WO 02/ 04389 PCT/ GB01/ 02822 PROCESS FOR THE PRODUCTI ON OF COLEFI NS The
present invention relates to a process for the production of olefins.

A ef i ns svehzvesset hyl ene and propyl ene may be produced bypchveBorombyti c
dehydrogenati on or cracking of a hydrocarbon feed. In this specification
the term "cracking" will be used to enbrace both of these chem cal
reactions. The cracking of hydrocarbons is an endotherm c process.

Accordi ngly, heat has to be consuned for the reaction to occur. In a
process known as auto-thermal cracking, the heat required for cracking is
generated by conbusting a portion of the original feed stock. This is
achi eved by passing a m xture of a hydrocarbon feed and an oxygen-
cont ai ni ng gas over catal yst capabl e of supporting conmbustion beyond the
fuel rich limt of flammability. The hydrocarbon feed is partially
conbusted, and the heat produced by the conmbustion reaction is used to
drive the cracking of the remainder of the feed. An exanple of an
auto-thermal cracking process is described in EP-A-0332289. Cenerally, in
known aut o-thermal cracking processes, a reactant stream of a hydrocarbon
and an oxygen-containing gas are passed over a single catalyst bed to
produce product olefin. Typically, the catal yst bed conprises at |east one
pl ati num group netal, for exanple, platinum supported on a catal yst

support. Recently, r i nprove the
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cat al yst Scpgdng” will lse yHedttd ambrace bothiofitiRge sldmitalaBactionsl t hereafter into a
sol ution VI)O§A04389 PCE£§§01/02822 containing the tin aor copper pronoter.
As a result, tReCHFERERA AePTBoHe An erdofhermiqRprepess e Acaprdinglys heatthas ed
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containing gas over catalyst capable of supporting combustion beyond the fuel rich limit
of flammability. The hydrocarbon feed is partially combusted, and the heat produced
by the combustion reaction is used to drive the cracking of the remainder of the feed.

An example of an auto-thermal cracking process is described in EP-A-0332289.

Generally, in known auto-thermal cracking processes, a reactant stream of a
hydrocarbon and an oxygen-containing gas are passed over a single catalyst bed to
produce product olefin. Typically, the catalyst bed comprises at least one platinum
group metal, for example, platinum, supported on a catalyst support. Recently, research
lias been conducted on how to improve the selectivity of these catalysts to olefin
product. One method is to modify the catalysts with a metal promoier from Groups IIIA,
IVA, VA of the Periodic Table and/or from the transition metals. For example, WO
97/26987 discloses that the selectivity of platinum catalysts may be enhanced by
incorporating tin or copper onto the supported platinum catalyst.

In WO 97/26987, the promoted platinum catalysts are prepared by impregnating a

catalyst support in a platinum-containing solution, and thereafter into a solution



techni que. More specifically, an aqueous solution of SnCl2 may be added to
the hot operating catal yst support to deposit a thin coating of netal on
to the fmvomv2/e438f ace of the support. This conpensat es forpCT/o®0l/a2832 of tin
due to evaporation, and restores the 10 catalyst's initial perfornmance.
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63 (1999), 113 - 120. The catalytic behaviour of a supported Cr 203 catal yst
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t he cat aleyaljorgtwjl tdaelngegu%s@gf@awluyonnent at the rear of the catalyst. In
the oxidising environment near the front face of the catal yst, the
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of the o &ﬁ&epﬁ‘l %Eggﬁ'dre&gﬁ'ﬁ QE(ﬂn tﬂ{a otﬁé"@&talgﬁqﬂr hl‘?n CAMSt . however,

Cr 203 ac s as a rogenat on c usin gener a ed by

oxi dat i onedhafgti dMse giectfivallf, ramm‘quectustsbmuoatoﬁBySIz nlidy be2fdded actehbe
hydrocarbon feed. To support this E}'em se, -coated ponolith was pl aced

in front OBFfaHH% estplyst SBPP%F orlepatihe hip ﬁ%atmato me&ﬂ oeﬁwéwcfzomam #s ol thfe
arr a_nge_rresﬁ épomgcorgb&gggsgg%@g ﬁqtﬂ dﬁettb%%{top%ﬂ,gygﬁhe ofR! lith alone,

confirm ng ha Cr203 can utili at gener ermc
oxi ddPi veatabyst's it pedfeumanice.g Thisén-sith eegPberatimolethmiqueds alspalekerdey inunr eact ed

hydr ocar f anad e aching of Applied Catalysis A (1999),
187(1), %%talysﬁiqﬁéﬁ&r%gq ép\;}erlg8 specific to Cr203. There is nothing in
the ref er encghkamiae dehavididlof AlBfforRa @ OSdatpd 5 ste@rd th Reaiehp! oyed to

increase olefin selectivity in a correspondi ng manner. W have now found
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in front of a series of Cr,O3; monoliths. At high C,H/O, ratios, the arrangement showed

higher C,Hj selectivities than the Pt-monolith alone, confirming that Cr,O3 can utilise
heat generated by the exothermic oxidative reactions occurring over the Pt-monolith to
crack any unreacted hydrocarbon in the feed.

.25 The teaching of Applied Catalysis A (1999), 187(1), 13 - 24, however, is very

“ specific to Cr,03. There is nothing in the reference to suggest that other catalyst beds
could be employed to increase olefin selectivity in a corresponding manner.

We have now found that the selectivity of a catalyst zone comprising a catalyst

bed (a first catalyst bed) can be enhanced by positioning a second catalyst bed |

30 comprising at least one metal selected from the group consisting of Mo, W, and Group
IB, IIB, IIIB, IVB, VB, VIIB and VIII of the Periodic Table downstream of the first
catalyst bed.



the fuel rich limt of flammability, generally achieves greater olefin
selectivity conpared to that obtained by the use of the first catalyst bed
al one. Aoconzi43sgly, the present invention provides a procREEGBOI/08hE
production of an olefin, said process conprising passing a mxture of a
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cat al yStc&%ré@%tﬁQtWélﬁé‘dl%rt%%@of\{hélﬁrsﬁ%ﬁﬁi yst i AGR. € G oup Vil metal s
i ncl ude 20 plati num palladium ruthenium rhodium osm umand iridium

Preferably, Ah@rdanglypthe\nrwenmmﬁlomsore‘eﬂw wdcdss don théypediduetiondfani num

pal | adi u{?i.ﬁ (&( ures ther.eof Espec %\&F lily/‘tle” d ar I ati num
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preferably, fromO0.01 to 10 w %for exanple 1-5 w% such as 3-5 wt% 25
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conponent . ‘Goup I'TI'A’met'al's’ 1 ncl ude I'n and
t hese, Cﬁabictd In are preferred. Preferred Goup | VA netal s |ncI ude Ge, Sn
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20  platinum, palladium, ruthenium, rhodium, osmium and iridium. Preferably, the Group
VIII metal is selected from rhodium, platinum, palladium or mixtures thereof.
Especially preferred are platinum, palladium or mixtures thereof. Typical Group VIII
metal loadings range from 0.01 to 100 wt %, preferably, from 0.01 to 20 wt %, and
more preferably, from 0.01 to 10 wt %, for example 1-5 wt%, such as 3-5 wt%.

25  Suitably, the first catalyst bed is platinum or palladium, especially platinum.

A: Alternatively, the first catalyst bed may comprise a promoted catalyst such as a
promoted Group VIII metal catalyst. The promoter may be selected from the elements
of Groups IIIA, IVA and VA of the Periodic Table and mixtures thereof. Alternatively,
the promoter may be a transition metal; the transition metal being a different metal to

30  the metal(s), such as the Group VIII metal(s) employed as the catalytic component.

Preferred Group IIIA metals include Al, Ga, In and T1. Of these, Ga and In are
preferred. Preferred Group IVA metals include Ge, Sn and Pb. Of these, Ge and Sn are
preferred, especially Sn. The preferred Group VA metal is Sb. The atomic ratio of
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Goups IBto VIII of the Periodic Table. In particular, transition netals
selected from 5 Goups IB, IIB, VIB, VIIB and VIII of the Periodic Table
are pref avoero43Bxanpl es of such transition netal pronoterBCT/aBbus2Lr, M,
W Fe, Ru, Gs, Co, Rh, Ir, N, Pt, Cu, Ag, Au, Zn, Cd and Hg. Preferred

transiti GPodﬁWHi m@fapfmh@ Eﬁo@ff HIA/CIVARBF VBUneth! maybe 1 ©0.1 2510 %ﬂefeﬁ%@em ally
Cu. The atomc ratio of the Group VIIl nmetal to the transition netal

pronot er Ly - b3.01swhas 1 : 93 €. preferably, 1:0.1 - 12.0. 10 Specific
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The second catalyst bed comprises at least one metal selected from the group
consisting of Mo, W, and Groups IB, IIB, IlIB, IVB, VB, VIIB and VIII of the Periodic
Table. In particular, the second catalyst bed may comprise a Group VIII metal as
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catalyst. Suitable Group VIII metals include platinum, palladium, ruthenium, rhodium,
25  osmium, iridium, cobalt and nickel. Preferably, the Group VIII metal is selected from
: rhodium, platinum, palladium or mixtures thereof. Particularly preferred are platinum,
palladium or mixtures thereof, especially platinum. Typical Group VIII metal loadings
range from 0.01 to 100 wt %, preferably, from 0.01 to 20 wt %, and more preferably,
from 0.01 to 10 wt %, for example 1-5 wt%, such as 3-5 wt%.
30 Preferably, the second catalyst bed comprises a promoted catalyst such as a
promoted Group VIII metal catalyst. The promoter may be selected from the elements

of Groups ITIA, IVA and VA of the Periodic Table and mixtures thereof. Alternatively,



Preferred Goup Il A netals include Al, Ga, In and TI. O these, Ga and In
are preferred. Preferred Goup IVA netals include Ge, Sn and Pb. O these,
Ge and Swa@pr0438 preferred, especially Sn. The preferred BxDGBoWV#RSaEtal iS
Sb. The atomi c ratio of Group VI1I nmetal to the Group [11TA 1VA or VA netal
may be 1 0.1 -5

Sui t abl ethterpé?{g?g %‘%Yﬁé?%an% tn)l arlsSarlral%ug'mOn Q][ ad1 eémngﬁaét%r nor e of
G oups IBuet@tohibNIIIIQ{etélt'sgei?@m}@dlastlﬁafataeytxcldmmhéntcul ar transition netals
selected from 10 G oups VIB, VIIB and VI of the Periodic Table
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prormter 0. , 1:0.1 - 12.0. 15 Specific
exanpl esC J%?ﬁ%?@btoéhﬁg;d H%c‘éﬁé &ésm?talrm@égei OtlheS%%v&B?fﬂraéLYtb al yst
bed i ncl wde Pyb GagucRhé R o L4 Sn, Pt/Ge Pt/ Cu, Pd/Sn, Pd/Ge, Pd/Cu and

Rh/Sn. Wiere the Goup Vill rretal is Rh, Pt or Pd, the Rh, Pt or Pd may
conpri se bet wsaitabe ma.hsam m@arpmmows perybesabdtgd frbmtawmne@mﬁibraoﬁ 2.0 wt %

and mor e p r ef e d % of the total ht of the
cat al yst ?Q%%WE ?ﬁfe’vi%r gﬂ?’taﬂ’cﬂaﬁpdﬂarroﬁ?ﬁ loﬁ‘dn?ﬁ?%ﬁfjle?tls VA, VA or
trangpti %dﬁtIB B! VIDNENB 8 VI8 Jf the Perfodic mlgarem&@&ﬁeabﬁxmﬂes of. 1 -

12. 0. For exanp le, atomc ratios of Rh, Pt or Pd to Sn may b : 0.1 to 50,

pr ef er abpyeh tIPﬂSIGOnttai pramotatsriaclpdets M%IW; Fa,Rw 02, Co3Rl, Iaﬁﬁ, Prb@ul,

preferab 0. 4 P 0.1to
Sor . pr of ShapPy20 Csng 112 prefh 8 ol Boh Sl prdphofo e phe R, e oo
rati os ofndZn Qa&peEiblIyCClQT hﬁ&tbnbﬁ rﬁ,’uo 6 the Gr&}ﬂVIIDfrﬁfaﬂ? tatleltrangifiod methl 2 - 2. 0,
and nore preferably, 1: For the avoi dance of doubt, the G oup

