T9.,

pre
of

ETS SGterri scription : paged ..1. to pggg'f“fgﬂ 3

] ClaﬁiEP(_A)CED SHEEP8ged SCZO t paged 22 Substitute sheet - 12
996 %err]Dravm g(s) - aged .... to paged ..... [err] Abstract
Degogigion 1Rpgethadedto Paged BATE| OF RECEI PT . 13- 8- 1996

-1/snaima@RocEfesadc | ThFnagad ASIT| C PARTIIAC OXI DATI ON OF HYDROCARBONS The -

BNl Drdwifd)| é@l.@i’.?&: é‘ progess for the catalytic partial oxidation
%g%@f{ﬁ)bﬁ & pg’r‘%a%(e: process for the preparati on G2%4l
grr%no hyd

re of Carb ogen from a net hane-containing feed, for

rvarpcar bons. 1 or PR EoRarReu Al e, Phpean siasnr R HE' tRethpegns

| yst is an attractive route for the preparation of m xtures of carbon

| de and hydr g4tk BNk EAi0E Allbeds 8VRUIRELS: GBS el EadthpLLL @

oduced may be conver i nto val uabl e hydrocar on products
| e fuel sPpBiialneridation ofi efi hydERcarPPRSt AN rRATFECHRE ARIC6RHT 58h waxes,

ch procegsg€pragatdtloli S ACHIxEOH KN cEMUnNRSAckide and hydrogen from a
methane-containing feed, for example natural gas or associated gas.

5 The partial oxidation of hydrocarbons, for example methane or
natural gas, in the presence of a catalyst is an attractive route
for the preparation of mixtures of carbon monoxide and hydrogen,
known in the art as synthesis gas. The mixture so-produced may be
converted into valuable hydrocarbon products, for example fuels

10 boiling in ﬁhe middle distillate range and hydrocarbon waxes, by
such processes as the Fischer-Tropsch synthesis well known in the
art. Alternatively, the mixture may be converted into products such
as methanol by synthesis processes equélly well known in the art. .

" The optimum catalytic partial oxidation process for commercial |
15 application would give high levels of conversion of the hydrocarbon
feedstock with a high level of selectivities to carbon monoxide and
. hydrogen.
. The literature contains a number of documents disclosing
details of experiments conducted into the.catalytic partial
-20 +« oxidation of hydrocarbons, in particular methaﬁe, employing a wide
range of catalysts. Typically, these catalysts have comprised an
active metal selected from Group VIII of the Periodic Table of the
Elements (CAS version as given in the Handbook of Chemistry and
Physics, 68th Ediﬁion) supportéd on a refractory oxide carrier, such.
25 as alumina or silica.
Thus, European patent applicaticn publication No. 0 262 947
(EP-A-0 262 947) discloses a proéess for the catalytic partial
oxidation of methane using a catalyst comprising platinum and .

chromium oxide supported on a refractory oxide carrier. The

30 - catalyst specifically exemplified in EP-A-0 262 947 comprises silica

as the carrier material.
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a temperature of 777°C, a gas hourly space velocity of 40000 h~! and
a pressure of 1 atmosphere. It was concluded by the authors that,
under the prevailing process conditions, the active catalyst
-.comprised ruthenium metal supported on a metal oxide carrier.
10 Similarly, R.H. Jones, et al (“Catalytic conversion of methane .
to synthesis gas over europium iridate, EuyIr;04", Catalysis
Letters 8 (1991) 169 to 174) describe the selective partial
oxidation of methane over the europium iridium pyrochlore, EuyIr,07,
at a preséuze of 1 atmosphere and at a temperature of 873 K (600°C).
15 The acﬁive catalyst was shown to comprise particles of iridium metal
supported on europium oxide. Similar results are disclosed by
P.D.F. Vernon, et al ("Partial oxidation of methane to synthesis
gas”, Catalysis Letters 6 (1990) 181 to 186, and Catalysis Today, 13
{1992) 417 to 426) for nickel,.ruthenium, rhodium, palladium,
20 iridium and platinum, either supported on alumina carriers or
present as éhe metals in oxides derived from mixed oxide precursors.
More generally, United States Patent No. 5,149,464 (US-A-
5,149,464) is directed to a method for selectively oxygenating
methane to carbon monoxide and hydrogen by bringing the reactant gas
25 mixture at a temperature of about 650°C to 900°C into contact with a
solid catalyst which is generally described as being either:
a) a catalyst of the formula MyM',0;, where:
M is at least one element selected from Mg, B, Al, Ln, Ga, Si,

Ti, 2r and Hf; Ln is at least one member of lanthanum and the

lanthanide series of elements;
M' is a d-block transition metal,
and each of the ratios x/y and y/z and {(x+y)/z is independently
from 0.1 to 8; or
b) an oxide of a d-block transition metal; or

¢) a d-block transition metal on a refractory support; or
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technetium, ruthenium, rhodium, palladium, silver, hafnium,
tantalum, tungsten, rhenium, osmium, iridium; platinum and gold. It
is stated in US-A-5,149,464 that the preferred metals are those in

10 Group VIII of the Periodic Table of the Elements, that is iron,
osmium, cobalt, rhenium, iridium, palladium platinum, nickel and
ruthenium. ]

The process described in US-A-5,149,464 is operated at a
temperature in the range of from 650°C to 900°C, with a range of from

15 700°C to 800°C being preferred. A range of experiments are described
in US-A-5,149,464 in which a variety of catalysts comprising Group
VIII metals were tested, including ruthenium dxide;
praesidium/ruthenium oxides; pyrachlores, ruthenium on alumina,
rhodium on alumina, palladium on alumina, platinum on alumina,

20 nickel/aluminium oxide, perovskites and nickel oxide.

A similar general disclosure of a catalyst for use in the
catalytic partial oxidation précess is made in International Patent
-Application publication No. WO 92/11199. WO 92/11199 specifically
discloses experiments in which catalysts comprising-iridium,

25 palladium, ruthenium, rhodium, nickel and platinum supported on
alumina were applied. All the experiments were conducted under mild
process conditions, with typical conditions being a pressure of 1
atmosphere, a temperature of 1050 K (777°C) and a gas hourly space
velocity of about 20,000 /hr. In the text of WO 92/11199 it is

30 stated that extended life tests of the catalysts were underway, but
that most catalysts should be e#pected to show no deterioration in
activity after 80 hours, and possibly much longer.

Japanese patent application publication No. 58-207946 (JP-A-58-
207946) discloses a catalyst for the partial oxidation of

35 hydrocarbons, which catalyst comprises either a combination of an
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thane to synthesis gas over europiumiridate, [err], Catalysis Letters
991) 169 to 174) describe the selective partial oxidation of nethane
the europiumiridiumpyrochlore, [err], at a pressure of- 1 atnosphere
at a tenperature of 873 K (600[err]). The active catal yst was shown to -
rise particles of iridiumnetal supﬁbﬁtéd on europium oxide. Simlar
lts are disclosed by P.D.F. Vernon, et al ("Partial oxidation of
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butane. However, the specification of JP—A—58-267946 is concerned
primarily with a process for producing cementation gas containing
carbon monoxide and hydrogen, for the surface hardening of steel.
In this respect, the examples of JP-A-58-0207946 are limited to the

10 partial oxidation of bﬁtane, yielding a mixture of carbon monoxide
and hydrogen having a hydrogen/carbon monoxide ratio of about 1.3.
The experiments were conducted at a space velocity of 12,000 hr-l
using as feed a mixture of air and butane, with the amount of air
being 1.025 times the theoretical amount required to oxidise butane

15 to carbon monoxide and hydrogen (that is an oxygen/carbon ratio of
0.51). There is no disclosure in JP-A-58-207946 of suitable
operating pressures for the partial oxidation process. It is stated
in JP-A-58-207946 that the catalysts allow the partial oxidation
process to be operated with a good efficiency at low temperatures,

20 that is below 1000°C. To this end, all the experiments testing the
catalysts were conducted at 980°C. '

Finally, International patent application publication No.
WO 93/01130 discloses a process for the bartial oxida£ion of methane
using a catalyst comprising a platinum group metal and/or metal

25 oxide supported on a lanthanide oxide, and/or an oxide of a metal
from Group IIIB and/or an oxide of a metal from Group IVB of the
Periodic Table and/or alumina. A range of experiments are described
in WO-93/01130, in which catalysts consisting of palladium supported
on oxides of scandium, yttrium, lanthanum, titanium, zirconium,

30 hafnium, cerium, samarium, aluminium, silicon and mixed oxides of
barium/cerium and strontium/cerium. The experiments were conducted
at a temperature of 750°C and a gas hourly space velocity of
5000 hr-1 using a feed composition of 45% methane : 5% oxygen :

55% argon. No operating pressure is specified in WO 93701130. The

35 results disclosed in WO 93/01130 show that, under the operating

heet Has Been Replaced

TN I




Subs
non
of
gene
wher
Zr a
of e
and
d- bl
supp
of t
met a
nunbg

Litute sheet - 12 August 1996 -3- oxygenating nethane to carbon

I de and hydrogen by bringing the reactant gas m xture at a tenperature
out 650[err] to 900[err] into contact with a solid catalyst which is
fally described as being either: a) a catalyst of the formula [err]

b: Mis at |east one elenent selected 3romM, B, A, Lnh, Ga, Si, Ti,
nd Hf; Ln is at |east one nenber of | anthanum and the | ant hani de series
ements; Mondstians-dxlecked,r aﬂtsq'liyisoﬂ qeeppisingrepraders ePR3dpEiRgoforn x/ y

y/z and (xtydl7 ¢ §,+ef1qrip?g1>qlee;4u§ sl Or vBOoB8itn@r pdbiodlt @xbrg of a

hck transiction e transition netal on a refractory
brt; or d)alualrealtﬂa#l}dstthﬁolraﬁ*éﬂaweh%%‘tmﬁge’ﬁ‘)‘bb"redo? RifderetafEl ¥i¥att i ons
e reacti QrPén HIHEEidRQN- OXicOhZiasg, amadiésuans.albbesibwhlinok caelystd i on

> r3 gg_et galfgméaplslfﬁ:; AQSS cqa'f:"rgleé}:Géax;[\a%J.Qg osx?.ldg ,C ts?giéa{ %rrpdt thm%s Si,lL%VLﬁ%th 9£m c
barium/cerium and strontium/cerium exhibited only very poor
selectivities to carbon monoxide, instead producing large quantities
of carbon dioxide.

As mentioned hereinbefore, an important commercial process is

10 the preparation of mixtures of carbon monoxide and hydrogen, which
mixture is then used as the feedstock for a hydrocarbon or organic
chemical synthesis procesé. The catalytic partial oxidation of
hydrocarbons is one possible method of carrying out this
preparation. However, to be commercially attractive, the process

15 would need to be able to operate at elevated pressures, for example
from 30 bara to 150 bara, with very high gas hourly space
velocities, for example of the order of 1,000,000 Nl/kg/hr. For
thermodynamic reasons, in order to obtain the necessary
selectivities to carbon monoxide and hydrogen, it is necessary to

20 operate the partial oxidation process at high temperatures.
Accordingly, for a partial oxidation process to be viable on a
commercial scale, it is essential that the catalyst employed:
maintains its level of activity and selectivity to the desired
products over the prolonged periods of operation demanded of

25 commercial processes,

Further, a most attractive mixture of carbon monoxide and
hydrogen for use as feedstock for a commercial synthesis process,
such as the Fischer-Tropsch synthesis of paraffins or the synthesis
of methanol, is a mixture having a hydrogen to carbon monoxide ratio

30 of about 2.0. Such a mixture may be prepared by the partial
oxidation of methane or methane-containing feeds, such as natural
gas or associated gas.

