wherein b is great es-fdckitg 0C; soUablkiee & a subktituegisC4 fodly akareqndla to 0. 20
and c is greater than or equal to O but less than or equal to 0.80, orb is

greater than.edsQRiteine ia &a@%nmﬁcdoﬁmh@a@aﬁlysg%@éatﬂgﬂ%ﬁ@ﬂ £ 15 -

greater than or equal to 0.02 but |ess than or equal to 0.56, ) 1S
?LZ?T@I cqu i Hesg R n B2 cPpbosifR oLiplRg (FRHAN g 3‘39“?9%& 'gsa%&eﬂ:er-
4 .
gﬁ“aP éErﬁﬁw st SR AR T PPl 'é%o%bﬁru%'d@a%afg g R %8@5‘2%1 l“
Q
Chan o equaiTir BH0rEe o T 7 8. §w§1%a%egeq°3‘a”d§%1rs et Rmetitnod of
cl aim 43 wherel nbis greater gan or equal to O but less than or equal to

0.33 and c 9Sueh lgEentsr SAIHP to O but less than or equal +to 0.52 or
b is greater than or equal_ to but less than or equal to 0,10 and c is

greater. than or equitacding %ﬁlﬁﬁﬂe ereybstitaied aliang it the gatelysbinghsp | s

greater than or equal to O but less than or equal to 0.03 and c is greater
than or 'equatsencs 6f hatgaswys oxidant tordsbyirapernags the aligme or bulistingedsiienc tohan or
equal to O but less than or equal to 0.03 and c is greater than or equal
to 0.15 butfoimeds: ¢dmsspordivg|alibngd o Gb@ftuted aikdns, great er than or equal to
0.001 but less than or equal to 0.19 and cis greater than or equal to 0.13
but less than 175 21 Jagroing80 Beraeraqadl thordicdn e toDedetabar aHolnan or
equal to 0.001 but less than or equal to 0.19 and c is greater than or
equal to 0.3b8°gut less than or equal to 0.23, and d, e, f, g and h equal
zero.

63.  The method of Claim 1 for preparing ethylene from ethape, the
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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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 to2bAegishifi03| 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 ogiglel ﬁeﬁ)ycﬁ&%éﬂdﬁn a0 Brm 8AYRhe Witlardt4, d 1S
greater than or equal to 0.04 but Tess than or equal t0°0.44 or ais

greater th t : .S, gr eater
t han or eqﬁg t%ﬁqg]%% cg'ua?1%2%6%2@%%%13gg&gﬁﬂ?n%%g@ggﬁ?}agf%ﬁa%sgg %th t han or
equal to 0_{&? but less than or equal to 0.40 or a is greater than or equal
to 0-54 but”Tess than or 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 tg 0.40, and.,h, e, f, nd ual zero. 51. The nethod
of clai m43 wherein 34 d ange °QE@@%’D§%§% @r&cﬁgﬁ’%‘?r%éﬂgpmé&ﬂ“but | ess
than or equal to 0.35, and b, f, g and h equal zero. 52. The nethod of claim
43 wher ei rceaikenefiomithe perresgending alkens of ubstitugrd alikans hegnethed fOPBESNg han or
equal to 0.35, and b, e, g and h equal zero. 53- The nethod of claim43
wherein a is greaterPiovehnge Cedubk alkgne or saubistitutedEgta Ganlkene elml to 0. 64,
c is greater than or equal to 0.06 but less than or equal to 0.38, dis
great er t lgaaears axddeak ta aradcien pute doprdninganatyst domtatelysicod@risinga  great er
than or equal to O but less than or equal to 0.26, and b, e, g and h equal
zero. 176 124dst B0pINTL a2008:ided a Nilsalt we miowrafthedkaf, amd3 wherein a is greater
than or equal to 0.55 but less than or equal to 0.65, ¢ is greater than or

equal to 0.30 but Ie@adamy@&lga%ﬁﬁatmmeaﬂ@neaﬁﬁ;&ﬁuﬂmﬁmmoffoﬁﬂual

zero. 55. The nethod of claim erein a is greater than or equal to @&$

but | ess thaRmRkspeRtiaL alk@n oPdubshinks ALGRLIR M RAKIA 2 8RUMe bR1Bn3BpdUt | ess
than or equal to 0.36, g is greater than or equal to O but Iess t%an or

