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- METAL CATALYST AND METHOD OF PREPARATI ON AND USE CROSS REFERENCE P& Sep 2006
.RELATED APPLI CATIONS 5 This application is a continuation-in-part of

“eabarye e par INMHEENE: 57 ' s ook ons™: 751 o on Nren 2. 2000, and

Serial No. 09/788,4k3iks+« entitled "Catalytic Partial Oxidation of

Hydr ocarbons”, filed on February 21, 2001, both of which are herein

~incorporated by reference. 10 FIELD OF THE | NVENTI ON The present invention
rel ates generally to a netal catalyst, its method of preparation and its
use in catal yti CN%TALZEAEMT RMETHOR OB BREP AIRA BRONGRNDNDSEF  THE

| NVENTI ON The conversion of hydrocarbons to hydrogen and carbon nonoxi de

containing gases is well known in the art. Exanples of such processes

i ncl ude cat alQROSS REFERENCE TR ATEDPNPPE fEATRING At al ytic reforning,
catalytic partial oxidation and non-catalytrc partial oxidation. Each of
t hese processes has advant ages and di sadvantages and produce vari ous
rati os of hydrogeq,and arbon nmonoxi de, al so known as synt hesis gas.

Partial oXidation i 3R IS A FPEINaLeR IR RAhRE PRPENdINg el BBteRbon gas, such
as 25 et NaagyliAlenGer XGL 098 9B, Mnflflod ¥ CatalFHE Batihl Bilaridll §¢ cONt act ed

with a catalyst at elevated tenperatures to produce reac h product
cont ai ni ng hitydrazertoestt, fiktd ambianth 2, 2900,epd SepnlNG. W78 4BTNexitRa. "Chhytic
catal ysts us?d jp thdese prﬁg{g?ose are typically noble netals, such as
pl atinum or FAGE P¥idagpgof CRbgnss; filegonfisbaiasy 2L 2001 Aot pEwhichame a

sui tabl e SUpR@feln incorporated by reference.

10
FIELD OF THE INVENTION
The present invention relates generally to a metal catalyst, its method of
preparation and its use in catalytic partial oxidation of hydrocarbons.
15

BACKGROUND OF THE INVENTION

The conversion of hydrocarbons to hydrogen and carbon monoxide containing
gases is well known in the art. Examples of such processes include catalytic steam
20  reforming, autothermal catalytic reforming, catalytic partial oxidation and non-catalytic
partial oxidation. Each of these processes has advantages and disadvantages and

produce various ratios of hydrogen and carbon monoxide, also known as synthesis gas.

Partial oxidation is an exothermic reaction wherein a hydrocarbon gas, such as
25  methane, and an oxygen-containing gas, such as air, are contacted with a catalyst at
elevated temperatures to produce a reaction product containing high concentrations of
hydrogen and carbon monoxide. The catalysts used in these processes are typically
noble metals, such as platinum or rhodium, and other transition metals, such as nickel on
a suitable support.
30
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*Cc00002* 0 4 SEP 2006 2 Partial oxidation processes convert hydrocarbon
‘ggntaining gases, such as natural gas or naphtha to hydrogen (H2),0 ¢aggpopps
.monoxi de (CO) and other trace conponents such as carbon dioxide (C02),
water (H20 and other hydrocarbons. The process is typically carried out
by injecting preheated hydrocarbons and an oxygen 5 containing gas into a
" combustion chanber where oxidation of the hydrocarbons occurs wth |ess
t han stoichionetric anbunts of oxygen forzconplete combustion. This
reaction is conducted at very high tenperatures, such as in excess of 700C

i .of 1 000C, d pressures up to 150 atnospheres. In
ome T oact L‘ns,ex2?@ivﬁerfaawrea%?eawBev%hqumonm%g e ouhust | on
i ' \ e ratio of
2 10 00 Nor o radenen SIPRIATE b oan (12 Rl onBRBe LCOTHl Shuimie .l oced 1 n

whi ch the hydmpoverttosuchas cirborcdingkide (€O, Wivtater (D) B8TRr BRIFOGBIHRI T?é‘s at
hi gh space velocities.i the presence of a catalyst such” as a neta

deposited on P&O%%léﬂ&l%'ﬁg GREEISH out bMiéieEBnmwbﬁathﬁ}dmprbg_nswm o'xytgﬁxg?nat ed
i : - ' |ladiumar. r iU or, 0

Lransition menyaing s i BlrBluddThalBer Pk BiRhvioralas Hbhaaarons ocurs

Typical l'y, t véttelessthal stbishistRRi dnsoudfsto fX9BR i%gcérﬁﬁgﬂe%%bgst{o fe | tory or

ceramic materials, such as alumna, zirconra, magnesia an e. 'Duri ng
oper ati on of T¢a¢HRis Gopduatedatyerythigh tapnperatures; ouchf aseénlexpassst 7008 and often in

oxygen- cont ai.gj e;initially 20 contacted with the netal catalyst
at y? enper at uregg&?ﬂggégé’gg&%ﬁprgﬁﬁfu %fbfg%?wsp resx dp some gactgmecteanner at a

ndard gas QO eMed REd thY cbiHRN I i g A
:}[gnifica%t dr awbagﬂssgfqﬁh%tseﬁ%dr%r&art Sg&%ﬁr&}!&&?xﬁ%ﬁ@% r%lsséggﬁss is the
relativell) hipgefuckansde adiusighe mtjoiof Bdtd 60.i nitiating the reaction. As stated
above, the 25 partial oxidation reaction is exothermc and once the
reaction is started, the heat of the reaction will maintain the el evated

tenperature w t howoreReeeffifliphttfNoRfatfoll f683kes BGG been disclosed in which the

hydrocarbon gas is contacted with the oxygen-containing gas at high space velocities in

the presence of a catalyst such as a metal deposited on a monolith support. The

15 monolith supports are impregnated with a noble metal such as platinum, palladium or
rhodium, or other transition metals such as nickel, cobalt, chromium and the like.
Typically, these monolith supports are prepared from solid refractory or ceramic
materials such as alumina, zirconia, magnesia and the like. During operation of these
reactions, the hydrocarbon feed gases and oxygen-containing gases are initially

20  contacted with the metal catalyst at temperatures in excess of 350°C, typically in excess
of 600°C, and at a standard gas hourly space velocity (GHSV) of over 100,000 hr™'.

A significant drawback of these prior art partial oxidation processes is the
relatively high temperature required for initiating the reaction. As stated above, the
25  partial oxidation reaction is exothermic and once the reaction is started, the heat of the
reaction will maintain the elevated temperature without the addition of external heat
energy. However, since the process requires temperatures in excess of about 350°C to
start or initiate the reaction, an external heat source is often required. Of course, this

requires additional capital costs and adds engineering complexities to the process



energy. However, since the process requires tenperatures in excess of about
+ 350C to start or initiate the reaction, an external heat source ik* SEPe#lb
.required. O course, this requires additional capital costs and adds

engi neering conplexities to the process 0 4 S E P 2006 3 thereby reducing
its commercial attractiveness. Therefore, there is an ongoi ng need for

“other alternative nethods of initiating the reaction at | ower tenperatures.
Furthernore, during the formation of syntyesis gas by partial oxidation of
5 hydrocarbons, small anobunts of H20O and CO2 are also fornmed as a result of

conbusti on rﬁlacﬁ)iyon .. The conbustion reactions are not desirabl e because
they conpet BCHEOY Feduaingts commerdiyl afzactiyeness abheredores heretip an angaingnsed fosxy gen

source, and psidilomaite hitfdls bEARiRKD BRLEELERIVRLAE Rhtfanlde hydr ocar bons.

Thus, it is desira O mnimze tAe formtion O sti'on products
such as H20 and CO2 and increase 10 the selectivity for desired products
such as H2 and CO_ SUWVARY OF THE | NVENTI ON One aspect of the present

i nvention provi de§uthsrmogs, duang thedprraaios; ofsyrifesisgasdyanartialiaxydatipn af met al

orteck b c i i Q ceram ¢ nonolith; erein the
?rglto gl i sdjse?/}éc ré%[r (?hc?fn&g%ﬂ F‘gg'g[%égﬁg?@fanﬁ@@eaﬁ g‘&%&ﬁr’t“? as aSERt At i num
pal I adi um i édreibustion rébRHOEN THelORRIUsHER reabiRtss Ura 121 deSisdbl4BacabtanEer ami ¢ is

selected fromat |east one of zirconia, alumna, yttria, titanic,

magnesi a, ceforapeewithdhepastipk exidatipndeadtion derrthe availablerux ygers seuross agdhtespler cent
bet ween about 5% apnd abou 0% w th respect to e cergn.c nolith. In
one enbodi ne%l?v%eﬁguagg%(%%&ef gogv%r&og@?g}be k.fyldg?ﬁaﬁ’[ons'l i‘gg% 195 e%Tab%DtPconi a,
yttria, titamidmifeaegsrnhtiofof BoRbestoApibRIcssdch &m&dj‘apd NGl ifiredsB®
invention provides a nmethod of preparing a netal catalyst,” conprising: (a)
provi di nif a thermsalertivitpfoodesited pfdductsaunh agHaandk€Da coating 25 over the

ceram c nonolith; (c) incorporating a netal into the ceria coating to form
a nmetal -inpregnated ceria coating; and (d) exposing the netal -inpregnated

ceria coati g@mégyggum@mgm@ﬂnent; wherein the netal is selected
fromat |east one o

One aspect of the present invention provides a metal catalyst consisting
15  essentially of a metal supported by a ceria coating disposed on a ceramic monolith;
wherein the metal is selected from at least one of nickel, cobalt, iron, platinum,
palladium, iridium, rhenium, ruthenium, rhodium and osmium; the ceramic is selected
from at least one of zirconia, alumina, yttria, titania, magnesia, ceria and cordierite;
and the ceria coating has a weight percent between about 5% and about 30% with
20  respect to the ceramic monolith. In one embodiment, the ceramic is selected from at

least one of zirconia, yttria, titania, magnesia ceria and cordierite.