. Thus, it can be seen that there is a need for a process for the
catalytic partial oxidation of methane or methane-containing feeds,

35 in which the catalyst retains a high level of activity and
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40 tp 47 and 72 to 79, the nmetals scandium titanium vanadium chrom um
mangpnese, iron, cobalt, nickel, copper, zirconium niobium nolybdenum
techpetium ruthenium rhodium palladium silver, hafnium tantal um
tungsten, rhenium osmum iridium platinumand gold. It is stated in

US- A 5, 149, 464 that the preferred netals-adf e those in Goup VIII of the
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Group VIII of the Periodic Table of the Elements supported on a

refractory oxide having at least two cations yields both carbon
monoxide and hydrogen under the aforementioned conditions in high
yields for prolonged periods of time. _

10 Accordingly, the present invention provides a process for the
catalytic partial oxidation of a methane-containing feed, which
process comprises conta%ting a mixture of the feed and an oxygen
containing gas, which mixture has an oxygen to carbon ratio in the
range of from 0.3 to 0.8, at a temperature of greater than 900°C and

15 at elevated pressure with a catalyst comprising a metal selected
from Group VIII of the Periodic Table supported on a refractory
oxide having at least two cations.

The process of the present invention is suitable for the
preparation of a mixture of carbon monoxide and hydrogen from any

20 - methane-containing feed. The feed may comprise substéntially pure
methane. However, typical feeds will comprise methane in
combination with one or more other hydrocarbons and gases. The feed
preferably comprises methane in an amount of at least 50% by volume,
more preferably at least 75% by volume, especially at least 80% by

25 volume. The methane may be in combination with other hydrocarbons,
for example light hydrocarbons having from 2 to 4 carbon atoms. The
process is particularly suitable for the partial oxidation of
natural gas and associated gas.

The feed is contacted with the catalyst as é mixture with an

30 oxygen—-containing gas. Air is suitable for use as the oxygen-
containing gas. However, the use of substantially pure oxygen as
the oxygen-containing gas may be preferred. In this way, the need
for handling a large volume of inert gas, for example nitrogen when
using air as the oxygén-containing gas, is avoided. The feed may

35 optionally comprise steam.
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carbon ratio is in the range of from 0.45 to 0.65, with oxygen-to-
carbon ratios in the region of the stoichiometric ratio of 0.5, that
is in a range of from 0.45 to 0.6, being especially preferred. If

10 steam is present in the feed, the steam-to-carbon ratio is
preferably in the range of from above 0.0 ﬁo 3.0, more preferably
from 0.0 to 2.0. The methane-containing feed, oxygen-containing gas
and steam, if present, are preferably well mixed prior to being
contacted with the catalyst.

15 The process of the present invenéion is operated at elevated
pressures, - that is pressures significantly above atmospheric
pressure. The process may be operated at pressures in the range of
up to 150 bara. More preferably, . the process is operated at
pressures in the range of from 5 to 100 bara, especially from 10 to

20 75 bara.

Under the conditions of high pressure prevailing in the
process, the feed must be contacted with the catalyst at high
temperatures in order to obtain the desired degree of conversion.
Accordingly, the mixture of methane-containing feed and oxygen-

25 containing gas are contacted with catalyst at a temperature greater
than 900°C, more preferably a temperature in the range of from 1000
to 1300°C, especially from 1000 to 1200°C. The methane-containing
feed and the oxygen-containing gas are preferably preheated prior to
being contacted with the catalyst.

30 The mixture of the methane-containing feed and the oxygen-
containing gas may be provided during the process at any suitable
space veloqity. It is an advantage of the process of this invention
that very high gas space velocities can be achieved. Thus, typical
space velocities for the process (expressed as normal litres of gas

35 per kilogram of catalyst per hour) are in the range of from 20,000
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cations. The catalyst has a structure arising from the deposition
of the Group VIII metal onto the refractory oxide support, for
example by means of such techniques as impregnation. ‘Thus, the

10 catalysts comprise the Group VIII metal supported on the surface of
the refractory oxide support. This structure is to be contrasted
with the structure arising from the use'of catalysts as described in
the prior art, in which a refractory oxide is applied directly in
the partial oxidation process, the prevailing conditions of which

15 reduce oxides present in the refractory material to the
corresponding metal, which metal is the catalytically active
species.

The catalyst comprises a metal of Group VIII of the Periodic
Table of the Elements, with a metal selected from ruthenium,

20 rhodium, palladium, osmium, iridium and platinum being preferred.
Catalysts comprising ruthenium, rhoéium or iridium as the
catalytically active metal are'espEcially preferred for use in the
process. '

The Group VIII metal is supported on a refractory oxide

25 carrier, which refractory oxide comprises at least two cations. The
refractory oxide is preferably a binary or a ternary oxide,
consisting of two or three cations respectively, with binary oxides
being preferred. The two or more cations of the refractory oxide
are preferably each selected from Groups IA, IIA, IIIA and IVA of

30 _the Periodic Table of the Elements or the transition metals. More
preferably, the two or more cations are each selected from Groups
IA, IIA, IIIA, IIIB, IVA and IVB and the lanthanides. A preferred
catalyst comprises a refractory oxide having at least one cation
selected from Groups IA, IIA and IIIB and the lanthanides and at

35 least one cation selected from Groups IIIA, IVA and IVB. More
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for use as a.support in the catalyst is a binary oxide of barium and
aluminium, in particular barium hexa-aluminate. A second most

10 suitable refractory oxide for use as a support in the catalyst is a
binary oxide of lanthanum and zirconium.

The refractory oxide materials for use as supports in the
catalysts are available commercially, or may be prepared by
techniques well known in the art.

15 The catalyst may be prepared using techniques well established
in the art, of which impregnation is a preferred technique. The
preparation of the catalyst by impregnation comprises contacting the
refractory oxide with a solution of a salt of the metal of Group
VIII of the Periodic Table. The thus impregnated refractory oxide

20 is then dried and.calcined.

Any suitable reaction regime may be applied in the process of
the present invention in order to contact the reactants with the
catalyst. One suitable.regime is a fluidised bed, in which the
catalyst is employed in the form of particles fluidised by a stream

25 of gas. A preferred reaction regime for use in the process is a
fixed bed reaction regime, in which the catalyst is retained within
a reaction zone in a fixed arrangement. Particles of catalyst may
be employed in the fixed bed regime, retained using fixed bed
reaction techniques well known in the art. Alternatively, the

30 catalyst may be in the form of a foam, prepared, for example, by the
impregnation of a ceramic foam of the réfractory oxide by the
techniques described hereinbefore. Suitable foams for use in the
preparation of the catalyst include those having from 30 to 150
pores per inch (12 to 60 pores per centimeter). Further,

35 alternative forms for the catalyst include refractory oxide
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cg%taf}:(stlged, %laJrcx; b]égggfined as the ratio of the length of the
path taken by a gas flowing through the bed to the length of the
Thus,

shortest straight line path through the bed. the honeycomb

monolith structures have a tortuosity of 1.0. For the purposes of
the present invention, the term "high tortuosity" is a reference to
arrangements having a tortuosity substantially greater than that of
the honeycomb monclith structures, in particular a tortuosity of at
least 1.1. A fixed bed of catalyst particles typically has a
tortuosity of 1.5, whilét ceramic foams may be prepared having a
tortuosity in the range of from 3.0 to 4.0; or even higher. In
general, the tortucsity of the fixed bed arrangement is preferably
in the range of from 1.1 to 10.0, more prefe:ably to 5.0. A most
suitable range of tortuosity is from 1.3 to 4.0.

It has been found that by employing the catalyst in a fixed bed
arrangement having a high tortuosity allows the required conversion
to be achieved with only a relatively very short contact time
between the reacting gases and the catalyst. In this way, only a
.very low volume of catalyst is required, which in turn allows the
very high gas space velocities desirable for operating a commercial
process to be achieved.

The feed is preferably contacted with the catalyst under
adiabatic conditions. - For the purposes of this specification, the
term "adiabatic" is a reference to reaction conditions in which
substantially all heat loss and radiation from the reaction zone is
prevented, with the exception of heat leaving in the gaseous
effluent stream of the reactor.

In a further aspect, the present invention relates to carbon
monoxide or hydrogen whenever prepared by a process as hereinbefore
described.

The mixture of carbon monoxide and hydrogen prepared by the
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Ltute sheet - 12 August 1996 -6- mi xed oxides of bariunm ceriumand

ht i unt ceri um exhibited only very poor selectivities to carbon nonoxi de,
pad producing |arge quantities of carbon dioxide. As nentioned

nbefore, an inportant conmercial process is the preparation of

J[esko; car bﬁndrmnoxibde and hydrogeﬁ,n\/\,ﬁi ch m xture is then used as the
5t OC or a hydrocarbon or organi c chem cal synthesi rocess,, The
ytic parHﬂ°_&Ps-'()>9ifd&l‘3rsoﬁnb‘f“tl’rﬁﬁlr’(fca?bﬂﬁé‘l?"slyoﬁ%ﬂﬁggg| %ﬁrgu?ree?lﬁoaheof

ing out J.htfediisCPAIRIdroBarbdAYE iR, etaipbe byonemrsCofll the &tsghactive, the

ss would need to be able tq,operate at gl re or exanpl e
30 bara T%5P18H SHQF%?S%\RH%I 35?ys nl%éﬁnﬁagghog‘%?%%q; gécéé\ljélg%(‘:pil%i es, f (r)nr)
| e of theethroeX. oPrdge388s 0B® HNig kgnvarsior®f thfe MiBENAeaRf 3B ons, in

st O Obt %o&b&e Qﬁﬁm¥er§qlnegt§u\éhtﬁﬁﬁu5:@s Qe b1l g vhiedart. )
at high

gen, it 1S necessary to_operate the partial, K oxi dagbi 0 rocess
ratures. AccBrdPrgfss Phithg RRASEPHITIRTHARN dh g[f)‘f"f) eersge%)%“%g ViYabl e on
rcial way of the following illustrative examples, in which Examples 1, 3
and 4 relate to a process according to the present invention and
Examples 2 and 5 are for comparative purposes only.
10 Example 1
Catalyst Preparation

Barium hexa-aluminate (BaAlj;;0;g9) was prepared as follows:
Barium (21.0 g) was added to isopropyl alcohol (1500 ml) under
an atmosphere of nitrogen and the resultant mixture heated under
15 reflux for 1.5 hours. Further isopropyl alcoheol (1000 ml) was added
| to the resulting solution. Thereafter, aluminium isopropylate
{379.65 g) was added-stepwise and the mixture heated under reflux
for a period of 5 hours. The resulting mixture (601.87 g) was
combined with demineralised water (22.5 g) and heated under reflux
20 whilst stirring for a further 1 hour. The resulting solution was
subsequently heated to evaporate the solvent'to leave a solid
residue. The solid was dried by heating to 120°C and maintained at
that temperature for 4 hours. Thereafter, the solid was calcined in
a first stage by heating to 450°C over a period of 4 hours and being
25 held at that temperature for 1 hour and in a second stage by heating
to 1300°C over a period of 1 hour and being held at that temperature

for 5 hours.