caual Lo Qg e OBk Rrank oGl Bk n0:lite e LU, OLeGRUP Lo
Com 51" QS o RLSE! s AFLESHFLATATRSALONR Cons' Stie of

of any one _of, .clains 39 1 . or 43 erej he react.ion zone.is i nt ai ned
ot ot emporaieeodatn dg e ot A lhs PoTGotiS Dbe SR BLE. dur s ng
dehydr ogenation. 58, The t hod .of any one ,of ¢lains 39, 41 or 43 wherein
the cat a|%%)§tanﬂétl%ﬂli<am€ PLsSubstRdadens SelgcvRy heing aideast 2berti30%n t he group

consisting of silica, alummna, titania, zirconia, nmagnesia, zeolites,

clays and conbi nations thereof. 59. The method of Claim| for preparing a
C2 to C4 al kene or 93  Themethod of claim 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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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 al kane and a gaseous oxidant to a reaction zone coAt Augisnz03
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 |east, about 10% and an al kene substitut ed,al kene
celectivity of at ot eneliGs dRAANCAR Qelslete SR pol RS o 1 ¢ ne
catal yst conprises. (i) a N oxide, and (ii.) an . oxide of an el enent

sel ect ed fsr“ggqtl’ﬁ? Zgé%%ﬁnégﬂﬁq’%{éflﬁg(%? o pubst ,te‘ﬂﬂtg?n o te regetion ZoAS, 7 |
and Al. 61. The nethod of Claiml| for preparing a C2 to C4 al kene or C2 to
C4 substitakfed 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 wexdmgatdedastapertion of theetkerican substiducd atkenoamly a

catal yst, the catalyst conprising a calcination product of a conposition
conpr i si ngmfeactdd alkameNir sobdtiteted alkhihe s@aithinbry produdt siresn theeedctionzdné.i i ) an
el ement or conpound selected fromthe group consisting of Ti, Ta, Nb, Co,
H, W Y, Zn, Zr, A, oxides thereof and salts thereof, or m xtures of
such el enents or con@bund¥he trizehodatf@lapatcioeharginahe taniyer contyrizes NMiY from
about 200 C to about 500" C (b) contacting the al kane or substituted

al kane W Ny dxdie, aalialalt v ntiRturéiether@b £ 388 ¢€) 0f cléMentGre6RpouaK bdledtd fom
dehydrogenate the al kane or substituted al kane to formthe corresponding

al kene or tﬁé‘%?ﬁb%ﬂﬁﬁ%&@ﬁei[‘a,(ﬁﬁ, SRV NGy ik @Bea Ploxideb BldriditRd stk ene,

unreacted al e or stituted al Kenée and unireacted gaseous oxidant from
the reacti miﬁﬂﬁe I ), (b) and (c) for a . '

cunul at i véﬂé}g‘g@ :f:on persi(ogéuag)%élg%%’%@lgggéﬁ?ﬁ#ﬁéabout 200 hours. 178 21 August
2003 62. The method of Cdaiml for preparing a C2 to C4 al kene or :

substituted C2 to C4ﬁgal keﬁﬁc &E%Hto 1 {?&Wgei@kﬁg@a zﬁi&erﬁ}g}Sti tuted
to a

al kane, the method conprising co-feeding a kane or a

substitute K aseous. oxi t to a . re ' one
cont ai ni n&gl?is c%lt%glc’ci? ,Ej“tag{eé %g{&g}@gtchggwﬁﬁ%%%@gg gt?hﬁxé‘f %%ﬁ%]?%&%&t of a