Another aspect of the invention provides a method of preparing a metal
catalyst, comprising: (a) providing a ceramic monolith; (b) forming a ceria coating
25  over the ceramic monolith; (c) incorporating a metal into the ceria coating to form a
metal-impregnated ceria coating; and (d) exposing the metal-impregnated ceria
coating to a reducing environment; wherein the metal is selected from at least one of
nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium and
osmium; the ceramic is selected from at least one of zirconia, alumina, yttria, titania,

30  magnesia, ceria and cordierite; and the ceria coating has a weight percent between



ni ckel, cobalt, iron, platinum palladium iridium rhenium rut heni0u4m
- rhodiumand osmun the ceramic is selected fromat |east one of zi rcgﬁfaz,ms
.alumina, yttria, titania, 30 magnesia, ceria and cordierite; and the ceria
coating has a weight percent between 0 4 S E P 2006 4 about 5% and about
30%with respect to the ceramic nonolith. In one embodinent, the ceramc
"is selected fromat |east one of zirconia, yttria, titania, nagnesia, ceria
and cordierite. 5 According to yet another aspect of the invention, a
process is provided for the partial oxidation of hydrocarbons to produce
hydrogen and carbon nmonoxi de. The process conprises contacting a feed gas

m xture cont a9t A% andraberbIRerth @alsechwdhaneramglenol@thn}habm ergbagtiment, t h a
catal ytical |l y ef ive,a t of,a.reduced netal . catal yst consistin
cosentiaiy BeeaE i RIRTA N m Al 3 oRe T Pleih ry BedayBaesty tenand

ceram ¢ nonotéidferitavherein the netal is selected fromat | east one of

ni ckel, cobalt, iron, platinum palladium iridium rhenium ruthenium
rhodi um and osmium and the partial oxidation has an initiation N 15
tenperatus e of bel,ow gbout 250C., DETAI L DESCRI, PTI ON OF THE | NVENTI

Th(rarp pr esgé;\t invenﬁcﬁ?fgmﬁgtyggmﬁ%éF‘SaquEI‘I’Eft[%Be WVIRHRR, aprecess siPrayided 108 theet hod

of  preparat pgfial &ﬁd#ﬁ%f@&ﬂﬁc&boﬁ@@ﬁkd@% %ﬁrg) f‘f‘f%&éﬁ%g}gpg Qelippire

catal yst structure including the netal, e ‘and any
coating | ayeprosessramprisesstantecting e feqdrgay indetire dansining abydeocanmighs asd oy, the
netal catalyst contajns a transition or_noble 20 netal nated in a

] I npre
ceria coati nGXYEE)EPIGURRS EsHIth  catalylicalhy ?ff%ﬁ%ﬂmﬁhntﬁfwggw metaln one

Pydr ocar bons PR SxfRial bruhR sdpftRlel i A R ossd o o

net al di Eper séramicomenolithewhereini the aréd if@land fedh ankeastope of fickélesdbarance to
be achieved with a nuch smaller anmount of netal conpared to conventional
catal ysts pr BpRPiaingm, pylladiwe iridugn feginss, ruthgmium, thodium and osmium, and the

partial oxidation has an initiation temperature of below about 250°C.

DETAILED DESCRIPTION OF THE INVENTION
15
The present invention relates generally to a metal catalyst and its method of
preparation. As used herein, "metal catalyst" refers to the entire catalyst structure
including the metal, the monolith substrate and any coating layer or matrix structure
provided thereon. More specifically, the metal catalyst contains a transition or noble
20  metal impregnated in a ceria coating layer supported by a ceramic monolith substrate.
In one embodiment, the metal catalyst is used in partial oxidation of hydrocarbons.
The metal catalyst prepared in this manner has excellent metal dispersion over the
ceria coating and allows superior performance to be achieved with a much smaller
amount of metal compared to conventional catalysts prepared using other techniques.
25
A monolith support is generally a ceramic foam-like or porous structure
formed from a single structural unit having passages disposed in either an irregular or
regular pattern with spacing between adjacent passages. Examples of such irregularly
patterned monolith substrates include filters used for molten metals. Examples of

30  regularly patterned substrates include monolith honeycomb supports used for



A monolith support is generally a ceram c foamlike or porous strucpyrecp
. formed froma single structural unit having passages di sposed in either a
cirregular or regular pattern with spacing between adj acent passages.
Exanpl es of such irregularly patterned nonolith substrates include filters
used for nolten netals. Exanples of 30 regularly patterned substrates
“include nonolith honeyconb supports used for 0 4 SEP 2006 5 purifying
exhausts from notor vehicles and used in various chem cal processes.
Preferred are the ceranic foam structuresShaving irregul ar passages. Both
types of nonolith support structures nmade from conventional refractory or
cerani ¢ mat epurfying exhabstafroal moion&chicles andused i tvhriows chepicalprdcugses t her eof
are well kno and 5 commercjally available from anong others, Corning,
I nc.; Vesuvi ggﬁfﬂire-drgé the eszamgie feam siryetures haningdrrogular passages: Bothviyresiod s,

Inc. As disc i urface ar f certain nonol.ithic
supports ¢ aﬁ?ggl %gy(lﬁ'rt] gtrrg‘églgg 1‘%9 © E@g’b TR éo%?FegfaF%& 8 SFramRicdPatelaly e
support | ayesudhrustanenih@, Zitvoaid, iitrif)ahe heixBiréaesbl) dreoaélakydvisanet al on the
support |ayer. Such support coatings nay include alumna, beryllia,

zi r coni a,? bafPrEmMErqiHiHYailablg feost, amosi otless, Comiingclond Mestviendi-Ther eof . I n

t he case of um.na, ¢ in ne or, re .of. the oxides of | anthanum
cerium prasggryr#wga &%@Eé@‘:‘mﬁ%‘gﬁmalf’ﬂn&munts of about 2-10 wt. %
of the stabilized coating, can be provided as a stabilizer against
undesirabl e phase 15 transition of the alunmina support coating. It is known
that ceria, a staldsglisclased int@S 6y038,234, the surfime arce dbzerfairomendlithie sipygirtscan  be

enhanced in the presence af netal or .nmetal oxjde, Recently, a ceria
monol i t h hascmb‘gg%bwgﬁa?eﬁ bé’adr‘?B?Sé‘l‘“ Tectory mefalaxids swpperh laveramotied parti al

oxi dat i o1Q pr 8feRsB8th isHd ] < ' t i cations
00/ 517, 830, D R AP R P o P P o PRl SRR
partial oxi detyduchaie diyminecleryitinicenaiariaiahirinatresbnadia silicaf andel y | ow

t enper at ures usbig‘gt[ia reduceg’émst al catalyst containing a transition or

nobl e metal SOIPPHAE thereef: dnthesasanignialiming eeating; ong or mase gfithe erides ef on

lanthanum, cerium, praseodymium, among others, usually in amounts of about 2-10 wt.

r%UOG

% of the stabilized coating, can be provided as a stabilizer against undesirable phase

15 transition of the alumina support coating.

It is known that ceria, a stable fluorite-type oxide, has redox properties that can
be enhanced in the presence of a metal or metal oxide. Recently, a ceria monolith has
been used in a metal catalyst to provide an improved partial oxidation process. As

20  disclosed in co-pending US patent applications 09/517,830 and 09/788,487
(publication US 2001/0041159 A1), catalytic partial oxidation of hydrocarbons can be
initiated at relatively low temperatures using a reduced metal catalyst containing a
transition or noble metal supported by a ceria monolith, resulting in high conversion
of the hydrocarbon and high product selectivity.

25

By using a ceria-coated monolith, the present invention provides an alternative
to the ceria monolith of the above co-pending applications in which the amount of
ceria and metal loading required for such enhanced catalytic effects are si gnificantly
reduced. In one illustrative embodiment, excellent performance results are achieved

30 for the partial oxidation of CH, using about 0.2% rhodium dispersed on a ceria-coated



of the hydrocarbon and hi gh product selectivity. 25 By using a ceri a-coated
_monolith, the present invention provides an alternative to the cerd& SEP 2005
.nonolith of the above co-pending applications in which the amount of ceria
and netal |oading required for such enhanced catalytic effects are
significantly reduced. In one illustrative enbodi nent, excellent
“performance results are achieved 30 for the partial oxidation of CH4 using
about 0. 2% rhodi um di spersed on a ceria-coated 0 4 S E P 2006 6 zirconia
nmonolith. Furthernore, the ceria-coated ménolith can readily be scal ed up,
whi | e avoiding potential fabrication problens as discussed bel ow. For
commer ci al apptomwanianedith. Furtherrors; the cerimobatedimoolith.caf kelil§be sbaAsd @phout 3"
5 di aneter, isrm%ene{dal Ié desi rei)d_. However, ceria becones very brittle at

t enper at ur es VIRegYRdIRg Aotenfial fabrigaiaen prohlemsasdiscussed helomobl ens have been
encountered for larger size nonoliths due to nechanical stress under
certain processing conditions. For exanple, a nonolith substrate nmade of
pure ceria, whi ch Foasomnrepdigitapplitations,ghlatdeaizsihondiMnaNS] @BateO®bA hisdyent . may
experiencg substantial shrinkage upon cooling during the 10 fabrication
process. Bi ngéan%“é‘?rr B &?&graayﬁﬁagwddéﬁmvy; cang g@@m%@#ﬂdbrdtlsat teppemhges bow

under its own:wel o OpeHaLl on. .at _hi.gh t ratures. It 1s, believed
that such s }éﬁﬁtg{gaé ag?ﬁtﬁ@gh(g’n@gg%&&a}lgg?rc}bg?m Feml% S ENGOYNIFEEY ’{95 lagger e acks
in |arger nosigkinidholishstiven@hfshanfehl bHESsREE celdin f8csGhb BbRdiGaH2!BEk C

reactions, the tenperature can often rise to above 1000C, posing potenti al
reliability eEXaople, 4 monehthsuhsiratempgde of pumeesda, othich Baspurentivelyitdgh fhlinsal

probl em can Qver co by . the present invention, in which a ceria _coating
i s formed ovggpatlﬁ]eonccé’gg}’ﬁl t’rfBWo‘?’ﬁpteﬂerbcéafsb‘ Yanyal shripkaee ypon coplingdugingthey) |

Enhancedi@at #bichoPBfobeds T8GR ckia AsdU El‘gﬁq!ieiféi%"f“a'iz{? e &&ld cf}scgﬂ? %% B olith

provi ding 20 excellent netal dispersioncharacteristics an nically
strong and t baderdtsiown weight duringmperationiat highitghperatfasc dt abelievednhgenet al |,
t he nmonolith mal}i(have alg)or.o§ité/ . . .
shrinkage or mechanical stress result in the formation of cracks in larger monolith
substrates. Furthermore, during certain catalytic reactions, the temperature can often

rise to above 1000°C, posing potential reliability issues for catalyst supports made of

15  pure ceria.

