WO 01/ 47843 PCT/ GBOO 04813 PROCESS FOR THE PRODUCTI ON OF COLEFI NS The
present invention relates to a process for the production of olefins.

O ef i ns sWMO1I84t hyl ene and propyl ene may be produced by BCYVGBPUR4§13,f
processes, including the steam cracking of hydrocarbons or by the
dehydrogenation of paraffinic feedstocks. Mre recently, olefins have been
produced by a process known as 5 auto-thermal cracking. In such a process,
a hydrocarbon feed is mxed with an oxygen- containing gas and contact ed
with a catal yst. The hydrocarbon feed is partially conbusted, and the heat
produced is used to drive the dehydrogenation reaction. An exanple of an
auto-thermal cracking process is described in EP 0 332 289. The patent
descri bes platinumgroup netals as being capabl e of supporting conbustion
10 beyond the fuel rich [imt of flammability. Preferred catal ysts are
supported platinum catal ysts such as platinun ganma al um na spheres, and

pl ati num nonoliths such as platinumcordierite or mullite nonoliths. In WO
97/ 26987, such platinumcatalysts are nodified with Sn or Cu, in the
substantial absence PROUSHOR TREPRODECTRORIIE OLEFINPS 32 to 34 of
the patent, 15 palladium causes the catalyst to coke up and deactivate
very qui ckly. Véhepresenhomedtoundlatdsat a peauess fr yhet ogudtion oéloteﬁsuggestl ons,

conpositions ¢ risi dlu are effective as ata sts for

ot ot her el ool ep Ao EluleBSand bt ey be PrHBC BB obnt i on
provi des apraée@%%cmfngttn@stem@%tdng%fﬂ&d,%ear%r%fdrrbyftﬁ@aa@dmg@m%r&on
whi ch process conpriseS: 20 part y conbusting the hydrocarbon and an

oxygen- corpagthnindeegsockn Moe reperekyeoleﬁnsjiava beat mioysded byhapractseknewd ag n t hat

the ca alyst rise al | adi.um and at ast e further .netal, said
furthe &Bglﬁﬂgcr S8 UP SHEh %pmeﬁ%fuf,hmerﬂcarw c5d (IR PGNPSO L 47843

PCT/ GBOO %ﬁt]a%uné@&saénd%nﬁcie@%lmbﬂﬁyst| The 'E?H#Iogar@@n Pé%qf?sr ﬁérﬁﬂg/ that unl ess

ot herwi se specified, the term"furt net al covers all elenents of G oup
[11A, | VAcowhustedaandithe bent lpm(hulcechrsdxséchmcﬁrwutﬁedd@dr@nafontrhmnoﬁer| odi ¢

Table. 5 For the avoidance of doubt, the platinumand af, beast;ppg furt her
The patent describes platinum group metals as being capable of supporting combustion
10 beyond the fuel rich limit of flammability. Preferred catalysts are supported platinum
catalysts such as platinum/gamma alumina spheres, and platinum/monoliths such as
platinum/cordierite or mullite monoliths.
In WO 97/26987, such platinum catalysts are modified with Sn or Cu, in the
substantial absence of palladium. According to page 4, lines 32 to 34 of the patent,
15 palladium causes the catalyst to coke up and deactivate very quickly.
We have now found that, contrary to prior art suggestions, compositions
comprising palladium are effective as catalysts for auto-thermal cracking processes.
Accordingly, the present invention provides a process for the production of an
olefin from a hydrocarbon, which process comprises:
20 partially combusting the hydrocarbon and an oxygen-containing gas in the

presence of a catalyst, characterised in that the catalyst comprises palladium and at least

one further metal, said further metal being a Group II1A, Group IVA, VA, a transition



catal yst may be present in any form for exanple, as a netal, or in the

formof a nmetal conpound, such as an oxide. The partial conbustion

reacti on weosarded out by contacting a feed conprising t RETGRMAPHEAr bon

and a nol ecul ar oxygen containing gas with the catalyst. Any suitable 10

oxygen- cont ai ni n l&aéslagﬁ%mge enpl oyed; air being an exanple. The preferred
y

st oi chi onetric ratio 6 focarbon to oxygen is 5 to 16, preferably, 5

t013.5 tinmes, ARKGuIPbElRIAAbYI tHit bflekQthdriRe shOSHSL HeGBing MBtthbCmE@li 0 Of
hydrocarbon to oxygen required for conplete conbusfion of the hydrocarbon

t o car boncovgiselielpmentdofifanoup IIIASPAeVé: sshsitiorhmetabayelantbanide feeds pfithe t he
reacti on.PI t S]éaﬁ)?l ieved that in the presence of the catalyst, hydrogen
combust s perrg’idécr Sall y relative to the hydrocarbon, thereby increasing

the olsefin selggtthybddidfie bPEo®Y ahablatiRtiR a8 8t eAdSht RAARL nlebf th meMPONENt s
such as nitrogen, carbon nonoxi de and steammay also be fed into the

r eact i on. capdyssuriay dblpeesentongny farm, fretexhmplenasl ametaldor irGhe fonm afwimétal Of
these, Ga_and In arﬁg ref.(ﬁrred. Suitable Goup I VA netals include Ge, Sn
and Pb. CORAERL SUELasONPe ore preferred. Suitable Group VA netals

i nclude Sb andri parfll cbhB8fionBeadtion R &frBEd &Q-by?c'énﬁ'd{-iﬁg';‘?k&d %E@h?ﬁn% Elet he
transition netal series are any netal fromGoup IBto VIIIB o e
Peri odi ¢ hysdcerbonrang armélenlaroxygenasmsitdiniog gaewih thesmtabyst. ethyf sutabl&r oups | B,

Il B, lﬁeE’ VIIB and VIIIB of bt he Peri odic.Table ‘%TR% preferred. Exanpl es of
such ‘et aP'TETAUIGHREERS Mg Do WPty ed i being ancgamgle, 11, N, Pt, Cu, Ag, Au,
Zn, Cd and F@-Thfﬁr@feﬁﬁeﬂ%@)iéh‘i@ﬂé\tlfi&5‘2913)' oeabof tdBxydBis 18y, Pt, Cu and

Zn. 30 Suitabl e I'anthani des include | anthanum and ce€fium 1n’one enbodi nent
of the prmskerbly, Avteht.p amesthereqaefatapbt 6conPtines sheonbighiometrivatad of sel ect ed
fromGo [11A Goup IVA VA _.the transition netal and | anthani de seri es.
2 WD 01/ Zig’g&%?aﬁk@wt%@ e@iﬁ‘i‘ﬁreﬁlf& C%&%lﬁtﬁcefn%tlﬁém&fttg? 9@?0%@%@@?11%
pal | adi urg;gnge gnewhet al selected fromthe group consisting of Ga, In, Sn,
Ce, , Bi, Cu, Ce and La. Palladiummy nomnally form

15 Preferably, hydrogen is co-fed into the reaction. It is believed that in the

presence of the catalyst, hydrogen combusts preferentially relative to the hydrocarbon,
thereby increasing the olefin selectivity of the overall process.
Additional feed components such as nitrogen, carbon monoxide and steam may
also be fed into the reaction.
20 Suitable Group IIIA metals include Al, Ga, In and TI. Of these, Ga and In are
preferred.
Suitable Group IVA metals include Ge, Sn and Pb. Of these, Ge and Sn are
preferred.
Suitable Group VA metals include Sb and Bi. Of these, Bi is preferred.
25 Suitable metals in the transition metal series are any metal from Group IB to
VIIIB of the Periodic Table. In particular, transition metals selected from Groups IB,
I1B, VIB, VIIB and VIIIB of the Periodic Table are preferred. Examples of such metals
include Cr, Mo, W, Fe, Ru, Os, Co, Rh, Ir, Ni, Pt, Cu, Ag, Au, Zn, Cd and Hg.
Preferred transition metals are Mo, Rh, Ru, Ir, Pt, Cu and Zn.
30 Suitable lanthanides include lanthanum and cerium.
In one embodiment of the present invention, the catalyst comprises only one metal

selected from Group IHA, Group IVA, VA, the transition metal and lanthanide series.