VI rret H‘IOH%@%%YOEP%E @rlTﬁOPh@e@é@&Y:ﬂsQ -Béds may be present in any form
f I
or gxanpl e, ege%nfg: é(%{j@?es o%B%xgotteH%rB MiPLatd ggigtf@xj u[se%Q ',E‘H%Os‘égc%xd c%‘:é‘l‘-ﬁ as an

oxXi de The s yst may conprise at a as a oup
VI et béd mBmdth/GhyBiﬂn, S Pt/iGe, EdﬁaiﬂcﬁSmdeﬁﬁan@manghﬁﬂnu%&m beyond

userul 1 frecaper Vil s by e P4 oty PBEN Sy eomeiis fetiguafPlatus Lo use
as the 5?‘0%‘%%@&@&} bRBFen®. GRARI 16 Wt Whiagl nicte pﬁa‘f&ﬁﬁl@*“ﬁé’c@%&% 05‘(36”361bI e of
supporting conbustion bef/ond the fuel rich [imt WD 02/ 0438
PCT/ GBO1a@bBO avt % of the total weight of the catalyst. The atomic ratlo of Rh, Pt or Pd to the
20  Group IIIA, IVA, VA or transition metal promoter may be 1 : 0.1 - 50.0, preferably, 1:
0.1 - 12.0. For example, atomic ratios of Rh, Pt or Pd to Sn may be 1: 0.1 to 50,
preferably, 1: 0.1 - 12.0, more preferably, 1: 0.2 - 3.0 and most preferably, 1: 0.5 - 1.5.
Atomic ratios of Pt or Pd to Ge may be 1: 0.1 to 50, preferably, 1: 0.1 - 12.0, and more
preferably, 1: 0.5 - 8.0. Atomic ratios of Pt or Pd to Cu may be 1: 0.1 - 3.0, preferably,
25 1:0.2 - 2.0, and more preferably, 1: 0.5 - 1.5.
' For the avoidance of doubt, the Group VIII metal and promoter in the catalyst
beds may be present in any form, for example, as a metal, or in the form of a metal
compound, such as an oxide.
The second catalyst bed may comprise a catalyst, such as a Group VIII metél
30  catalyst, which is capable of supporting combustion beyond the fuel-rich limit of
flammability. However, whilst such catalysts are useful in certain applications, it may

be particularly advantageous to use as the second catalyst bed, a catalyst which is

substantially incapable of supporting combustion beyond the fuel rich limit of
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flammability. Catal ysts which are substantially incapable of supporting
conbustion beyond the fuel rich limt of flammbility nmay be selected from
a w de r amge2/ofsisknown naterials including conventional deraydBogesation
catal ysts. Dehydrogenation catalysts are those catal ysts which are capabl e
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conbust i BIPIMEShYHh phleast @ap Praneeier selfcied figm ﬂr@mrﬁ\bmand yhe transigion mstdlair | y

N Sn, - CoPIE ARV A TR R RERE e Y S SRRSO & s
suppds t echepil ptanmitens dmdlydec@t aldyGSi.. S]Ncif&fd’xafﬂp%b}f suitdife catlgbty dndZeHien may

conprise a fjrs nd a second catal yst bot h of which are capabl e of
supporti A S8 %ﬁﬁn@ﬁwwas BHBC%‘I%@gfnagIal P?rehuatﬁomoef thyr hydrocarhpmdped tpy

Sui t abl yoleﬁh%naérra%Io.&@ﬂnag,%ﬁmoﬁgtfgI 63 e B S e ATR L By, ' o

nmetal such as , provi that the second”cata rs of a
di f f er enCoSl, Cofhn EutCp hr/$p FerSm, RufSt No/&vaCy€n, béth, PSL(BuainIIBm/Cnhe first
cat al yst may

ER PN NG M TR T
pr onpg ed sﬁ}z’pbhnﬁ%l@ﬁﬁ)hsﬁﬁn bdydnd BéGlelafchRIrhiSBf NaRRGLIlitF 28X ARLES chly§
bed which is substantially incapable of supporting combustion beyond the fuel rich limit
of flammability.
A particularly advantageous catalyst zone comprises a second catalyst bed
selected from Ni/Sn, Co/Sn, Co/Cu, Cu/Cr, Ir/Sn and Cu and a first catalyst bed of a

25  supported platinum-only catalyst.

“ Alternatively, the catalyst zone may comprise a first and a second catalyst bed,
both of which are capable of supporting combustion beyond the fuel rich limit of
flammability. Suitably, the first and second catalyst beds may comprise a Group VIII
metal such as Rh, Pt or Pd provided that the second catalyst bed is of a different

30  composition to the first catalyst bed. Suitably, the first catalyst may be Rh, Pd or Pt and
the second catalyst bed may be, for example, a promoted Group VIII metal for example,

Group VIII metals promoted with copper or tin, such as Pt/Sn. Specific examples of



WO 02/ 04389 PCT/ GB01/02822 such catal yst zones are those conprising a
Pt-only catalyst (as first catalyst bed) and a Pt/ Sn catal yst (as second
cat al yst wed/0438he cat al yst zone nay al so conprise a firspPCrTaBal/§se2 bed
which is substantially incapable of supporting conmbustion beyond the fuel

Cubst ant 1 FyebgaBrR b5 T ReR R IR PR AR Ralbda ¢y 1y

of fl ampdBd datalyst GRartbidcnppbds of such a catal yst zone include a first
catal yst bed selected fromMN/Sn, Co/Sp, Co/Cu, Cu/Cr, Ir/Sn and Cu and a
second cat alBesatabys zerg may algo compiiss a Brst pifalypt bed gvhueleis spbstytiaBy such as Pt
or Pd pr i s L i 1:] Rk Sifid" and second
cat al ystﬁg%éggﬂ\?gﬁﬁpaotrgﬁ§§&g%ﬁllghha Onclzlg}rlr'%){rqllegﬁlglll ;lu?t{lﬁ{er cafﬁ)é{dysaéa Beds. For
exand e, sectel eatdlgdt el whinteis galystantinily cqable dfeupihrtipg edrabation beyahdtthe 5

catal yst_beds.  Were the cat Si. zone conpri ses re than g tal yst
beds, ~ t h¥ekaghaligEof glrmmbﬂlta eﬂ%ﬁé@ﬂﬁ%&?@fﬂ%@@ﬁﬁ@ﬂ%@ﬁ@\ﬁgP?ﬁﬁtf ferent
to the C@arteﬁ#)(%&&sé!?&é’d 8 RishecoRh, Eheu! Cortr, ki AT PELONEER al yst beds.
Suitably, the catalyst used for the additional bed(s) is the same as that
of the setadyd bedsebgted fibmdPt dFPd oz peompited Pt orPdsitchlay £t ozBhpromwyedcwithr i se 3
catal yst beds wherein the first bed is platinumand the second and third
beds bot $PPPEMIP se tin-pronoted nickel. It shoul d be understood that

act ug) concemtidafiioans 1 fildeidl sebdhd At Fabadsyint Sathl§Bidzond PaadyQomipdisd e
identical to the nom nal concentrations enployed in the preparation of the

cat al yst futbereatadysibeds| Forerampls; die calalysbanag rerir qomprish 8 tprl8preftabln of t he
cat al yst tual | econes incorporated in the catal yst conposition. Thus,
t he nom %Q%ﬁ%igg?tybeg%ncentrati ons may have to be varied to ensure that the
desired act uptheffrhatkatalyO@s comptises snde thaddvouttlst basphalchylyshoftawer , t he
catal yst beds are prepared such 25 that the actual concentration_of a

part i cul #dittpnabbed(s) mat bl sane ahéifistrnt tathe catalysisyised faeiibenpf e st 999 of
t he m na t [ : be
uns u{)lsgor %}glds egdi}ldlsjc%bapl)g?? E%éz %hg%lle’a fgg%élgﬁ%g%‘isﬁbétﬁ%‘f?ﬁdgﬁ@§¥g§d§§? gﬁrrlae%g in the
form of as thetddlthegmeeand cialgstdedfor example] thasttabsezamtmadystmprise Bhe cat al yst

Cone i & G et sheret G Yot et St e st ahsin e Bt “mmy be t ne
same or gififReeRiprofotdaaiiaiia range of support materials may be used,

ceram c supports ~are generally preferred. However, netal supports nay also
be used. It should be understood that actual concentrations of metal in the catalysts tend

20  not to be identical to the nominal concentrations employed in the preparation of the
catalyst because not all the metal employed during the preparation of the catalyst
actually becomes incorporated in the catalyst composition. Thus, the nominal metal
concentrations may have to be varied to ensure that the desired actual metal
concentrations are achieved. Generally, however, the catalyst beds are prepared such

25  that the actual concentration of a particular metal is between 80 and 99%, preferably,

: between 90 and 99% of the nominal value.

Each catalyst employed in the catalyst zone may be unsupported or supported.
Suitably, an unsupported catalyst may be in the form of a metal gauze. Preferably, at
least one catalyst in the catalyst zone is a supported catalyst. Suitably, each catalyst in

30 the catalyst zone is a supported catalyst. The support used for each catalyst may be the
same or different. Although a range of support materials may be used, ceramic supports

are generally preferred. However, metal supports may also be used.



7 WD 02/ 04389 PCT/ GB01/02822 Suitably, the ceram c support nmay be any

oxi de or conbination of oxides that is stable at high tenperatures of, for
exanpl e, vwetmess 600C and 1200C. The ceram ¢ support natRreT/aBopesstEer ably
has a | ow thermal expansion co-efficient, and is resistant to phase
separation atgfishy, Ttl?é‘&%%ﬁfc%ﬁﬁort Rayyé bﬁgbbﬁdegf ST Gin SRR dxddels i yde
cordierite, lithidmalumniumsilicate. (LAS), alumna (al pha A1203),
yttria sstaﬂde bf lsighl tanparanica of,etbumamplﬂnbﬂW®n£0§°C and $2MIC. dihd cemadici um

sesh- coatBHT PG e Gk e A on el SRl P r <OR e support
mat eri al lllagels HoAk hidhSet @raﬁ,}gsucture may affect 10 flow patterns

t hr ough ?h catal yst. Such tlow patterns may influence the transport of
reactant s andSwitabtuctramiceuppatsiindmile ¢nedicrtealithgtm shimbiaoey silibae €bgShf f ect i ng

the activity of. .th talys i call t he .suppor rraterlal may be in

the for n?IB?IY | plhéT‘gléﬁa) M ggblllg%ﬁérfgglquluﬂqug?? abs or it may

be in theldigmpiRbnA fHOsRae, ahd, ¥ farfibellr, Alin@dnaf i br ous pad or mat . Suitably,

the particul ate support materi "al be al um na spheres. 15 Preferably, the
Hvaﬁ%f&

form of the slppestamicssupperbmay ibe eated, §0he>@m¢,mﬁl@1m$ﬁl2%hannel
ceram o St 1 UCTI &, SHC e ARG S leRE SR ONE Y SUIP AL HEL UL G 02, or
fibrous pads. po es PUr e ena ™ 4 prOV| de

tort MUsﬂmtphaerh@thrb@gcﬂlamaﬁmm CSuch mmm&mssmnﬂamm&nspm sfipports nmay
have 20 to 80, preferably, pores _per inch. Channel monoliths

3
gener al | JFafaRts 284 PEQdyRis &P an‘i:%&’ﬁﬁ%? Cartﬁﬂl@ SHEReS theﬁbéfseéfeﬁﬁlﬁ%ﬂlezetl‘&?)’eﬂ%ener ally
smal | er, 4 r tal yst.
Prof er oo har Pyl e o AR AaRAhy B Refhe KRE B pde il Shctil Y ppor
may be psphsenior aﬂleagtahu}ar klmapes orat mzvabh ircthetfoon ofia fdaheor filsalsathr ate. WWhere a
supporteg]?cat al nmet a corréFl ents of the c taI yst 25

are pref 8rgBf H2 ?rslpl?ﬁ §ﬁ{%ﬁy,§ﬁ%gafr§ﬂﬁ§tg|smp may h‘?%‘ﬂﬁﬁ’l‘?ﬁﬁ F1¥& support .

The pat appsdsH19NRE Wifof the sMHoRT SR %ﬂﬁmhm\«mbh% SRYinBSuAhEIRah8ahddY any
met hod known in the art. For exanple, gel nethods and wet-inpregnation

t echni quessamigystiveture Hychyreaolithy plcllz\ejelhyne)tq@mtsampwtts foanisppr fahyoas gedlswi t h one

0 T B OE AR e R s R BB

mul ti pl eprotitegS@dh i@ﬂm&h@rﬁﬂﬂl@ﬁ@p@ft@hﬁy ddve Jhe $0)pRAEAbIYS30 F Wiwirapl y dri ed
and cal ci ned bet ween each_inpregnation, and then subjected to a final
per inch. Channel monoliths generally have straighter, channel-like pores. These pores

!'V'

20  are generally smaller, and there may be 80 or more pores per linear inch of catalyst.
Preferred ceramic foams include alumina foams.
Alternatively, the support may be present as a thin layer or wash coat on another -
substrate.
Where a supported catalyst is employed, the metal components of the catalyst

25  are preferably distributed substantially uniformly throughout the support.

h The catalysts employed in the present invention may be prepared by any method
known 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
the metals, dried and then calcined in air. The support may be impregnated in one or

30  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.