This problem can be overcome by the present invention, in which a ceria
coating is formed over the ceramic monolith before the incorporation of a metal.
Enhanced catalytic performance is achieved with the ceria-coated monolith providing

20 excellent metal dispersion characteristics and a mechanically strong and thermally
stable support with high surface area. In general, the monolith may have a porosity
between about 10 and about 100 pores per inch (ppi), and comprises a ceramic
material that is compatible with the ceria coating - i.e., without causing adverse effect
on the metal catalyst. Such ceramics may include refractory oxides such as zirconia,

25  alumina, yttria, titania, magnesia, cordierite, and combinations thereof, among others.

Of course, depending on the specific process and applications, ceria can still be used
as the base monolith, especially if fabrication issues are not of concern. Furthermore,

the monolith may comprise combinations of one or more of these and other ceramics.



bet ween about 10 and about 100 pores per inch (ppi), and conprises a
ceramic material that is conpatible with the ceria coating - i.e., 'quqﬁ%
.causi ng adverse effect on the netal catalyst. Such ceram cs may include
refractory oxides such as zirconia, 25 alumna, yttria, titania, nagnesia,
cordierite, and conbinations thereof, anong others. O course, depending
"on the specific process and applications, ceria can still be used as the
base nonolith, especially if fabrication i-ssues are not of concern.
Furthernore, the nonolith may conprise cgnbinations of one or nore of

t hese and other ceramcs. 0 4 S E P 2006, 7 The netal catalyst of the
present invention aMeratalyst of the neseat inyentionzpah geyerally bpnsedds s variety of

appl i cations l.al . oxj.dat | shift..reaction st eam.r ef or m ng,
chbon di ox P{i(gcergse &B %Mndgr]l@’oer‘gb#%g%i %QP%%%’ SRt gsas 897"&?{5%‘3@8&% .caIﬁ%Khever,
when al um na dicxiderestisg bihethesctive ekidatio 'xbbes@esc_qm@e\?e?,%ﬁe{hgahf&iﬁﬁ is

y

resulting catal yst has been found to 5 date to be significant ess

ef fective fomsghbastthepassmenplitwitbfa deyidrcoating Sresresulting caalysiiae bedrt fotuabtobeen
found that, w lys avi apqut . 0..5% | oadjng _on a 10

Wt . % cer i g- c\gg{eggl%ggﬁlnﬁinca ﬁ%%#ffﬁc?w fﬁ?ﬁ’ﬁffﬁ&%?‘g‘&Pmﬁgwoe&W%moa not be
initiated everamdplepit hepRhabuiEthal waoHnehpe ' L&hyr e
conpri si ng abou% 64. 2% by vol une CH4, agout%lgg?(%oglﬁaa\%ﬁﬁ&ﬁ%‘%ﬁh %élggd
about 1.7% byna0 Ot Yresriafcoated atunzing pemelithe partinl gxiddti s CH L&0IORA bBf 1) .
Whi [ e not inﬁ}eﬁdti (ri\g totbet bound t theoré, jt,is believed that a
structural cHEHHEY PLE\A' REPFTABIE Qhabawt 4rA & (using afeed gasrmizdure gomprisiag uni na
may be respogshitled. by BRI g{\#‘]f A Ne f ect ..,However, .it
i's believed that enhanted caetagiﬁf/’ﬁbg e '%ﬂf‘%@‘%ﬁ?éf“@é@ gbﬁ h°tan be

obt ai ned1@t aphimer &N girRcpessieioritywTdbbiolsy, 00 ha'y, WHilE het RRndaprsBE S of
metal 15 | oagi {11!? orhceri.a. Ch()?ﬂti ng wi th additional experimentation. For the
purpose of pRPYHdC thery.dhisitshersd thotp shEugtwalehangs resultipg &fosr abingeradtian t he
monol ith be gagle ] I k at, | t ~one of, zirconia,
yttria, titania, eﬁggﬁaegggﬂ?ggﬁ %E%ﬁg}egg?%‘llbg?hrg}}e ﬁ?ﬁ OQF‘EL}‘?'PH%Q qalalyfied at
all, it is peffear duvwevpr, ésie beliord thatknhafeB bAta BB BifbctTor GitilIOxM4BbA can

adver se irrpa%t n.the 3p}i vity of the netal cat al(;/st.
¢ obtained at different processing conditions or with different amounts of metal

15 loading or ceria coating with additional experimentation. For the purpose of partial
oxidation of hydrocarbons, it is preferable that the monolith be made of a ceramic
selected from at least one of zirconia, yttria, titania, magnesia, ceria and cordierite. If
alumina is used at all, it is preferably present only in a small amount so as to avoid
adverse impact on the activity of the metal catalyst.

20

Two approaches have been used for preparing the metal catalyst of the present
invention. In one approach, a ceria coating is formed on a monolith by exposing the
monolith substrate to a suitable source containing cerjum, €.g., a cerium salt solution.
A metal is then incorporated into the ceria coating in a subsequent step. In the other

25  approach, the morphology of the monolith surface is modified by introducing a
matrix-forming agent, so that a porous matrix structure is formed over the monolith.
A ceria layer is then coated over the matrix structure, followed by impregnation with
the metal. The strong adhesion between the ceria coating and the matrix or monolith

substrate provides a metal catalyst that remains mechanically strong even under severe



20 Two approaches have been used for preparing the netal catalyst of the

. present invention. In one approach, a ceria coating is formed on &4 SEP 2008
.monolith by exposing the nonolith substrate to a suitable source
containing cerium e.g., a ceriumsalt solution. A netal is then

I ncorporated into the ceria coating in a subsequent step. In the other 25
“approach, the norphology of the nonolith surface is nodified by introducing
a matri x-form ng agent, so that a porous trix structure is forned over
the nonolith. A ceria layer is then coated over the matrix structure,
fol l owed by inpregnation with the metal. The strong adhesion between the
ceria coat i nBrogess conditins dmmg)fabmmmqr meactiohs t Dethids of the proparationef e

catal yst that hani cal | trong even under severe 0 4 SEP 2006 8
process condfntef gg%alaﬁtrgﬁgbef%fﬁ?qn&eél{l? 'or reactions. Details of the
preparation of the netal catalyst will be presented bel ow. Al though the
nonol ith substrate used in the present invention is coated wwth a 5 |ayer
of ceria (ceri um Aitbmaghethe nsorolixt substratt uset intthe preseif Snwiintibn (SabutedwitHae 3+
oxi dat i on, st and Ce203) can al so be used. used herein,

the term>"c FraOf(CQHEK?e"l“H’CO%BH’él%IaIm‘P‘B’rrFrﬁf eATIWR PRIGAS Withdeet andCejeneral , the
ceri a coat | nguiaial R8Pl 0B PADECIRELAILY Vel SOTPISE 15,01

cerium oxi des. However pOsSI 51 corrp05| es or

ot her cer ani tcedn" stedlrinclude yil ffahfsrdfabﬁumfbxi;les ﬁpgelﬁrdl%@béﬁticohﬁ?( by wei ght
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The ceria-coated monolith substrates provide superior performance compared
15 to conventional monolith substrates made primarily from other ceramic materials such
as alumina, zirconia and mixtures of such materials. Ceria is known to have oxygen
storage capacity and can exchange a certain amount of oxygen atoms from its
structure with the surrounding atmosphere, depending on the availability or lack of
oxygen in the surrounding. For certain applications, it is preferable that the metal and
20  the ceria-coating be reduced prior to being used in a catalytic process. When oxygen-
starved in this manner, ceria is found to have a very strong affinity for oxygen, and the
subsequent oxygen uptake can be exothermic, generating localized high temperatures.
In addition, in the presence of ceria, the metal remains in a substantially reduced form
thereby rendering it catalytically more active. It is believed that this occurs because

25  oxygen is picked up preferentially by ceria instead of by the metal.

In conventional practice with monolith-based catalysts, a wash coat
comprising a thin layer of refractory material may be applied to the monolith in order
to increase the surface area. Typically, the surface area of the substrate (with

30  reference to each gram of the monolith) can be increased from less than about
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cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium and osmium;

15 with nickel, platinum, palladium and rhodium being preferred. More preferred are
nickel and rhodium. The most preferred metal of this group is thodium. The metals
may be present on the monolith substrate in the form of metals, metal oxides, metal
halides or other metal salts prior to being reduced. Upon reduction, as described
below, the metals will be substantially in the metallic form. Generally, about 0.2% to

20  about 5% by weight of the metal (referenced to the weight of the monolith substrate)
can be deposited on the ceria-coated monolith substrate, although higher percentages

may also be used as necessary.

Metal catalysts of the present invention are found to provide catalytic activities
25  that are superior to conventional catalyst systems, allowing the use of smaller amounts
of metal than otherwise possible. For example, the inventive preparation method
provides significant improvement in metal dispersion and allows higher catalytic
performance to be achieved (e.g., over 90% CH, conversion and product selectivity)

with smaller amounts of metal, e.g., less than about 5 wt.%, and preferably, less than
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reacti on condjti opf high t rature and 15 hi gh space velocity, e.g.,
about 1000C &8 ugﬂg)cg %95@38&‘&63’%3‘? Z‘D%E'WBQFWTI% ©of ceria is formed on the
surface of the base monolith. The bonding between the ceria coating and the monolith
is sufficiently strong to withstand severe reaction conditions of hi gh temperature and

15 high space velocity, e.g., about 1000°C and space velocity of about 400,000 hr.