between 0.01 and 5.0 wt % preferably, between 0.01 and 2.0 wt % and nore
preferably, between 0.05 and 1.0 wt % of the total weight of the catal yst.
It shoul dWBd1HE84d, 5 however, that not all the netal enplP&F&PWO#dIAg t he

preparation of the catal yst necessarily becones incorporated in the

cat al yst woRARHE! B8 cathidBma U}IL’ d tﬁr‘?&{e Ladug‘g%l@g ;rletag?ﬁtléacltneec{@;ﬁym hd ér%[lpf rom

the nom nal |oading. To ens SI re act
concent r atonsistsngaafaGa dhi Sy €, SbHg, EunCaahd het Bhlladmmmay naminaltsfommy have to

be varie accor The _actu | oadi ng o al | adi um may be between
10 and u&%%eefdbgi 6(?4 ¥R Qﬁo?ﬁeﬁ?ﬁblw eiygeen ﬁr%faé»da%f) Wt “%.reed mare areterallyi ngs

are abov e i0gn d1BS el BLAARI Yhe BERYRI h?gp/%@%aﬂlyslggﬁtsl%u?(? gl ne nom nal

values. In a preferred enbodi nent, t ual eidl umis

bet weén Gm®ﬂeva1n(tha5n6taﬁth@’qmqmlceh@ﬂ@hﬂyiunhgthmépa@at%h dfmlda éhizﬂysn/t % and nore
pr ef er abl bet n 0.05 and 1. V}% % of the total weight of the catalyst.
15 The atfsRessarily F‘E?“Eﬁs lb%ﬂrv%faiedml St;;%mpsrqanThuvAhe tualdoading of on or

| ant hani dg, tgﬁ{lé’}l %@yfr&gxt enoxg lloaég To Qﬁﬁ&?’g@gﬁé deguied é:a%m%&lo or €

pr ef erably, even re pre 5. Were

t he net alcon&lmaﬁommdablhévddet}ﬂlnorrﬁiwl atethl k:ﬁnc&hﬁatﬁﬂnefnﬂyﬂﬁde tofbeovriedr ati os of
Pd to Ga or In may be 1. 0.1 to 50, preferably, 1. 0.1 - 12.0, and nore
pr ef er ablageordingly. 5 - 20 8.0. For exanple, where the Group I11A netal is In,

the hd to In rﬂ]ie' a%tt%'rf:)’oggglgégpgl}aéhum ?r}ag bfe%ét\x?e?éﬁlrmlaﬁd ué “LollO(WLl fhe he netal is

a Goup | VA netal rre rred At om ¢

rati os ofnoRtindl @aiGe. @reféﬁ@blﬁfmhebetuil lofdidgd £e ABovepr0es, Qﬁca@pYeferLblyOalibve 12. 0,
and nore preferably, 1; - 8.0. For exanpl e, the Pd: Ge raiio may be 1:
0.1 to 8,70 epgeﬂﬂetpa%‘l"/y) Ofihe ngmigak vgluss. {of pesferragl embodiment ghe actgaland 1: 0. 5.

The Pd: Sofdd §%§@Xdl?§1 it p&wen b1 hd 51 POE RO Bl eerd 0181 BE PTG, atl 0 of

Pd: Sn is or ‘example

atom ¢ r @] andahoRRpr&erably, betwed 0108 2hd 5.0 WOt GHATRIE visight- o%thé/wheﬂystt he net al
is a Group VA netal, Sb and Bi are preferred. Atomc ratios of Pd to Sb or

Bi ndy be 1: Ofhe qt@nmamppép@#aé@nyto the Gooup LIAAVA, %dfmtt@nmfef erably, 1:
gr gf -er ggllgntﬁ%mé%ﬁét%%Qng?t ?l cP refapai)"{b Qé?g%ad mo%fuhgr r%@%’rfr e%?4t oni ¢
rati os of3 ®dind Guerdmerelpreferably, 13. (QS prseferably, 1: 3
Where the metal is a Group IITA metal, Ga and In are preferred. Atomic ratios of
Pd to Ga or In may be 1: 0.1 to 50, preferably, 1: 0.1 - 12.0, and more preferably, 1: 0.5 -
20  8.0. For example, where the Group IIIA metal is In, the Pd to In ratio may be 1: 0.7 — 2,
for example, 1:1.
Where the metal is a Group IVA metal, Sn and Ge are preferred. Sn is most
preferred. Atomic ratios of Pd to Sn or Ge may be 1: 0.1 to 50, preferably, 1: 0.1 - 12.0,
and more preferably, 1: 0.5 - 8.0. For example, the Pd:Ge ratio may be 1: 0.1 to 8,
25  preferably, 1: 0.5 to 6, for example, 1: 5.8; 1:1 and 1:0.5. The Pd:Sn ratio may be 1:0.5
to 17. In one embodiment, the atomic ratio of Pd:Snis 1 : 13 to 17, for example 1: 15.
In another embodiment the atomic ratio of Pd:Sn is 1: 0.5 to 4.5, for example 1: 2.5.
Where the metal is a Group VA metal, Sb and Bi are preferred. Atomic ratios of
Pd to Sb or Bi may be 1: 0.1 to 50, preferably, 1: 0.1 - 12.0, and more preferably, 1: 0.5 -
30 8.0.
Where the metal is a transition metal, the metal is preferably Mo, Rh, Ru, Ir, Zn,

and more preferably, Cu. Preferred atomic ratios of Pd:Cu are 1: 0.1 - 3.0, preferably, 1



WO 01/47843 PCT/ GBOO 04813 0.2 - 2.0, and nore preferably, 1:0.5 - 1.5,
for exanple, 1:0.8. Wwere the netal is a |lanthanide, the netal is

pref er abl woLa/48843Ce. | n anot her enbodi ment, the catal yst ®§HHBWO4313t | east
two netals selected from Goup II1A Goup IVA VA the transition netal

and | ant hani de,serq gs. For ex e, . ot catal ys gy, conprise Pd, Pt and
Cu, or Pd, Pt 8-?5%ﬁ.anﬂé??fsaf%%%h%l-n"g?n-ﬁ%@Wﬁﬁﬂt’%gf%en 0.01 and 5 wt %
preferably, betwiResnthe nktalags ladtiinie, e sl iHeRrathf Ef 6F @B/ Yy, 0.05 - 1.0 wt
% of the total weight of the catalyst. As described above, the actual

| oadi ng of et & aneder gimbpdiment, dhe edialystsompaibes|ab kditrigro mttals seletted fotmual

| oadi i t .10 to 100%.0f th i nal
varue opr Gl A G oA X, 6 W Einhn @Rl Buideasts e BRBecr abi y.
above ¥0%HcaataBRt Ay 39%pri@f Pd, @ and @l HEbd R laHESH. bﬂléa%%&ﬁmﬁ{a hbfghagtybodi ment,

t he actual |oading of palladiumis between 0.01 an % preferably,
bet ween 0f@m ketsiesd QOvand4 wa kel prefembly; béteveain D1 ad @3 wt %, @nd wiorés of t he

t ot al i gh f. t | t... W th t al i t | tt
ot al s cePBiain s EONRAIGR B aveihs GE A GA AF BTV E IR not o
and | ant haai&lgos@d &Snethlhlﬁa}ﬁdig@lcﬁ@& tRE REARMANbYding OTRIS ﬁf%sdcﬁl)al Q_?_{;Iigggk‘um b)

a further transition netal ‘an a Goup I'llAor VA netal.
transi ti opallsdiual mgpbe betweerf @ rabiyy tol 1% wfithe bnenalwhlak. Byefersblypthef er ably, a