8



calcination, preferably, in air. The cal ci ned support may then be reduced,
for exanple, by heat treatnent in a hydrogen atnosphere. 8 WD 02/ 04389

PCT/ GB0O1MQ82@4389The cat al yst zone may be. achi eved in anyP€DGBabdms2zranner
provi ded that the reactant stream (hydrocarbon and oxygen-contai ni ng gas)

contacts t he Thi eshlySioak Yisdy Headhicbain! 40§ saRAb1O HRAAMSG pReviddy @b fhwent stream

(conprising reaction products and unreacted feed) therefrom and said
ef f | uent Tectaahsirqeas@adrocuban apkoxygescontpimng gas) bertdagty the Hisstoatabyst bed

catal vt \Defherdh SRNERLBLoATEROA1 (ATMEHHE Calalosh ARAES Lo use

a single reac Space bei ng

can be pfed) deeiyn, 4plasidrihsubstant pabdsyriomn gid firdB41yabsd &8 sésond! umi na,
silica, or other refractory materjals . between the catal yst beds.
Al t er nat F¥alygt badnd copyenieny mekedofiashickingdhy eatalyei gang is ta usgdsinglst i al voi d.

10 The spa ﬁ,rtegfhvaeﬁ;acé Bén altot@L&éatbeRs‘e%ﬁ tﬁf?éagﬁngépa&éfa}n sggor&;\%hgcg i;ng” to the

beds. Preferably, "howeve e space w e as s pra al . Most
pr ef er abplacingtsebstantillydnersmbtetials sl assfamnmabsitivie enothbereGattalymhtebields, t hat
is, the geds are di resgvgl(i;s adj acent to one another.  Where the catal yst zone
conpri seLCWiFR haralYshBe%eds, the size of the space between the beds may

vary. 15 The agicafatiQfly! ihe sﬁ&%%@ﬁﬁen%tﬂ?? YA a%ﬁﬁsﬁ&{tfam&ﬁe other. The

cat al éSt beds nay be arranhged either ver y or horizontally. The
hydr &¢ar bon hhy sise hetyelay theoratal 156 hedstis obt @iivabip relotivretotthe beds. an ol ef i n,

preferab np- ol ef i under..the partial co tion_.conditi ons enpl oyed.
The pr ocggesfgrgpgrt ﬁ%w%vreéstﬁ%?palc?wwgh@? 8?1%*%&/“0@%&‘%2 ﬁ??t B?ﬁ?@&t)" %‘Srtehls PP qui d” and
20 gaseowshshindiaDgaEdBiRGemihe catBi Bisls, tBh ib,ahé Bedsiwﬂi%cﬂ??@ﬂ%%a{tQ@ Bae i ncl ude
napht ha, gas o0ils, vacuumgas oils and m xtures thereof. Preferably,

however , aaeiBeto Wherg /e satalysbrsie camprisesgnere fibanetvorhedp dhesizeof thaspagad ni xt ur es

t her eof if.ably, the hydrocarbon is a paraffin-containing
feed con%%%?ﬁgleﬁ%/éggglggwg ns having at |east two carbon atonms. 25 The

hydr d&ar bon fThesdize of thexalyst bdils@my vatyidnalfiogn thégesn- cont ai ni ng gas.
Sui tably, the oxygen-containing gas.is nol ecul ar Qxy%en, air, and/or
m xtures t her 8sfatatypicbedy may b ag i ethatvgticallyey heazoaalbd with an inert gas

U, o B0t S Ll SPACATIORE QST B 00 1]
or st eanprefsrably agoerfcedefintundehthe padiat enbbustion conditions employed.
The process of the present invention may be used to convert both liquid and
20  gaseous hydrocarbons into olefins. Suitable liquid hydrocarbons include naphtha, gas
oils, vacuum gas oils and mixtures thereof. Preferably, however, gaseous hydrocarbons
such as ethane, propane, butane and mixtures thereof are employed. Suitably, the
hydrocarbon is a paraffin-containing feed comprising hydrocarbons having at least two
carbon atoms.
25 The hydrocarbon feed is mixed with any suitable oxygen-containing gas. Suitably,
: the oxygen-containing gas is molecular oxygen, air, and/or mixtures thereof. The
oxygen-containing gas may be mixed with an inert gas such as nitrogen or argon.
Additional feed components may be included, if so desired. Suitably, methane,
hydrogen, carbon monoxide, carbon dioxide or steam may be co-fed into the reactant
30  stream.
Any molar ratio of hydrocarbon to oxygen-containing gas is suitable provided the
desired olefin is produced in the process of the present invention. The preferred

stoichiometric ratio of hydrocarbon to oxygen-containing gas is 5 to 16, preferably, 5 to

9



30 stream Any nolar ratio of hydrocarbon to oxygen-containing gas is
suitable provided the desired olefin is produced in the process of the
present iwoentdissn. The preferred stoichionetric ratio ofpPaydBorersbon to
oxygen-containing gas is 5 to 16, preferably, 5 to 9 WD 02/04389

PCT/ GBO11 938i2#s, prafebabily, BE:5,1 ORinedseh@BlojthicRndtc fdiololf WP&robitBos t@b:§/pMEL I'i C
rati o of hydrocarbon to oxygen- containing gas required for conplete

conbust i eRRtYRIngIgas HeHiwd dpiesnnlefe capbustion of ey dregaebandte eprbomidiortigair ocar bon
IS passe%bcg«,ﬁ&rthe catal yst at a gas hourly space velocity of 5 greater

t han 10, -', preferably above 20,000 h "1 and nost preferably, greater
than 100, 00Thdhydrocarborvik phssbé owrdhe sitalgst,at heuek@irly dphed vélbetyagdt | num gas
hourly space vel ocit vvipII depend ugoaoélgs pressure_and nature of the feed

y .
conpabi ¢ et fheedBoahiy, breferbiyeRora GH0 b d e mesk mieferply: GEewsorATnd
oxygen-c ydu g i Saski e J -hydr ogen
to oxygeg@%g%%i 'nlltglbgmgbaesdﬁ géa}ﬁio\lég’r}g/ 10}’81\%? aﬁy1 opeﬁga%l:l(gﬁly;%é%e%e?%cé ded t hat
t he desi walldedeed uporpthe gsssure sme natwvcefithe St tcatmpysitivine nol ar rati o of

hydr ogen to gQx -gontai ni.n s is.in the range 0.2 to 4, preferably, in
t%e r gnge 1 ? r8¥€g§bq¥§§'?i&¥§ﬂ I%%’-‘%gevﬁgh %@Y&Wﬁfﬁ?ﬁé@%%ﬁ/&?@&a@n& £ he d
pr esenceind theheackioh 3bkS The hidtar tiYSI6LGRRo SATD BEY n%%{al%ﬁgghs%ényva lative to

the hydrocarbon, thereby increasing the ~ 15 olefin selectivity of” the
overHl | pras@ay sperple rangs iprgvidedibatribadesrst ol producdis producedaswitablyand

oxygen- cgnt ai.ni n and . optional |y hydrogen..co-fee i reheated prior
to cont a{g}e n\%)l%rﬂaﬁ% gﬁﬁ%cﬁ%i?stf) .OP(X%?%‘FO t%ﬁ)}mé g?*fﬁg ip thedpugh: 61‘%1"9( tﬁ u& 8t%Fa§’%br eheat ed
to tenpemahefdgeltab@w the autoignition tenperature of the reactant

m xture. 20 Advant agequsly, a heat exchanger may be enpl oyed to Er eheat the
reactant i Kydnogemeq-treds e adrabageons besanseeincthe arepence of the easadywfthe heat
exchange ) I r eheat
Forpor o 1y Reter ol plerelc R AT 1 e By Do ARo RIRLER, HE AP Srper atur e
of the relefihaclectivitytofitie oveEhdl preeesef hi gh pre-heat tenperatures is

benefi ci al i? hag Igss otﬁégen reagi’ant ig requi red which leads to 25
econoni ¢ sav Ii‘?g“é? Idhs Feep .FI.F‘V‘,“HFI‘P M‘%réf’%" oy RthOXyigeRre aRtatgHEs 4t es can
result i Bptidnil & %%%£%E&)Vib agyehwte@gﬁam RhEREUGin tﬂetca@ycst.g(lgﬁglr:}?@, found

t hat the use ' prehedt ~tenperatures enhances the ‘st ty of the
r eact i onthgir¢deiant inguxsas ptepsated toctemipyraheesibealg the autoignition temperature of

the reactant mixture.

20 Advantageously, a heat exchanger may be employed to preheat the réactant
mixture prior to contact with the catalyst. The use of a heat exchanger may allow the
reactant mixture to be heated to high preheat temperatures such as temperatures at or
above the autoignition temperature of the reactant mixture. The use of high pre-heat
temperatures is beneficial in that less oxygen reactant is required which leads to

25  economic savings. Additionally, the use of high preheat temperatures can result in
improved selectivity to olefin product. It has also be found that the use of high preheat
temperatures enhances the stability of the reaction within the catalyst thereby leading to
higher sustainable superficial feed velocities.

It should be understood that the autoignition temperature of a reactant mixture is

30 dependent on pressure as well as the feed composition: it is not an absolute value.
Typically, in auto-thermal cracking processes, where the hydrocarbon is ethane at a

pressure of 2 atmospheres, a preheat temperature of up to 450° C may be used.
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hi gher sustai nabl e superficial feed velocities. It should be understood
that the autoignition tenperature of a reactant mxture is 30 dependent on
pressur e vaQ owed3B9 as the feed conmposition: it is not an abBOT/GBel/exsbue.
Typically, in auto-thermal cracking processes, where the hydrocarbon is
ethane at a [Theprites offthp@bem$phatiesmad sPitAMeBd cArfBPenidd: UictaBist &4t t 0 450
C maybe used. 10 WO 02/ 04389 PCT/ GBcpll 02822 The process of the present

i nvent i oftTRREyatars ip Hie rpngre6 QR dd08it. paglerablyaindhy sange B50°C entd0%€ure in the
range 60QC,to 120QC, . .pr.eferabl ! ge 850C to 1050C and, nost

or ef er abPye> 19 %Prﬁz’ er?lgfﬁ)’glg %@&gggochb{?g%oqlﬂ(g process of the present

i nvention may The pfakdsioftheOptesadlt iV IBSPRSY bE cAtied Buht SUA EgSSure.