Different cerium salts such as cerium nitrate, cerium chloride, cerium
ammonium nitrate, among others, can be used as a source of cerium to form the ceria
coating. It is known that the solubility of cerium nitrate increases dramatically with

20  temperature. Thus, in one embodiment, a super-concentrated cerium nitrate solution,
¢.g., about 30-40 wt. %, is first prepared at a temperature of about 60°C. Upon
cooling to room temperature, the solution becomes a slightly sticky, transparent gel.
The ceramic monolith is immersed in the gel for about 1 hour, and dried under
vacuum at room temperature for about 2 hours, resulting in the formation of a layer of

25  ceria over the monolith surface. The ceria-coated monolith is then heated or calcined
at about 500°C in air in order to decompose any remaining salts and to insure good

bonding between the monolith and the ceria coating.

To achieve catalytic performance often desired in commercial applications, the

30  ceria coating should preferably be present in an amount between about 5 wt.% to
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solutions include rhodium nitrate, rhodium chloride, and rhodium acetate, or more
15 generally, the nitrates, chlorides and acetates of the transition or noble meta) of
interest, at a concentration range of about 1-20 wt.%. The metal-impregnated ceria
coating is then calcined under suitable conditions as generally known to one skilled in
the art, e.g., at about 500-600°C for about 4-12 hrs.. If desired, the metal catalyst can
also be reduced at this stage with H, at about 500-600°C for about 4-12 hs. As used
20 herein, a reduced metal catalyst refers to at least the metal and ceria coating being in a

reduced state, but the base monolith does not necessarily have to be reduced.

For certain applications, it is desirable to have the catalyst in a reduced state
prior to being used in the particular process. For example, in order to achieve low
25  initiation temperatures in partial oxidation of hydrocarbons, at least the metal and the
ceria coating should be reduced. This can be achieved by exposing the metal catalyst
to a variety of reducing environments for a sufficient time period, preferably at an
elevated temperature. The reduced ceria-coating may comprise ceria with oxygen
present in less than the stoichiometric amount relative to cerium, e.g., CeO,., where x

30  is greater than zero but not greater than 0.5, and both the metal and the ceria coating
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and other combinations of process conditions are also acceptable to achieve the

15  desired degree of reduction.

Furthermore, reduction can also be accomplished by exposing the metal
catalyst to a reactive environment, e.g., a reaction between H, and O,, that
encompasses a reducing atmosphere. The degree of reduction of the catalyst is

20 indicated by the speed of pickup of oxygen by the reduced catalyst when exposed to
an oxygen containing atmosphere. If the catalyst is not sufficiently reduced, the
partial oxidation reaction will not start until a temperature of greater than about 350°C

is reached.

25 Examination of a sample of a metal catalyst (about 1 wt.% Rh loading and
10 wt.% ceria coating over a zirconia monolith with a porosity of about 45 ppi) using
scanning electron microscopy reveals the formation of a scale-type of structure on the
surface of the monolith substrate. Such a structure is strong enough to withstand
severe reaction conditions encountered in partial oxidation reactions. Element-

30  mapping data of Rh indicates that the Rh metal particles are homogeneously dispersed
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powder with matrix formers, binders and a dispersant at room temperature. Matrix

formers can include one or any combination of graphite (about 100-325 mesh),
polymer such as polymethyl methacrylate (about 100-300 mesh) and zircon fiber

15 (about 1-50 micron). Binders and dispersants are commercially available from the
Duramax series of products of Rohm and Haas. The relative amount of matrix
formers is about 0.05-0.5 g/g compared to zirconia powder. The relative amounts of
binder and dispersant are about 0.2-0.4ml/g and about 0.2-0.3ml/g compared to
zirconia powder, respectively.

20

When the slurry-coated monolith is sintered at a relatively high temperature,

e.g., about 1200°C to about 1600°C, a porous matrix structure is formed. This matrix-
modified monolith exhibits good adhesion between the matrix and the zirconia |
monolith. A ceria coating can then be formed over the porous matrix layer, and a

25 suitable metal incorporated into the ceria-coated matrix by wet impregnation using
techniques as previously described. Since the ceria and metal are incorporated in the
matrix layer, the resulting catalyst system is extremely stable even under severe
reaction conditions, such as high temperatures and high flow rates of feed and product
gases. The metal catalyst is subsequently reduced as appropriate.

30
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example, the reactor can be a pipe or tube of suitable material and construction having

a diameter of up to about 100 inches (about 254 cm), or even larger, if desired. The

feed gas mixture is fed into one end and the partial oxidation reaction occurs on the

metal catalyst with the product gas exiting from the other end. The metal catalyst can

15 also comprise of multiple monolith units to form an assembly of units disposed in

end-to-end arrangements. It is preferred that the metal catalyst have a porosity and
orientation so as to minimize the pressure drop of the feed gas through the catalyst.
Moreover, multiple individual reactors can be used to form an assembly of reactors

disposed in a side-by-side arrangement for increased production. For example,

20 multiple pipes or tubes can be packed together as an assembly to form a single reactor

unit with each individual pipe containing the metal catalyst.

The hydrocarbon-containing feed gas, which can be used with the present
invention, will typically contain alkanes or alkenes with one to eight carbon atoms
25  (C4-Cg). The partial oxidation of the lower members, e.g., C;-Cs alkanes, and
methane, in particular, can benefit most from the use of the metal catalyst, because
lower member alkanes tend to require a higher temperature for initiation. Of course,
natural gas and certain refinery off gases containing methane or higher hydrocarbons

can also be employed. Alternatively, gasoline, diesel, methanol and other sources of
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i nvention? wiqontaiging é&gdgps eambeusedan Kuerfeed gas naixkerae Thavpteoisomes mixtaieght
carbon atons . - . The.partial.axidatiopn of the | ower nenbers, e.g.,
Cl- C5 al kanesl,nag%lgfg%ﬂgﬁﬁffe{eaﬁwpnﬂé’fl? Wd]&% en @é‘ﬁH%B?F@FP]@I pearbmchA¥nuse of
the metal catadiid ambaRaoRyedhGiBEssiTY eondil R intaf Bidhflon fiditid:e a hi gher
tenperature for initiation. _coursé, natural "gas and certarn refinery
of f gases corfPparahleatios chimhe easilydetpmaimelipetone akitied én thear. al so be enpl oyed.
Al ternatively, gasoline, diesel, nmethanol and other sources of 0 4 S E P
2006 15 fuel may be adapted for use in the present process. The

oxygen- cqgt ai ni ng 'g%?a?@:ﬂ oRfdatiBh F]n'foc@%?ris .@Sﬁdu%&ﬁ%y\@ohgf:ﬁﬁ%gﬁﬂuregﬁ‘g‘l%n m xed

w th ot her gases, pure oxyge arious ratros o
hydr ocar bon- dydtaarbongohening fed gaslandihe oxygarcontA0ing Fddi 119 wWigade gagican be
used in the fee as mxtyre. The precise gas mxture introduced into the

reaction zon&URYSt A FOREAGHIHAS faRgngAram abeuirl th AP seillisseands deprnding crtlict he
amount  of  OXYAARuM &SR, ERaANPHEdurt D5 83kl b@bei ¥ ér%?l%&@(? Un e?tt}ilp?é]a‘l
operating conditions, the feed gas will be introduced at a standard gas hourly space
15  velocity of between about 50,000 and about 500,000 hr™! and preferably between
about 150,000 and about 300,000 hr''. The linear space velocity is about 0.5 to
5.0 feet per second. The process is conducted at pressures from about 1 to about 20
atmospheres (atm) and preferably from about 1 to 5 atm. Generally, higher space

velocities can be employed with higher concentrations of oxygen in the oxygen-

20  containing feed gas.

For the purpose of partial oxidation of hydrocarbons, it is preferred that the
volumetric ratio of the hydrocarbon-containing gas and the oxygen-containing gas in
the feed gas mixture of interest has a carbon to oxygen (C:0;) ratio between about 1.5
25  and about 2, more preferably between about 1.6 and about 1.9. It is understood, of
course, that reactions having C:0O, ratios of less than about 1.5 can also be conducted
at low initiation temperatures using metal catalysts of the present invention.
However, these reactions may be characterized more as combustion-like processes,
instead of partial oxidation processes. In general, feed gas mixtures having higher