G VA | f bl S , ly, Sn. Th
atom 19 ¢ aest R St Pie e Bl et sl aitoye B 4 ER aRpo S BRI 01 -
10. 0, preh&nhmbl valuel: 1Pa éreferge@emmgm{gl;%gtg@rllsgcgﬁggf ]yaflsl(e)laihm]is g?t'vv%e . The

atomc ratio of paliadiumto metal c) , preferably, 1:
0.1: 50. Tldsindwver's, preferhbly )beivgeeBr), 01 frel 20 ovti%, ddd:m@n prefedablyp@psbe.al: 0. 1

- 60, prefegably, 1 - 0.1 -50.0. Atomic Pd: nmetal c) ratios of 1 : 0.1
-12.0 mywélélB}%StOtghW?‘gﬁtl(ét%g‘?ﬁ?tale‘é%arrpl e, where netal c¢) is Cu, the atomc
Pd: Cu ratio i sygfcff kaiaksde des : - 2.0, and
nost preferably, e1: 0. 521!5’51(.:05nﬁ?pri]25§S aﬁﬁgﬁégﬁf{%&%%&e&f%@é’dﬂg&% op Ae’d. For
exanple, Gheupcldidl YA thewsankidon metdhend nthanitle saiespthakatgisz@efeRibgf er abl y,

however, the catalyst enployed in the present process is a supported
cat al yst. CGFH%Y‘S@&?%@&@N%&?) %&%H&P%‘%‘Eﬂ B‘ﬁtaéﬁvip Qs CronpdIld grddrA mew@br ani ¢

SUPPOrts @he GRS ahbl (@2 Es];}géfe%iya@!ﬂm 9n Eﬁc gﬁg,gg?[{ef%wg%@rm pyRe

enpl oyed. \Where ceramc orts e used, the ceramc
support megtahenor8PreferpblgxSaler Ge, anithon piéforablyf SwxThestobtiaiatio Df phiddaliven at
hi gh t enpﬁ)rr%gtg{ (%? (é).;.’ plgt?r{umeixn?aglp l:|>eef: 0.1 - 10.0, preferably, 1: 0.5 - 8.0, and more
20  preferably, 1: 1.0 -5.0. The atomic ratio of palladium to metal ¢) may be 1: 0.1 - 60,
preferably, 1: 0.1: 50. Thus, where metal c) is Sn, the atomic Pd:Sn ratio may be 1: 0.1 -
60, preferably, 1 : 0.1 -50.0. Atomic Pd: metal c) ratios of 1 : 0.1 -12.0 may also be
suitable. For example, where metal c) is Cu, the atomic Pd:Cu ratio is preferably 1: 0.1 -
3.0, more preferably, 1: 0.2 - 2.0, and most preferably, 1: 0.5 - 1.5.
25 The catalyst may be unsupported. For example, the catalyst may be in the form of
a metal gauze. Preferably, however, the catalyst employed in the present process is a
supported catalyst. The catalyst may be supported on any suitable support. Ceramic
supports are generally preferred, although metal supports may also be employed.
Where ceramic supports are used, the composition of the ceramic support may be
30  any oxide or combination of oxides that is stable at high temperatures of, for example,

between 600°C and 1200°C. The support material preferably has a low thermal

expansion co-efficient, and is resistant to phase separation at high temperatures.
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bet ween 600C and 1200C. The support material preferably has a | ow thernal
expansi on co-efficient, and is resistant to phase separation at high

t enper at UWO91/4784W0 01/ 47843 PCT/ GBOO 04813 Suitabl e cer amCd/GRIBIPENS s
include lithiumalumniumsilicate (LAS), alumna ((c- A1203), yttria

stabilised ZII’§OI’1 alumna tita niascan. g {}A m2|rconyl
phosphat e. The usfﬁb% SETf §YPROLS E‘f?t i‘HHP'@& u"i“B‘”"b% ??E? % giHmina (& 1203

The strucAlng, pitrid §EbiBsEARACHNITBIGhiInA titdndtel ARQIOhaMd caftdurh BirSoryRy af fect flow
patterns 5 through the catalyst. Such flow patterns may influence the

t ranspor tplmﬁphaeac"fmpandmapbowaeh-soatteﬂ dodexample, with ye Al4;yst surface,

t her eby affect,t g.the ca g‘gyst S actiyvity Preferably é.he substrate is a
conti nuous mul Y XRLHAKE PL theSHpRQrt E‘P?eﬂéltlﬁf@por&?&f?sé@sg‘ab’& gt floy patiginsar

channel | g JBAPhd ddtalt. Jubih ﬁﬁ\gtﬁ?ttmgm gr}ﬁlu@f?cgeetﬁe ?Ifang uct i &g%c%}hds'[ ructures

tend to provide tortuous pat reactants and pr supports
nmay have [#0duas tlandGromitief eutayst yurfaze, thoreb) affevtiag tiecatalnsis.actignnel

nonol ith n% al ly have straighter channel -1i ke pores. These Pores are
gener al | 3) gﬁéﬂ Yethe Sé‘l’?éfri‘tﬁésraec‘??g‘?“% pgticshangist @T%K&mcb\é?’ spehess Ioafe h of
catal yst., %E@aﬁg&ﬂﬁélkdqﬁé{noﬁﬂl 6rrbt ﬁ;}gu{ dm'ﬂ'fe é}fqgalgrmo%tohﬁlrstr%ﬁﬁl?&l ar

shapes resent as or V\B.S coat on ano

substr at etendr h:eproaﬁa kyrsious pathe fedrehdlarith encppxe,sea& Sostesippons iy hewu fose
furt her el ene 15 such as alkali netals. Suitable alkali netals include

li t hiddm Vo8l blw%@s?%ﬁfamer inghe Ghaapel w%ﬁxs@ew@llww@ahﬁeﬁ t he
present '(,JPM:I%{H hgﬂgglgy. l?ﬁes%r ??%ra%j% P Hﬁﬁ grgd thSPO ﬁ%}éﬂ)@%& Qrem"élfe] porE

exanpl e, an gues

Typi cal | yper tihear snochpdrchtalyst. |Tmrsmgp@t ﬁﬁy\l\jeﬁrhthélfsrrﬁ)bf mfeEeSSﬁbmelr gﬂﬁunerrprl si ng
20 the netals, dried and then calcined in air. The supgs ort may be
i mpr egnatSBAPSSHOTOREY Y Presgit @s §tﬂé§)§ayelPlPTeW@haﬂ@P§/0n ?ﬁﬂﬂﬂqfﬁ}l tiaffhr egnat i on st eps

are el oyed. e MAPOLbid S AL ELal il F P 0o SALSLRRY. Bsfugen each

i npregnation, i na bl y, in

ai r. 1Fhe soah &4 ameﬂl BERABOrSuitaBlY alkak mtds heklde ﬁﬂluunfl Qodrxa pBtassiuland heat
treatment in a hydrogen atnosphere. 25 In the case of a catalyst conprising

pal | adi urﬁae%lllrat inumand tin, the suppor t material is preferably

e eanated, o AR FARHILRA PO BRI e B BBl L 2000

and cal cikm®tn in the art. For example, gel methods and wet-impregnation techniques may be
employed. Typically, the support is impregnated with one or more solutions comprising

20  the metals, dried and then calcined in air. The support may be impregnated in one or
more steps. Preferably, multiple impregnation steps are employed. The support is
preferably dried and calcined between each impregnation, and then subjected to a final
calcination, preferably, in air. The calcined support may then be reduced, for example, by
heat treatment in a hydrogen atmosphere.