Sui tably, the prgssure nabiybe in the ran%e frolfn Outo 2 %%(rﬂg, preferably

1.5 t® 2clsantad pregsurexSwitabey, thepisssuee may be it thd rggedoum 840 8fbard or exanpl e, 2
to 50 b e Suitabl,e ere.th rocess t he pr.esent
i nvent i O%Fe?%ra@ig?ﬁrﬁé)?)%ag%, at e%a‘mep\}gil SPas 2%151'1&&%‘?1)&6%“35#8;@5? ?‘IBIbIF ©Wcts may

be quencBetamsmahalto ®sedhigbid.r om t he reaction chanber to avoid 10 further
reactions taking place. Any coke produced in the process of the present
i nventi on nay YA BamecgsIf therprasemilpvention srpgrriesrou pt elevaied pressurd thehe

o Rt B SR R L

of which are y 1 nto rate nce. € in now be

i |1 u$@r atiethebyeavtighsadkimgplipt.e only and with reference 15 to Fig. 1 and to
the foll ow ng,exanples., Fig. | represents in schematic form an_ apparatus
suitable for (9% Cn]%’ pRdugsdp dasprggess o &eﬁ%@ﬂPV?WQﬁNYO‘?ﬁmNO@?dWi s a

O aPn otk fifhidal okl B0y Qng bYLAAE SBEIGR VLY Slond$ D aBbLAE_beds | of

Sn pronoted Pt catal yst conpared to a si nl'y catalyst. 20
Fig. 3 i §PaAgl Apthd4th thw cogtentreofofliicls bredwrdtyigdceparatedbgatfewinky. of usi ng

triple beds . Pt and .Ni - Sn. cat al ys conpared to triple bed of Pt-only
catal yst. Fi Si_ne Rpveniion V&H&W l%%ﬁ\t}ﬁstﬁ%te‘% ﬁ%wé‘?'Pgﬁ’faWC Q%ﬁnéﬁ@ﬁ%feé@’ﬂavi ty of
usi ngsa eopiRl eake thofollBwianekpipiey. onot ed Co catal ysts conpared to a double
bed of Pt-only catalyst. Fig. 51is a graph showing the effect on ethyl ene

sel ectivity BE Lzipmsens dosbematie fornp 8n gppamtusisidtable for nsroindht @ocesabhl yst s

conpar ed . bed of Pt-only catalyst and a single bed of Cu
pr onot edﬂ%g)rgsaegéa)lﬁgésrﬁlp B

Fig. 2 is a graph showing the effect on ethylene selectivity of using multiple beds
of Sn promoted Pt catalyst compared to a single bed of Pt-only catalyst.
20 Fig. 3 is a graph showing the effect on ethylene selectivity of using triple beds of
Pt and Ni-Sn catalysts compared to a triple bed of Pt-only catalyst.
Fig. 4 is a graph showing the effect on ethylene selectivity of using a double bed
of Pt and Sn promoted Co catalysts compared to a double bed of Pt-only catalyst.
Fig. 5 is a graph showing the effect on ethylene selectivity of using a double bed
25  of Ptand Cu promoted Co catalysts compared to a double bed of Pt-only catalyst and a
‘ single bed of Cu promoted Co catalyst.
Fig. 6 is a graph showing the effect on ethylene selectivity of using a double bed
of Pt, and Sn promoted Pt catalysts compared to single beds of Pt-only and Sn promoted
Pt catalysts.
30 Fig. 7 is a graph showing the effect on ethylene selectivity of using double beds of
Pt and Sn promoted Ir catalysts compared to a double bed of Pt-only catalyst.
Fig.1 depicts an apparatus 10 comprising a quartz reactor 12 surrounded by an

electrically-heated furnace 14. The reactor 12 is coupled to an oxygen-containing gas
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Fig. 6 is a graph showing the effect on ethylene selectivity of using a
doubl e bed of Pt, and Sn pronoted Pt catal ysts conpared to single beds of
Pt-only avoloBm3gronoted Pt catalysts. 30 Fig. 7 is a grapar/sBowase t he
effect on ethylene selectivity of using double beds of Pt and Sn pronoted
Ir catal y@f%y CORRPE BeldrbearBosl el |sBp e U8 0O pRbnARY thedR Al MHon fEdddndy depi ct's an
apparatus 10 conprising a quartz reactor 12 surrounded by an

el ect ri c&PPPUIecigoctped am%a@sgiyxlmgemﬁ@d p ddens sudipas njtregamp [revse; theggactor

oxygen- cortal ni. PCT. -02822. supply..16 and a

hydr ocar gg?\ rg{é@g%%g%layga@y&a%%%ﬁ%ﬁ%{/{ls‘f%?gﬁ%;]?grgu é)[;% C(ﬁgbe&éh%y conpri se
a co- f eedeumdhhatiehych hgerofdhachmaldlity uad bormpses dstvidchlong éslthrédtattsgst t he
reactor 12 is provided with a catalyst zone 20 which is capabl e of

support i h@dz%%%ﬁgsaméﬁ» Theyratatyst hedsidel4 ade3p areppsitioned bedyraerbl-AS hgatand
conpri segy;:bgkvweey one to three catalyst 5 beds, 22, 24 and 26. The catal yst
beds 22, 24 and 26 are positioned between LAS heat shields 28, 30. In use,
t he furnace 1h uss, thetfurmacabd iseetsorsnod senindst hdabRses, ammintle tdaetanigaed ant s are
introduced into .the reactor. via 'rlf%tgz. As the reactant ls\yécont act _the

cat al yst l‘ﬁ@ggceﬂé?toﬂ? reasir vigine tHEe FRAgeBtoptt hesaabshbrsges: 3% produce
wat er  ande CRRQR 1RXhIRScardiLied® cARbURNS prdMidE QRES 1@ hBEf ofldsQ PTbUStS to
produce water. Both of these conbustion™ reactions are exothermc, and the
heat 19r odpited] hydrogdr eonieed alse edmbustsito predudeevateraddath gf these ¢dmsbusiick ocar bon

to produce ol efin. tal.yst .Preparation. 15 Catalyst, A.1 w% Pt _on al um na)
Al uni na feg%grglaa%%o({l? agd z&l??:l%él{ png“@Sﬁ}i’ﬁrﬁéa 18 éWdF}B rd'élé’g\%@rcrq wer e

r epeat edbythe paReAdLEE Piddicaslefglueous sol ution of tetranmm neplatinun(ll)
chloride. The tetramm neplatinunm(ll) chloride solution was prepared with
sufficient salt to 20 achieve a nomnal Pt |loading of Iwt%if all the netal
in the Sﬁa& lil\ﬁlir]ﬁe! ggg{ogorat ed into the final catalyst fornulation. The

vol une o - er enployed in the tetranm neplatinum solution was
equi ¥alent to three times the volune of the alum na foam bl ocks. Between

I mpr egnatCanhst 8XC6a% Bddlu@ihayas renoved fromthe foam blocks. The foam
bl ocks were then dried in air at 120-140C for approximately 30 25 m nutes,

and subsequeniymipafeam blpckn (ZHmm gdiametry Oy 39mma geere X0 patesIpgr Boh)iverat es (to

repeatedly impregnated with an aqueous solution of tetrammineplatinum(II) chloride.

The tetrammineplatinum(II) chloride solution was prepared with sufficient salt to

20  achieve a nominal Pt loading of 1wt% if all the metal in the salt were incorporated into
the final catalyst formulation. The volume of de-ionised water employed in the
tetrammineplatinum solution was equivalent to three times the volume of the alumina
foam blocks. Between impregnations excess solution was removed from the foam
blocks. The foam blocks were then dried in air at 120-140°C for approximately 30

25  minutes, and subsequently calcined in air at 450°C for approximately 30 minutes (to
decompose the Pt salt to Pt metal on the foam surface). Once all the solution had been
absorbed onto the foams (typically three impregnations are required) the blocks were

dried and given a final air calcination at 1200°C for 6 hours.

30  Catalyst B (1 wt% Pt. 4 wi% Sn on alumina)

Alumina foam blocks (99.5% alumina; 28mm diameter by 30mm deep, 30 pores
per inch) were alternately impregnated with aqueous solutions of

tetrammineplatinum(II) chloride and tin(II)chloride / HC1. The aqueous solutions were
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deconpose the Pt salt to Pt netal on the foam surface). Once all the

sol ution had been absorbed onto the foans (typically three inpregnations
are requiwed)o43Be bl ocks were dried and given a final aiPCT@&Boi/mR2:oN at
1200C for 6 hours. 30 Catalyst B (1 wt%Pt, 4 w% Sn on al um na) Al um na

f oam bl opepark®Prith Uuedietit Ralt to2SREh SindlMBAdhg BY 1 WOAMAREM ardAWROI§S Per inch)
were alternately inpregnated with aciueous sol utions of

t et r ammi ABpIRERE 190 abspridiensnd dathaneplume of dg-tntised; wrder equialentioghreegueous

sol ution . 0} repared with suf.ficient salt
o give TETLEmRan gL St T e G R e e 0ok
absor pt i exvesssdluiohvas re@budtefrom thiefoatrblocid and ey blocks wek ddkd iraif iy ee  ti mes
the volune of the support materials {o _be inpregnated. Between

p . mat .

i mpr eynal 1O Cesnddben edlrined smainald SO0LmiRraprraxamteicf wiwast Sikealind t he

bl ocks ! j j t ' | ir at 450C
for ap p\r,\gl;% ??gﬁlg}%}]ég (r)b e%’lh %B%tég& ﬁ%gljeg?& bﬁ% gs’st g?ﬁlto?%ln‘g’k%ggleg gré% absor bed
ont o t hecdlaaed inlaick $00iCorldl lmaks were dried and calcined in air at 600C
for 6 hours. Catalyst C (3 W% Pt on alumna) 10 The preparation as for
catal yst A was repeated except that the tetra- amneplatinun(ll) chloride
sol uti onceaRsQY ed WBsPPbn siubfiafi ent concentration to produce a catal yst
having a nomnal Pt Toading of 3 ww % Catalyst D (0.2 ww% N, 4 w% Sn on
al unta) 15 Theeprppagliomas foncaiglyfiok veoarepeytsd eBeaphthat thpdetred except that the

al um na foam, bl oc re, alternate i, mpr egnat.ed wi th agueous sol utions of
o oRel R R D e Foluion Bplaves MRS PEF AR (e AARRIE g
concent r glotitde 4 Ay R ALGRgA oaliadl Ps loddRsi 0T wt 940N nal | oadi ng of 0.2wt % Ni
and 4awm % tin. 20 Catalyst E,1 W% N, 4 w% Sri on alum na) The

preparation of catalyst D was repeated except that the concentration of the

ni ckel ( Yy soﬁut' . slich so as to produce a catal yst

havi ng abgt)cﬂ LYGRA gt 53 MMS Catalyst F (1 wt% Co, 4 W% Sri

on aliim na) Theeprppepicrais fon catslybid wasatapkytsd cBeapathat Bpadintida eaept that the

al um na {)oakm bl ocks re alternately inpregnated with aqueous sol utions of
1p5: ‘66(-:5/02‘?

i
cobal t (PlPfksivere aliemaicly inmieenaf )ngh¥%‘:e? tongof nigkels(lp piteegnd tin
concent r gy Bbride/dATREHS SR Gk Rb¥ShtriEoH BPrd e dAfllyst having a nominal

loading of 0.2wt% Ni and 4wt% tin.

20 Catalyst E (1 wi% Ni. 4 wt% Sn on alumina)

The preparation of catalyst D was repeated except that the concentration of the
nickel (IT) nitrate solution used was such so as to produce a catalyst having a nominal Ni

loading of 1 wt%.

25  Catalyst F (1 wt% Co, 4 wt% Sn on alumina)

The preparation as for catalyst B was repeated except that the alumina foam
blocks were alternately impregnated with aqueous solutions of cobalt (II) nitrate and tin
(II) chloride/dil HCI of sufficient concentration to produce a catalyst having a nominal
loading of 1 wt % Co and 4 wt% tin.
30
Catalyst G (1 wt% Co, 0.3 wi% Cu on alumina)

The preparation as for catalyst B was repeated except that the alumina foam

blocks were alternately impregnated with aqueous solutions of cobalt (II) nitrate and

13



| oading of 1 wt % Co and 4 wt%tin. 30 Catalyst G (1 wt% Co, 0.3 wt % Cu on
al um na) The preparation as for catal yst B was repeated except that the

al um na fwanm/o43Bocks were alternately inpregnated with agrenesosadset i ons of
cobalt (Il) nitrate and 13 WD 02/04389 PCT/ GB01/ 02822 copper (I1)

chl ori de f hel.ent L I a nom nal
oadi ng. P RIERCrGRARER, LR 10 pRINESp SR halhle REAST O

al um na) lobdiAp offl varto Idocarsldl. Bitvit 8Cwas prepar ed conpri si ng hexachl oropl atinic
acid H2PtC16, tin (I1) chloride SnCl2 and a small quantity of hydrochloric
acid. The solution contained sufficient platinumand tin salts so as to

achi eve @athiveal] (1 9asH 194 od M S RLadHum and 4wt % tin if all salt were
absorbed onto the support material dufing inpregnations. The vol une of

et hanbl enpl Ayethanalic squtionalasprepaed tomagridingresxatileropbdtimiveacdd HEPIE110 al umi na

f oam bl ogk i ch re to, be ed t he support terial..The alum na foam
otk b TGS, b 25t St B SR RSBRG acllE Pl Dhiciob SnBine,

i mpr egnahifficiend plividune ad 1R 5tsis6 a8 & 4hie¥B alidal loadinly dfNe1EP1aiduBNaRS

absorbed onto the blocks (four inpregnations were required). Between

i npr egnatwidnénekalbsalt were@bsasbedpedo therfsppert natesial diménd isymedsiatienss and t he

bl ocks e I LA _ai,r  at - C calcined in gir 15.at 450C for
appr oxi E{‘%Y(gﬁég%ﬁlepr}fu oelse_m;&%e éqgﬂ%fggywtgﬂgg utts r]iléneﬁéfae B@glﬁlee?g%r bed onto
t he {@amlbhiekdamtbieckslvidkswaerte be nkaithsahdsepsinaeridl THhe dithingdb&nat i on at

600C for, 6  hours. Catalyst I 1L w%Ilr, 0.3 w% Sn on alum na) 20 The
pr epar at Plofks{30 peres st mchs18npn dipgnsterp ddmediespl were repestedihianpipdnaiada f oam

bl ocks | : i pridium(111)
ol or 1 de i R Bl BR AL E ol AR R E BT ot 01 T
produce mnmegmmtigst whieuvequred). Betwenmimpregatitivgs ekcels vdlutlon wasmethobed® W % Sn.
25 Catal yst 3 % Pt qn um na) The preparation.as, for catalyst A was

r epeat ed%%’?c?éfbfoafrh k3 %ﬁth%{??g'&w’%ﬂ?é&lﬁé Prb?” aﬁﬁ%ﬁ‘& gﬁ]%enl@l%‘i‘ﬁddpéﬁet er by
30 n18 degapspnd i AppRIxERalB 30 Miiitcde DRct 81 thAdthitioRS halbQekdsWBEEoltBPT egnat ed
with sufficient concentration of tetramm neplatinun(ll) chloride solution

t o achi ethe feanm blvicks |theblotksawiéra gried a3l gives a final air calcination at 600°C for 6

hours.