conpositi %‘etﬁc?d@cfuialﬁsliisqgg (i) NN, a N oxide, a N salt or

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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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 mixtures of such elements or conpounds, céht:gust?§3the
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
t he correspondi ng al kgne. or. substituted.al kene, controlling the tenperature
of the reaction zone %‘83‘5‘5tﬁ“’e@@%%%“ﬁﬁ%&ﬁ%@@ﬂ&?ﬂ%wwd#ﬁm@gr of laim1l
for preparing ethylene, fromethane, the nethod conprising providing
et hane and t’éﬁ’ﬁﬁ&ﬁ‘%ﬁ SRR productsiewn Sosm Erecfint zhetiongzame toatedopsit , t he
catal yst being a calcination product of a conposition conprising (i) a
maj or conp&PAERPLERMBI sting essentially of Ni, a Ni oxide, a Ni salt or
m xtures thereof, and (ii) a m nor conponent consisting essentially of an
el ement or conpound ®efeedingd gasamstolilagt withe caDal 3édcHEn 8bndi . Ta, Nb, Co,
Zr, oxides thereof and salts thereof, or m xtures of such elenents or
conpounds, nai nt ai ni nighyeseeankithnalkaneoadubatuRARELAE 46 ?orhﬁ?:]gi ng from
about 275 C to about 325 C, and 179 21 August 2003 oxidatively

dehydr ogenaﬁﬂrmohﬂﬁﬁgaﬂltma%rbﬁbsﬁﬁﬁ%%c@ﬂéﬁﬁﬁe%ﬁd?&cﬁﬁﬁ?@ﬂz@ conversi on of
at | east about 10% and an ethylene selectivity of at |east about 70% 64.

A nmethod for preparing a C2 to. C4 al kene or substituted C2 to C4dal kene

fromthe correspondi @9, al kpRemehod WPSIh g%gﬁle%ééﬁ?%%&bgﬁ@égg%g%%pri si ng

providing a C2 to C4 al kane or a substitu aseous
2t Tonst  ESfRfd SRoRERREA AR IR f didip b Wbkt O
Cor  espondh g o e R b el B R B St b B e pw st
reaction zaﬁ&%&g@(%?%?gt%%ﬁlaggét:s%?{gondi ng al kene or substituted al kene in

a nol ar concéntr out 5% relative to total noles of
hydr ocar bon, during the oxydehydrogenation, the al kane or substituted

al kane conversion beLRg at.l ea boyt. 5% .and the al kene or substituted
al kene selectivity bZ?‘ng ;l‘thelnéezé?£%€cgﬁfn é%%he@?}? theppolapsansauisrtionofi m 64
wherein the al kane or substitufed ,h al kane and the gaseous oxidant are
co-fed to ?Wge’?éth@'@i%ﬁt "‘Z%n*@?‘“-’t AHANTSRCS Wﬁﬂfeﬁom@gﬁpﬁ%im@w—m&’edﬂ ng a C2
to C4 al kene, or substituted C2 to C4 al kene corresponding to the al kane or
subst i t ut E@hrrsEfelatiye fhethargct i on zone.

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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66. The nmethod of claim64 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 coApAiugishgf0Bhe
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 or substituted ai kene and unreacted al kene or

Subst] tut o0 e ARk ABRNAIRGSAR LPaldi%. GARBLEARAZIEST. The

met hod of cl al wherein the catal yst conprises ide, a N

salt or m xt i kd .e nt oy oynd sel ected .from
the group coclrdl)é1 ?%ts %°%§f§?i#?@3§5@)@a%3 ,ahgfg’% W‘%tﬁ%ﬁg ne %?cuaf;(tiy@ggx

t her eof and Saléa.‘é t@g/eof, or m xtures of such el enents or conpounds. 68.
The met hod JFSEFRYYH"? % or preparing a C2 to C4 al kene or substituted C2 to
C4 al kene fromthe correspondi ng al kane or substituted al kane, the nethod
conprising feeding a C2 to ﬁ;l al glage or ,a substituted C2 to C4 al kene to a
first reaction zone ctht ai hEhEethodAfalaj 68 vheremdhs elkepe epmbisiisiedy a

cal cination prodyct of a_ conposition conprising (i) Ni, a N oxide, a N
salt or nix g 13 pradaibrely delydregenaigd in thedmshreaetionczmsdofers dicect ed from
the group consisting of Ti, Ta, No, Co, Hf, W Y, Zn, Zr, A, oxides