25 In the case of a catalyst comprising palladium, platinum and tin, the support
material is preferably impregnated in a palladium/platinum solution, and then in a solution
comprising tin. Once impregnated, the catalyst is dried at eg 50 to 200°C, and calcined
at eg 100 to 700°C, e.g. 300 to 700 between each impregnation. The support is then
subjected to a final calcination step at eg 400 to 1500°C in air. The catalyst may then be

30 reduced in, for example, a hydrogen atmosphere. This reduction treatment may be
carried out at temperatures of up to 1000°C, for example, 100 to 750 °C.

The catalyst may be in the form of a fluidised or fixed bed. Preferably, a fixed bed
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at eg 100 to 700C, e.g. 300 to 700 between each inpregnation. The support
is then subjected to a final calcination step at eg 400 to 1500C in air.
The cat alyewL/4®w¢3t hen be 30 reduced in, for exanple, a hy8E5§EI0V88Hsphere.
This reduction treatnent may be carried out at tenperatures of up to
1000C, for  exar Ie1 100 to 750 C. The catalyst may be in the formof a

f1 ui di sea"aé‘ﬁys?i‘ TPIBEE preferably, a fixed bed 5 WO 01/47843

PCT/ GBOO' 0481 3Th& pdrahl¥dbusticiiRh@Atnay EURI) bakied 80U dapilysf 8&EL T ON Ay
be suitably carried out at a catalyst 'exit tenperature of between 600C and

1200C, prtempembirg obbetweem 68ETCENR000G,0Cefaradly bavstenB P Enathll 950%edndeen 900C
and 1000C. 5 Tgie aéfaa tion ma@§0$e arrioed out at atnospheric or el evated
pr essur e. M&iprelpragly, E‘Ft&?%rg éﬂ(géoqorgmo to 2 bara, preferably 1.5 to 2

bara, s or exarp eere%ctﬁ)ngﬁ%}gbe ﬁ%}l&%é&c}%ﬁj aﬂﬁfsgﬁéﬁncgcsr e@%&%ﬂfpr?&@ﬂ@lﬁita el0 50

bara, may al so be suit e rocar ri'se any surtable

hydr ocar bpessuRssahegedbdny 0 tg2smed) prefbrybily ACRIDID baragfioe exdipplOy 8charsSui t abl e
gaseous hﬁqdrocar bons i ncl ude et hane, propane, 10 butane and m xtures
t her eof . HiRwAtEY BrestapsRifor example @dosPders, may @lfodeguitable. a gas hourly space

Tast pr ot or ant Ve BEErero T ey gp HBI ARG RR KRR, Gy "

however, liydascattivhs apd émployaiasSuiable lgxsepna tpdrbtdiBonsvediedd ditandl plopgepend upon
the pressure and nature of the feed conposition. 15 Advantageously, heat

may di%so Beanegsgimisareythpicat heati ng the hydrocarbon. The tenperature to
hxture may el LC RGP BRsERB AL Paf a5y A2 DR ARE valdaiy 5] oo°"

m xture may be pr wever, i

propert i egreftegthagTpOOAhUY, @leférhbly ABoveeR000MesR] hbQ peéfBkiyNgrehRAtHahoN i s
carried out at elevated pressure, the reaction 20 products may be quenched
as they el%Y¥ kr.ohwiHbepadersioad, kaveaypn that sheomrsinim gas mawly spacedimons t aki ng

Femmved oy Sanl e ol PERICRRE e % R EERaelR het hoas
descrisbed i n ERdGanffpRodd heaNaSPilh Bdsupplidd BEFRIEaBSPAE hy@lochBEn PTRS €Nt
invention, there is provided a
temperature to which the hydrocarbon, oxygen-containing gas and (optionally) hydrogen
mixture may be preheated, however, is limited by the autoignition properties (eg
temperature) of the feed.

Where the cracking reaction is carried out at elevated pressure, the reaction

20  products may be quenched as they emerge from the reaction chamber to avoid further
reactions taking place.

Any coke produced in the process of the present invention may be removed by
mechanical means, or using one of the decoking methods described in EP 0 709 446.

According to a second aspect of the present invention, there is provided a

25  catalyst comprising a) palladium, b) a further transition metal and c) a metal from Group
IIIA, IVA and/or VA.

These and other aspects of the present invention will now be described, by way of
example, with reference to Figure 1 of the drawings, which is a schematic view of an
apparatus suitable for carrying out an embodiment of the present invention.

30 Figure 1 depicts an apparatus 10 comprising a reactor 12 surrounded by a

furnace 14. The reactor 12 may be formed of quartz or metal. Where a metal reactor 12

is employed, the inside of the reactor is lined with quartz (not shown). Typically, metal

6



25 catal yst conprising a) palladium b) a further transition netal and c) a
nmetal fromGoup |II1A |IVA and/or VA These and ot her aspects of the
present iWQOH#8h wi ||l now be described, by way of exanpPE€T/GRO¥/H8EEf er ence
to Figure 1 of the drawings, which is a schematic view of an apparatus
suitable for L ] I invention. 30 Figure
1 depicts an g%a%?rf%?%srg% Scoﬁgﬁ@ggdng&gﬁc}sgghca%’(%agé?ezdgir%%%unded by a furnace
14. The react dihe t&ctmyl 2hecéupleted afoxgpear supplrlcnaidal hydWarnded®dupplyr eact or
12 is e I%eg, t he in?ige of the reactaor is lined with quartz (not

shown) . qui & Aydrocarhenfeed coppyss £1ipas andsmaltemoais ot hydregen ands are nore

suscept i BliR bR A is§ 1z : or 12 is coupled to
an oxygen f;o ppl y%%téﬂyglﬁ%slg %%rd (C)U(V:jig}?1 ghr? r? %Cg{)jpfs%p%@%&t%ggaﬁlﬁseplﬁ%/egr ocar bon feed
conpr b sebetmtehnn@air afi L ASrtedat shaetdu2, 240f hydrogen and nitrogen. A catal yst

20 is | ocated g/ithi n the reactor 12. The catalyst 20 is placed 5 between a
pair of LAS hdif luRRce igsetso minimischeat lpgsenAae thesregetants d6n hiard se heat

| osses, ﬁﬂﬂ)db@@d i . i into the actor .via line
26. As the reactlaﬁ)?@gg%tﬁﬁgiv?a ltlrl%?éczgﬁh?sf%gc%& Cgog'gr?e&o Ca{a}%ye“% Hane 0|fn t he
hydr ocar bierethaedn 8 hydrdoados féed 18 @mnbietswe pesduad dataah@Barb%h 8gides. The

hydr ogen (ﬁo-feed al sgo conbusts to produce water. Both these combustion
react i ondNg ydfpaeresastond alsp comhusis thrrodues Witeo dBeddhess combustion readtieas t he

of 18 o 7ol FHORERed Beo B L 08 | AR E Rt Wi o apiuBRaL  on ot

a |ithiuphglengd ni um 15 silicate support having a high purity alum na (HPA)
wash-coat. The support was inpregnated in 1) a platinunipalladium solution
( ( NHB) 4pExamples NH3) 4Pd1C12), and 2) an SnCl2/ HCl sol ution. Between each