Catalyst I (1 wi% Ir, 0.3 wi% Sn on alumina)

20 The preparation as for catalyst B was repeated except that the alumina foam
blocks were alternately impregnated with aqueous solutions of iridium (IIT) chloride and
tin (II) chloride/dil HCI of sufficient concentration to produce a catalyst having a

nominal loading of 1 wt % Ir and 0.3 wt % Sn.

25  Catalyst J (3 wt% Pt on alumina)

The preparation as for catalyst A was repeated except that alumina foam blocks of
dimensions 15 mm diameter by 30 mm deep and 30 pores per inch were used and the
blocks were impregnated with sufficient concentration of tetrammineplatinum(II)
chloride solution to achieve a nominal Pt loading of 3 wt%.

30
Catalyst K (1 wt% Cu on alumina)

The preparation as for catalyst A was repeated except that alumina foam blocks of

dimensions 15 mm diameter by 30 mm deep and 30 pores per inch were used and the

14



30 Catalyst K (1 wt% Cu on alum na) The preparation as for catal yst A was
repeat ed except that alum na foam bl ocks of dinensions 15 mm di aneter by
30 nm deaypo anadi38D pores per inch were used and the 14 WO PCT/G88882822

PCT/ GB01/ 02822 bl ocks were inpregnated with sufficient concentration of
copper (1 blocké iveRtitpssdneiel QRth Affi QG cOMEenBral b @ppsMIT) ARt DR {onlto WM %
Catalyst L (3 W% Pt on alum na spheres) 5 Al um na spheres (1.8 mm

di amter?cmwmn@ﬁb%uhwém@ﬂfm&-y 210 n2/g supplied by Condea) were
pre-calcined in air to 1200C for 6 hours in order to renove any residual
porosity associated with the spheres. The wei ght of the spheres to be used
in the pCapdysali(d® Wiyl Jiedsuinadphdies)t he wei ght of plati numnetal required
to give the final "target' platinumloading of 3 wt% was 10 gal cul at ed

usi ng® t he equédyBirasehas (1 @ﬁ%ﬁ@@ﬁte&lS&fﬁaﬁmwaémwwte(lﬁg?l&rrgl/gloo X Vi ght
of alum E t -t ' t] I i.de
correspo%@%aﬁgiﬁ)ﬁgéaggfegﬁ atdggfxlﬁié?fénsl agﬁtgqugﬁﬁtﬁqhﬁg#g{' O\}/\Czaeg?&legﬁsdggved in a
vol ume obnyesidoal peckityakerciadlwith kiergphtest he bed vol une of the al um na
spheres.  The spheres re placed,jn the platinumsolution for approxi mtely
20 i nut 85 weiht ol e sphospe Pt L i e PEARATRLeN MEREaEITSh R 6 st oS wer o
transfer i AT Ve > 0 in a drying
oven set btﬁgn{f%()r%e tilnljg@%gﬁd(}gég{de?ﬁ%%‘lﬁﬁt tea&l;rpgéeirgitgﬁ?&erﬂ?%rd Y@%ﬁ?ﬁ‘%}gggsme spheres
wer el® henpalewlaied fusing ¢lat ¢quagormbalawei nati on oven set to 450C and hel d at 450C

for 30 mputes, .transferred t he Lng oven 1o cool to 20 nd then
i | oved (e BlEBR S GSH ermer aiPE? o Veiehesvgirdisabatal 20
sol ution was then absorbed onto the spheres and the drying and cal ci nation

procedure was r(gfpeat ed until all the,(gl ati num sol uti on was absorbed onto
t he sphedesianfifafitetravemineplatinga(Ibi ddaridsreomesppadingita thexatratated messeofgi ven an

addi ti ong{,,:hj ef. . . nat icon -af. C for houps .(ranpi ng from
450C to ?%Bgégg?etg%nql%wgﬁgg ?lﬁén a (}f?v%elgﬁlfs %02%%8 e%utl)var%%?ﬁ) fhéer% rature. 25
Cat al yst vdlufrk ofthQalGuimarsphdedri na spheres) The preparation as for catalyst L

was repeated except that the Pt ls‘,lol ution was, . .
The spheres were placed in the platinum solution for approximately 20 minutes.

15 Excess platinum solution was removed and the spheres were transferred to a silica
drying tray and moisture was removed in a drying oven set to 120°C and held at that
temperature for 30minutes. The spheres were then transferred into a calcination oven set
to 450°C and held at 450°C for 30 minutes, transferred to the drying oven to cool to
120°C and then allowed to cool back to room temperature. The remaining platinum-

20 solution was then absorbed onto the spheres and the drying and calcination procedure
was repeated until all the platinum solution was absorbed onto the spheres.

After the final calcination at 450°C the spheres were given an additional high
temperature calcination at 1200°C for 6 hours (ramping from 450°C to 1200°C at

5°C/min) and then allowed to cool to room temperature.

25
Catalyst M (1 wt % Cu on alumina spheres)
The preparation as for catalyst L was repeated except that the Pt solution was
replaced by sufficient copper (II) nitrate solution to give a final target copper loading of
1 wt%.
30
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repl aced by sufficient copper (Il) nitrate solution to give a final target
copper loading of 1 w% 30 15 WO 02/04389 PCT/ GB01/ 02822 Experinent 1
(Doubl e Ive@l02/0438% % Pt on alumina; 1 w% Pt on al um na) TweCT/&Bal/gse2 beds of
catal yst A were positioned sequentially with respect to one another in the
react or k , | ViSt 1o 0 . _khed 22 being the
first ca? fé‘%’gﬂé‘j?enééa@ﬁh\%?’ tglaysi%/g?ﬂ é?%&ﬁ??%r}% vé?g&%pﬁ%r?% aneter, 30 nm
depth and 5Tporatltsyb3B qicatalysparwdrapbsitibnedeeqahtidilpmitheespett thlvaer eact or
was 28 mm The reactor furnace was set et hane, hydrogen

tQ 750 C. Oxygen
and ni t r BERReNR e TeRcler Yadgely aﬁ%tﬁlyfﬂh@dégt? av@%% (068’&%3?3?& 22 beingdle t ot al gas
flow rat ¢:QfadR<SHd) Nt HalvENEe OB 9 r[q':anq [ t her mal
mass fl owrcg%trglgl I éiégtsalggl i ed lt%)lfhéérf({)\én %?étﬁﬁﬁi ecﬁ&tB;Q%Eﬁgleg%lagrgmt ric 10
H2: 025 f epdrosiy 30 pwes perdincit. dntead] dianetar af ite redct@ppars®@Bimmai el y 2: 1, whilst the
concentrati o& of nitrogen in the ;gg was nai ntained at 10%to all ow mass
bal ance wor KPFFCHLFITHREe s SEL9r ™ the reaction, the oxygen: ethane
feed ratio | ; ] rSi from
appr oxi mat el OB Sy A ReR tnd KRG wh NGl RN GRPURE LR PR {1y
wer e nmeasgUixed tataidzas Hewrretewlf36. 9al/minh Glngasrldw atesAvdre komrolled kg pr oduct

conposi tion s anal yse as .chr.omat ogr aphy..equj with {hermal
contuct | VAL A otg s ST frdd: entr et NG pe The b ved - 1 w %
Pt on al Ep:02feeld MV mathtathSdh 237 raifo 8f 4Prd@hate H¥PEI WARRLLd Was repeat ed
except that catalyst A was used as catalyst bed ™22, and 20 catalyst B was

used as eerwghiyaitonhdaitpopen il therfeest wapmpimtaingdon 10%ctocdlow yass takedse 22 and 24
were red . NSi.tu.by Si approximately 1.0 nl/mn. of hydrogen and
1l T b TR oB R Pt Ik SRR Sk Pppndlirdigtio VariiRER ene
sel ecti Vb bew vabj dleRetdnatenvietdioistatefre@ approkimbatels 40lth 909 @@T@Sﬁ@lﬂiiﬁ%‘ at a

-

catal yst zone conpr.i si n% a bed of tin-pronoted platinum 25 catalst |ocated
©

d0\r/1mst reah%;tgfes & edensrselsetyithwricdaeasried ang F}%Fé’§5‘&t5m©$’i@mlsié:13é&t2 balew. t o
comn T sed o b BRupALRBSHoh DaEKARIY sod MR BRI 00T | Lo

Pt on al thermal; coatiuotivita and flama Bisatibnwiefcors.on 30 al unmi na

Example 1 (Double bed - 1 wt% Pt on alumina; 1 wi% Pt. 4 wt% Sn on alumina)

Experiment 1 was repeated except that catalyst A was used as catalyst bed 22, and
20  catalyst B was used as catalyst bed 24 and prior to reaction the catalyst beds 22 and 24
were reduced in situ by passing approximately 1.0 nl/min of hydrogen and 1.5 nl/min of
nitrogen over the beds at 750°C for 1 hour.
The ethylene selectivities obtained are illustrated in Fig. 2.
It can be seen that a catalyst zone comprising a bed of tin-promoted platinum
25 catalst located downstream of a bed of platinum catalyst gives a higher selectivity to
h ethylene than that obtained in Experiment 1 where the catalyst zone comprised 2 beds of

platinum-only catalyst.

Example 2 (Triple bed - 1 wt% Pt on alumina; alumina: 1 wt% Pt, 4 wt% Sn on

30  alumina)

Example 1 was repeated except that an alumina block was positioned between the

catalyst beds 22 and 24. The ethylene selectivities obtained are illustrated in Fig. 2. As

can be seen from Fig. 2, the ethylene selectivity obtained using a catalyst zone
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Exanpl e 1 was repeated except that an alum na bl ock was positioned between
the catalyst beds 22 and 24. The ethylene selectivities obtained are

il lustratvealo2/mu3pd g. 2. As can be seen fromFig. 2, the erPapGBaE02822
selectivity obtained using a catal yst zone 16 WO 02/ 04389 PCT/ GB01/ 02822
conpri si BempeAseHghaltipBes ¢ffplaindbi; AlMminAbn i pransted pRLRLANPLGHReP! ati num
is higher. than that obtained froma catal yst zone conprising a single bed

of pl ati Hamthasgbtainsddiom ¢ Katalystrnne sprprisiag ar gl bedadtmdatipgm, batlewsonpr i si ng
o1t nun BRI Sr Ay Gl g Eomefins b CRIOTMRAN P Rt 5

Pt; 3 w pofignedhivenstbadsodd platdmahyosly ctalgst bed.oaded sequentially into the

reacté)r of Fig. 1, as catalyst beds 22, 24 and 26. The 3 catal yst beds
were then reduced in situ by passing approximately 1.0 nl/m n of hydrogen

and 1.5 Bl (Plible®387 W% PLAGIEHE 33odPRC 10 for 1 hour. Ocygen

et hane, Rhydrogen and nitrogen Were en pass over the catal yst beds as
descri bed f or Threp bednafiviatalyst Theere doaded popudntidlychtantte seactor ef Rigl kne

selectivit r sur d.the.results are shown in Fig. 3. 15 Exanple
3 (Tripl galad beds2 0 %ngfz%o |3Lﬁ*?$ail.ya§ E%A.SQV‘WF %eﬂir‘?‘? eé58hDYRASSING NI na, 0. 2
Wt % Ni , RHanafelP . 0FHI ith R hKREEA AR5 1/M@S of BRESLESY 2 XitRlds hihplpeeat al yst
C was usgpdxwgs catgl yst bed de,]%gnd cat al ystOD vvagé used as csat al yst beds 24
and Y& aft ltheer.3 beds were reduced in situ by passing approximtely 1.0
nl/mn of hydrogen and 1.5 nl/mn .of nitrogen over, the_ bed t 750C for
1 hour. The f%%neﬁtga%eé %@@rtoigs/? ??%%188%?na‘iv?{gghﬁnrpaﬁ§?gr9ﬁ’leﬁth§ Cﬁ%&' Sf%cﬁgf rated in
Fig. 3. Héyaribécﬁﬁ)ﬂEkﬁerﬁh@w 1t ITaé cél’@@Fmaﬂngaéha@g@@mkwénezsér&ﬁﬁwéﬂesi ng 2 beds
of tin-pronoted nickel catalyst placed downstream of a platinumonly

cat al yst Msagr¢dandshe espltypreshevmin Bige3. sel ectivity than that observed in
Experinent 2 where the catal yst zone conprised 3 Pt- 25 only beds. Exanple
4 (Triple bed - 3 W% Pt on alumna; 1 w%N, 4 w% Sn on alumna; | w%
Ni , 45w BxSnple (Ativlke bed)- 3exbdaRteonlwamar @ eatdi. dxaepsn bhatuntiad: @l ¥st E was

used as %%to?\lﬁ}’ t J}e s 24 and 30 26.

wive Sn on alumina

Experiment 2 was repeated except that catalyst C was used as catalyst bed 22, and
catalyst D was used as catalyst beds 24 and 26 and the 3 beds were reduced in situ by
passing approximately 1.0 nl/min of hydrogen and 1.5 nl/min of nitrogen over the beds

20  at 750°C for 1 hour.