30 C:O ratios tend to require higher initiation temperatures. However, with the use of



Operabl e ratios can be easily determ ned by one skilled in the art. 10 The
- partial oxidation process is conducted by contacting m xtures of tﬂW’SEP 0
-hydr ocar bon-cont ai ni ng feed gas and the oxygen-containing feed gas with EW%
nmetal catalyst at contact tinmes ranging fromabout 1 to 500 mlliseconds
depending on the particular feed gases, catal yst, pressure and space
“velocity enployed. Under typical operating conditions, the feed gas wll
be introduced at a standard gas hourly spgce 15 velocity of between about
50, 000 and about 500,000 hfl and preferably between about 150,000 and

about 300, 000Q r'lt'lT e i near sPace.veI oci'raiy I.s.about 0.5 to 5.0 feet per
second. The PI&t &It of theRieseakinyention, patitabaxidatinn acsions can be mdated 240

at nospheres ¢ # 5 eral ly,. higher
space vel ocie??temsel}g%ﬁ, %gﬁg%ph?géy%ﬁgﬁvﬂgtghﬁ)%%ggl%dggb%‘?ﬁ%?g &ggn%{ag’*) %)131 &R in
the oxygen 2@bauitdai Fiusgerhlemtimgats of B predent ivemiseprovidpan iipbriai dati on of
hydr ocarbons, it is preferred that ;the volunetric ratio of the

hydr ocar bon-é%‘f?fléﬁgﬁioﬁﬁ)”@&éfe‘&’r?&a PratiRhoxidatior PReGEFSEPNg gas in the feed gas
m xture of interest has a carbon to oxygen (C:02) ratio between about 1.5
25 and about 2, nore preferably between about 1.6 and about 1.9. It is

understood, of cduidediont HatC:Opastid, dnsinieationderip@aurddli®8egdhdd 85 thet han
about 1.5 can aLso be conducted at low initiation tenperatures using netal
catal ysts of ymeerpfeaten afamesnantained inhobydrocarborefiel. r agenerah shaviayvebe
characterize Lan-Li K rocesses, . i.nstead.of parti al

oxi dati on prg}édggéagg&fsl(?iggg}ég% {gﬁﬂ l?séé:grbg’gsa?%l;trfﬂ% hﬁ%\‘ﬁr HjUiYher 30 C 02

ratios tend femnpeeduties Gorfpafihi®bxidatibn Alab@bhst SRR UrfBodifiRHR b the pibdellt t he.
use of 004 S E P 2006 16 netal catalysts of the present Invention, partial

oxi dat i olf r elventénisare partislarlyivellasuitgd dor useatitit lowet frydrovarb@mpega thuse svithuch
as bel ow abo ven for C.02 ratio.as hjgh as abgut, 1.9. Thus,
enbodi ment s t)é%s &%_gg%?@s@ﬁtcaf STy ﬁsqﬁclﬂ}@ d’éeth%ei gﬁbﬁﬁ"t"&h‘?g 1WA iRIHROTOY o
convent i onal tepipetdtides. OXitH&I g A58 Ebons May not benefit as much as far as
initiation temperatures are concerned, metal catalysts of the present invention can still
provide other benefits, such as improved selectivity and increased product yields for

15 H; and CO, compared with conventional catalysts.

As previously mentioned, the metal and the ceria coating may be pre-treated or
reduced in situ inside the catalytic reactor. Thus, in one embodiment, the metal
catalyst can be exposed to an exothermic reaction in the presence of a reducing

20 environment prior to conducting the partial oxidation reaction. For example, the
metal catalyst can be contacted with a mixture of about 4-10% H, and about 1-2% O,
in N, at room temperature, at a gas hourly space velocity (GHSV) of about 4000-
10,000 hr''. Since the H,/O, reaction is highly exothermic, it can heat up the catalyst,
¢.g., to a temperature of about 100-200°C. Furthermore, by having an excess of H, in

25  the pre-treatment feed mixture, a reducing atmosphere is rendered, so that the catalyst
can be reduced at the elevated temperature. Such a reaction will reduce the metal and
the ceria coating while at the same time heat the metal catalyst to a temperature at
which partial oxidation can be initiated. Once the metal catalyst reaches the initiation

temperature, e.g., about 200°C, or typically less than about 250°C, the H,/O, reaction

30  can be terminated.



Aside fromthe C:02 ratio, the initiation tenperature also depends on the

. nunber of carbon atons contained in the hydrocarbon fuel. In genergl,*,SEch%U6
-l ower hydrocarbons (i.e., those with | ess carbon atons) require higher
initiation tenperatures for partial oxidation reactions. Therefore,

enbodi nents of the present 10 invention are particularly well-suited for
"use with | ower hydrocarbons, e.g., those with |ess than about five carbon
atons, especially nmethane, by providing lower initiation tenperatures.

Al t hough hi gher hydrocarbons may not benefit as nmuch as far as initiation
tenperatures are concerned, netal catalysts of the present invention can
still provide other benefits, such as inproved selectivity and increased
product yields for 15 H2 and CO, conpared with conventional catalysts. As
previ ousl y nenti ordg partiaboxidation reaetianhis thesriniiateddtyi aotactipg b deqdrgas ixtateed or
reduced in si {nside the .catal ytic reactar. Thus, i.bh o enbodi nent, the
netal catal Qgﬁ ydcrgﬁarg EXPYLES 47 oéxg%kﬁqrﬁ%‘?wg(;ga?eéé&’ﬂtg&rﬁﬁi IR beiWeRdknce of
a reduci ng 2Qb&nvis Q{H@.OLWRH'ﬂQ!mEﬁl EARNTHC U sHfle b@%apd”:{i&éti’ﬂdn e@%&élg“ on
reaction. For exanple, the netal catalyst can be contact Wth a mxture
of about 4- 100mpRnegsdthelyoaction willcORtinierto N2nsfer heao endrgyrpetha chtabyst @isirg gas
hourly space el oci t V) of about 4000- 10,000 hf 1. Since the H2/02
reaction is megtﬁmer@;égé %@ﬁ%’faj}is{ toc%’ﬁ‘nﬁ%ﬁ? hoyt YL Ceig1Q00:-, Thesingsitu o
tenperature QhtaRROte-tdfinet Abhick Y NEIHETVafilysP¥% g@%ﬂ@&d%ﬂd?%&géﬁecpg 42 1n 25
the pre-treatnment feed m xture, a reduci ng ‘atnosphere i s rendered, so that
the catal yst singhrstépe alsedlimémhtest the heedefoe ua te@riabhgse s@irue thersbyabdringaBet i on
will reduce the t al ﬂd the ceria coating while at the sanme tine heat

t he net al caf?al?lfﬁggosct%oél‘t PBMSESat ure at  which partial oxidation can be

initiategg Once the netal catalyst reaches the initiation tenperature,
e.g., about 200C, or typically |ess than about 250C, the H2/02 reaction 30

can be terni nat edIn fnethé embddRAGR, inlsituTgre-tRadiendbr RYLERN STHhé SR EAAYHS
then initiated by contacting a feed gas m xture of hydrocarbon-contai ning

and oxygen- c6#t B§ ihiryed sierly bicordustiog @ partial pyidadenwsaetion, in which the metal

catalyst is exposed to a reducing atmosphere such as that characterized by a high C:0,
ratio (not necessarily containing H). Once the metal catalyst is used in the partial

15  oxidation reaction, the metal and the ceria coating are converted into a reduced state
and will remain so as long as they are not exposed to air or oxygen alone. Thus, a
synthesis gas plant, after a plant shut-down, may be re-started with a feed gas mixture
of natural gas and air, or O,, at about 200°C or below, without the need for further
treatment of the metal catalyst.

20

In the case of a freshly prepared metal catalyst, or one which is already

reduced, e.g., by H; in a furnace, pre-heating of the catalyst up to about 150-200°C
may suffice to allow initiation of partial oxidation reactions. Such pre-heating of the
catalyst may be carried out by using hot N; or other inert gases such as argon, or an

25  exothermic reaction involving H; and O,.

The invention process provides a higher conversion of CH; to H; and CO -
e.g., in the range of about 10% to 15% higher conversion compared to that expected
from conventional partial oxidation processes. Furthermore, the production of other

30 unwanted components such as H,O and CO,, can be minimized.



about 1.5 and 2.0) with the netal catalyst. As the partial oxidation

. process 5 commences, the reaction will continue to transfer heat emey gyptggg
-the catalyst raising the tenperature of the catalyst to a range of about
500C to 1000C. The in-situ catalyst pre-treatnment, which allows the
catalyst to be reduced and pre-heated in a single step, also elimnates
“the need for an external heat source thereby reducing the capital costs of
the process. 10 In another enbodiment, in-situ pre-treatment or reduction
of the netal catalyst can be achieved sil¥ply by conducting a parti al _

oxi dation reaction, in which the netal catalyst is exposed to a reducing
atmosphere such as that characterized by a high C:02 ratio (not .
necessarily containing H2). Once the netal catalyst is used in the partial
15 oxi dation reactlheiollewiagesampleaiitistrate themprovabpdrtial cxidation pyesessef i nto a
reduced stat?h as theﬁhare not exposed to air or

dwll remajn sp as | on

oxygen al one. errﬁggnwglveg%}.Hég?ag?cﬁggmapaﬁg,a tube W édﬂﬂ-"&ﬁfr%f ugbiggh nay be
re-started wi2$4mni)o0d v8aBinthedcbxampRk. 'Tﬁ& H{r@dniggﬁé‘g{?xoﬁpﬁtpﬁ%tﬁ)g’ at about
200C or below, wi thout the need for further tre T mé 0 e et al _
cat al yst . 5 20 diamat¢rerf ebsws W73 mch (HRriuhy apd £parosity oﬁatbmﬁt ¢ﬁpaﬂey§?r, i?ﬁ[, vﬂﬁ'ie }/\lhl fh
[ I d ) ., .by H2 in a furnace, pre-heating o e catalys
Up to about PEBUBGGtN VG HI et Goamicow I fhdH aftho kP gsbelow prisiiat | or

' . S L5 ' . I rried t usi ng
ot N2 or ot hauelife e oRldalibf reab g WMoy SO AR BY Rl o

i nvol ving H2itdnd pdife HF brevifamvesmt atonmpsphieeis ra3ide ade s ténperalify ofGhBNesspPon of
CH4 to H2 an - £.9., in the range of about 10%to 15% hi gher conversion
conpared to ?‘Pf%oé%@@t’é‘&ﬁm?%‘ﬁa Eurliemors haforpthetfeed gasxidture was prtodessies .

Fur t her npg e, ugB' TheYeRAYC Qﬂ.cforﬂatgi;cagﬁlgﬁ Epsi%egtgg rr‘% otr%&gas 2R hte?)resslér(l:cr:s 06}5 H20

and CO2, can be mnim zZed.
nitrogen (N2) to a temperature that is sufficiently high for subsequent initiation of the

partial oxidation reaction.

Example 1

15 A conventional metal catalyst was prepared by impregnating a ZrO, monolith
with about 5% by weight of thodium (Rh) metal using a rhodium nitrate solution with

a concentration of about 10% at about room temperature.