I mpr egnatgl t he A | t . 120C, and calcined at 450C. The
cat al ystizlxgl[Fl {1 PY 99{"&"%&1&&}8‘% 4 for 6 hours, and then reduced in

an at mospher e Thé ciiyigstog&prédaréby Muliple ia{w%ghhfiéﬂgﬁﬁli&%&alﬂ%m for 1 hour
20 (at 700C). The catal yst was anal ysed and found to have 0.36 Wt % Pt,
0. 0415 sHigade sypport having’a high purity alumina (HPA) wash-coat. The support was
impregnated in 1) a platinum/palladium solution ((NH;),Pt"Cl,, (NH;),Pd"CL,), and 2) an
SnCl,/HCI solution. Between each impregnation, the support was dried at 120°C, and
calcined at 450°C. The catalyst was then calcined in air at 600°C for 6 hours, and then
reduced in an atmosphere of hydrogen (1.0nl/min), and nitrogen (1.5 nl/min) for 1 hour
20 (at 700°C).
The catalyst was analysed and found to have 0.36 wt % Pt, 0.04 wt % Pd and
1.85 wt % Sn.

Comparative Example A - 1 wt% Pt

A catalyst having a nominal loading of 1 wt % Pt was prepared by impregnating a
25 lithium aluminium silicate support having an HPA wash-coat in a solution of
(NH:)sPt"Cl,. The impregnated support was dried at 120°C, and calcined at 450°C. The
catalyst was then calcined in air at 1200°C for 6 hours. The catalyst was analysed and
found to have 0.86 wt% Pt.

Comparative Example B - Pt/Sn

30 A catalyst comprising Pt and Sn was prepared by impregnating a lithium
aluminium silicate support having an HPA wash-coat in a solution of 1) (NH;),Pt"Cl,,

and 2) SnCl/HCI. The impregnated support was dried, calcined and reduced as

7



1.85 wt % Sn. Conparative Exanple A - 1 wt% Pt A catal yst having a nom nal
|l oading of 1 wt % Pt was prepared by inpregnating a 25 lithium alum nium
silicate WOPPET#3 havi ng an HPA wash-coat in a sol ution of PCIEBIPAERIZCI2.
The i npregnated support was dried at 120C, and cal ci ned at 450C. The

' in-aj 2 f h . .Th |
cnalyseq Segrbpfth GAREb e Bukolf ] oBEVe ectardlest B Biabit anGrounibes s 30 A
catal yst havgp0.48iwigs Pt, dd. Snwyesspr epared by inpregnating a lithium

alum niumsilicate support having an HPA wash-coat in a solution of 1)
(NH3) 4Pt cExample.2 2) SnC12/HCI. The inpregnated support was dried, calcined

and reduced as 4 3P 00 0481 descri b in connection with

Exanple 1 abovg%ewggé%to%sa?p&;é% aﬁgaﬁéﬁ'&péo%ﬁB‘FeBmpW&Uée brameplgt o6 Pt

and 2. 80 B atfdvSmverExmfnbsteasTdacal el Rt M&to%(id%ftivgﬂfi?a%@ggﬂati AL Eg?}lixarrpl e
ste

A and Conparative Exanple 5 B above were each as catalysts tor the
oxi dat i ve cHehyaveyenantedin the apparatne of Eigute |, aad ah psidatvesdehpdrotethtion t he

appar at us _of ..Fi . .and an oxi dat.i.ve dehydrogenation reaction was
carried ol Cﬂg%g}r%? r?eﬁeggﬁd‘i”f({é{) c?ﬂM?ﬁ ‘irﬁegé{bnf@’lﬁlbélpﬁ’wquéhe eHs tests

bel ow, a mbaﬁ,ameaaatr@xctdrzlm&s@gm%med- Table 1 1 (Pd/Pt/Sn) A (Pt only) B
(Pt/Sn) GHSV @stp/h 120863 119759 120268 ethane flow (g/min) 18.07 17.28

18.07 hydrogen flow (g/mn) 1.18 1. ZAablel18 Oxygen flow (g/mn) 9.39 9.68

9.39 ni {rogemow(gFmmT4-95—4-52 4-72 10 As showi—in Table 2 hel ow
the sele¢tivity of the catal &/gdl tVSféxarrpl e| b FooaWds et hyIB@/SK great er
t han tho;e;H:gV@)gﬂgm at1ve BXpiRk§S A and B 1[@?5@"‘"’” vety: 120268

ethane flow (g/min) 18.07 17.28 18.07
hydrogen flow (g/min) 1.18 1.21 1.18
Oxygen flow (g/min) 9.39 9.68 9.39
nitrogen flow (g/min) 4.95 4.52 4.72

10

As shown in Table 2 below, the selectivity of the catalyst of Example 1 towards
ethylene is greater than those of Comparative Examples A and B, respectively.
Table2
1 (Pd/Pt/Sn) A (Pt only) B (Pt/Sn)

ethane conversion 74.70 75.69 73.03
(%6)
selectivity 73.93 67.54 69.7
(g ethylene per 100g
ethane converted)

15

Example 3- Preparation of 0.2 wt %Pd/ 4.0 wt %Sn Catalyst

The catalyst was prepared by multiple impregnation of a lithium aluminium
silicate support having an HPA wash-coat. The support was impregnated in 1) a
palladium solution (NH3),Pd"Cl,), and 2) an SnCl,/HCI solution. Between each
20 impregnation, the support was dried at 120°C, and calcined at 450°C. The catalyst was

8



Table 2 1 (Pd/Pt/Sn) A (Pt only) B (Pt/Sn) ethane conversion 74.70 75.69
73.03 (9% selectivity 73.93 67.54 69.7 (g ethylene per 100g et hane
convert edyO 018788k anpl e 3- Preparation of 0.2 wt 9%d/ 4.0 RCTHEHPOBHIZ| yst
The catal yst was prepared by nultiple inpregnation of a lithium alum nium

silicate r Y sh coat h S ort ated in 1)
a pall ad?ﬁ’%%glo S ?hogrlrlp%(ﬁ&fi?‘& 1%y an tHe“zSe gﬁe%éﬁﬁl ﬂr?—ﬁph%r&o gg‘%ﬂge"Bet ween
each 20 i ppoQGRaAJ, |aﬁd'n1t¥dg@ UBRORin)BS 1 Hbihed 780°¢20C, and cal cined at 450C.
The catalyst was 8 WO 01/47843 PCT/ GBOO' 04813 then calcined in air at

600C for 6 houfbe nemihat hedrmgedﬁtbedesuhmgwatatyrsbwpmem ot Yhypalladigenand 4.0
(1.Onl/mn 0C. The no

| oadi ngs O/i’ﬁ% Ig%étg ﬁt Wé%at"%y?g{n’\%%nd’@ Vel a‘%%ﬁz"l Rnded- éﬁr&’t? naI

tin. The Eambvesa- m&m}mxyaqdwgwp&wgéto/r‘esné@_é?a@%%l“? w % Pd and 3.1 w %
Sn. 5 Example 4- Preparation ) n Catal yst The process
of Exanple 3 wdbe pmewchﬁamplethwasmpeaaﬂ bartuhenomfentrhmorp@ﬂthaﬂiluﬂiunsol ution

errployed s i ncr such that the ngom nal adi ngs of the resulting
cat al yst tr‘(@‘?“ Qﬂ?ﬁ%ﬁ nEER S&%S‘&t “%”t“iarlr? a‘ihr‘i‘és eﬁfthélf%it‘%taé)ﬁhl ysed

and f Oundwteﬁb D&Y % {JQ}a%ﬁm’{"Enc%f R oRAfl Fhd Qat %%ba%r&na d‘%&%ﬁf& {o \ng(arrpl e C