An. agqueous solution was prepared by dissolving rhodium chloride
(RhCl3, 2.0 g) and hydrochloric acid (37%, 1.0 g) in demineralised
30 water (6.83 g) to give a rhodium concentration of 10% by weight.
. The barium hexa-aluminate prepared.as described hereabove (30/80
mesh, 2.0 g) was immersed in the aforementioned aqueous solution
(1.07 g). The resulting mixture was agitated firstly in a rolling
mill for 1 hour and thereafter in a rotary drier for 1 hour. The

35 resulting material was dried in an oven by heating for 1 hour and
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scalie, it is essential that the catal yst enployed maintains its |evel of
‘actiivity and selectivity to the desired products over the prol onged periods
of aperation demanded of commercial processes. Further, a npbst attractive
m xt.ure of carbon nonoxi de and hydrogen ler_use as feedstock for a

congerci al synthesis process, such as thé Fischer-Tropsch synthesis of
paraffins or_the hesi s_of nethanol ,..i\s mxture hayving . _a hydrogen to
car bon nonoxP&E"% %P‘% 3t 2abBRETS G %%Jc]ﬁloe{: %1°§t%&18uﬂsafn e'“%rsg Ié%/nceiéygy t he
partli al oxi dahlcimedf byritehtirg dpr riethhareapdrkedingi e df eeds temparhtare @4t ur al
gas Jor associsghedefas ndBHS: thi L3k BRSeRMLbAlcohPEIRal 5.3 BEAkiGRE 2
prociess for the catalytic partial oxidation of methane or

met hane- cont &PA#HEP-f eeds, in which thé catalyst retains a high level of
actijpty and sel eatawtiy parthel loxaastiea This is the repl acenent sheet Date:
13 1996 '

A reactor was constructed comprising a transparent sapphire
;ube'mounted concentrically within an outer transparent poly-
carbonate tube. The rhodium-containing catalyst prepared as
hereinbefore described was loaded into the sapphiie tube and

10 retained in the form of a fixed bed of catalyst particles having a
tortuosity of 1.5. Methane and oxygen, in sufficient amounts to
give an oxygen-to-carbon ratio of 0.59, were thoroughly mixed just
before being introduced into the reactor to contact the fixed bed of
catalyst. The mixture of methane and oxygen was fed to the reactor

415 at a pressure of 5 bara and at a gas hourly space velocity (GHSV) of
1,240,000 Nl/kg/hr.

The operating temperature of the catalyst bed was measured by
optical pyrometry. The composition of the gas mixture leaving the
reactor was measured by gas chromatography. The conversion and the

20 selectivity of the process to carbon monoxide and hydrogen (on the
basis of methane converted) was determined. The operating
conditions of the reactor and the results of the experiment are
summarised in Table 1 hereinbeléw.

Example 2
25 Catalyst Preparation

An aqueous scolution containing rhodium chloride was prepared as
described in Example 1. The solution contained rhodium in an amount
of 10% by weight. Alpha alumina extrudates (commercially available
ex. Engelhard, crushed to 30/80 mesh size, 10.0 g) were immersed in
a7 430 the aforementioned solution (5.33 g}. The resulting mixture was
agitated firstly on a rolling mill for 1 hour and thereafter in a
rotary drier for 1 hour. The resulting material was dried in an
oven by heating for 1 hour and being held at a temperature of 120°C
for 5 hours and subsequently calcined by heating for 5 hours and

35 being held at a temperature of 500°C for 1 hour. The resulting
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Subsgt.-itute sheet - 12 August 1996 -7- nonoxi de and hydrogen under
conditions of high gas space velocity, elevated pressure and high
tenperature. Mst surprisingly, in contrast to the teachings of the prior
art docunents, in particular WO 93/01130 1|t has been found that a process
I n WhICh catal ysts conprising a netal selécted from Group VIIl of the

Perijodi ¢ Tabl e of the El ement ort ref ractory oxi de having at
| Lo SpmReLEEe - o3 Bh e ik, Aol

| east two cat$5h € “and hydrogen under the
af orenenti oned c@adatytwiesParril odxigabdats for prol onged periods of tine.

Accor di ngl Y, the The eéf&uk@‘ﬁ%é% QE Q:\@sggfbe% pé%.%ﬁéfJ:Qr w$41Q.OQaL@'|lXE$C
part§ al oxidation of a nméthane- containing feed, which process conprises

contjcting a WRexIRRAE2EPS (RE FRAEGAIRF ARSORTY T Eb?ltpa?l‘ﬁi'ﬂg oFidatifRi th
m xtuse has giecAXyPRBiLG thel Hoe géﬁd:@llﬁtdcb&ufeaﬂgﬁcﬂi:ecﬁrﬂfmgarﬁ:lfeOlD 8, at a

t enpprature of great r_than,900[ err and at _ele ressur th a
cataj yst conprsPRF § RRoPdLl °(La‘ct egd PF oG ot an%/ar[ rgs‘?%é ?’tgrlyyodl c Table
suppprted on eitpleetmetm;t are/ somnakd shd \iimn Gakike Ilebﬁs:teltllmlom

Example 3
A catalyst comprising 5.0% by weight rhodium supported on

10 barium hexa-aluminate was prepared as described in Example 1
hereinbefore. The catélyst was loaded into the apparatus and tested
for activity in the catalytic partial oxidation of methane using the
same general proceduré described in Example 1. The operating
conditions of the reactor and the results of the experiment are

415 summarised in Table 2 hereinbelow.

Example 4
Catalyst Preparation

lanthanum zirconate (LajZr,09) was prepared using the following
method: ‘ _

20 Lanthanum nitrate (La(NO3)3.6H30, 27.07 g) and zirconium
éxychloride (ZroCl,.8Hy0, 20.14 g) were dissolved ih demineralised
water (200 ml). Citric acid (50 g) was added to the resulting
solution. The resulting mixture was heated to evaporate the
solvent, leaving a solid material as residue. The solid material

25 was dried by heating in an oven tc 140°C and being held at that
temperature for 7 hours. Thereafter, the resulting material was
calcined in an oven by heating to 700°C over a period of 5 hours and
being held at that temperature for 2 hours. Finally, the solid
material was heated at 1100°C for 5 hours.

+ 830 An aqueous solution containing rhodium chloride was prepared as

described in Example 1. The solution contained rhodium in an amount

of 10% by weight. The lanthanum zirconate prepared as described
hereabove (1.4 g) was immersed in the aforementioned solution

(1.7 ml). The resulting mixture was agitatéd firstly on a rolling

35 mill for 1 hour and thereafter in a rotary drier for 1 hour. The

e

heet Has Been Re laced

A




cati
pre
met |
Howg
nor

an gnount of at

vol |
conti

ons. The process of the present invention is suitable for the

aration of a mixture of carbon.nonoxi de and hydrogen from any

ane-contai ning feed. The feed may conprise. substantially pure nethane.

ver, typical feeds will conprise nethane in conbination with one or

ot her hydrocarbons and gases. The “ftbd preferably conprises nethane in
| east 50% hy vol une, nore Qreferabl at | east 75% by '

me, espetTHMFIPDrmAFREA’ Bt )oY dPUTR SVIRPYIBEHRE Ffy lpRoymand ™

i nati on being bélkrthy dreapardrons ,off 020°exfdpbehdurghandsdbosaehens havi ng

frofi2 10 4 cANQ0aahOHBar HICe ACESR SnPBLLALHERS Ik SULLARLE. S QT e

par t
Wi tH
Swi ]

I al oxidation of naturgﬁ gas and associated g . 'S contacted
t he cat 299/Stfofs 1ghqfrxt uFhe KptYlthre srfabirtcorrrriiaet-§asty Apighits
apble forchsBuhi s is the replacanent sheet Date: 1 3 AUG 1996

Catalytic Partial Oxidation

The catalyst prepared as described hereinbefore was loaded into
the apparatus and tested for activity in the partial oxidation of
methane using the same general procedure described in Example 1.

The operating conditions of the reactor and the results of the
experiment are summarised in Table 2 hereinbelow.
Example §

A catalyst comprising 5.0% by weight rhodium supported on
alpha-alumina was prepared as described in Example 2 hereiﬁbefore.
The catalyst was loaded into the apparatus and tested for activity
in the catalytic partial oxidation of methane using the same general
procedure described in Example 1. The operating conditions of the
reactor and the results of the experiment are summarised in Table 2

hereinbelow.

This Sheet Has Been qulaced

(T




Substi.tute sheet - 12 August 1996 -8- as the oxygen-containing gas.
However, the use of substantially pure oxygen as the oxygen-containing gas
may be preferred. In this way, the need for handling a | arge vol une of

i nert gas, for exanple nitrogen when usin% air as the oxygen-containing

"~ gas,jis avoided. The feed nmay optional Fylegonprise steam The

nmet hane- cont ai ni ng feed and the oxygen-containing gas are m xed in such
anouhts as to give an oxygen-to- carbonT¥deid in the range of from0.3 to
0.8,}nore preferably, in the range of fromO0.45 to 0.75. References to the
oxygen-to-carbon ratio refer to the ratio of _oxygen in_the form of

mol eful es [err] to carbon atons preseft®F8t% fie met hane B8YMR&i fi ng f eed

Pref erably theatiygen-to-carbon rati o RhgBaxlbbgg r ange 6h/4ipdEr&l A3 to 0. 65,
wi t h]j oxygen-to-carbon ratios in the region of the stoichionetric ratio of
0.5, ]that is TmaTange of fTomo0245to 0.6, berng especiatty preferted. |f
steafnis pr es@prrathng fenfitd¢nst he steamto-carbon ratio is preferably in

the fange of {&LQuo-abode ()0 to 3.0, noieso | 1040
Pressure {(bara)- 5 5
GHSV (1000 N1l/kg/hr) 1240 . 1240
oxygen/carbon ratio 0.59 0.59

Initial Performance

CH4 conversion (%) 89.6 89.0

CO selectivity (%)1 91.0 91.5
Hop selectivity (%)2 90.4 88.8

Performance after 100 hours

CHy4 conversion (%) 89.4 85.8
CO selectivity (8)1 91.0 91.2
H, selectivity (8)2 - 90.0 87.5

Deactivation (%)3

CH,y conversion (%) 0.15 3.63

CO selectivity (%) 0.07 ' 0.29
Hy selectivity (%) 0.46 1.52

selectivity to CO based on CH4; conversion

2 selectivity to Hy based on CH4 conversion
calculated by linear regression of the data for the first
100 hours
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preferably fromO0.0 to 2.0. The nethane-containing feed, oxygen-containing
gas and steam if present, are preferably well mixed prior to being
contacted with the catalyst. The process of the present invention is
operated at el evated pressures, that is pressures significantly above

at mospheric pressure. The process may bé& dHerated at pressures in the range
of up to 150 bara. Mrre preferably, the process is operated at pressures in
the fange of from5 to 100 bara, especi®8% #2rom 10 to 75 bara. Under the
cond| tions of high pressure prevailing in the process, the feed nust be
contpcted with the catal yst at high tenperatupes in order égmggg%in t he

desi f ed degree of conversion. PIf rigl y, t h&*HPtEute of _
met hane- cont acadalgst eed and oxyRIeBaBLyHOabNi NQRHR24r07Thi SRh/8lphpsrAl 03
repl pcement sheet Date: 13 AUG 1996
Operating Conditions
Temperature (°C) 10S5 1100 1060
Pressure (bara) 10 10 10
GHSV (1000 N1/kg/hr) 3300 13300 3300
oxygen/carbon ratio 0.59 0.59 0.59

Initial Performance

CH, conversion (%) 90.4 86.6 ) 89.0
co selectivity (%)? 92.1 . e1.8 93.7
Hp selectivity (8)2 89.6 87.0 88.5