The ethylene selectivities obtained in Example 3 are illustrated in Fig. 3. The
results show that the use of a catalyst zone comprising 2 beds of tin-promoted nickel
catalyst placed downstream of a platinum-only catalyst bed leads to higher ethylene
selectivity than that observed in Experiment 2 where the catalyst zone comprised 3 Pt-

25  only beds.

Example 4 (Triple bed - 3 wt% Pt on alumina; 1 wt% Ni. 4 wi% Sn on alumina: 1 wt%

Ni, 4 wt% Sn on alumina)

Example 3 was repeated except that catalyst E was used as catalyst beds 24 and
30 26.
The ethylene selectivities obtained in Example 3 are illustrated in Fig. 3. The
results show that use of a catalyst zone comprising two 1 wt% Ni, 4 wt% Sn beds

downstream of a platinum-only catalyst leads to higher ethylene selectivities than those
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The ethyl ene selectivities obtained in Exanple 3 are illustrated in Fig. 3.
The results show that use of a catalyst zone conprising two 1 w% N, 4
wt % Sn bexg 02/desnst ream of a plati numonly catal yst | eadsPCDGBOgIRSe2

ethyl ene selectivities than those 17 WO 02/04389 PCT/ GB01/02822 observed

i n Exper pBRRfeddn PREGENStOANRLrY 8 kattBREZARE 0f 3 Bt-oAlY BedRSHS wias EI)—M%%r, Hovever,
conpared to the selectivities obtai'ned in Exanpl'e 3 it can be seen that at
hi gher niaRedred todhel belgetivigesl abtained inibxemplec] itisen boseendhaat bighetierel at  hi gh
et hane cpnyersion. .5 .Exper.inment 3 (Doyble bed -, 3 w% Pt. on alum na; 3 W%
Pt on_al D e SSer R ST e R AL RED sihatie Srctiotal [y i o t he
reactor of Fig. 1, as catalyst beds 22 and 24. Oxygen, ethane, hydrogen

and nitrogen were then passed over the catal yst beds as described for
Exper$ meBperimep 8 (Panblebsdndiwido Bhemajeminan 3 sttt Pleovealuminagt i vity were 10
measur ed and I ' oM bel ow. anplke Doubl e bed -
S uroom on DM eRESt gy Gl ER el Beeiait 5] REyeertf TP 3 e

r epeat edcadggapleds Paind24.al yst F was used as catal yst bed 24 and catal yst

beds 22 and 24 were reducgrd in sjitu by passjng approximately 1.0 nl/m n of
15 hydr ogen Qxeeen, sthang, hyfrogen ang Rigges weasthempastrslpyenthersiatyst Bedses hour .
The et hyljan L VEL ] j (et : i in Fig. 4.
The reotr R ERh ERpEhbET. CHleToREthoplinf AR imeifint LeitIMG yEs

t i n- b0 onoieanhrezicdnall the ceatibis yrstshowh ackid. 4belost ream of a bed of plati numonly
catal yst leads to higher ethylene selectivity relative to that observed in
Experiment 3 where a catalyst zone of 2 20 platinumonly catalyst beds was
used. EXpeihieRl(DbubieitREl-8 WeHPt ordalniiaCd with oM YRSt AhiFapa) Cat al yst
G was | oaded into the reactor of Fig. I, as the only catalyst bed (22).
The cat al yst Exjedingas 3 twesnepaatideadent thas catalyshF pas ssedgis aplglysikbadeddednd 1. 0
nl/mn of_. .25 . hyd e nd 1.5 nl./.m.n of nitrogen over, t ed 750C for
! hour . SR PG IRD A M s QuR AN pBk RSP AR 1ERLEE Suer e
cat al yst hkogehemari. PEMmi0sf MR peni denthe bedsThtey 500T Fgsipigi ng changes in

et hyl ene selectivity were  neasured and the results are shown in Fig. 5. 30
Experi ment 4Bhq ¢Byishesgeivities ojfaspepin Examples 78 illwstigiedspligoA. Aheni na)

usoa, e 48 GATEENEA TSR ol Mo EH bl br RO b Sl og oL o

al um na) placed downstream of a bed of platinum-only catalyst leads to higher ethylene

selectivity relative to that observed in Experiment 3 where a catalyst zone of 2

20  platinum-only cétalyst beds was used.

Experiment 4 (Single bed - 1 wt% Co, 0.3 wt% Cu on alumina)

Catalyst G was loaded into the reactor of Fig. 1, as the only catalyst bed (22).
The catalyst bed was then reduced in situ by passing approximately 1.0 nl/min of
‘25 hydrogen and 1.5 nl/min of nitrogen over the bed at 750°C for 1 hour.
N Oxygen, ethane, hydrogen and nitrogen were then passed over the catalyst as
described for Experiment 1. The corresponding changes in ethylene selectivity were

measured and the results are shown in Fig. 5.

30  Experiment 4A (Double bed - 3 wi% Pt on alumina; 3 wt% Pt on alumina)

Experiment 4 was repeated except that 2 beds of catalyst C (22, 24) were used.

Example 6 (Double bed - 3 wt% Pt on alumina; 1 wt% Co. 0.3 wt% Cu on alumina)
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18 WO 02/ 04389 PCT/ GB01/ 02822 Experinent 4 was repeated except that

catal yst C was used as catal yst bed 22 and catalyst G was used as catal yst
bed 24. Wweopodsyd ene sel ectivities obtained in Exanpl e 6 P€EGBbi/282T at ed in
Fig. 5. As can be seen fromFig. 5 the use of a catalyst zone conprising
a bed of pl aé)&p%}!iﬁ?(ﬁf& @Ja¥ ?eéqegt@ 94 P?ﬂ{ﬁﬁ&t&&s’t@%ﬁ {158 %Rttaﬁlg,f ge%% a%ndc atal yst

gi ves superior ethylene selectivity an catal yst zone-“conprising a

si ngl e bexthlwdt GCoppeadedps oamlyeibed@dal t catal yst. Also illustrated in Fig. 5

is the ethylene selectivity obtajned in Experinmept 4A._1t. can be seen from
Fig. 5 that fh?eet%ﬂﬁm &lﬁs_tl&éwe%ewwﬁw ﬁ@ﬂpﬁ%@ alfer%ﬁﬁéteéaﬁiwét Asfi
conpri sifgegy h%% I:;’i%. Bt hpacat déan@awnﬁisgfgﬁwd SWREFRPL 4 Gflg cobal t

catalyst 1s 10 superior to that obtalne om tal yst zone
conprs si aedofredpergfrombatiicobatt catdlyst gredsahpaior efhybeneisaeativity th& agl e bed - 1

w%Pt, 4 wt% Sn on al um na tal yst H was | oaded.into the reactor of Fig.
1, as t HEt _t?%%?%@rés.tm%‘éﬂ}’%l%?&O%l'ﬁ@p.effgr%‘?tﬁ‘?@{ahﬁé@?%s then reduced in
situ by passigg im&wmzﬁgg% t}}lg?tk?]éﬂ@sele@ﬁviﬂb’wtﬁﬁé‘d‘in Biifdritnent A/ w0 of

nitrogen over the bed at hour. Oxygen, ethane, hydrogen and
ni t r ogercandesetthbamdig seihatthe ethyleae seleeti yigt otmnedgomaastal ysh echef or

Experiment 1..The, cor ondi n hanges,i n et hyl ene sel ect.ivj wer e
moasur od SR pelo mE PRt AR ARt T o pRME eSeli sl he

ol efion sAéeaipeMot lo@Bat2dtAiMdddied chlyfzéheCdhirigiiy 2eds @fgmﬁﬁ@ﬁ-dﬁgi ng the
et hanolic preparation nethod of catalyst H are relatively poor. Exanple 7
(Doubl e $éHYE- 3 W% Pt on alumina;, 1 w%Pt, 4 wt% Sn on al uni na)
Experiment 5 was repeated except that two catal yst beds (22, 24) were used.
25 Catal yst C was enployed as catal yst bed 22 and catal yst H was used as
cat al ystEfesinidht 5 (Singlecddeliy llen®os Be et 8h bhakingbi)ai ned in Exanple 7 are
shown in Fig, 6. From éﬁ!)qr‘]}gé)ection of Fig, 6 it _can be seen that the use of

a catal yst z%ﬂ%lyé‘c#rﬁ‘faﬁ g the recter of Fig, 1o ap theply %?Fqlmrhe@épéj J&¢ pl aced
downsst r eamipd bad Wagg{emga&ea Yo gl-;ﬁ,t@y Ybing ‘ﬁﬂpl%g%elyslmfrhﬂrof@igglfggg? Cin a0

selectivity conpared to a catal yst zone conprising a single
pr onot edand| Jag nhoin ofnittbgat eveatledeillat U51°Caoed howr. Fig. 6 are the ethyl ene

oSt et bedde b g O Sl G PR B bt ™
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measured and the results are shown in Fig. 6. It can be seen that the olefin selectivities

20  obtained using a catalyst bed prepared using the ethanolic preparation method of

catalyst H are relatively poor.

Example 7 (Double bed - 3 wi% Pt on alumina; 1 wi% Pt. 4 wt% Sn on alumina)

Experiment 5 was repeated except that two catalyst beds (22, 24) were used.
25  Catalyst C was employed as catalyst bed 22 and catalyst H was used as catalyst bed 24.
The ethylene selectivities obtained in Example 7 are shown in Fig. 6. From
inspection of Fig. 6 it can be seen that the use of a catalyst zone comprising a bed of tin-
promoted platinum catalyst placed downstream of a platinum-only catalyst bed shows
superior olefin selectivity compared to a catalyst zone comprising a single bed of tin-
30 promoted platinum catalyst.
Also illustrated in Fig. 6 are the ethylene selectivities obtained using a catalyst
zone comprising two 3 wt % Pt catalyst beds (catalyst C). As can be seen from Fig. 6

the olefin selectivities obtained using a catalyst zone comprising a tin-promoted
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19 WO 02/ 04389 PCT/ GB01/02822 platinum catal yst bed placed downstream of a
pl ati numonly catal yst bed are superior to those obtained using a catalyst

zone conmwosr/mzse wo beds of platinumonly catal yst. ExanpCEGBo(/@sebl e bed

- 3w%Pt on alumina; 1 w%Ir, 4 w% Sn on alum na) 5 Catalyst C and

catal yst ql.: | i g t ig,..1 as_ catal yst
beds 22 %lrl‘%g%%?{é‘%g@% é@?‘i’/&%ul%rgs&ta r1 %ﬂ}%ﬁ%ﬁﬁfjg%ﬂélgggb@né}g PERF 0{/ passi ng
appr oxi natthabse dbtdined vsingna cdtalpstong eomaridng tvbo bedsreif platihumi-drnlpgemlysiver t he
beds at 750C for 1 hour. Oxygen, ethane, hydrogen and nitrogen were then
passed over the catalyst as 10 described for Experinment 1. The

cor r espopgihigle§anGte bl -3 W3 8n 3RIEIhI Mivior 1RNG, SRRRUREGLRNd the
results are shown In Fig. 7. ATSO shown on FiQg. 7 are the etnylene

sel ecti vi t i eSatlystCred catslysiy were dvasley s¢quentialyciatopihe séantpr bfibig3 1wk % Pt

tal yst bed | |t b that the. ol efi lectiviti
ot o meucai iR peiS 3 fad P reSbestielS S Be &R I Betulga i1 S oRSEes (11 i um
cat al yst appé&titia@ihe d.0d0MMIE bF BP0 8in aﬁg@ighi/ﬂﬁm%tregéryo@m‘ Btk abesbho@r e

superior to a catalyst zone conprising two beds of platinumonly catalyst.
Exanpl e ®rldwubl e bed - 3 W% Pt on alumina; 1 w%Ilr, 4 wt% Sn on al um na)