Prior to the reaction, the reactor containing the metal catalyst was preheated at
20  about 400°C for about 15 minutes in the presence of N,. A feed gas mixture
containing about 64.2% by volume of CH,, about 34.1% by volume of O, and about
1.7% by volume of N, was then passed into the reactor containing the metal catalyst at
a space velocity of about 157,000 hr™'. It was found that the reaction could not be
initiated at a temperature below about 400°C. Upon initiation of the reaction at about
25 400°C, a rapid rise in the reactor temperature to above 840°C was observed, with the
production of H; and CO. The resulting product gas contained about 59.1% H,, about
30.1% CO, about 1% N, about 1.5% carbon dioxide (COy), about 5.27% CH, and
about 3% water (H,0). The CH, conversion rate, H, and CO selectivities were
calculated from the measured concentrations in the product gas. The results are

30  shown in Table 1 below.



The follow ng exanples illustrate the inproved partial oxidation process of
. the present invention. A reactor conprising a tube with a diamet er0 éfSgrbopt
-1 inch (25.4mm was used in these exanples. The zirconia (ZrQ2) nonoliths,
with a 5 diameter of about 0.73 inch (18mm) and a porosity of about 45
pores per inch, were obtained from Vesuvius H -Tech Ceram cs. |In each of
"the exanples below, prior to conducting the partial oxidation reaction,
the netal catalyst was reduced by exposing it to a pure H2 environnent at
at nospheric pressure and a tenperature ofl%bout 550C for about 8 hrs. in a
furnace. Furthernore, before the feed gas m xture was introduced 10 into
the reactor, the netal catalyst inside the reactor was heated in the
presence of nitrogen (N2) to a tenperature that is sufficiently high for
subsequent initiation of the partial BxampleRon reaction. Exanple 1 15 A
conventional netal I repared, by .i npregnatin ZrQ2 nmonolith
with about 5% by m‘?‘eﬁ’gh‘?%‘? B’F%%ﬁrﬁﬁ?a??éﬁs %ga?eweﬁfwﬁq ﬂo ARG Proggdure

sol ution wit s irPE£@ASIeNtWalepdtH exafRihat LAl v tofaBIN 319758120 Wa -
Prior to the reaction, the reactor containing the tal catalyst was

pr eheat ed’ at uset) Rasolis argsbowvnin Taldoutbeldv.ni nutes in the presence of N2. A
feed gas m xture containing about 64.2% by vol une of CH4, about 34.1 % by
vol une of 02 and about 1.7% by volunme of N2 was then passed into the
reactor containing the netal catalyst gi,n.fe§pPace velocity of about 157,000
hf'. It was found that the reaction cou not be initiated at a

t enper at ure bel ow/aivotal catelye. waspweparet 4s describeddh BxhmpleeRekidph tiadt oalgout 25
400C, a rapid i eacior tenperature to above 840C was observed,

i Se.,., n,the
with the pr8oRH 'r5o/ﬁ?%’rmﬁé{‘ém%f°eﬁd°m € Z&QuFYnPRY- Prhsdame peeesdutssai ned
about 59 % : 9 q o . t. 1. 5% car bon, dioxi de
(co;), a%)%ut‘dgﬁ'%?%)gc?%xaéﬁge ]té%aguq)%pt:’ };)nvlé’tI\/ai'Ei é}r{g ‘%ﬁ&t@% 9‘9%1‘89‘@?&*)338%‘& I I()) " rate,

H2 and CO seRestlis\ar¢ slesvivaarEableBbelowat ed from t he neasured concentrati ons

in the product gas. The results are 30 shown in Table 1 below. 0 4 S EP
2006

Table 1
15 % Rh Space Vel. CH,4 H, CO
Initiation
onZrQ, (hr') conversion  selectivity selectivity
Temp.
20 Ex.1 5 157,000 85.3% 92.0% 95.2%
370°C
Ex.2 5 314,000 83.6% 90.8% 95.3%
400°C
Ex.3 25 157,000 64.2% 86.0% 89.2%
25 400°C
Example 4

A metal catalyst having a ceria-coated monolith was prepared as previously
30  described for the present invention. A ZrO, monolith was coated with about 10% by
weight of ceria by immersing it in a cerium nitrate solution with a concentration of
about 40% for about 1 hour at about 60°C. After drying under vacuum at room
temperature, the ceria-coated monolith was impregnated with about 1% by weight of

Rh metal - e.g., using a rhodium nitrate solution with a concentration of about 5%.
35



19 Exanple 2 A netal catalyst was prepared as described in Exanple 1. The
sane procedure as in Exanple 1 was repeated except that a space vebacsgp ygs
.of about 314,000 hr-1 was 5 used. Results are shown in Table 1 bel ow.
Exanple 3 A netal catalyst was prepared as described in Exanple 1, except
that only about 2.5%Rh netal was |oaded on the ZrQ2 support. The sane
“procedure as 10 described in Exanple 1 was repeated and the reaction was
initiated at about 400C. Results are shown in Table 1 below Table 1 15 %
Rh Space Vel. CH4 H2 CO Initiation on Zrg® (hr-) conversion selectivity
selectivity Tenp. 20 Ex. 1 5 157,000 85. 3% 92. 0% 95. 2% 370C Ex. 2 5

314, 000 83. 6% 90 57,000..64. 296 86. 0% 89. 2%
400C Exanpl e 04 A fr’%ﬁ gr?a(goé?tca?&% gﬁv rﬁet%}aéaéé Sltglnoélggﬁ% SOPF t\ﬁggt ;ﬂ’roggar ed

as previ ousl ylSO?IOfaietbcnﬂ lﬁexdm‘uwS 1hh%1ﬁé%eélbf mﬂ’égéﬁ | Qfeed/yad miRtui®nol i th was
coated with about 10% Db gﬁ{t of ceria by imersing it in a cerium
nitrate sol uteBRININE ﬁb%‘t éﬁ#c/'e yelumepf §3Hq, abaii84406bY wolumissftO;land @boutat

oLt 000 kB R R BRSBTS A 02 o
a rhodi umsni tcatalyst s spatOvelvdityofabs@MCENE00AHr Afd @ kerAhMuredP about 150°c.
After the reaction was initiated at this temperature, the reactor temperature rapidly
rose to above 1000°C with the production of H, and CO. The resulting product gas
contained about 60.1% H,, about 31.6% CO, about 1% nitrogen, about 0.9% CO,,
about 0.48% CHj, and about 5% H,0. The CH, conversion rate and selectivities for
10 Hj and CO formation were calculated from the measured concentrations in the

product gas, and results are shown in Table 2 below.

Example 5

A metal catalyst was prepared as described in Example 4. The same procedure
15 as described in Example 4 was repeated except that a space velocity of about 314,000

hr! was used. The results are shown in Table 2 below.

Example 6
A metal catalyst was prepared as described in Example 4, except that only

20 about 0.2% rhodium metal was loaded on the ceria-coated ZrO, support. The same
procedure as described in Example 4 was repeated and the reaction was initiated at

about 150°C. Results are shown in Table 2 below.

Example 7
25 A metal catalyst with a ceria coating on a matrix-modified ZrO, monolith was

prepared according to the procedure previously described. A porous matrix was
formed on a ZrO, monolith by applying a slurry onto the ZrO, monolith and following
procedures previously described. In this case, the slurry contains about 12.1 wt.% of
ZrO, powder, about 36.4% Zr fiber, about 24.3 wt.% of a binder (e.g., Duramax B-

30 1000 or B-1014 from Rohm and Haas), about 1.9 wt.% of dispersant (Duramax D-



35 04 S EP 2006 20 The reactor containing the nmetal catal yst nonolith

. was then preheated at about 150C for about 15 minutes in the presengesgpf 55
.nitrogen. A feed gas m xture containing about 64.2% by vol une of CH4,
about 34.1 % by volune of 02 and about 1.7% by volune of N2 was then
introduced into the reactor containing the netal 5 catalyst at a space
“velocity of about 157,000 hr-' and a tenperature of about 150C. After the
reaction was initiated at this tenperature, the reactor tenperature rapidly
rose to above 1000C with the production o}l H2 and CO. The resulting product
gas contai ned about 60.1% H2, about 31.6% CO, about 1% nitrogen, about
0.9% 02, al30R1 fdmIRGhiEAd #ds)abeLiAbon?2 5B Gt A Re wald. AINRfsnehts Wake and
selectivities for 10 H2 and CO fornmation were cal cul ated fromthe neasured
concent r at i of8ITEdhiny hbeaker foagboutdadroursnat roess térmperatnee. SHewesilting'slhire was bel ow.

Ex le 5 A | yst d d i i.n Ex le 4. Th
or ocedur o 12PbEd S8 PlaBondR 4 it Srcdi VHEHkeER viltopohaumip, Yace
velocity of gheHtpeddttate@fhrodph th¥@fondfifand Woste @lgdg’érg%es gtgr?abcgg)?}fﬂr% H&%}rp e 2

bel ow. Exanpl e A netal catalyst was prepare e 4,
except that divepglurpcoatedumomdliBtvantensmtered af aboas135050 @dd datni. e air for
ceria-coated §r0?3[1Psf§§ ort. The sane procedure as described in Exanple 4
was repeat ed 28R% ‘eaction was initiated at about 150C. Results are
shown in Table 2 below. Exanple 7 25 A netal catalyst with a ceria coating
on a matrix-nodified Zr02 nonolith was prepared according to the procedure
previously descri e maripmalifedmbnolithywith afneitie of sibud 1822, EBMPAred o by

applying a slurr nfo the Zr02 nonolith and fol] ow ng procedures
previ ousl y dé}é“c‘P%B‘ngh W then soatedswith aheutd|0gy by weight of ¢esiaamustimprognatedt . % of

10 with about 0.2% by weight of Rh metal (compared to the weight of the monolith)
using the procedures previously described. The reactor containing the metal catalyst
monolith was preheated at about 210°C for 15 minutes in the presence of nitrogen.
The same procedure was repeated as in Example 2 except that the initiation

temperature was 210°C. The results are shown in Table 2 below.