Performance after 100 hours3

CH4 conversion (%) 89.3 86.3 79.3
CO selectivity (%)} 92.1 91.8 93.0
H, selectivity (%)2 89.6 86.0 80.4

Deactivation (%)3

CH4 conversion (%) . 1.20 0.30 10.90
CO selectivity (%) 0.00 0.00 0.80
Hy selectivity (%) 0.00 1.10 9.20
1

selectivity to CO based on CHy conversion

selectivity to Hj based on CH4 conversion

3 calculated by linear regression of the data for the first

60 hours for Examples 3 and 4 and for the first 46 hours for
Example 5
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Substd tute sheet - 12 August 1996 -9- contacted with catalyst at a _ [f
tenperature greater than 90 [er], nore preferably a tenperature in the .
range of from 1000 to 1300[err], especially from 1000 to 1200[err]. The —
met hane-contai ning feed and the oxygen-containing gas are preferably

preheated prior to being contacted with-thé tatal yst. The mixture of the

nmet hane- cont ai ni ng feed and the oxygen-contai ning gas nay be provided

duripg the process at any suitable space velocity. It is an advdtige of

the process of this invention that vegyyld ghyoss space velocities can be

achi eved. Thus, typical space veloci{T€S Tor the process (expressed as

nornmal litres of gas per kilogram of catal yst per hour) are in the range of
from 20, 000 t o, 108, &QQeQQ&oMlék@/chalmé@q&tei:eroabdigmloﬂ dha man@eeef from

50, 00 to 50, 000 OOO N:ﬁj / hr pace vel oci ties in the range of

500, D00 1o 0°0UL00tS KPRy R <BRoait reorarry irbdfed™ Hhatley sl

enpl pyed i n t eedhrodess cafgdrheopradping grav efichmigxbnps ihgesara onegsl tef G oup

VIT1tof the P@£L5§1igatio in the range of from 0.3 to 0.8, at a temperature of

5 greater than 900°C and at elevated pressure with a catalysf
comprising a metal selected from Group VIII of the Periodic Table
sgpported on a refractory oxide having at least two cations.

2. A process according to claim 1, characterised in that the
methane-containing feed comprises methane in an amount of at least

10 50% by volume, preferably at least 75% by volume, more preferably at
least 80% by volume.

3. A process according to either of claims 1 or 2, characterised
in that the methane-containing feed is natural gas or associated
gas.

15 4, A process according to any precéding claim, characterised in
that the mixture comprises the methane-containing feed and the
oxygen-containing gas in amounts sufficient to give an oxygen-to-
carbon ratio in the range of from 0.3 to 0.8, preferably from 0.45
to 0.75, more preferably from 0.45 to 0.65.

20 '5. A process according to any preceding claim, characterised in
that the mixture is contacted with the catalyst at a pressure in the
range of up to 150 bara, preferably in the range of from $ to 100
bara, more preferably from 10 to 75 bara.

6. A process according to any preceding claim, characterised in

25 that the mixture is contacted with the catalyst at a temperature in
the range of from 1000 to 1300°C, preferably from 1000 to 1200°C.

7. A process according to any preceding claim, characterised in
that.the mixture is provided at a space velocity in the range of
from 20,000 to 100,000,000 Nl/kg/hr, preferably from 50,000 to

30 50,000,000 Nl/kg/hr, more preferably from 500,000 to
30,000,000 N1/kg/hz.
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Tabl e of the El ements supported on a refractory oxide having at |east two
eations. The catal yst has a structure arising fromthe deposition of the

‘Group VIl netal onto the refractory oxide support, for exanple by neans of
such techni ques as inpregnation. Thus, the catal ysts conprise the G oup
VIl metal supported on the surface of th&8 refractory oxide support. This

structure is to be contrasted with the structure arising fromthe use of
cat al ysts as #lesckidredess acherdingoto any,pregedinigc hlaim. efharacoeyisedi e i s

applii ed directly the WaRaPa 1kl Ot i8R0 RI2EEHS end R REGMARLLI 5 :
conditions of which reduce oxides present in the refractory material to the

cor fespondi ngtHEERFU\ERot Yo t RAL 1pEiymy o opmiumy 4 Fiddpm P L RIS BN ci s, The
cat gl yst conpgieresaslyeitherdlimGrogpindl bk Dfiditae. Peri odi ¢ Tabl e of the
El erregtgs’ W t;'. a Jr%lcesssela%ggre rl-ghii:oS aimsr grhe%eélerpql g aGirernE:haSpa%ggri[gaehein 13
AUG{1996
that the refractory oxide is a binary or a ternary oxide, preferably
a binary oxide.
10. A process according to any preceding claim, characterised in
that the refractory oxide comprises two or more cations, each
10 " selected from Groups IA, IIA, IIIA and IVA and the transition
' metals, preferably selected from Groups IA, IIA, IIIA, IIIB, IVA and
IVB and the lanthanides.
11. A process according to claim 10, characterised in that the
refractory oxide comprises at least one cation selected from Groups
15 IAa, IIA and IIIB and at least one cation selected from Groups I1IIA,
IVA and IVB, preferably at least one cation from Group IIA or IIIB
and at least one catiqn from Group IIIA or IVB.
12. A process according to claim 11, characterised in that the
refractory oxide comprises as cations barium and aluminium or
20 lanthanum and zirconium.
13. A process according to any preceding claim, characterised in
that catalyst is retained in a fixed bed arrangement, preferably a
fixed bed arrangement having a high tortuosity, more preferably
having a tortuosity in the range of from 1.1 to 5.0.
: 25 14. Carbon monoxide or hydrogen whenever prepared by a process as

defined in any of claims 1 to 13.
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Subg,t»t fute sheet - 12 August 1996 - 10 - fromruthenium rhodi um 5
--pal l adium osmum iridiumand platinumbeing preferred. Catal ysts
conprising ruthenium rhodiumor iridiumas the catalytically active netal
are especially preferred for use in the process. The Goup VIII nmetal is
supported on a refractory oxide carrier,”Wich refractory oxide conprises
at least two cations. The refractory oxide is preferably a binary or a
ternary oxide, consisting of two or three cations respectively, Bi3d4lbi nary
oxi des being preferred. The two or nore cations of the refractory oxide are
preferably each selected fromGoups_IA_I1IA_ 1I1A and | VA of the Periodic
Table of the Elenents or the transitRdhabea®E Bore preferably, the two or
nore; cati ons are each selected from Goups IA IIA I1I1A 111B, VA and |1VB
and the | anthanid I e FRHIPE r i de

havi ng at | east o%gogﬁiogﬁﬁgg&eg}t\%%&ﬁ%%a oupsk]ﬁ%&?’f Aﬁj a?\%o?f\éadéﬁd t he

| ant hani des and at | east one cation selected fromGoups II1A [|VA and | VB.

Moref preferably, thprécdsal ¥t the catalytic partial oxidation of hydrocarbons
comprises contacting a mixture of a methane-containing feed and an
oxygen containing gas, which mixture has an oxygen to carbon ratio
in the range of from 0.3 to 0.8, at a temperature of greater than |
900°C and at elevated pressure with a catalyst comprising a metal
selected from Group VIII of the Periodic Table supported on a

refractory oxide having at least two cations.
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ef-aretT YoHEE TS hgmlng at | east one cation from Goup Il A or

111 B ahd RER PN e ar 1,9 é%&g ,,,,, Gloup Il1A or VB, Bariumis a

parti chl rﬂ%c%?t&“erﬁag d’%tb sgl2ectled from Group ITA. Aluniniumis a.
parti clil BfCRinyekf o7 F28G et y [ectled fromSabstitute sheetl-ah2 Haunguwsti 8996 nost
sui tab eﬁ amdrg(Sl] BREP q“;P oup | I1B. Zirconiumis a nost suitable
cation Absteadt f r 0P9 ouptl Gne post guitable refractory oxide for use

as a SLpport in the catal ygt o _ga@ghi hary oxide of barium and al uniniu in
parti cyl g pparoE RECERTa). Z'?n -rgatp 5 econd nost suitabl e ref racidy de

for use—as—a—support 1 n the catalyst is a binary oxide of |anthanum and

catalysts are aval PGSR A GRS %ﬁﬁ@%ﬁ%ﬁ%ﬁﬁ@&ﬁﬁf ques vel

known in the art. This is the repl ad®RROCARRRNS Dat e: 3 AUG 1996

H .

The present invention relates to a process for the
catalytic partial oxidation of of hydrbcarbons, in
particular a process for the preparation of a mixture of
carbon monoxide and hydrogen from a methane-containing
feed, for example natural gas or associated gas.

The partial oxidation of hydrocarbons, for example
methane or natural gas, in the presence of a catalyst is
an attractive route for the preparation of mixtures of
carbon monoxide and hydrogen, known in the art as |
synthesis gas. The mixture so-produced may be converted
into valuable hydrocarbon products, for example fuels
boiling in the middle distillate range and hydrocarbon
waxes, by such processes as the Fischer-Tropsch synthesis
well known in the art. Alternatively, the mixture may be
converted into products such as methanol by synthesis
processes equally well known in the art.

The optimum catalytic partial oxidation process for
commercial application would give high levels of
conversion of the hydrocarbon feedstock with a high level
of selectivities to carbon monoxide and hydrogen.

The literature contains a number of documents
disclosing details of experiments conducted into the
catalytic partial oxidation of hydrocarbons, in
particular methane, employing a wide range of catalysts.
Typically, these catalysts have comprised an active metal
selected from Group .VIII of the Periodic Table of the
Elements (CAS version as given in the Handbook of
Chemistry and Physics, 68th Edition) supported on a
refractory oxide carrier, such as alumina or silica.

This is the replacement sheet

Date: 13 AUG 1996



Substitute sheet - 12 August 1996 The catal yst may be prepared using
techniques well established in the art, of which inpregnationis a
preferred techni que. The preparation of the catal yst by inpregnation

conprises contacting the refractory oxide wglhbstitate dheen- a2 Augast 1906t he
metal of Goup VIII of the Periodic Table. The thus inpregnated refractory

oxi"de is then dried and cal cined. Any suitsable reaction regine may be
applied in the process of the present invention in order to contact the
reactants with t h&hsalBanopeaie paliatblapr el e RERIIFIFLRY bed, in

il ihe Lty et gl moplumlsslen bredascety
. d react) on regliLne, ror se I.n the [ ocess i
fixed bed readfieofatdielc BRI 9@3&&%{? ﬁfj RRLHRRG; ‘ﬁgﬁn% Thi nsaa

reafhiOP_zogegﬂgaiﬁsﬁ“ﬁbMpffsingnﬁmatfﬁu¢iaﬂdﬁnmﬁomimmjqxidaayuppoenpuoyed
nown i n the 2R 2 ANAEITEI PR AiET I qEeAyen SpecTERa Lyt
prepared, for exempllicfidy imERTATERRR i P otomprisesi tiibam af ERe
refractory oxideer material.
A.T. Ashcroft, et al ("Selective oxidation of methane
to synthesis gas using transition metal catalysts",
Nature, Vol. 344, No. 6264. pp. 319 to 321, March 1990)
disclose experiments conducted using lanthanide ruthenium
oxides of formula LnySny07 for the partial oxidation of
methane. A range of lanthanides were tested at a
temperature of 777°C, a gas hourly space velocity of
40000 h~l and a pressure of 1 atmosphere. It was
concluded by the authors that, under the prevailing
process conditions, the active catalyst comprised
ruthenium metal supporteéd on a metal oxide carrier.
Similarly, R.H. Jones, et al ("Catalytic conversion
of methane to synthesis gas over europium iridate,
EupIrp07", Catalysis Letters 8 (1991) 169 to 174)
describe the selective partial oxidation of methane over
the europium iridium pyrochlore, EuzIrp07, at a pressure
of 1 atmosphere and at a temperature of 873 K (600°C).
The active catalyst was shown to comprise particles of
iridium metal supported on europium oxide. Similar
results are disclosed by P.D.F. Vernon, et al ("Partial
oxidation of methane to synthesis gas", Catalysis Letters
6 (1990) 181 to 186, and Catalysis Today, 13 (1992) 417
to 426) for nickel, ruthenium, rhodium, palladium,
iridium and platinum, either supported on alumina
carriers or pfesent as the metals in oxides derived from
mixed oxide precursors. _ ,
More generally, United States Patent No. 5,149,464
(US-A-5,149,464) is directed to a method for selectively
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t he techni ques described hereinbefore. Suitable foanms for use in the
preparation of the catalyst include those having from30 to 150 pores per
inch (12 to 60 pores per centinmeter). Further, alternative forns for the