t her eof and coErpsndingradigme aysubstiteied elkent withoin dkancmrissbaituted eliganeinds,
co-feeding a gaseous oxidant to the first reaction zone, dehydrogenating
t he al kene oemwuiion iof ut leastablanid% and en aiktheocabstspaikag wldctugy of at
substituted alkene in the first reaction zone, exhausting a product stream
conpri sing tdwet At B0 thdi segoral teaftorOfone Subphisédthe doRbitpngingtidrreact ed

al kane or substituted al kane fromthe first reaction zone, 181 21 August

2003 feedi nguisiguiad kikese Y a S160s hhstntdigh bEANER AW 304 a6i8 e 8] 168 Sndlls

substituted al kane contai ning product streamfromthe tirst reaction zone

Lo a secondof hRAGLABON Z0Rhe ERaAEGUMBERIATELNT, BNy bOICIGEAM

reaction zone,” dehydrogenating the alkane or su

the corresp J | Lt o d.reaction zone.
(e corr s paNthAl-HaNG: Aincalhath b SekBLIONG APl SRR HRAGL Vo
first and sgeondnl SAGhAMEPARS SnbOMdn P thalGndRt SlaAlnGHeraly, &l kane

substituted alkene selectivity of at least about 50%.

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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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 ai m 68 wherein the nolar concentration of oxygen in the fi2l#ugehddBecond
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 al kene at a nol ar
concentration of at |east about 5% relative.to total | es of

hydr ocarbon. 72. The %{SMEIE%%MQP@%W OIQM%@W@WEEHM ed
al kane i s oxidatively dehydrogenated in the first reaction zone to formthe
cor r espondi RPERKERBL @pugé-ﬂétw gbaw §-& e A avbentapging femd wrbeuidssi ¢ istted

al kane conversion of at |east about 10% and an al kene or substituted

al kene sel eouinper yangingdfrom|Odggbouidhfitand ghis a 7@mbEN thapreatisbigs valentai m 68
wherein the al kane or substituted alkane is oxidatively dehydrogenated in
t he second rapdteireniszone to formthe 182 21 August 2003 correspondi ng

al kene or substituted al kene with an al kane or "substituted al kane
conversion of at |east about 5% and an al kene or substituted al kene
selectivity of at |ed&t abldmb@dematdl oxidecompdsiibrosf athiai 75 Ghewietei n t he
al kane or substituted al kane is oxidatively dehydrogenated in the

first-react omps@NPistreprefinfied hethe FotmaRAPNdi Nng al kene or substituted al kene:
wi th an al kane or substituted al kane conversion of at |east about 10% and

an al kene or substitutgdratkRBE 288hSaHIN ME, 6] | east ?ﬂﬂ%hbe:?@% t he
S

second reaction zone conptises the corresponding al kene o ubstituted

al kene in a mol ar conggrtyg aﬁ%}gﬂgg% laﬁmmaég%gg%@%g sa{l%(t@& h¥Eh 2 ot Q2!

nol es of hydrocarbon, and 't ane or su ane I's o tively
dehydr ogena - | SRCO jon zone to formthe correspondi ng
al kene or s%%%t‘giﬁ?létogg‘%%gg'hgg‘\m%%a al kane or substituted al kane
conversion of at |east .about .,5% and al ke r .substjtuted al kene
selectivity of at | ea§ctls351851]36’5{?&?“‘?2&0%aﬁ?‘ﬁgodgﬁoeﬁﬂu?@)éﬁde conposi ti on
conprising a conpound _represented by Formula | N1KAaBhCcOd where A is an
el enent sel ected fromlthenht 8igrach pdmbers puging from o abqut 0y5and the sym ofy
Zr, A, and m xtures of two or nore thereof, B is an elenment selected from
t he group criskdti)agatdrasd abewitddthi de el enment, a group I11A elenent, a
group VA elenent, a group VIA elenent, a group |IEIB elenent, a group |IVB
el ement, a group VB elmmentp, | rgy owy dv¢ Bwobl mhrers raggihg from 0 to 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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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 02ZbAugust2H3ut
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 conposition of claim?75 wherein the conpound is
represented by the Foj.iAml ¥ treMacinfaddigrigatShomInmBiboGat), s snNavE bf) |
where La* is one or nore |anthanide series elenents selected fromthe group
consi sti ng @f K4&1)js at@emst alkyut 0,04Ndp, Sny, X is a nunber ranging from about
0.5 to about 0.96, j, k and | are each nunbers ranging fromO to about 0.5