A catal yst having the sane conposition as ar at
prepared 09§ wtr%rP@gdmdtZ Hywa% Bhhi um al um ni um silicate support having an

HPA h-coat in.a _solutign of 1) (NH3)4Pt1Cl2, and 2) Snd 2/HCI. The
i mr%até&%ﬁ%@ﬂ—%ﬂ?—ﬂ&rﬁ cal cined and reduced as described in

(7:882:?0'[ fon with r%?h%lﬁ%%%&ﬁle cbﬁﬁﬁy ﬁ{;n as€orh ﬁﬁﬁ\%ﬁuce éﬂﬂ?@?r‘%dﬁg}%}&fj at

t he cat aI yst arative
by impregnating a lithium aluminium silicate support havmg an HPA wash-coat in a

solution of 1) (NH;)4Pt"Cl,, and 2) SnCl/HCl. The impregnated support was dried,
calcined and reduced as described in connection with Example 1 above. However,
15  instead of being reduced at 700°C, the catalyst of Comparative Example C was reduced
at 750°C.
Example 5
The catalysts of Examples 3, 4, and Comparative Examples A and C were each
tested as catalysts for the dehydrogenation of ethane. Each catalyst was mounted in the
20  apparatus of Figure 1, and a dehydrogenation reaction was carried out under the
conditions summarised in Table 3 below. For the tests below, a quartz reactor 12 was
employed. The quartz reactor employed is less susceptible to heat loss than the metal
reactor employed, for example, in Example 2. For this reason, the ethylene selectivities
obtained using a quartz reactor tend to be higher than those obtained using a metal

25 reactor.

30



Exanple 5 The catal ysts of Exanples 3, 4, and Conparative Exanples A and C

wer e each
cat al yst wasyasgted in the

tested as catal ysts for the dehydrogenati on of ethane.
20 apparatus of Figure 1, an8C&GB00/04813

Each

dehydr ogenati on reaction was carried out under the conditions summarised in
enpl oyed. The

Tabl e 3 below. For the tests below, a quartz reactor
quartz reactor enployed is |ess sudab3 bIe to heat
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As shown in Table 4 below, Examples 3 and 4 are more selective towards

ethylene than Comparative Example A. Examples 3 and 4 show a similar selectivity to

ethylene as Comparative Example C, but at a higher rate of ethylene conversion.

Table 4
3(0.2wt% 4 (1 wt %Pd/4 | A (Pt only) C (Pt/Sn)
Pd/4 wt % Sn) | wt % Sn)

ethane conversion 77.75 77.05 73.55 75.67

(%)

selectivity 73.21 73.93 70.65 73.50

(g ethylene per 100g

ethane converted)

Example 6 - Preparation of Pd/Cu catalyst

The catalyst was prepared by multiple impregnation of a lithium aluminium

silicate support having an HPA wash-coat. The support was calcined in air to 1200°C

for 6 hours prior to impregnation. The support was impregnated in (1) an aqueous

palladium solution (NH,),Pd"Cl, and (2) an aqueous copper solution Cu(NOs),.

Between each impregnation the support was dried at 120°C and calcined at 450°C. The

catalyst was then calcined at 600°C for 6 hours then reduced in an atmosphere of

hydrogen (1.0 nl/min) and nitrogen 91.5 nl/min) at 750°C for 1 hour prior to testing.

The target / nominal loadings of the resulting catalyst were 0.2 wt% palladium

and 0.5 wt% copper.

10
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Exanple 6 - Preparation of Pd/Cu catalyst 10 The catal yst was prepared by
multiple inpregnation of a lithiumalumnium silicate support having an
HPA wash-woat/478The support was calcined in air to 1200C PET/GBIKBAL pri or
to i npregnation. The support was inpregnated in (1) an aqueous (NH3)4Pd Ci12
and (2)_an ueous copper solution Cu(N0O3)2. palladiumsolution Between
each i on the support was dried at 120C and cal cined at 450C. The
15 catal yst n an

at nosphere oﬁ%ﬁﬂﬁsg%&%ﬂg%nﬁnﬁt%z%gQéﬁt??%gdgﬁﬁe BQ@B cf ﬂ#l&?'doaflt 750C for 1
hour prétbanetusinggbe apmratThel Kigurgdt Aqumm neadtod Haetasgsployed: Eher esul ti ng

cat al yst re 0.2 wt%palladium a %co per. 10 WD 01/47843

PCT/ GBS (08 3%ce ‘%}‘3 tg@?‘ W OUPRL r&;ﬁeﬁha&fo %Fnﬁb‘fq%r Gtalsts: oae hadngRd,g

catal ys ‘.]ga(ﬂ, atus of Figure
1. A qu%asrttléz)E)[rﬂgrail?c;:@tt%r%t3 Bﬁg’gr@% oin pr%L %le}rﬂ[?g&grr%{n}@g %Pa%t%ﬁi s catal yst was
corrpar ecbntpoistrigdtt aofl Guhriéhe reddtien comdx%m&trswrmnmsham Tabldsl, The ahatide only

nmet al conponent, econd conpri sing and a third catal yst

conpri s‘i%@ierﬁon%’?ﬁa gP"“T‘HGS pRtained aig SEG‘HEF’P‘?%'ﬁg agled sunmari sed in Tabl e 5.

The et hane conversions and selectivities obtained are sunmarised in Table

6. Table 5 IWt%Pd / Pd only Pt only Pt/Cu 0.5wm% Cu GHSV @stp (/h)
120864 120482 121073 119948 et harEable6w (g/ mn) 18.94 18.07 18.94 18. 07

hdr ogep—flowLtglmin}—trdd—1-18 1. 14 1 18 Ocygen flow (g/oin) 9 00 9 3
9.09 9 39-]‘; I trogen flow (bwtﬁ’orﬁd& <)5 4P®Oﬂbr 00 4. et oy Tapl e B/Cmt % Hd /
Pd onlly Bt only PUQI | gswssca | o .
GHSV @ stp (/h) B 120864 — 120482 121073 1 119948
ethane flow (g/min) 18.94 18.07 18.94 18.07
hdrogen flow (g/min) 1.14 1.18 1.14 1.18
Oxygen flow (g/min) 9.09 9.39 9.09 9.39
nitrogen flow (g/min) 4.95 4.80 5.00 4.60

10

target (nominal) 10705 | 02— | 0 T 1o =705

loadings Pt/ Pd / Cu

(Wt%)

ethane conversion (%) 78.17 76.29 73.55 78.00
ethylene selectivity (g 72.01 69.70 71.44 71.47

per 100g ethane

converted)

11



0.5wt% Cu target (nomnal) --- / 1.0/ 0.5 ---/0.2/ --- 1.0/ --- [ ---
1.0/ --- 10.5 loadings Pt / Pd/ Cu (Mm% ethane conversion (% 78.17
76.29 73.9001878@0 ethylene selectivity (g 72.01 69.70 71.P4F/GBO0ATBI3 per
100g et hane converted) 11 WO 01/47843 PCT/ GBBOO' 04813 Exanple 8 -

Pr epar atlﬁn of ng/lge cat aI SiP th| s_exanpl e, Pd/ Ge catal ysts having the
follow n ared: 1:5.8, 1:1 and 2:1. The
nomi nal Pd: Ge HethBlkadpleaPd/Ce &falﬁs@ﬁ@m@&ﬁ@fo&’lﬁ%g"ﬁf Ge aflorflic rakiod V\7e{1e and
1:0.37, respectively. 5 The catalysts were prepared by sequenti al

i mpr egnat Prepared: BRZpl: laad 2 . cThoremingliRsc@s welght P tatioa blithesd eatalystd werat e wi t h
| h | to 1200C, th
al uni na wiaﬁafﬁa%ilangrleq ?7 r%p%%d poair to ) Wwith aqueous

t et ramm nep ‘éFey and germaniumtetrachl oride in ethanol.