catal yst include refractory oxide honeycomb gamutitutd shéstctr Ragusn 1996
preferred enbodi mrent of the process of this invention, the feed is
contacted with a catalyst retained in a_fixed bed arrangenent, which

arrangenent has a high tortuosity. The term"tortuosity” is a comon term
in the art wheskgenrpsangepethiang itte sairbosd memox i Jhydrogendeyi ned as

the ratio of bhenkengt knaf refetadih daakan Bure 385 4 g4 Hisaobet he bed

to the length of fh ortes rai ght |ine path, through.the bed. Thus, the
hgngyconb gon%???ﬁ E?ﬁﬂ%tﬁ?eéoﬁgbé- Q(ﬁ?Qﬁﬁﬁgywhﬁhl?og°#b¢ FRE2SYSSoses of

the present iwkeohi &s, geherhdly deiserideldhas eRjiageE@thedheet Date: 1 3
AUQ 1996 - QQPStLtELEaEDSEtOE %%eA¥g%%hl%9%§M'yoz, where:

i ' M is at least one element selected from Mg, B, Al,
Ln, Ga, Si, Ti, Zr and Hf; Ln is at least one member
of lanthanum and the lanthanide series of elements;
M' is a d-block transition metal,
and each of the ratios x/y and y/z and (x+y)/z is
independently from 0.1 to 8; or

b) an oxide of a d-block transition metal; or

c) a d-block transition metal on a refractory support:

or

d) a catalyst formed by heating a) or b) under the
conditions of the reaction or under non-oxidizing
conditions.

The d-block transition metals are said in US-A-5,149,464

to be selected from those having atomic number 21 to 29,

40 to 47 and 72 to 79, the metals scandium, titanium,

vanadium, chromium, manganese, iron, cobalt, nickel,

copper, zirconium, niobium, molybdenum, technetium,

ruthenium, rhodium, palladium, silver, hafnium, tantalum,

tungsten, rhenium, osmium, iridium, platinum and gold.

It is stated in US-A-5,149,464 that the preferred metals

are those in Group VIII of the Periodic Table of the

Elements, that is iron, osmium, cobalt, rhenium, iridium,

palladium platinum, nickel and ruthenium.

The process described in USLA-5,149,464 is operated
at a temperature in the range of from 650°C to 900°C,
with a range of from 700°C to 800°C being preferred. A
range of experiments are described in US~-A-5,149,464 in
which a variety of catalysts comprising Group VIII metals
were tested, including ruthenium oxide, praesidium/-
ruthenium oxides, pyrochlores, ruthenium on alumina,
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- 12 - "high tortuosity" is a reference to arrangenents having a tortuosity
substantially greater than that of the honeyconb nonolith structures, in
particular a tortuosity of at least 1.1. A fixed bed of catalyst particles
typically has a tortuosity of 1.5, whil st cerg;msqitﬁ@gﬁeéf&ymm@%mmgge
having a tortuosity in the range of from3.0 to 4.0, or even highe

- general, the tortuosity of the fixed bed _aryangenent is preferably in the
range of from1.1 to 10. 0, nore preferably o 5.0. A npbst suitable range of
tortuosity is £hodiung oro aluming, pad Laskmnt caumnck fuminady gt oywmgor he
catalyst in a Liyrdnded QIGRTRR:niR 06 ud) Hhidvdinedd vamd | prexd e
requi red conversion t0 be achi eved with onl y arelatively very short
contact time b@KWEE€n the reacting gases and the catalyst. In this way, only
a vety |ow vol ume gaf sQﬁxh&'a)t‘Sbeh&réQquillsed.os\MﬂeCh)ﬂ 2 tdsruhwslmvwoﬁ heseeiy
hi gh gas space_yel oci ti.e de5|r for. eratln a _comrerci Process to

be achi eved. ThBSf E&F&LY FePS‘F 85&95 T i@t inder
adi abati c condIntemaatE@maﬂh@amanmoapphﬂtaﬂnan publication No.

WO 92/11199. WO 92/11199 specifically discloses
experiments in which catalysts comprising iridium,
palladium, ruthenium, rhodium, nickel and platinum
supported on alumina were applied. All the experiments

were conducted under mild process conditions, with
typical conditions being a pressure of 1 atmosphere, a
temperature of 1050 K (777°C) and a gas hourly space
velocity of about 20,000 /hr. In the text of WO 92/11199
'it_is stated that extended life tests of the catalysts
were underway, but that most catalysts should be expected
to show no deterioration in activity after 80 hours, and
possibly much longer.

Japanese patent application publication No. 58-207946
(JP-A-58-207946) discloses a catalyst for the partial
oxidation of hydrocarbons, which catalyst comprises
either a combination of an alumina-magnesia spinel,
cobalt aluminate, barium carbonate and barium aluminate,
or a combination of an alumina-magnesia spinel, cobalt,
cobalt oxide and barium aluminate. It is suggested in
JP-A-58-207946 that the catalyst is suitable for the
partial oxidation of hydrocarbons such as natural gas,
methane, ethane, propane and butane. However, the
specification of JP-A-58-207946 is concerned primarily
with a process for producing cementation gas containing
carbon monoxide and hydrogen, for the surface hardening
of steel. 1In this respect, the examples of
JP-A-58-0207946 are limited to the partial oxidation of
butane, yielding a mixture of carbon monoxide and
hydrogen having a hydrogen/carbon monoxide ratio of about
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specification, the term"adiabatic" is a reference to reaction conditions
I n which substantially all heat |oss and radiation fromthe reaction zone
is.prevented, with the exception of heat |eaving in the gaseous effl uent

stream of the reactor. In a further aspect, &hEsties8Rbet "MRNALGUSE @lOBEES
to carbon nonoxi de or hydrogen whenever prepared by a process as

her ei nbef ore described. The m xture of cardon nonoxide and hydrogen
prepared by the process of this invention Is particularly suitable for use
in the synthedi-3-of TARIEXPEIHMRNLS wers HRNAIG LGEhs2 ofP3¢R Velocity -
Fi scher-Tropsglf 3entoesing-londitgy Q¥ tfhasd Sa Glieenst esir f Ofid eyanahe,

T o SEHEC R e B S Ul L1508 e, o cuhen spney de
replfacenent shmeunBatrequiret tAUGxl%MGe bibidrsd itaitecarddmetmendRideigand 1996
hydrogen (that is an oxygen/carbon ratio of 0.51). There
is no disclosure in JP-A-58-207946 of suitable operating
pressures for the partial oxidation process. It is
stated in JP-A-58-207946 that the catalysts allow the
partial oxidation process to be operated with a good
efficiency at low temperatures, that is below 1000°C. To
this end, all the experiments testing the catalysts were
conducted at 980°C. '
Finally, International patent application publication
No. WO 93/01130 discloses a process for the partial
oxidation of methane using a catalyst comprising a
platinum group metal and/or metal oxide supported on a
lanthanide oxide, and/or an oxide of a metal from Group
IIIB and/or an oxide of a metal from Grbup IVB of the
Periodic Table and/or alumina. A range of experiments
are described in WO 93/01130, in which catalysts
consisting of palladium supported on oxides of scandium,
yttrium, lanthanum, titanium, zirconium, hafnium, cerium,
samarium, aluminium, silicon and mixed oxides of
barium/cerium and strontium/cerium. The experiments were
conducted at a temperature of 750°C and a gas hourly
space velocity of 5000 hr~l using a feed composition of
45% methane : 5% oxygen : 55% argon. No operating
pressure is specified in WO 93/01130. The results
disclosed in WO 93/01130 show that, under the operating
conditions selected, catalysts comprising carriers
consisting of an oxide of a metal from Groups IIIB or IVB
of the Periodic Table, aluminium and the lanthanide
cerium exhibited a high selectivity'to'carbon monoxide.
In contrast, the results also show that catalysts
comprising as carrier samarium oxide, silica and the
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- 13 - The process of the present invention is further described by way of
the following illustrative exanples, in which Exanples 1, 3 and 4 relate to
a process according to the present invention and Exanples 2 and 5 are for

- conparative purposes only. Exanple 1 Catal ysubEfieRa'sheeer Banugist 1996
hexa-alum nate [err] was prepared as follows: Barium (21.0 g) was added to
i sopropyl al cohol (1500 m) under an atimgsphere of nitrogen and the
resultant m xture heated under reflux for 1.5 hours. Further |sopropyl

al cohol (1008i#Pf f¥ddsdded P TN/ CRRHUM AN o AT URATRE BdfR t er |

al um ni um i serhEBY kabe ohd P veT yIpodas s@i@ft:.&ile:.l).iyé§6:cartihﬂhm m xture heated
conbi ned wi ¢ ROBRHRABY niPSSEA PPN ha i) AT e (ST TR b | ot
stirring fordaokdédeher 1 hour. The resultlng sol uti on was subsequently
heated to evapor gtepbiie; 3RLUCRE rkInb8Pbered SH 11hdRHaME collifercial
) process is the preparation of mixtures of carbon monoxide
and hydrogen, which mixture is then used as the feedstock
for a hydrocarbon or organic chemical synthesis process.
The catalytic partial oxidation of hydrocarbons is one
possible method of carrying out this preparation.
However, to be commercially attractive, the process would
need to be able to operate at elevated pressures, for
example from 30 bara to 150 bara, with very high gas
hourly space velocities, for example of the order of
‘1,000,000 N1l/kg/hr. For thermodynamic reasons, in order
to obtain the necessary selectivities to carbon monoxide
and hydrogen, it is necessary to operate the partial
oxidation process at high temperatures. Accordingly, for
| a partial oxidation process to be viable on a commercial
scale, it is essential that the catalyst empléyed
maintains its level of activity and selectivity to the
desired products over the prolonged periods of operation
demanded of commercial processes.

Further, a most attractive mixture of carbon monoxide
and hydrogen for use as feedstock for a commercial
synthesis process, such as the Fischer-Tropsch synthesis
of paraffins or the sYnthesis of methanol, is a mixture
having a hydrogen to carbon monoxide ratio of about 2.0.
Such a mixture may be prepared by the partial oxidation
of methane or methane-containing feeds, such as natural

~ gas or associated gas.