and the sumof {j + i, 4, d)p,icsr,atanieasd eaRQuinkRyd %ghg’ﬁ-éﬂn R?o about® 1,7 S

and t are each nunbers ranging fromO to about O e sum of ™’ (m+ n

+ 0+ p + @ndthésdm%f A 1Sg a{p-#@as‘ugmqyﬁ aQIQQﬁabog%%.p{)?nd w are éach

nunber s rangi ng from to abou and Is a nu ’hat satisfies

val ence requirenments., b R ound
resulting fromthe steps dgv%?%ﬁng a pr%"@%ﬁﬂﬁ?‘gﬁé%%r%ng@flﬁdgg

corrprl SI ng n ent ed rmul,a 1 LA N i,,TijTakNbLa*SbSu

Bi Ca M?F% &vﬁ ereﬂglr%—ﬁ%n?%ranﬁme | ant hanl de series elenents
selectedfromthe gr%@ consisting.of La,,,, Ce,,, FrO, Ndp, Sng; x is a
nunber ranging from a élﬁg%’i‘at{?ng’@mmmoﬂl August 2003 j, k and 1
are each nunbers rangl ng fromO to about 0.5 and the sumof + k + 1) is at

| east about 004, m mR % ) and t are_each nunbers ranging from?O
to about 0.1, and thé?’ sumGRIXgdrmetal 9ﬁ0m§oaxpnsmgtcmmdo 005, u,
v and w are each nunbers rangin fromO0 to about O. 1, and d is a nunber

that sati SF?PEESC\?WC@GF@&%W nts, and calcining t he pre-cal ci nation
conposition. 78. A m xed netal oxide conposition conprising a conpound
represented by the f VG ) (I, where
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
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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 fromél abgust2@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 0 t;praﬁgﬁj&"rga%us@'g%-&ﬁ?gﬁyﬁﬁﬁgg@gﬁéé‘) &ﬁglﬁfﬁlroup

consisting of Sn, A, Fe B, fi ons
t hereof and,l, fd 2404 nber that satisfjes the
val ence requi fggﬁeﬁ%tﬁio Cg thgotgo |[e%eﬁ?a§5%t?%§§xgl%n%%ﬁ%‘m fie k and

| is at lea .0 orrp05|t|on of claim78 wherein the
conpositi on§l}:m r| seSISﬁtl(?ﬁ%ﬁB avi ng the forrmula (1V): N .NoyTazOT,

(TV), where 185 21 August 2003 x ranges from about 0.5 to about 0.96, y
ranges fromO to aboug rangies fromO to about 0.5, i is a nunber
that satisfies val enc Teqtﬁqe&??ri’f’ tog ofic Ss"ifhﬁr@#ltl}‘e%i’mp%iﬁi@l at | east
about 0.1. 80. The conpo ion of claim 78 wherein the conposition

conpri ses a%‘i‘%ﬁﬁd’oﬁ’&\‘i’l’-?éhﬁﬁég fprrala(W):  Ni aCobNNTadSneKr Al sFeh01; (V),
where b, ¢ and d are nunbers reater than or equal to zero, but less than
one, and at |east on®igiou s rdilFenhonzer &), whared f are nunbers
greater than or equal to zero but | ess than or equal to 0.35, g and h are
nunbers greater than &re @qijdhrqmummr&)grebuertﬂaam etyireino eérogbimtdkssttBardodd), a is
a nunber greater than zero, but |ess than one, and satisfies: a S 1--b-c

- d-e -f-g. -mndaﬁdleaismmdbmrmmdislﬁenza@ti sfies valence requirenents. 81. A
m xed nmetal oxide catalyst conprising N, a N oxide, a Ni salt or

mi xt ures thereof, andeafd heﬂﬁﬂibeﬁgr@ﬁemaﬂﬂg 861228 80! l?ﬁarﬁ(;
consisting of Ti, Ta, NbﬁCo [-1f, WY, 21;]@11 Eé;o%@ldéés r%g and

salts therggfp3sr mxtures of such elenents or corrpounds t he m xed- net al
oxi de cat al yst bei ng capabl e of converting at | east :

g and /1 are numbers greater than or equal to zero, but less 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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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 subbkfpgugt2083