The foam bl OCklih@éH@:ltl?Q(@dfeV@;Bx@palr@m bauehtelahSregdtidn 39 3 0Ppi icBrafifiPidam Bet ween
0

i npregnations, the blocks were dried in air at 120-140 for ca. 30 m nutes,
cal ci ned blacksdlithiym alumison silivatedgitinilnminasyashennt { frewalcmed értait o 129676, )

t ution.had been absorbed onto th
Foam t ne. BIbARE e er gAY BF AR L] 10 B e RIS (R RTOB GhrEh AT

testing tige &ahadlaa&%nwaad%f@msm ih QiaPlekdt ahe@uqﬁm%\dg;th BlGesnder
fl owi ng hydrogen (ca and nitrogen (ca. 1 /mn) for 1 hour.

15 Exanpl epleghationsathsl bigtks vedre Exahml ar 8 12@ﬂ60®fq3a;aa30 mauesacgidieedAnwer e
tested as .cat for the o dat| e, dehydr ogenati on_of hane. Each
cat al yst %gt %&yﬁ%@ G RS, '5%%8‘? q %d fgfro Wﬁﬁ%@erftur&ngn%g edat i ve
dehydr ogem%a:%mué@@aawnhmeﬁ AbddrBe S (RS thd a%cl&ow%tcmemd fugr | sed
in Table 7 below. 20 Table 7 Pd/ Ge Pd/ Ge Pd/ Ge A
600°C for 6 hours.
Prior to ATC testing the catalysts were given an in situ reduction at 750°C under

flowing hydrogen (ca. 1.0 nl/min) and nitrogen (ca. 1.5 nl/min) for 1 hour.

15 Example 9
The catalysts of Example 8, and Comparative Example A were tested as catalysts

for the oxidative dehydrogenation of ethane. Each catalyst was mounted in the
apparatus of Figure 1, and an oxidative dehydrogenation reaction was carried out under

the conditions summarised in Table 7 below.

20 Table 7

Pd/Ge Pd/Ge Pd/Ge A (Pt only)

(atomic ratio | (atomic ratio | (atomic ratio

Pd:Ge = Pd:Ge=1:1) | Pd:Ge =2:1)

1:5.8) '
GHSV @ stp/h 250972 250734 250719 250510
ethane flow (g/min) 8.07 8.07 8.07 8.07
hydrogen flow (g/min) | 7.87 7.87 7.87 7.87
Oxygen flow (g/min) 3.94 3.94 3.94 3.94
nitrogen flow (g/min) 2.30 2.27 2.27 2.25

As shown in Table 8 below, the ethylene selectivities of the catalysts of Example

8 were greater than that of Comparative Example A.

12



(atomc ratio (atomc ratio (atomc ratio Pd:Ge = Pd: Ge = 1:1) Pd: G = 2:1)
1:5.8) GHSV @stp/h 250972 250734 250719 250510 ethane flow (g/mn) 8.07
8.07 8. 0W@oDF184hydrogen flow (g/mn) 7.87 7.87 7.87 7.87PCHGEIGA48A} ow
(g/mn) 3.94 3.94 3.94 3.94 nitrogen flow (g/mn) 2.30 2.27 2.27 2.25 As
shown in Table 8 below, the ethylene selectivities of the catal ysts of
Exanple 8 were greater than that of Conparative Exanple A 12 WO 01/47843
PCT/ GBOO/ 04813 Table 6 Pd/ Ge Pd/ Ge Rghpfas (atomc A (Pt only) (atomc
ratio (atomic ratio ratio Pd:Ge = PdTGe = 1:5.8) Pd: G = 2:1) ethane
conversion 76.35 76.74 78.83 78.27 (% selectivity 70.05 70.10 69.25 68.57
(g et hyl eprre—per—166y¢g cth‘fjce{?onvertm E—Fxarphe—10 Preparati-on n;iPd/In

catal ysts In this Exanpl ®d/ I n cctPéIVQ}‘%t hay Prﬁ’éG%(%mlcn AR rali o of
1:1 was prepared. Foam )kﬂ&lﬁ&&{lbthlg og{lyltgnral L}g@@ bligat ¢ (LAS) with an
al um na wash-coat (28nmm di aneter by nm deep, pores per inch) re
pre-calcijned in air at 1790((3&:61.5[83“\%1 @orosi t|Y-Burface area associ at ed

Wth the 0“ CGOI.I... 3! Ccks were fhnn 1n rnrn:\f nr{l \I II’YT\I"D!'II"IQ"’ ad flom an

aqueous 59 %ﬂei@ﬁ"%rﬁlof‘et r b8P ne pal | AdOUH(1 1) GHBR3i de  nil/8kle and
i ndi un( | Ido/))) nitrate wwth{sufficient qalt to givye a nomnal |oading of 2wt %
pal | adi um and 2. 16w % i ndi um assum ng 100% abgor pti on of [{the salt onto the
foam (Getecdsippndi ng to| @008t om ¢ palpad um i n@gowm rati o|eR 5h: 1).

| npregnation was carried| out alternately fromithe Pd and|ln sol utions
(g ethylene per 100g

N_Q)

ethane converted)

5  Example 10 — Preparation of Pd/In catalysts
In this Example, a Pd/In catalyst having a Pd:In atomic ratio of 1:1 was prepared.

Foam blocks (lithium aluminium silicate (LAS) with an alumina wash-coat
(28mm diameter by 30mm deep, 30 pores per inch) were pre-calcined in air at 1200°C to
remove porosity/surface area associated with the wash-coat. The blocks were then
10 repeatedly impregnated from an aqueous solution of tetra-amine palladium(II) chloride
nitrate and indium(III) nitrate with sufficient salt to give a nominal loading of 2wt%
palladium and 2.16wt% indium, assuming 100% absorption of the salt onto the foam.
(Corresponding to an atomic palladium:indium ratio of 1:1). Impregnation was carried
out alternately from the Pd and In solutions
15 Between impregnations excess solution was removed from the foam blocks and
the blocks were dried in air at 120-140°C then calcined in air at 450°C for ca. 30 minutes.
Once all the solutions had been absorbed onto the foams the blocks were dried
and given a final air calcination at 600°C for 6 hours.
Example 11
20 The catalyst of Example 10 was loaded into the quartz reactor then given an in-
situ hydrogen reduction at 750°C for 1 hour.
The catalyst was then tested as a catalyst for the oxidative dehydrogenation of
ethane. The catalyst was mounted in the apparatus of Figure 1, and an auto-thermal

cracking reaction was carried out under the conditions summarized in Table 9 below.