Thus, it can be seen that there is a need for a
process for the catalytic partial oxidation of methane or
methane-containing feeds, in which the catalyst retains a
high level of activity and selectivity to both carbon
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solid was dried by heating to 120[err] and maintained at that tenperature
for 4 hours. Thereafter, the solid was calcined in a first stage by heating
to.450[ err] over a period of 4 hours and being held at that tenperature for
1 hour and in a second stage by heating to 180Pé@utd sA¥et - A PALGadt aflogh
hour and being held at that tenperature for 5 hours. An aqueous sol ution
was prepared by dlssoIV|ng rhodiumchloride ferr], 2.0 g) and hydrochloric

acid (37% i.n dem neralised water (6.83 g) to give a rhodi um
concentratlonm8%°fé eb?“ﬂbﬁ@ﬁr°gﬁﬁa%ﬁ#ﬁﬁnﬁQRQ&FlQﬂinﬁﬁmh%9$r@®§réﬂaﬁg

descri bed her gaheva t§30/e3@ s ﬁ&é%éﬁréMﬁhdfHEﬁHWEEMﬂb%JEu@é?rQME?E'?Eeg
Folting miil POFPFLsdhe g T SRRt (6 i AT (Tl RErBAtOhect
Dat &: 13 AUGRrg96ocumsmitst,i tiom @@Mulaﬂmm@fﬂllm&t has been

found that a process in which catalysts comprising a

metal selected from Group VIII of the Periodic Table of

the Elements supported on a refractory oxide having at

least two cations yields both carbon monoxide and

hydrogen under the aforementioned conditions in high

yields for prolonged periods of time.

Accordingly, the present invention provides a process
for the catalytic partial oxidation of a methane-
containing feed, which process comprises contacting a
mixture of the feed and an oxygen containing gas, which
mixture has an oxygen to carbon ratio in the range of
from 0.3 to 0.8, at a temperature of greater than 900°C.
and at elevated pressure with a catalyst comprising a
metal selected from Group VIII of the Periodic Table
supported on a refractory oxide having at least two
cations.

The process of the present invention is suitable for
the preparation of a mixture of carbon monoxide and
hydrogen from any methane-containing feed. The feed may
comprise substantially pure methane. However, typical
feeds will comprise methane in combination with one or
more other hydrocarbons and gases. The feed preferably
comprises methane in an amount of at least 50% by volume,
more preferably at least 75% by volume, especially at
least 80% by volume. The methane may be in combination
with other hydrocarbons, for example light hydrocarbons
having from 2 to 4 carbon atoms. . The process is
particularly suitable for the partial oxidation of
natural gas and associated gas.

The feed is contacted with the catalyst as a mixture
with an oxygen-containing gas. Air is suitable for use
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-14- rotary drier for 1 hour. The resulting material was dried in an oven
by heating for 1 hour and being held at a tenperature of 120[err] for 5
hours and subsequently cal cined by heating for 5 hours and being held at a
temperature of 500[err] for 1 hour. The resu§ibhsistutatsRb¥6! 120A0HLSET9860%
by weight rhodium Catalytic Partial Oxidation A reactor was constructed
conprising a transparent sapphire tube nouynted concentrically within an
outer transparent polycarbonate tube. The rhodi um containing catalyst
prepared as h@fethRBePBigeRcsentbinings gesadedfowemvet, hdheapisd raf t ube and

retained in t&ebseantehlayf pued BRYgeh 63! ¥Rt A Fas

tortuosity of 1.5 N@tgane and 3gyggn, in suffici'ent amounts to give an

oxygen-t o- carBd¥ PatPEeoFrESs, $iBr tRol@dghitheninesd jfest heexdididb e ng

i ntroduced inlmrgbevoEamEOoftmneontgab,tmegfbfggggggn%?rﬁ@#?tygk?gThf 5

o LS00 806, 917088 M9RLRICLRRIRSTEAY, B BBkt e
feed may optionally comprise steam. _

The methane-containing feed and the oxygen-containing
gas ‘are mixed in such amounts as to give an oxygen-to-
carbon ratio in the range of from 0.3 to 0.8, more
preferably, in the range of from 0.45 to 0.75.

References to the oxygen-to-carbon ratio refer to the
ratio of oxygen in the form of molecules (0Oz) to carbon
atoms present in the methane-containing feed. Preferably
the oxygen-to-carbon ratio is in the range of from 0.45
to 0.65, with oxygen-to-carbon ratios in the region of
the stoichiometric ratio of 0.5, that is in a range of
from 0.45 to 0.6, being especially preferred. If steam

. is present in the feed, the steam-to-carbon ratio is
preferably in the range of from above 0.0 to 3.0, more
preferably from 0.0 to 2.0. The methane-containing feed,
oxygen-containing gas and steam, if present, are
preferably well mixed prior'to being contacted with the
catalyst. ,

The process of the present invention is operated at
elevated pressures, that is pressures significantly above
atmospheric pressure. The process may be operated at
pressures in the range of up to 150 bara. More _
preferably, the process is operated at pressures in the
range of from 5 to 100 bara, especially from 10 to
75 bara.

Under the conditions of high pfessﬂre prevailing in
the process, the feed must be contacted with the catalyst
at high temperatureS'in order to obtain the desired
degree of conversion. Accordingly, the mixture of
méthane-containing feed and oxygen-containing gas are
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The operating tenperature of the catal yst bed was neasured by optical
pyrometry. The conposition of the gas m xture |eaving the reactor was
measured by gas chronat ography. The conversion and the selectivity of the
process to carbon nonoxide and hydrogen (on gfsthatd sheét eRhANguSONYSE6t ed)
was determ ned. The operating conditions of the reactor and the results of
thé experinent are summari sed in Table l.anginbeIOML Exanpl e 2 Cat al yst

Preparati on An aqueous sol ution containing rhodiumchloride was prepared as
described in ERRAFICESE Wikd saitalivet @dntaaitrmpenaddinandueatiemnthan of 10%

O yihed Lo S0P Shofire erenuiay (o amm  air Rl Soeiderd
?;gfagenéﬁt Sﬁ@gp”%ét&ébéeci3eiggg§§£§y frgﬂbéﬁﬁﬂufﬁliaggt :+ 13DhRugust 1996
. methane-containing feed and the oxygen-containing gas are

preferably preheated prior to being contacted with the
catalyst.

The mixture of the methane-containing feed and the
oxygen-containing gas may be provided during the process
at any suitable space velocity. It is an advantage of.
the process of this invention that wvery high gas space
velocities can be achieved. Thus, typical space
velocities for the process (expressed as normal litres of
gas per kilogram of catalyst per hour) are in the range
of from 20,000 to 100,000,000 Nl1/kg/hr, more preferably
in the range of from 50,000 to 50,000,000 Nl/kg/hr.

Space velocities in the range of from 500,000 to
30,000,000 Nl/kg/hr are particularly suitable. _

The catalyst employed in the process of the present
invention comprises a metal of Group VIII of the Periodic
Table of the Elements supported on a refractory oxide '
having at least two cations. The catalyst has a
structure arising from the deposition of the Group VIII
metal onto the refractory oxide support, for example by
means of such techniques as impregnation. Thus, the
catalysts comprise the Group VIII metal supported on the
surface of the refractory oxide support. This structure
is to be contrasted with the structure arising from the
use of catalysts as described in the prior art, in which
a refractory oxide is applied directly in the partial
oxidation process, the prevailing conditions of which
reduce oxides present in the refractory material to the
corresponding metal, which metal is the catalytically
active species. o _

The catalyst comprises a metal of Group VIII of the
Periodic Table of the Elements, with a metal selected
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- 15 - aforenentioned solution (5.33 g). The resulting mxture was agitated
firstly on arolling mll for 1 hour and thereafter in a rotary drier for 1
hour. The resulting material was dried in an oven by heating for 1 hour and

being held at a tenperature of 120[err] for gybhstitiie 3Ndet vl Augist 1996
calcined by heating for 5 hours and being held at a tenperature of 500[err]

for 1 hour. The resulting catalyst conpriggd.5. 0% by wei ght rhodi um
Catalytic Partial Oxidation The catalyst prepared as descr bed herei nbefore
was | oaded i nfomhsuspgaisms rivdivast @@lfl@J%:i WS Uty tifel gy jand

oxi dation of pgehBapAmUBERG B‘%e&@f&e@ﬁne@ﬂta‘lg@t@dw&piﬁwﬂdoed in Exanpl e
1. The operatlng conditions Qf the r.eact.or an 6&Pe res IH; of, t.he .
experi ment ar BUERAREIRe e FRPAIRILIOE £ IHEIMMAR SRe %3%?3}%¥u%ﬁ§%¥e
conprising 5.f&:hy weieghkispelddilly purpfertred dorbarseurirhdte ginodess € was

P o 2 e uEREGEpyEy TR phell 1o MG ol erF & Bafladisy oaec

) oxide carrier, which refractory oxide comprises at least
two cations. The refractory oxide is preferably a binary
or a ternary oxide, consisting of two or three cations
respectively, with binary oxides being preferred. The
two or more cations of the refractory oxide are
preferably each selected from Groups IA, IIA, IIIA and
IVA of the Periodic Table of the Elements or the
transition metals. More preferably, the two or more
cations are each selected from Groups IA, IIA, IIIA,
IIIB, IVA and IVB and the lanthanides. A preferred
catalyst comprises a refractory oxide having at least one
cation selected from Groups IA, IIA and ITIB and the
lanthanides and at least one cation selected from Groups
IIIA, IVA and IVB. More preferably, the catalyst
comprises a refractory oxide having at least one cation
from Group IIA or IIIB and at least one cation from
Group IIIA or IVB. Barium is a particularly preferred
cation selected from Group IIA. Aluminium is a
particularly preferred cation selected from Group IIIA.
Lanthanum is a most suitable cation selected from Group
IIIB. Zirconium is a most suitable cation selected from
Group IVB. One most suitable refractory oxide for use as
a support in the catalyst is a binary oxide of barium and
aluminium, in particular barium hexa-aluminate. A second
most suitable refractory oxide for use as a support in
the catalyst is a binary oxide of lanthanum and
zirconium.

The refractory oxide materials for use as supports in

the catalysts are available commercially, or may be
prepared by techniques well known in the art.
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catalytic partial oxidation of nmethane using the sane general procedure
described in Exanple 1. The operating conditions of the reactor and the
results of the experinent are summari sed i.n Table 2 herei nbel ow. Exanple 4

Catal yst Preparation Lanthanum zirconate [errdypsgtutd’ SRated 2 Adsustheo9s
foll ow ng nethod: Lanthanumnitrate [err] 27.07 g) and zirconium

oxychloride [err], 20.14 g) were dissolvwed jn-dem neralised water (200 m).