15
Table 2
% Rh on ceria- Space CH, H, CO
Initiation
20 coated ZrO, Vel. (hr') conversion selectivity  selectivity
Temp.
Ex. 4 1 157,000  98.6% 96.9% 96.6%
150°C
25 Ex. 5 1 314,000 93.4% 93.1% 95.7%
150°C
Ex. 6 0.2 314,000 97.5% 94.6% 95.7%
150°C
Ex. 7 matrix- 0.2 314,000 97.6% 94.4% 95.7%
30 210°C

modified

Examples 4-7 illustrate that embodiments of the present invention allow
partial oxidation of hydrocarbons to be initiated at temperatures lower than those

35 achievable using comparable amounts of conventional catalysts as in Examples 1-3.



Zr02 powder, about 36.4% Zr fiber, about 24.3 wt.%of a binder (e.g.,

. Duramax B 30 1000 or B-1014 from Rohm and Haas), about 1.9 wt.% of 04 SEP 2005
-di spersant (Duramax D O 4 S EP 2006 21 3021 from Rohm and Haas), and about
25.3 wt.%of water. Al conponents were stirred in a beaker for about 12
hours at roomtenperature. The resulting slurry was applied onto the
“nmonolith, and when suction was provided with a vacuum punp, the slurry
penetrated through the nonolith and coated the entire surface of the
monolith. 5 The slurry coated nonolith w2 then sintered at about 1550C and
1 atm in air for about 8 hours. The matrix-nodified nonolith, with a

mat ri x of abdupartiCulud, 186 Kresspaireentich allowe iR okiddtioNBECHR ebERAE R i th
about 10% by weight of ceria, and inpregnated 10 with about 0.2% by wei ght

of Rh metal (&Ewemines belovt ahouh@$ ks €&, beloav zhono R29%) andsivey below ghootedur es

P pr oheat el oC Al adatD kRREHE EARE BeCk o et ua i abeb b,
The sanme pr oR&MIFeetascoaRETHDS thonslifh), ﬁ%ﬁﬂ%kﬁiaﬁoﬁélﬁﬂ% ixﬁtlﬁf’ﬂéd 4thembdh '%t i on

tenperature was 210C. The results are shown in Table 2 bel ow 15" Ta 2 %
Rh on cer? a- begwcabowHNOE, €, at atiout 3 CorFazhematab catdlySavittethe nfdifik)

conversi on se| Vit lectivity. .Tenp. .4 .1 157,000 98. 6% 96. 9% 96. 6%
150C 25 Ex. %“%@P&?@%ﬂ%@@)&é%%%légg‘?%e%@lﬁ%}msteﬁlpzra@!%, eraofughersoy,
94. 6% 95. 7% be reduced to below about 200°C if Rh loading is increased above 2.5%.

As shown in Table 2, the present process employing Rh impregnated on a
10  ceria coated zirconia monolith exhibits higher CH, conversion rates than a
corresponding process using Rh supported on a conventional zirconia monolith
(results in Table 1). In addition, an increased yield of H, and CO (synthesis gas) is
also achieved in the inventive process. These examples show that superior
performance is obtained at a significantly lower metal loading compared to

15  conventional catalysts.

The use of the metal catalyst of the present invention for partial oxidation
reactions disclosed herein is meant for illustrative purposes, and is not intended to
limit the applicability of the metal catalyst. Instead, embodiments of the present

20  invention can generally be used to enhance performance of monolith-based catalysts
to suit various process needs. For example, the metal catalyst can readily be scaled up
to larger sizes, €.g., greater than about 3", and preferably greater than about 10", By
providing homogeneous metal dispersion over a suitably-coated monolith substrate,
improved catalytic activity can be achieved, thereby resulting in a more cost-effective

25 process requiring significantly less metal loading. Furthermore, an appropriate
combination of metal, coating material and monolith substrate also allows synergistic
or enhanced catalytic effect to be achieved, such as illustrated between rhodium and
ceria, as well as providing a crack-free and durable metal catalyst that can be

fabricated and adapted for various commercial processes.
30



150C Ex. 7 matrix- 0.2 314,000 97.6% 94.4% 95. 7% 30 210C nodified

Exanples 4-7 illustrate that enbodi ments of the present invention algl,04cp 2006
-partial oxidation of hydrocarbons to be initiated at tenperatures |ower
than those 35 achi evabl e usi ng conparabl e anounts of conventional catal ysts
as in Exanples 1-3. 0 4 SEA 2006 22 In particular, the present invention
“allows partial oxidation of CH4 to be initiated at tenperatures bel ow
about 250C, e.g., bel ow about 220C and even bel ow about 150C. In addition,
it has been found that with a freshly prefared catal yst (about 1% Rh on a
ceria-coated ZrQ2 nonolith), partial oxidation can be initiated at

t enperatures 5 belVlathe preséMiOifyertiod has Beerbdi3eibedQiath Feféretdeqo IBead] Cat al yst
with the matrix- nodified nonolith (Exanple 7), it is believed that
initiation t&MeedMensandexamplas; HEReropechasders additionsyrndomissions, a98dIC i f Rh

| oading is i % shown .in.Tab 2,..the present pr.ocess
enpl oyi ng RhB?&rrlg?tzg%g gﬁﬁg%a‘aééfﬁf%@{ pg"@gﬁ%&‘oﬂ{ ‘feeéﬁl"&r}f%ﬁm PSR bit s

hi gher CH4 cedopercfitidpresdneinvich@dh.a correspondi ng process using Rh
supported on a conventional zirconia nmonolith (results in Table 1). In
addition, an increased yield of H2 and CO (synthesis gas) is also achieved
in the inventive process. These exanpl es show that superior perfornmance is
obtained at a significantly lower netal |oading conpared to 15 conventi onal
catal ysts. The use of the netal catalyst of the present invention for
partial oxidation reactions disclosed hereinis neant for illustrative
purposes, and is not intended to |imt the applicability of the netal

catal yst. Instead, enbodi nents of the present 20 invention can generally be
used to enhance performance of nonolith-based catalysts to suit various
process needs. For exanple, the netal catalyst can readily be scal ed up



to larger sizes, e.g., greater than about 3", and preferably greatgr han
~about 10". By providing honbgeneous net al dlsperS|on over a P 2006
-sui tabl y-coated nonolith substrate, inproved catalytic activity can be
achi eved, thereby resulting in a nore cost-effective 25 process requiring
significantly | ess netal |oading. Furthernore, an appropriate conbination
“of nmetal, coating material and nonolith substrate also allows synergistic
or enhanced catalytic effect to be achieved, such as illustrated between
rhodiumand ceria, as well as providing a crack-free and durabl e netal
catal yst that can be fabricated and adapted for various conmerci al
processes. 30 0 4 S E P 2006 23 Wile t2% present invention has been
described with reference to several enbodi nents and exanpl es, nunerous

changes, adWlhdtonclaiamd i9m ssions, as will occur to those skilled in the
art, may be nade wi thout departing fromthe spirit and scope of the
present invention. 0 4 SEP 2006 24 What is clainmed is: 1. A netal catalyst

con5|st|ng ss Nt | a _netal a ceri oatlng dlsposed on
a ceramic ?a ﬁ%&g’éﬁ GPnsiing ?Fé?rgm]iyfef\%’i‘%@tséﬁpmeg Yz car@£opt he of

ni ckel CObdisbose'drdﬁrh ccarffcl DL NAAN F rhdrhils Wlbcrbd BRI UMcdst GRERH UM
rhodiumand 5 osmum said ceramc Is selecte romat [east one o

zi rconi a, ahiskelheobajt 1rpn,a21attn1m1maﬂadlumag[thmnarheniarri authatuso Heidarmh hed  and

said cerja coati ng as a vvel II_rrcent bet ween about 5% and about 30%
with r esé)ecf’ PR, 2 cféar”é‘ﬁf% 1R at leastyapg ofgireaniz lumipa yibta, Hiagiam 1,

wherei n sai ghy ‘%ﬁés@d‘%eﬁ@ﬁrﬁ%ﬁrd it 4l elida ERANE Ak ) R RPPURER 1AROY, o Qo and

about 20% w th respect to sald ceram c nopnho catal yst
consi sting é%smdtabaht 30%fwith reepgeat tossajpbesrireid honoditicer i a coating di sposed on
a ceramc nonolith; wherein said netal is selected fromat |east one of

2. The metal catalyst of claim 1, wherein said weight percent of said ceria coating is

between about 10% and about 20% with respect to said ceramic monolith.

3. A metal catalyst consisting essentially of a metal supported by a ceria coating
disposed on a ceramic monolith; wherein said metal is selected from at least one of
nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium and
osmium; said ceramic is selected from at least one of zirconia, yttria, titania, magnesia,
5  ceriaand cordierite; and said ceria coating has a weight percent between about 5% and

about 30% with respect to said ceramic monolith.

4. The metal catalyst of claim 3, wherein said weight percent of said ceria coating is

between about 10% and about 20% with respect to said ceramic monolith.

5. The metal catalyst of claim 3, wherein said metal is present in an amount between

about 0.2% and about 5% by weight with respect to said ceramic monolith.