13



15 Between inpregnati ons excess solution was renoved fromthe foam bl ocks
and the blocks were dried in air at 120-140C then calcined in air at 450C
for ca. 3WOIMI8Es. Once all the solutions had been absorREIGBHYM813he
foanms the blocks were dried and given a final air calcination at 600C for 6
hours. Exanple 11 20 The catal yst of Exanple 10 was | oaded into the quartz
reactor then given an in- situ hydrogen reduction at 750C for 1 hour. The
catal yst was then tested as a catal ystaelo t he oxi dative dehydrogenati on of
et hane. 'Eh.e_g.a.t_a_l_%g.t_was mounted in the apparatus of Figure 1, and an
aut o- t her FBISY & sl ng reaction was carri ¢d 19845 under the conditions
sunmmari z etow—13—WO 04843 PCH-CBOI 04813  Table 9 GHSV @
stp/h 11‘9%&%&&?%}a@m’f]?)ow (g/mn) 18.07 H}gro gen flow (g/ m n) 1. 18 Oxygen
flow (g/ My, )irc%efmovN(%V en fTow g/ m n) 43§gTabre 10 betow stows the
et hane conversian an vI ene selectivit f8 the 5 reaction. Table|10
Et hane CJﬁXﬂngmﬂﬂw(%ngo 01 Ethylene sel ¢oB3ovity (g et hyl ene per 100g
71.37 et 01/47843 PCT/ GBQO 04813 ai s
1. A proctLogegiloN(gmiphqucti on of an ol ef #%6f rom a hydr ocar bon, whi ¢h
process

Table 10 below shows the ethane conversion and ethylene selectivity of the

5  reaction.

Table 10
Ethane conversion (%) 80.01

Ethylene selectivity (g ethylene per 100g | 71.37

ethane converted)
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conprises: partially conbusting the hydrocarbon and an oxygen-contai ni ng
gas in the presence of a catalyst, characterised in that the catal yst
conpri seswundll4agli3um and at | east one 5 further netal, sai PGUEBHEM8IFet al
being a Goup IIlA, Goup IVA, VAor atransition netal. 2. A process as
claimed in claiml1, wherein the stoichionmetric ratio of hydrocarbon to
oxygen is 5 to 13.5 tinmes the stoichionetric ratio of hydrocarbon to oxygen
required for conplete conbustion of the hydrocarbon to carbon di oxi de and
water. 10 3. A process as clainmed in claim1l or claim2, wherein said
partial conbustion of hydrogen and oxygen-containing gas is carried out in
the presence of hydrogen. 4. A process as clained in any preceding claim
wherein said catal yst conprises at |east one further netal which is a
Goup II1TAnmetal. 5. A process as clained in claim4, wherein said G oup
[1TAnmetal is AIl, Ga, In 15 and/or Tl. 6. A process as clainmed in any
preceding claim wherein said catal yst conprises at |east one further
metal which is a Goup I VA netal. 7. A process as clainmed in claim®,
wherein said Goup IVA netal is G, Sn and/or Pb. 20 S. A process as
claimed in any preceding claim wherein said catalyst conprises at | east
one further netal which is a Goup VA netal. 9. A process as clained in
claim9, wherein said Goup VA netal is Sb and/or Bi. 15 WD 01/47843

PCT/ GB00/ Q4813 10. A process as clainmed in any preceding claim wherein
said cata S conprises at |east one further metal which is a transition
metal. 11; A Rr, I i | @ ] I i.tion netal
i's sel ected fm@‘?ﬁif&éﬁ%‘%ﬁ%ﬂ’&fﬁﬁﬁ?ﬁﬂf‘j%“?“?ﬁ,"%ﬁ?"@%?@iﬁs Co, Rh,
Ir, N, Ptomm@ises:Ag, Au, Zn, Cd and 5 Hg. 12. A process as clained in any

precedi ng cl ai m. erein said catal yst conprises only. one further netal
sel ected f ronﬁ’ag‘ﬂgp}:"m%uﬂ,mgéhﬁE}bﬂp%ﬁgowdaﬁdo’mgénﬂ"&tﬁ@ift&89?%lrrr@?é’rese%féri es.

of a catalyst, characterised in that the catalyst comprises palladium and at least one
5  further metal, said further metal being a Group IIIA, Group IVA, VA or a transition

metal.
2. Aprocess as claimed in claim 1, wherein the stoichiometric ratio of hydrocarbon to
oxygen is 5 to 13.5 times the stoichiometric ratio of hydrocarbon to oxygen required for
complete combustion of the hydrocarbon to carbon dioxide and water.

10 3. A process as claimed in claim 1 or claim 2, wherein said partial combustion of
hydrogen and oxygen-containing gas is carried out in the presence of hydrogen.
4. Aprocess as claimed in any preceding claim, wherein said catalyst comprises at
least one further metal which is a Group IIIA metal.
5. Aprocess as claimed in claim 4, wherein said Group IIIA metal is Al, Ga, In

15 and/or Tl
6. A process as claimed in any preceding claim, wherein said catalyst comprises at
least one further metal which is a Group IVA metal.
7. A process as claimed in claim 6, wherein said Group IVA metal is Ge, Sn and/or
Pb.

20 8 A process as claimed in any preceding claim, wherein said catalyst comprises at
least one further metal which is a Group VA metal.

9. A process as claimed in claim 9, wherein said Group VA metal is Sb and/or Bi.

15



13. A process as clained in any one of clains 1 to 11, wherein said

catal yst conprises 10 at least two further netals selected from G oup
I11A Gowpoid843VA and the transition netal series. 14. PRT{BISB4H3 a5
clainmed in claim13, wherein the catal yst corrpri ses one netal sel ected

fromGrou IIAA;, | VA agld%‘/@ and on \t sel ecte B(mthetransition
net al serl s. {} RIPCESR a5 CHuR ma’i’é‘y(E’FeéF clafin, SYREr ¢ $24¢ CW‘} FefHRIEPHA et al

sel ect ed N&QMAdBirthe RSl Whith & MBistonSfdthies 1S Pt. 16. A process as
claimed in claim14 or 15, whereln said one netal selected from G oups

I11A, |VAldnd A/frocess3n clairided i ghaimd®s whersincdaad tnadition nodtadiinselQtedienehen sai d
catal yst co | ses .two elected fr the tranpsition pet ries.
20 18. A r%‘ %‘?3‘52“%1’%6%20’3‘?{ Br. dtnOsy Co rléirﬁ" éé?(gl O Ay S @%ﬁ'&f i ses

Pd, Pt san . 19. A process as clained in any preceding claim wherein
5

sai d catalyst further conprises alkali netal ions. 20. A process as
cl ai med i d2anA proeesdis ohpimédinmany pheeding clhan leimyeln@aiarcbt(aryscmmmrissesnly at

and 25 bueahdirties Mokl sSEstEy FOm ISR I AP Bakt LA Gth P yeas Rl |
transitionehmtal and c) a nmetal from Goup Il IA | VA and/or VA. 30 16

13. A process as claimed in any one of claims 1 to 11, wherein said catalyst comprises

10 at least two further metals selected from Group IIIA, Group IVA, VA and the transition
metal series.
14. A process as claimed in claim 13, wherein the catalyst comprises one metal selected
from Groups IIIA, IVA and VA, and one metal selected from the transition metal series.
15. A process as claimed in claim 14, wherein said metal selected from the transition

15  metal series is Pt.
16. A process as claimed in claim 14 or 15, wherein said one metal selected from
Groups IIIA, IVA and VA is Sn.
17. A process as claimed in claim 13, wherein said catalyst comprises two metals
selected from the transition metal series.

20 18. A process as claimed in claim 17, wherein said catalyst comprises Pd, Pt and Cu.
19. A process as claimed in any preceding claim, wherein said catalyst further
comprises alkali metal ions.
20. A process as claimed in any preceding claim, wherein said hydrocarbon comprises
at least one hydrocarbon selected from the group consisting of ethane, propane and

25  butane.
21. A catalyst comprising a) palladium, b) a further transition metal and c) a metal

from Group IIIA, IVA and/or VA.
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