Citric acid (30 g)_was added to the resulting solutiog. The result&gg
m xture was heat ed 1% St MNP PTERELCAUTEAG LoSBRFTURS 48t as
residue. The ssdtablbsélesd ainwelse dared bf WRathngmpregnatien tie &40[err] and

gﬁh??i?ﬁig lﬂéﬁéfﬁ%ﬁ;@iﬁ%&?ﬁﬁg@%? SPﬁgtpEgﬁgfatiéﬁ ofAyﬁélgg%alyst by
. impregnation comprises contacting the refractory oxide
with a solution of a salt of the metal of Group VIII of
) the Periodic Table. The thus impregnated fefractory
oxide is then dried and calcined.
Any suitable reaction regime may be applied in the
process of the present invention in order to contact the
reactants with the catalyst. One suitable regime is a
fluidised bed, in which the catalyst is employed in the
form of particles fluidised by a stream of gaé. A
preferred reaction regime for use in the process is a
fixed bed reaction regime, in which the catalyst is
retained within a reaction zone in a fixed arrangement.
Particles of catalyst may be employed in the fixed bed
regime, retained using fixed bed réaction techniques well
known in the art. Alternatively, the catalyst may be in
the form of a foam, prepared, for example, by the
impregnation of a ceramic foam of the refractory oxide by
the techniques descfibed hereinbefore. Suitable foams
for use in the preparation of the catalyst include those
having from 30 to 150 pores per inch (12 to 60 pores per
centimeter). Further, alternative forms for the catalyst
include refractory oxide honeycomb monolith structures.
In a preferred embodiment of the process of this
invention, the feed is contacted with a catalyst retained
in a fixed bed arrangement, which arrangement has a high
tortuosity. The term "tortuosity"” is a common term in
the art which, when referring to a fixed catalyst bed,
can be defined as the ratio of the length of the path
- taken by a gas flowing through the bed to the length of
the shortest straight line path through the bed. Thus,
the honeycomb monolith structures have a tortuosity of
1.0. For the purposes of the present invention, the term
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- 16 - at that tenperature for 7 hours. Thereafter, the resulting nateri al
was calcined in an oven by heating to 700[err] over a period of 5 hours and
bei ng held at that tenperature for 2 hours. Finally, the solid material was
heated at 1100[err] for 5 hours. An aqueous Sghstitute sheat ailiZ AggusbdPoG
chloride was prepared as described in Exanple 1. The sol ution contained
rhedi umin an anount of 10% by melght *he2l ant hanum zi rconate prepared as

descri bed hergahoye s jmer f 0

(1.7 m). The téqﬁfqé%&%§% s eé%%éﬁé%ﬁ$l?@i%ffongéﬁggFglﬁng?P . for

1 hour and th&mmﬁUQHLUy1subsn&ngaaﬁlxﬁgﬁeﬂtqrrﬁhﬁn Hh@tr@§uFPan mat eri al

was dried in ?, %éﬁﬂ; mdi anﬂmbﬁéf\&@@iﬂra& aot.-ctmsmyure
or ours and su sequentl

of 120 [err] caIC|ned Q Lp i 5 hours
and bei ng hel ®@fatata ke@ferbtlr e Af ’E?Eﬁﬂé??‘-'} breatao¥st RAE g‘é BFting
cat al yst conpmyy%téi oHys Vi et tudwik wne £ Cat B Wwhil#arcenbnzi fadinsn The

catalyst prepar & be presxga[x!'ebg%ax?{r% nbeéé)r[t?ucg\@fty in the range of from
3.0 to 4.0, or even higher. In general, the tortuosity
of the fixed bed arrangement is preferably in the range
of from 1.1 to 10.0, more preferably to 5.0. A most
suitable range of tortuosity is from 1.3 to 4.0.

It has been found that by employing the catalyst in a
fixed bed arrangement having a high tortuosity allows the
required conversion to be achieved with only a relatively
very short contact time between the reacting gases and
the catalyst. In this way, only a very low volume of
catalyst is required, which in turn allows the very high
gas space velocities desirable for operating a commercial
process to be achieved.

The feed is preferably contacted with the catalyst
under adiabatic conditions. For the purposes of this
specification, the term "adiabatic" is a reference to
reaction conditions in which substantially all heat less
and radiation from the reaction zone is pfevented, with
the exception of heat leaving in the gaseous effluent
stream of the reactor.

In a further aSpect, the present invention relates to
carbon monoxide or hydrogen whenever prepared by a
process as hereinbefore described. |

The mixture of'carbon monoxide and hydrogen prepared
by the process of this inventién is ‘particularly suitable
for use in the synthesis of hydrocarbons, for example by
means of the Fischer-Tropsch synthesis, or the synthesis
of oxygenates, for example methanol. Processes for the
conversion of the mixture of carbon monoxide and hydrogen.
into such products are well known in the art.
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| oaded into the apparatus and tested for activity in the partial oxidation
of nethane using the sane general procedure described in Exanple 1. The
operating conditions of the reactor and the results of the experiment are
sumari sed in Table 2 herei nbel ow. Exanple SS@bmmé)gﬁhef:omeragut 5_9@% by
wei ght rhodi um supported on al pha-al um na was prepared as described in
Exanpl e 2 herei nbefore. The catalyst was fgaded into the apparatus and

tested for activi in_the cat i C partlal oxi dat i on of thane using the
sane general pr oc%‘&r EIREESS B ?d 5 nd {LnvaRkigh i .fgr_ itions of
the reactor adesthebees iyt svayf amem;fernmnngarﬂmmtm éxXanpbée, 2

her ei nbel ow, I Sl I ment t UG 1996
Substitute shyelt %h E‘ %ﬁa&ngﬁe%Q % f%l%e% ,_D‘i dte to Ja ?bf%cess
accordlng to the present invention and Examples 2 and 5

are for comparative purposes only.
Example 1
Catalyst Preparation
Barium hexa- alumlnate (BaAllzolg) was prepared as

follows:

Barium (21.0 g) was added to isopropyl alcohol (1500
ml) under an atmosphere of nitrogen and the resultant
mixture heated under reflux for 1.5 hours. Further
isopropyl alcohol (1000 ml) was.added to the resulting
solution. Thereafter, aluminium isopropylate (379.65 g)
was added stepwise and the mixture heated under reflux
for a period of 5 hours. The resulting mixture (601.87
g) was combined with demineralised water (22.5 g) and
heated under reflux whilst stirring for a further 1 hour.
The resulting solution was subsequently heated to
evaporate the solvent to leave a solid residue. The
solid was dried by heating to 120°C and maintained at
that temperature for 4 hours. Thereafter, the solid was
calcined in a first stage by heating to 450°C over a
period of 4 hours and being held at that temperature for

-1 hour and in a second stage by heating to 1300°C over a
period of 1 hour and being held at that temperature for 5
hours.

An aqueous solution was prepared by dissolving
rhodium chloride (RhCl3, 2.0 g) and hydrochloric acid
(37%, 1.0 g) in demineralised water (6.83 gq) to give a
rhodium concentration of 10% by weight. The barium hexa-
aluminate prepared as described hereabove (30/80 mesh,
2.0 g) was immersed in the aforementioned agqueous
solution (1.07 g). The resulting mixture was agitated
firstly in a rolling mill for 1 hour and thereafter in a
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Table 1 Exanple 1 Exanpl e 2 Catal yst 'Rh/ [err]

Rh/ al pha-[err] Operating Conditions Tenperature ([err]) 1030
1040 Pressure (bara) 5 5 GHSV (1000
N1/ kg/ hr) 1240 12g9@hstitvite 8heet a2 Aagust 1996

0. 59 0.59 Initial Performance CH4 conversion (9

89.6 89.0 CO selectivity ¢¥1 91.0

91.5 [err] selectivity (9 90. 4 . . 88. 8.
Per f or mance aFP*éPri’Oﬁly’-'H(??} é"[rerlr PodgnverfiorgHplting material déag
85.8 CO sel eciriety in¥an oven by hea®liny for 1 hour and ¥dirg [lsXd at

selectivit 9 2Q o 87. 5 actiyation (%3
[err] convgrgézﬁeaafrature 0%0190 S.Egr > hours aid sug%?@@eé%lgélectivity
(9 calcned by heating for 30hz@uifsrarid detigwy iheéld qB9a _

0.46 temperathra? of 5098E€ELEVETHoh . COrhasedsan +PHE carugision

comprised 5.0% by weight rhodium.

Catalytic Partial Oxidation

A reactor was constructed comprising a transparent
sapphire tube mounted concentrically within an outer
transparent polycarbonate tube. The rhodium-containing
catalyst prepared as hereinbefore described was loaded
into the sapphire tube and retained'in the form of a
fixed bed of catalyst particles having a tortuosity of
1.5. Methane and oxygen, in sufficient amounts to give
an oxygen-to-carbon ratio of 0.59, were thoroughly mixed
just before being introduced into the reactor to contact
the fixed bed of catalyst. The mixture of methane and
oxygen was fed to the reactor at a pressure of 5 bara and
at a gas hourly space velocity (GHSV) of
1,240,000 Nl/kg/hr.

The operating temperature of the catalyst bed was
measured'by optical pyrometry. The composition of the

gas mixture leaving the reactor was measured by gas
chromatography. The conversion and the selectivity of
the process to carbon monoxide and hydrogen (on the basis
of methane converted) was determined. The operating
conditions of the reactor and the results of the
experiment are summarised in Table 1 hereinbelow.
Example 2

Catalyst Preparation

An aqueous solution containing rhodium chloride was

prepared as described in Example 1. The solution
contained rhodium in an amount of 10% by weight. Alpha
alumina extrudates (commercially available ex. Engelhard,
crushed to 30/80 mesh size, 10.0 g) were immersed in the
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2 selectivity to H2 based on CH4 conversion 3 calculated by |inear
regression of the data for the first 100 hours This is the repl acenent

sheet Date: 13  AUG 1996 Substitute sheet - 12 August 1996 - 18 -
Tabl e 2 Exanple 3 Exanpl e 4 Exarrplgjb%ﬂ%agwgett - 12 Audiiyt[vagé
Rh/[err] Rh/ al pha-[err] Operating Conditions Tenp. ([err])

1055 1100 1060-Pyessure (bara) 10

10 10 GHSV (1000 N /kg/h 3300 . 3300

3300 oxygenl cAEEENENGIPRed Solutich (L3 G) . The regulping mixture

0. 59 was agitated firstly on a rolling mill for 1 hour and
thereafter in a rotary drier for 1 hour. The resulting
v material was dried in an oven by heating for 1 hour and
being held at a temperature of 120°C for S hours and
subsequently calcined by heating for 5 hours and being
held at a temperature of 500°C for 1 hour. The resulting
catalyst comprised 5.0% by weight rhodium.
Catalytic Partial Oxidation
The catalyst prepared as described hereinbefore was
loaded into the apparatus and tested for activity in the
partial oxidation of methane using the same general
procedure described in Example 1. The operating
conditions of the reactor and the results of the
experiment are summarised in Table 1 hereinbelow.

Example 3
A catalyst comprising 5.0% by weight rhodium

supported on barium hexa-aluminate was prepared as
described in Example 1 hereinbefore. The catalyst was
loaded into the apparatus and tested for activity in the
catalytic partial oxidation of methane using the same _
general procedure described in Example 1. The operating
conditions of the reactor and the results of the
experiment are summarised in Table 2 hereinbelow.
Example 4 '_
- Catalyst Preparation
Lanthanum zirconate (LasZrp07) was prepared using the

following method: _

Lanthanum nitrate (La(NO3)3.6H20, 27.07 g) and
zirconium oxychloride (ZrOCly.8H20, 20.14 g) were
dissolved in demineralised water (200 ml). Citric acid
(30 g) was added to the resulting solution. The
resulting mixture was heated to evaporate the solvent,
leaving a solid material as residue. The solid material
was dried by heating in an oven to 140°C and being held
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ILnitial Performance [err] conv. (% 90. 4 86. 6

89.0 CO selecti- vity (1 92. 1 91.8 93.7
[err] selecti- vity (92 89.6 87.0 88.5
Performance after 100 hours3 [err] conv. (%Substi®$tedsheet - 12 August £998
79.3 CO selecti- vity (91 92.1 91.8 lerr]
[err] selecti- vity (%2 89.6 - 16 - 86.0 80.4

This is the re Ig&enent sheet 13 _AUG 1996 Substitute sheet - 12 August
1996 -19- Talfte Bqtohempsrakurp| foB 7 hogkgny dhgreatterg, tng o 5

resulting material was calcined in an oven by heating to
700°C over a period of 5 hours and being held at that

= temperature for 2 hours. Finally, the solid material was
heated at 1100°C for 5 hours.