6. The metal catalyst of claim 3, wherein said ceramic monolith has a porosity between

about 10 and about 100 pores per inch.



ni ckel, cobalt, iron, platinum palladium iridium rhenium ruthenium

- rhodiumand osmum said ceramc is selected fromat |east one ofgy ¢cp 0
-zirconia, yttria, titania, magnesia, 5 ceria and cordierite; and said ce ?5
coating has a weight percent between about 5% and about 30% wi th respect
to said ceramic nmonolith. 4. The netal catalyst of claim3, wherein said
“wei ght percent of said ceria coating is between about 10% and about 20%
with respect to said ceramic nonolith. 5. The netal catalyst of claimS3,
wherein said netal is present in an anount between about 0.2% and about 5%
by weight with respect to said ceramc nonolith. 6. The netal catalyst of
claim 3, wherein said ceramic nmonolith had’ a porosity between about 10 and
about 100 pores per inch. 0 4 SEP 2006 25 7. The netal catalyst of claim
3, wherein Jai Chewmtadl catalysebecluien 3§ whereinaidmepis seRBEed o theProwp Ckel
platinum palladiumand rhodium and said ceramc is zirconia. 8. The netal
catal yst of cepsitnesf nigkel alatinymy palipdiumand thasiium aandrsajdscetiirgio ds sitconist ween
said ceria coating and said ceramic nonolith. 9. The nmetal catal yst of
claim8, wherein said porous material layer is a matrix structure

conpri sing 8i r QhBintctal@atilyst bRcIhidi BEWher8inki pui6hs ARCrial BYSREHSAMNed béfveed
met hod of preparing a netal catalyst, conprising: (a) providing a ceramc
nonol i th; ( BAid eefiasaslng apd Faid ceramti¢c mynolity said ceramic monolith; (c)
incorporating a netal into said ceria coating to forma netal -i npregnat ed
ceria 5 coating; and (d) exposing said netal -i npregnated ceria coating to
a reduci ng enviThe Aseedlicatalp¥6f Gbith 83k HeriRlld Jso?oése.hgfeﬁsﬂa%{?& Rlatr C@ikn 0 e
of nickel, cobalt, iron, platinum” palladiudm 1ridium enruny ruthenrum
r hodi um andce/spiising zigenngk, @gnatmi doingersebindereahd o digparaint.| east one of

zirconia, alumna, yttria, titania, magnesia, ceria and cordierite; and 10
said ceria coating has a wei ght percent between about 5% and about 30% w th

respect t0 10. A method of preparing a metal catalyst, comprising:
(a) providing a ceramic monolith;
(b) forming a ceria coating over said ceramic monolith;
(c) incorporating a metal into said ceria coating to form a metal-impregnated ceria
5  coating; and
(d) exposing said metal-impregnated ceria coating to a reducing environment;
wherein said metal is selected from at least one of nickel, cobalt, iron, platinum,
palladium, iridium, rhenium, ruthenium, rhodium and osmium; said ceramic is selected
from at least one of zirconia, alumina, yttria, titania, magnesia, ceria and cordierite; and
10 said ceria coating has a weight percent between about 5% and about 30% with respect to

said ceramic monolith.

11. The method of claim 10, wherein said ceria coating has a weight percent between

about 10% and about 20% with respect to said ceramic monolith.

12. A method of preparing a metal catalyst, comprising:
(a) providing a ceramic monolith;
(b) forming a ceria coating over said ceramic monolith;

(c) incorporating a metal into said ceria coating to form a metal-impregnated ceria



said ceramc nonolith. 11. The method of claim 10, wherein said ceria

. coating has a wei ght percent between about 10% and about 20% w th rgel‘srggptzﬂos
-to said ceramic nonolith. 12. A nmethod of preparing a netal catalyst,
conprising: (a) providing a ceramc nonolith; (b) form ng a ceria coating
over said ceramc nmonolith; (c) incorporating a netal into said ceria
"coating to forma netal -inpregnated ceria 0 4 SEP 2008 26 5 coating; and
(d) exposing said netal -inpregnated ceria coating to a reducing
environment; wherein said netal is selected fromat |east one of nickel,
cobalt, iron, platinum palladium iridium rhenium ruthenium rhodium
and osmium said ceramic is selected frodat |east one of zirconia,
yttria, titania, nagnesia, ceria and cordierite; and said ceria 10 coating
has a wefghtogegcemd between about 5% and about 30%with respect to said
ceram c nonol i ti?l: 13.. The, nmet hod of claim 12, wherein said ceria coating
has a weight pd SPOsipgspidanctabirnregnated, cena camtozo@dmmmenve@pmnt to said

ceram c nonol i cI a| ste

conpri ses: i m@mserélﬁ Salgr}getgig% g%g((::tgérmn %asf%n%% Ehﬁ@ﬁﬂ“"%ﬁﬁ@?%}ﬂ to
coat said ceakddiem, m@lﬂﬁhlﬂnbm‘ﬁhi hltﬁéilﬁncﬂfoﬁﬂfﬁﬁﬁdBsﬁlﬂh'i-"tsbﬁ%eraﬂﬁé’ isrglle%ﬁ:'dd
coated cerami c nonolith at roomterrperature and 5 headting said coated

cerami ¢ nmondiom # lpast ane ofairceniae wives, attiuna ngmemealla(aud cdrfFite;amnd sBidQEria 15.

The net d m 14 er ei i S tedfromthe gr oup
consi st ?@g o{)an% ?‘laﬁr%vﬁei'l é’teéc,en{clléﬁﬁ\”ﬁ?ﬂ "’tart’ﬁﬂt %Oe/e rEFRESHOEHchi trat e.

16. The net badmid mehalithh 12, wherein sai d step (c) conprises imersing said
ceria- coated nonolith substrate in a solution containing said netal, then
drying and calcining to

13. The method of claim 12, wherein said ceria coating has a weight percent between

about 10% and about 20% with respect to said ceramic monolith.

14. The method of claim 12, wherein said step (b) comprises:

immersing said ceramic monolith in a cerium salt solution to coat said ceramic
monolith with said cerium salt solution;

drying said coated ceramic monolith at room temperature; and

5 heating said coated ceramic monolith in air at a temperature between about 400°C
and 800°C.

15. The method of claim 14, wherein said cerium salt is selected from the group

consisting of cerium nitrate, cerium chloride, and cerium ammonium nitrate.

16. The method of claim 12, wherein said step (c) comprises immersing said ceria-
coated monolith substrate in a solution containing said metal, then drying and calcining to

form said metal-impregnated ceria coating.

17. The method of claim 12, wherein said metal in said metal-impregnated ceria coating

has a weight percent of between about 0.2% and about 5% with respect to said ceramic

monolith,



- -

formsaid netal -i npregnated ceria coating. 17. The nethod of clainké%,
wherein said netal in said netal -inpregnated ceria coating has a igﬁEPZWG
-per cent of between about 0.2% and about 5% wi th respect to said ceranmc
nmonolith. 0 4 S E P 2006 27 18. The methgd of claim12,. further

conprising formng a porous material |aye "on said ceranic monolith pri or
“to forming said ceria coating. 5 19. The nethod of claim 18, wherein said
porous material |ayer has a matrix structure forned by m Xi ng zirconia
powder, a matrix forner, a binder and a dispersant at 'room tenperature to
forma slurry; coating said ceram ¢ nonolith with said slurry; and 10

sintering s sl d cer c..nonol i th, at a tenperature between
about 1200@82nd %o‘ﬁ?ﬁﬁ@g di ceuprisipg Tomeing & nareys roatedaltlayen onf
hydrocarbons rgduce h drogen and carbon nonoxi-de, conpri sing
contacting aedestrmye mogplith prior do ferming sgd zetiy coatingr bon 15 gas and an
oxygen-containing gas wwth a catalytically effective anmount of a reduced
metal catal yst consisting essentially of a metal supported by a ceria
coating disposed on a ceram c nonolith; wherein said netal is select ed

fromat beadf. onFhefmethekalf, gt , n I r
T AP AY whirkfis d‘mﬁ)éj%tcﬁ‘lnpgparatt‘eq'i%lll I%Fthft‘laloﬁ‘l‘

rheni um ruthenium rhodiumand osfium an

initiation temmeeAS RE bel ow about 250C, and 20 said ceria coating has a
wei ght percent between about 5% and about 30%w th respect to said ceramc
monolith.. 21. The.. process. of ¢l ai m 20, V%‘IEI’EI n said ceramc is selected

fromat |east one Pz PREB XISt ¢ mRatrix, fopmen &, bindemand a, dlsngraaat ginthom

cordierite., 0 4 S E P,2006_ 28
- temperature to form a slurry;

D

co@ﬁng said ceramic monolith W11:h said shurry; and

.10 sintering said slurry-coated ceramic monolith at a temperature between about

1200°C and about 1600°C.

20. | A process for the partial oxidation of hydrocarbons to produce hydrogen..and
carbon monoxide, comprising contacting a feed gas mixture containing a hydrocarbon
15 gas and an oxygen-containing gas with a cafalytically effective amount of a reduced
metal catalyst cons1stmg essentlally of a metal supported by a ceria coatmg d1sposed on
a ceramic monolith; wherem said metal is selected from at least one of nickel, cobalt, |
iron, platinum, palladium, iridium, rthenium, ruthenium, rhodium and osmium, and said
partlal oxidation has an m1t1at10n temperature of below about 250°C; and-
20 ~ said ceria coating has a welght percent between about 5% and about 30% with

respect to said ceramic monolith..

21.  The process of claim 20, wherein said ceramic is selected from at least one of

zirconia, yttria, titania, magnesia, ceria and cordierite.



22. The process of claim 20, wherein said ceria coating has a wei ght

percent between about 5% and about 30% with respect to said ceramg, Sgp 2006
-monolith. 5 23. The process of claim 20, wherein said ceria coating lﬁas a
wei ght percent between about 10% and about 20%w th respect to said
_ceramc nonolith; and said netal has a weight percent between about 0.2%
and about 5% w th respect to said ceramc nonolith. 10 24. The process of
claim 20, wherein said reduced netal catalyst is prepared by exposing said
metal and said ceria coating to a noré& eactive reduci ng at nosphere
containing at |east one of a hydrogen-containing gas and a nitrogen gas.

25. The progess ohe Prededs 2T, clMRe @] Ruiéid $80UeAd dRtiAy HadtaheRdht i fercent
prepared by 15 exposing said netal and said ceria coating to a reactive

at mospher e GQpLal Y s ad EAShe 369 Sviflf refpddy & QRFLEANLALYIY 9as and an
oxygen- cont al nrng gas. o

5 23. The process of claim 20, wherein said ceria coating has a weight percent

between about 10% and about 20% with respect to said ceramic monolith; and said

metal has a weight percent between about 0.2% and about 5% with respect to said

ceramic monolith.

10 24. The process of claim 20, wherein said reduced metal catalyst is prepared by
exposing said metal and said ceria coating to a non-reactive reducing atmosphere

containing at least one of a hydrogen-containing gas and a nitrogen gas.

25.  The process of claim 20, wherein said reduced metal catalyst is prepared by
15  exposing said metal and said ceria coating to a reactive atmosphere containing at least

one of a hydrogen-containing gas and an oxygen-containing gas.

-