Exanple 8 repeat ed under |dent.ical process conditions. can be seen
From 50 Fi gOx e Rl HYRBket SENPR PrETRGoRER L e auhBt &0 al1§ e
samel(as ddsobediot Bxpatmeé 1. @h@@bfrésp%ndﬁgmﬁéﬁgwﬁﬁ etfiylet Bdé@ivitgdvere 3 W % Pt
on alum na) A bed of catalyst J havin i mensi ons _15nm di aneter by 60mm
dept h, aWgasredand e rrvaltoare showoinchis. fadlsoshewn ondis 7tave thectletlone of Fig. 1.
The cat . ' L. Rl en at

reacti oﬁéey%rrugg%gro e. %Hg%ggﬁgﬁlﬁggﬁﬁéﬁﬁﬁo@% Vgtn(gf’rig[iecta tra dstéhg eeds were

m xed an@apiysh€qt BEdah be sappphanthawiefh geldctbitiesabehitddanimponiasygdons t h t he

o cosur cCOB A bef S POBT A R €53 B OB SNSRI at e
and EoPoRY ch@R bdd e SiliABEIo LOMMPLSLANCAHRGIEEWI AR SEpRERINL Ity Wer ©

cal cul ated” using the fol'l ow ng equati ons conversion = * Et hane

in feed ¢a@lwstn ) - ethane in product ( min) (% Ethane in feed (g/mn)

Example 9 ( Double bed - 3 wt% Pt on alumina; 1 wi% Ir, 4 wt% Sn on alumina)

Example 8 was repeated under identical process conditions. As can be seen from
20  Fig. 7, the ethylene selectivities achieved are substantially the same as those obtained in

Example 8.

Experiment 6 (Single bed — 3 wt% Pt on alumina)

A bed of catalyst J having dimensions 15mm diameter by 60mm depth, and a
25  volume of 10.60 cm® was loaded into the reactor of Fig. 1.

The catalyst bed was heated to approximately 200° C under nitrogen at reaction
pressure. The oxygen, ethane, hydrogen and nitrogen feeds were mixed and preheated to
approximately 175° C and then contacted with the catalyst under the conditions shown
in Table 1 below. The reaction pressure was 1 bara.

30 From analysis of the feed and product flow rates and compositions, the ethane
conversion and ethylene selectivity were calculated using the following equations:-
Ethane conversion = 100* Ethane in feed (g/min) — ethane in product (g/min)

(%) Ethane in feed (g/min)
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20 WD 02/ 04389 PCT/ GB01/ 02822 Ethylene selectivity = 100 * Ethylene in
product mn) (g per 100g ethane Ethane in feed (g/mn) - ethane in product
convert edyo (yh438n) The results are given in Table 1. 5 ExpapiGaol@stDoubl e
bed - 3 %Pt on alumna; 1 w% Cu on alunm na) Experinent 6 was repeated
except that the reactor was |oaded with a bed of catalyst K positioned
I mredi atel y downstream of catalyst J such that there was no gap between
t he bedsEthylsge pelgctpitycat afydPOR wdithyeneingsaducs (fmimnm di amet er by 60nm i n

dept h. e selectiviti e given in
Tabl e 11&15&89 é% %genal yst Pre- ﬁﬁ?&q{ﬁ%ﬂlﬂ E@ﬁgéﬁfz&gg‘?#eed t ot al
02/ C2H6 etnvente@l)C2H4 Zone heat fac(g/nmq)t nNt/mnnl/mnnl/mn N2 to feed
conversion selectivity tenp tenp tenp nl/mn reactor ratio (%9 per 1009
(O (O (O (Wm/wt) ethane converted Expt 6 180 491 912 6.46 6.30 3.15
1.77 17.68 %l@re@ﬁts%@eé&eﬁﬁﬂ@i@ﬁ 6 180 500 924 6.18 6.49 3.24 1.78 17.69
0.70 69.98 69.83 Expt-6 178 507 933 5.92 6.66 3.33 1.76 17.67 0.75 76.30
67.92 Expt 6176514945568682341174176508081776535 Ex 10
182 %él . 2. : Ex 10 181 635 919
7.11 %, g8*% ‘ GUIpENa onamigah 928 6.77 6. 06
3.05 1.53 17E£geraae§96%s@gpeZ@d%§cep5mamlelrz&t&%s%§aea +ifh $b3PoB. 15 1. 54
17.45 0.65 67.04 74.79 Ex 10 178 680 941 6.18 6.49 3.24 1.52 17.43 0.70
73. 25 72cakdyst B pasitioned iggwdasly downsteageof3aglyst] suzzhjmauthexe VS n3gap0 70. 70

Ex 10 177 £dr 6 4 45 Q. .80, 85. 03 67. 0 can be
seen fr o ran &e %?ﬁﬁgﬁﬁg %cg?)#catﬁ%ﬂg(( ?’% %‘8}?88188% ﬂn?fe‘b%dG 18

copper - ofdpth.cat al yst pl aced downstream of a plati num only catal yst bed
shows superior olefin selectivity conpared to a cat al¥st zone conprising a
singl% bed ofFhewthylengisalesHyijies ebiaied 4 Example 10 are given in Table 1

Table 1
Catalyst| Pre- |Catalyst|Catalyst| CoHg | Ha O, | feed | total {O,/CyHgl ethane C,H,
Zone |heat| face exit [nl/min|nl/min{nl/min] N, to [feed conversion|selectivity
temp| temp | temp nl/min|reactor|ratio (%) per 100g
CO)| o) | o (wt/wt) ethane
converted
Expt6 | 180 | 491 912 6.46 | 6.30 | 315 | 1.77 | 1768 0.65 63.30 71.66
Expt6 | 180 | 500 924 6.18 | 649 | 324 | 1.78 | 1769 | 0.70 69.98 69.83
Expt6 | 178 | 507 933 592 | 666 | 3.33 | 1.76 | 1767 | 0.75 76.30 67.92
Expt6 | 176 514 945 568 | 682 | 341 | 1.74 | 1765 0.80 81.77 65.35
Ex10 {182 | 621 911 748 | 561 | 281 | 1.56 | 1746 | 0.50 47 43 79.07
Ex10 | 181 635 919 711 1 586 | 293 | 155 | 1745| 0.55 53.46 78.18
Ex 10 | 181 652 928 6.77 | 6.06 | 3.05 | 1.53 | 17.41 0.60 60.67 76.35
Ex10 | 175 | 662 933 6.46 | 6.30 | 3.15 | 1.54 | 1745 065 67.04 74.79
Ex10 | 178 | 680 941 6.18 | 6.49 | 324 | 152 | 1743 | 0.70 73.25 72.60
Ex10 | 179 | 694 950 592 | 666 | 3.33 | 1.52 | 1743} 0.75 78.50 70.70
Ex10 [ 177 717 968 568 | 682 | 341 | 1.564 [ 1745 0.80 85.03 67.05

As can be seen from Table 1 the use of a catalyst zone comprising a bed of
15 copper-only catalyst placed downstream of a platinum-only catalyst bed shows superior
olefin selectivity compared to a catalyst zone comprising a single bed of platinum-only

catalyst.
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21 WO 02/04389 PCT/ GB01/ 02822 Experinment 7 (Single bed - 3 w% Pt on

al um na spheres) Catalyst L was tested as a packed bed of spheres supported
on an al wénzof3eam bl ock of dimensions 15 nm di aneter, 1BCmeBdemsk2 and of
porosity 30 pores per inch. The catalyst bed was of dinensions 15 mm

di amet er Englrantﬁg{Sgégﬂ ANG g[%\ﬁ)l U n%n&gjhgpesﬁnﬁ A bed of the catal yst
was pl ac ter 15 nmm with a quartz

lining and fi Caeatysti twas aesmd@swaekwbddaif spHdies quppeset en halkaiind®@amnot
ext er nal H% Ef’?t ed. The_ catal yst befiqwas purged under. nitrogen at 1.8 bara

and the gunensiops e diameiEs 19 mmdepth andpfnasesityaiOareresrrmdlisi ng
electric cflows were
m xed thghe oA 2&(};% g\yiag Oﬂi eéfgg)t%gﬁgs@% gﬁ%&q )(?gqn%glscf%t@? Sﬁaébg{s?&s in

Tabl & 2. 10 I6@ cpfutitbedl oﬁkherpamlytsi was plasedainal rystehﬁcbgacgaqlmémairfhhmgexamy fitted
wi th ther conduct.i vi t ioni zation detectors. CGas feed rates
wer e conf‘% Vitya Bﬁaqﬂyﬂ%%nfﬁg‘géwftge&ﬁr??ﬁ?fﬂ%ﬂk% ;Tg © PERSUEE HKAOVEOL Tec BV)
15 From gr@inday feféd.t he feed and product flow rates and conpositions, the
et hane conversion and ethyl ene selectivities were cal cul ated using

equat i ons asThe¢ vatalysirbdd was prrged undert niBoganoat d . Scyada aafwbthe diglat gas are shown in

Tabl e 2. Exa % n, a na, spheres; 1 w % Cu on
al uni na eﬂpeg%wgrv%ag)r&ﬁfto&pgrcogm}?tggfa%&o %PSlﬁﬁﬁg’F{‘W@% \%)vas repeat ed except
t hat1@ doubl eTE@é@hnes hydrbgsh, WREzdnsRd. nitfodeadion: m&a&x&t hth paRed Byl anmet er ;
30 nm deep) was gqﬂacedy r| gnfhredlg%elg dnévmés;é?r ear% of albedt of i)ca?al yst L (15

nm di anethgrcatabot hef witle pympesitionsiaishownér Eablag- no gap between the two beds.
Cat al yst bed f nS| ons 15
mm di anet er, T%%marlllﬁ §1ﬁ§n %S glgarlg%flﬁ)y %Brélr e %Jh&(iﬁtnegh aflhyl ene
sel ecti vbmﬂcbstlaq*drﬁ\tbﬁkleabﬂlzgalmedbtéaor'ﬁa@h@fe&d rat@Avai® cORr SIS, tl?éﬁﬂa‘BBO 1/ 02822
Table 2 Cata é%st fe yst Caﬁhyst C2H6 H2 02 N2 total to 02/ C2H6 C2H6
c2H4  t eFPSY ‘@C%‘%f‘l eFﬁ(F onihorst FEEI BVA nl/min reactor feed cony g per

15 From analysis of the feed and product flow rates and compositions, the ethane

conversion and ethylene selectivities were calculated using equations as given under-

Experiment 6 above and the results are shown in Table 2.

Example 11 (Double bed — 3 wt% Pt on alumina spheres; 1 wt % Cu on alumina

20  spheres)

The procedure as for Experiment 7 was repeated except that a double catalyst

bed was used. A bed of catalyst M (15 mm diameter; 30 mm deep) was placed
immediately downstream of a bed of catalyst L (15 mm diameter; 30 mm deep) such
that there was no gap between the two beds. Catalyst bed M was supported on an
25  alumina foam block of dimensions 15 mm diameter, 10 mm depth and of porosity 30
.: pores per inch.