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. 82. A nethod for preparing a catalyst conposition, the
met hod conpacsemgorfeoromaiping grieast shait A% odthe conpapentingralicmept isshnitnied
compound represented by Fornula B Ni XAaBbCO (X $), where Ais an elenent
sel ect ed fallmmé.he group consisting of Ti, Ta, Nb, Co, Bf, W Y, Zn, Zr,
A, and m xtures of two or nore thereof, B is an elenent selected fromthe
group consisting of a lanthanide elenment, a group DIA elenent, a group VA
el enent, a group VI Age| emmeﬂﬁ)ﬂbppﬁpaﬁﬁchﬁh@aﬂﬂmp(ﬁltgﬂQ% Ihéfﬁogl ement, a
gr oup VB el ement, a group VIB elenent, and m xtures of two or nore
thereof , Gdrf ﬁ§n§| kali netal, an al kaline earth nmetal or mixtures t her eof ,
X is a nunber rangi ng from about 0.5 to about O. 96, a is a nunber rangi ng

and o 15 a numver T anmmgaersepRedl iR A O B uithe
pre-cal ci n%Pl_egg tg@gﬁp%l 1.l fgﬁBS& The nethod of claim82 wherein the

pre-calcin conprises a conpound represented by Formul a
[1-B N xTii TakNb, La*Shr Sns], it Cauk, ﬂlg (H-B), where La* is one or nore
| ant hani de series el eCsel ect ed FPhm t he group consisting of Lan,,
Ce,,, Pro, Ndp, Sng, i s a nunber ranging fromabout 0.5 to about 0.96,
187 21 August 2003 jf"’)flﬁreand 1 are each nunbers rangi ng from ' O to- about 0.5
and the sumof (j + k + 1) is at |east about 0.04, In, n, r, s
and t are each nunbeAssensl tﬁﬂ@%ﬁd)ﬁpmT&b@mupomnsmﬁagldfi"hé"asl‘fb} 6@
(mtn+o+p+g+r+s +t) is at | east about 4.005, u, v and w are each nunbers
rangi ng f rigfnVy, YoZa,b'buﬂIMmhmutedomeormmﬁherebf;at satisfies val ence
requi renents, and cal cining the pre-calcination conposition.

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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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 - conponent with a first m nor conponent, and optionally w £hAYBEbHY3and
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 sting essenti al %%mgéﬁ. 6 Hohed 5Themd iy group
consisting of Ti, Tak,’xﬁ\fg{d %%%@E?ﬁ W %Sg : rgﬁ% ogi des thereof, and
salts thergaof .m xtu f. such el ements or conpounds, The nolar ratio
of the sec&%okégﬁrﬂfbﬁéﬁ%& %@?@ia ét’f rom about 0.04 to about 0.8, the second
m nor comnponent consi sting essenti.all u el ected

fromthe group consi ¥ #nf- %fq’&slagﬂttﬁﬁ%?‘%g W&%ﬁg%éqﬁgouqé'émnt , a

group VA elenent, a group VIA elenent, a grouyp 1118 el nt, a group WB
el enent, oagiibaswRidmehift ot HAGUPT VIrd) @I%E@ﬁ?@%ﬁ@ggt hereof, and salts

t hereof, or m xtures of such elenents or conpounds, the nplar ratio of the
third conponent rangingnd woare eachomitsys rapgbig figs 0o appytfdl, andebisthe t hird
m nor conponent consisting essentially of an elenent or conpound sel ected
from t he gmetiperabasestfissyatshcareqalrkmentsymetdal , an al kaline earth netal,

oxi des thereof and salts thereof, or m xtures of such elenments or :

conpounds, the nol agalbiingrhepré-Bacinatisd forapugxiorent ranging from 0 to abou
0.5, and calcining the pre-calcination conposition. 189

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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