- An aqueous solution containing rhodium chloride was
prepared as described in Example 1. The solution
contained rhodium in an amount of 10% by weight. The
lanthanum zirconate prepared as described hereabove (1.4
g) was immersed in the aforementioned solution (1.7 ml).
The resulting mixture was agitated firstly on a rolling
mill for 1 hour and thereafter in a rotary drier for 1
hour. The resulting material was dried in an oven by
heating for 1 hour and being held at a temperature of 120
°C for 5 hours and subsequently calcined by heating for 5
hours and being held at a temperature of 500°C for 1
hour. The resulting catalyst comprised 5.0% by weight
rhodium. '

Catalytic Partial Oxidation

The catalyst prepared as described hereinbefore was
loaded into the apparatus and tested for activity in the
partial oxidation of methane using the same general
procedure described in Example 1. The operating
conditions of the reactor and the results of the
experiment are summarised in Table 2 hereinbelow.
Example 5

A catalyst comprising 5.0% by weight rhodium
supported on alpha-alumina was prepared as described in
Example 2 hereinbefore. The catalyst was loaded into the
apparatus and tested for activity in the catalytic
partial oxidation of methane using the same general
procedure described in Example 1. The operating

conditions of the reactor and the results of the
experiment are summarised in Table 2 hereinbelow.
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Cat al yst Rh/[err] Rh/[err] Rh/ al pha-[err] Deactivation (%3

[err] conv. (@a 1.20 0. 30 10.90 CO selecti- vity
(99, .00 0. 00 0.80 H2 selecti- vity (9
0. 00 1. 10 9.20 1  sgpetitmblshde? -G2

to9
conversion 2 selectivity to H2 based on CH4 conversion 3 ca culated by
|l inear regression of the data for the firsty @0 hours for Exanples 3 and 4
and for the first 46 hours for Exanple 5 This is the replacenent sheet

Dat e: 13 AUG 1996 Substitute sheefabl@ol Aygust 1996 - 20 - T 9041 SIN
CLAI MS
_ Example 1 Example 2
v Catalyst Rh/BaAlj019 Rh/alpha-Al;03

Operating Conditions

Temperature (°C) ' 1030 1040
Pressure (bara) 5 ' 5

GHSV (1000 N1/kg/hr) 1240 1240
oxygen/carbon ratio 0.59 0.59

Initial Performance

CH4 conversion (%) ' 89.6 89.0
CO selectivity (%)1 . 91.0 91.5
Hp selectivity (%)2 90.4 88.8

Performance after 100 hours

CH4 conversion (%) 89.4 85.8
CO selectivity (%)1 91.0 91.2
Hy selectivity (%)2 - 90.0 87.5

Deactivation (%)3

CH4 conversion (%) - 0.15 3.63
CO selectivity (%) 0.07 0.29
Ho selectivity (%) _ 0.46 1.52

1 selectivity to CO based on CH4 conversion
selectivity to Hp based on CH4q conversion

3 calculated by linear regression of the data for the
first 100 hours
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1. A process for the catalytic partial oxidation of a nethane-containing
feed, which process conprises contacting a mxture of the feed and an
oxygen contai ni ng gas, which m xture has an oxygen to carbon ratio in the
range of from0.3 to 0.8, at a tenperature Oéuﬂétﬂ%tt?rshbgﬁm%oﬂh@ﬁéi 180¢ at
el evated pressure with a catalyst conprising a netal selected from G oup
VI{1 of the Periodic Table supported on_ajgefractory oxide having at |east
two cations. 2. A process according to claiml, characterised in that the
net hane- cont ai ni ng feed conprises met hai@Pi®h 4n anmount of at |east 50% by
vol une, preferably at |east 75% by volune, nore preferably at | east 80% by
vol unme. 3. A process accordi tq ei.f her clainms, 1 or characterised in
t hat the met hane-contai ni ng ’:Jf}%é[ﬁ&es at ur%lrx %rd associz‘?eff%IEP %155 4. A
proeess accor Gangliystany pr eieBard 16l0aign RiVdisgdryd-sed iRhfdbpha+l pOxt ure
conpri ses the nmethane- containing feed and the oxygen-containing gas in

amount s suf fi eremt—to—gi-ve—an—oxygerto—ecarbor—ratio—+n—the—range—of—F+om
‘0.3 to 0.8, pPpeeaiiing Gandikimms o 0.75, nore

Temp. (°C) 1055 _ 1100 1060
Pressure

(bara) 10 10 10
GHSV |

(1000 N1l/kg/hr} 3300 3300 3300
oxygen/carbon

ratio 0.59 0.59 0.59

Initial Performance

CH4 conv. (%) 90.4 86.6 89.0
CO selecti- . ' :
vity (%)1 92.1 91.8 93.7
"Hy selecti- .
vity (%)2 89.6 87.0 88.5

Performance after 100 hours3

CHq conv. (%) 89.3 86.3 , 79.3
CO selecti- _

vity (%)1 92.1 91.8 93.05
Ho selecti- |

vity (%)2 © 89.6 86.0 ' 80.4
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preferably fromO0.45 to 0.65. 5. A process according to any preceding
claim characterised in that the mxture is contacted with the catal yst at
a pressure in the range of up to 150 bara, preferably in the range of from
5 to 100 bara, nore preferably from10 to 753%}&]&“@.3%3@[0@%% ofelree, P als)
to any preceding claim characterised in that the mxture is contacted with
the catalyst at a tenperature in the ranggqgf. from 1000 to 1300[err],
preferably from 1000 to 1200[err]. This is the replacenent sheet Date:
13 AUG 1996 Substitute sheet - I2bAggdsi(cpagad) 21 - 7. A process
according to any preceding claim characterised in that the mxture is
provi ded at a space velocity_ in the range of from 20,000 fo_ 100, 0Q0, 000
Ni/ kg/ hr, preferably from 50 ﬂ% 3 Exampf%_f Examp?e 3

7 Catalyst Rh/BaAlj2019 Rh/LajyZry07 Rh/alpha-Al503

Deactivation (%)3

CH4 conv. (%) 1.20 0.30 10.90
CO selecti- :
vity (%) 0.00 0.00 0.80
Hp selecti- ' :

vity (%) 0.00 . 1.10 9.20

1 selectivity to CO based on CH4 conversion
selectivity to Hp based on CHy4 conversion

3 calculated by linear regression of the data for the
first 60 hours for Examples 3 and 4 and for the first
46 hours for Example 5
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50, 000, 000 N1/ kg/hr, nore preferably from 500,000 to 30,000,000 N /kg/hr.
8. A process according to any preceding claim characterised in that the
netal selected from Goup VIII of the Periodic Table is ruthenium rhodium
pal | adium. osmium iridiumor platinum pref Yid- i r@ﬁ¢1@§ r
iridium 9. A process according to any precéﬁﬁﬁghdfagkgﬁghg?g%% rised ?n
that the refractory oxide is a binary or 2@ ternary oxide, preferably a

bi nary oxide. 10. A process according to any preceding claing gaaéaggiiised

in that the refractory oxide conprises two or nore cations, ed
fromGoups IA IIA II11A and VA and Lh& IrdnSition netals, preferably
selected fromGoups IA IIA I1IIA 111B |1VA and IVB and the | ant hani des.

11. A process according to claim 10, characterised in that the refractory
oxide conprides & RrREesHnforathercakabrtie pavhid oopsdanion afapd 111B

and at |east piihLrdi b £l RLAGIEEEQM (L DR SpLbedss| ¥ompReskY¥B, preferably

at;least Oneéﬁ%ééﬁkgééwg(%fy uéépégrtﬂélgzggdag égaggygen containing
gas, which mixture has an oxygen to carbon ratio in the
range of from 0.3 to 0.8, at a temperature of greater
than 900°C and at elevated pressure with a catalyst
comprising a metal selected from Group VIII of the
Periodic Table supported on a refractory oxide having at
least two cations. _
2. A process according to claim 1, characterised in that
the methane-containing feed comprises methane in an
amount of at least 50% by volume, preferably at least 75%
by volume, more preferably at least 80% by volume.
3. A process according to either of claims 1 or 2,
characterised in that the methane-containing feed is
natural gas or associated gas.
4. A process according to any preceding claim,
characterised in that the mixture comprises the methane-
containing feed and the oxygen-containing gas in amounts
sufficient to give an oxygen-to-carbon ratio in the range
of from 0.3 to 0.8} preferably from 0.45 to 0.75, more
preferably from 0.45 to 0.65.
5. A process according to any preceding claim,
characterised in that the mixture is contacted with the
catalyst at a pressure in the range of up to 150 bara,
preferably in the range of from 5 to 100 bara, more
preferably from 10 to 75 bara.
6. A process according to any preceding claim,
characterised in that the mixture is contacted with the
catalyst at a temperature in the range of from 1000 to
1300°C, preferably from 1000 to 1200°C.

This is the replacement sheet

AN o



one cation fromGoup IIlAor I1VB. 12. A process according to claim 11,
characterised in that the refractory oxide conprises as cations barium and
al um ni um or | ant hanum and zirconium 13. A process according to any
preceding claim characterised in that catal ggbsfifute@haeted 2 August Xevded
arrangenment, preferably a fixed bed arrangenent having a high tortuosity,
nore preferably having a tortuosity in #hglrange of from1l.1 to 5.0. This

Car bon monoxi 96 o Braeesen AMeoread bt gl pusye it i o 77 it

any of cl ai mschargctericey TeOLhREE Thies nixkture rigpIRrshiedad stited $paee 13

AUG 1996 velocity in the range of from 20,000 to

- 100,000,000 N1l/kg/hr, preferably from 50,000 to
50,000,000 N1l/kg/hr, more preferably from 500,000 to
s 30,000,000 N1/kg/hr. |

8. A process according to any preceding claim,
characterised in that the metal selected from Group VIII
of the Periodic Table is ruthenium, rhodium, palladium,
osmium, iridium or platinum, preferably ruthenium,
rhodium or iridium.
9. A process according to any preceding claim,
characterised in that the refractory oxide is a binary or
a ternary oxide, preferably a binary oxide.
10. A process according to any preceding claim,
characterised in that the refractory oxide comprises two -
or more cations, each selected from Groups IA, IIA, IIIA
and IVA and the transition metals, preferably selected
from Groups IA, IIA, IIIA, IIIB, IVA and IVB and the
lanthanides.
11. A process according to claim 10, characterised in
that the refractory oxide comprises at least one cation
selected from Groups IA, IIA and IIIB and at least one
cation selected from Groups IIIA, IVA and IVB, preferably
at least one cation from Group IIA or IIIB and at least
one cation from Group IIIA or IVB.
12. A process according to claim 11, characterised in
that the refractory oxide comprises as cations barium and
aluminium or lanthanum and zirconium.
13. A process according to any preceding claim,
characterised in that catalyst is retained in a fixed bed
arrangement, preferably a fixed bed arrangement having a
high tortuosity, more preferably having a tortuosity in
the range of from 1.1 to 5.0.
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14. Carbon monoxide or hydrogen whenever prepared by a
process as defined in any of claims 1 to 13.
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ABSTRACT

PROCESS FOR THE CATALYTIC PARTIAL OXIDATION OF
- HYDROCARBONS

A process for the catalytic partial oxidation of
hydrocarbons comprises contacting a mixture of a methane-
containing feed and an oxygen containing gas, which
mixture has an oxygen to carbon ratio in the range of
from 0.3 to 0.8, at a temperature of greater than 900°C
and at elevated pressure with a catalyst comprising a
metal selected from Group VIII of the Periodic Table
supported on a refractory oxide having at least two
cations. ' .
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