The ethylene selectivities achieved are given in Table 2.
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(C tenp tenmp nl/mn ratio (%9 100g (O (C (w/w) ethane
247 744 816 41.64 31.04 15.61 3.10 91.39 0.50 37.11 68.80 L 249 754 836
39.45 32v60 0464389 3.08 91.44 0.55 44.67 67.16 L 246 764 BSRGBE#I/&EB283. 85

16.93 0.00 88.33 0.60 50.11 68.07

converted L

L 246 775 865 35.89 34.85 17.48 3.04

91.26 0.65 55.56 66.23 L 245 7T4p1835 34.30 35.97 18.01 3.06 91.34 0.70
62. 74_66_12 245 778 885 32 8

36.87 18

49 3

12 91.37 0.75 68.41 63.28 L
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F34.57

PY7.47

4.07

92.40

0.65

74.95( 71.84

LandM|242| 851

963

34.32

35.97

18.01

3.99

92.29

0.70

80.62| 67.67

LandM|242]| 860

975

32.90

36.98

18.51

3.92

92.31

0.75

84.74| 66.23

Land M|[242| 873

989

31.57

37.88

18.95

3.86

92.26

0.80

88.58| 63.00

LandM|242| 887

1006

30.32

38.66

19.33

3.80

92.11

0.85

91.82| 59.19

Catalyst L = 3 wt% Pt on alumina

Catalyst M = 1 wt% Cu on alumina

Table 2 clearly demonstrates that a catalyst zone comprising a bed of copper catalyst

placed downstream of a platinum-only catalyst achieves greater olefin selectivity

compared to a catalyst zone comprising a single bed of platinum catalyst.
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catal yst bed, is of a different conposition to the first catal yst bed and

conprises at |least one netal selected fromthe group consisting of Mo, W

and GoupeOobBp438¢ B, I11B, 1VB, VB, VIIB and VIII of the Pericadi/es8Iable. 10
2. A process according to claim1l wherein the first catal yst bed conprises
a catal ygllaimghi ch is capabl e of supporting conbustion beyond the fuel rich
limt of 1f hapowbd f) acti | : 0 2
wherein tthé fi rgétfogg%éa}?rgg%d@lelg{ fgg%{%?ﬁ%g@%%éagghgm\ﬁ/lg??%nﬁgaﬁlz)ah%] process
accor di ngf & bydmearberearst art ¢reygon-soridinimg gas dhmuglwi eatelyst zone whietsis cat al yst bed

15 conprises;a & oup.Vlll al .sel e r.om.r hodi um pl.atinum,. pal | adi um
or nixtur @%a%let@%%m%@lﬂg%&@g@ggo@%%ﬂﬁ; H nllguta%lﬁaétq’é%ﬁtyttﬂgmﬂlug% edi ng
cl ai ms WRgiH@idfint fd EathiSt LRk abiptisiRE ot 4P AWitTatIyRk BEd M seBond® Pr OCESS
according to any one of the preceding clains wherein the first catal yst bed

20 conpr icatalysibedy gitbvkercindhea bseond catalyx bed atlosated dewnsticag efshafisst one of the
o . : . I ho. ¢ ne
o eced) e WP AERERH o b RSB AT kL

t her eof whé metahselgutayirsm thd giouphensistingef M® W &id Geoups IB.ANS, HIBQMVBEt al , the
transition rretalélaijsed as the, p,ro,g)gter is different to the transition netal
used as t'He VIEB and X[ of thegerigdig Isblsss according to claim 7 wherein the

pr o er »i : .  SLd i,h. 9. A

D ocabs, 2cAFGeRcAta O A PhAURIR BPRRY ShuA Blo SORRRE BRG o0; o

f r om t he whighas pamblesifstippating cihb@ion Beydnd, théfueGech Rinit@f, flaRinh4bilityPd/ Ge,

Pd/ Sn, Pd/ and Rh/Sn. 30 .10, A . process according to any one of the
precedi ng- CIPAYGES %%Béé‘?%ltot @%b&bﬂ@%@@?g@&}&s@aﬂ&aﬂvw g%gc%]%%? yst whi ch
i s subst apbhAV iy rdepgapabl e of supporting conbustion beyond the fuel rich

limt of flammability. 11. A process according to claim10 in which the
cat al yst 4i 4 paoagesacdousiipemitatanyone af theyseceding 41a0s OhetdB8R RETABBBLPORS22 12.

A progess_accor di t | ai.m 1 Leclaim.11 wherein the.catal yst conprises
an” 37 enentPagsa qiew Pl oot dondiisenp R mRmspaliagiin st Oy
Sc, Y, Lé&@erebf, Zr, Hf, V, Nb, Ta, Ni, Co, Ir and m xtures thereof. 13. A

process according to any one of clainms 10 to 12 wherein the catalyst is
pr onot ed - A process according to any one of the preceding claims wherein the first catalyst bed

comprises platinum.
6. A process according to any one of the preceding claims wherein the first catalyst bed
20  comprises a promoted catalyst.
7. A process according to any one of the preceding claims wherein the promoter is
selected from the transition metals and Groups IIIA, IVA and VA of the Periodic Table
and mixtures thereof with the proviso that where the promoter is a transition metal, the
transition metal used as the promoter is different to the transition metal used as the
25  catalyst.
8. A process according to claim 7 wherein the promoter is selected from the group
consisting of copper and tin.
9. A process according to claim 1 wherein the first catalyst Bed is selected from the
group consisting of Pt/Ga, Pt/In, Pt/Ge, Pt/Cu, Pt/Sn, Pd/Ge, Pd/Sn, Pd/Cu and Rh/Sn.
30 10. A process according to any one of the preceding claims wherein the second catalyst
bed comprises a catalyst which is substantially incapable of supporting combustion
beyond the fuel rich limit of flammability.

11. A process according to claim 10 in which the catalyst is a dehydrogenation catalyst.
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5 wth at | east one pronoter selected fromthe group consisting of G oup

| VA of the Periodic Table and the transition netals. 14. A process

accordi ngvo 02/¢4389 m 13 wherein the pronoter is sel ected frpariGiBel/geserp
consisting of Sn, Cr and Cu. 15. A process according to any one of clains 1

to 10 whes el Prac_@@s RE6ANME 6 ANYDlorREAmI 19 wﬂé%eiﬁ%@é‘atﬁgstf&%g}m%ngr oup
consisting of Ni/Sn, Co/Sn, Co/Cu, CQu/Cr, Ir/Sn, FelSn, Sn, N /Cu,
Cr/ Cu, | elemant elced fretieugranplcasisting of Auphgche s m €roHgi Sg Y,dacTai m 1

wherein th dcatalyst bed.conprjses.a Goup VIII netal. 17. A
process. Z&?ﬁggﬁ%’ Fg’algﬁ’g%gnirfegmﬁwr%ﬁh?ﬁ%ﬂaoup VIII netal is selected from
15 rhodi umA ptorbistetvrdia toady Ui of cliimet 10rt6 S 2t\iRk &R khe dBaly A iPFrofRE
according to claim16 or claim17 wherein the Goup VIII netal is pronoted

with at Vehet leasfonsisometer sdediedfrem the gatp Rensigtiogpf Soeen BYA nfthsf t he
transiti 9%%"‘1?‘?&?%1@3?{‘:%6 a%i?i%n'n&eltﬁs | VA and VA of the Periodic Table and
W the p ’

m Xt ures ereo roviso that where the pronoter is a transition

nmetal , ti A protedstacoordirttalclaunad vaiseréin ehedftoiotstas &ileckdd flbrh filey @otp t o t he
Goup VIII et aI%s) used as the catalyst. 19. A process according to claim
18 wher ef9nstsHag Bf ohoted Gi-sel ected from Sn, C, M, W Fe, Ru, Os, Co,

R, I, ?‘%i’A ofe%)’acg&g'n rUzan;?ﬂe S‘pcléﬁﬂgdl%'w?xgher@n%@&%ﬁﬁd & %]ggt%ieg to any

one of c ein e second catalyst bed 1's " Selecte romt he
gr oup0 cosedecsed fagmahe Brotiaponditingrof NetSh(Eo/Saf CAICu, Piu/Gn I/ R FetSn, Rd/San, 25

Pd/ Cu ang.Rh/ Sn. . 2 A cess.according to claim1 wherein the catal yst
zone cong’F/ﬁgleér/guf&{:%"v Fg}zrgfuaﬁ‘/‘zqu a%’gé“-m ch is substantially incapable of

suppor ti ng £ prieestdcesrdignethitnewhidieh thd $dohd BithlystWed hAPRBRIA diypand a
second cat al yst bed which is substantially capabP’e of supporting

conmbust i ¥hllpesydnd the fuel rich limt of flammbility. 30 22. A process

accordi ng,tp_any one af the,precedin | ai.ns ein.the first catalyst
bed and/ g? ‘gﬁﬁocg cagﬁ%f%%tglcﬁ?lelge‘%w %ngllfggﬁoﬁlp\&ﬁf??alﬁsaﬁﬁtggirgnhccordi ng to
cl ai 13 22:hefdRing platintén, pdRadiih or miRueSfldiest. support. 25 WO 02/ 04389

PCT/ GB01/ 02822 24. A process according_to any one of the preceding clains
wher ei n 1hed pracaIsyaseomslgeo clantlfer cta@ﬁgﬁivg@gela@m Grovpay llemetal igst - beds. 25.

A P OCeSBrofefal Hlefi e felst S pBrfiter R Rl e @A) ¥otishRPBr fRTRRLRSS 3 1O 10
metals and Groups IIIA, IVA and VA of the Periodic Table and mixtures thereof with
the proviso that where the promoter is a transition metal, the transition metal used as the

20 promoter is different to the Group VIII metal(s) used as the catalyst.

19. A process according to claim 18 wherein the promoter is selected from Sn, Cr, Mo,
W, Fe, Ry, Os, Co, Rh, Ir, Ni, Pt, Cu, Ag, Au, Zn, Cd and Hg.

20. A process according to any one of claims 1 to 5 wherein the second catalyst bed is
selected from the group consisting of Pt/Ga, Pt/In, Pt/Ge, Pt/Cu, Pt/Sn, Pd/Ge, Pd/Sn,

25  Pd/Cuand Rh/Sn.

: 21. A process according to claim 1 wherein the catalyst zone comprises a first catalyst
bed which is substantially incapable of supporting combustion beyond the fuel rich limit
of flammability and a second catalyst bed which is substantially capable of supporting
combustion beyond the fuel rich limit of flammability.

30  22. A process according to any one of the preceding claims wherein the first catalyst
bed and/or the second catalyst bed is supported.

23. A process according to claim 22 wherein the support is a ceramic support.

25



26. A process according to any one of the preceding clainms wherein the
first and second 5 catalyst beds are directly adjacent to one another. 27.
A processwvaoroa3sd ng to any one of clainms 1 to 25 wherei n BCHGBOB02832

provi ded between the first and second catal yst beds. 28. A process

accordi ng4. t&pﬁﬁ)éss‘)i&@oﬁfngttbﬁnﬁbﬁéiéﬂﬂlﬁ@ré‘cleaéngﬁldﬂl‘ﬂﬁ@%bﬁlﬁ e chiflipssdebon is  a
paraffin-containin é(gr ocarbon feed having at |east two carbon atons. 10

29. A pr ’éc%@'@‘i@éia tipral eatalyst BRIsi n which t he hydrocar bon is sel ected

fromtheys 0 t as oil,
vacuum gas o?fb% gé&&% rggis)anflh Qg{ﬁeln% Paiﬁgrtc%glgesg I?crésg? 3.“?12 &any one of
t he prec26liAgrockss atsordhigrioiatty bheofmht preceding @ladhs whygioka fRaand @edoﬂ&

oxng{ contaltgjigg gas is 5.to 16 tinmes the stoichiometric ratio of 15
hydr ot ar SHYstPedk pgeticcetbn adingrohty Qeanehi red for conpl ete combustion to

carbon g%g%eﬁ%c% lto aﬁ}onébpélgiﬁfsslst Wg%lﬂgfggcezgéro%n&dm the

precedi ng Ims I n which hydrogen 1s a c rocess according
t o cl ai rtb&weemthetirstrantilsecomd|catalysabéds. of hydrogen to oxygen- 20 containing

gas is ip,the raneO to 4. 33. roc ccor ing to any one aof the
pr ecedi ngs cﬁé%r?r%es ?fgior?ély&n&’gﬁ? Rrgce exgn thedydraggthonys space
vel oCityy ﬁ&afﬁrﬁé&ﬁﬁmﬂgé}ﬁdﬂ&aﬁgg fédd hatbhg at least two carbon atoms.

10 29. A process according to claim 28 in which the hydrocarbon is selected from the
group consisting of ethane, propane, butane, naphtha, gas oil, vacuum gas oil and
mixtures thereof.

30. A process according to any one of the preceding claims wherein the molar ratio of
hydrocarbon to the oxygen-containing gas is 5 to 16 times the stoichiometric ratio of

15 hydrocarbon to oxygen-containing gas required for complete combustion to carbon
dioxide and water.

31. A process according to any one of the preceding claims in which hydrogen is a co-
feed.
32. A process according to claim 31 in which the molar ratio of hydrogen to oxygen-

20  containing gas is in the range 0.2 to 4.

33. A process according to any one of the preceding claims wherein the process is

conducted at a gas hourly space velocity of greater than 10,000 /h.
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