;e3eRR@6TR \ METAL CATALYST AND METHOD OF PREPARATI ON AND USE CROSS
REFERENCE TO RELATED APPLI CATIONS 5 This application is a
*continuation-in-part of co-pending U S. patent appli cat| ons”,wawImmmmmmm
09/517,830, entitled "Catalytic Partial Oxidation of drocar bofjg;; .

on March 2, 2000, and Serial No. 09/788,487, entitled "Cat al ytlc Partlal
Oxi dati on of Hydr ocarbons", filed on February 21, 2001, both

herein incorporated by reference. 10 FI ELD OF THE | NVENTI ON

invention relates generally to a netal (iatal yst, its nethod o

and its use in catalytic partial oxidation of hydrocarbons.

ronoxi de cont ai MG 4kos TAL YT n&ﬁﬁ%‘f?ﬁéﬂﬁmﬁ&ﬂéﬁéﬁﬁﬁ&ﬁ@ﬁ) @S@ﬁ"”

processes include catalytic steam 20 reform ng, autothermal catalytic
reformng, catalytic parti aI oxi dati on and non-catal ytic partial oxidation.
Each of theseCROSSR : Y Bib] AgdH ICARHVNABt ages and produce
various ratios of hydrogen and car bon mONoXi de, al so known as synt hesis
gas. Partial oxidation is an exotherm c reaction wher ei n a hydrocar bon
gas, suchsas 25 nemél?@mcaﬂ&l A GAHAEHAIRAR YR, Aenedir, are
cont act ed vmth a cata t at elevated tenperature rod ce a reaction
product cont eapphcq;lolnsSmddﬂfmé)ﬂtﬁrlat&ﬁnmtmbdH@dualyyeﬂ’aamﬂOxadehm)nonh)noxi de. The
catal ysts used in thesectpléé)cesses are typical li/ nobl e nmetal s

pl ati num or rihsHpeashonsndiled A MarehyA3000 osndmsrigl No. Q(¢88.4%7, eniitied "Qﬁsflitic
sui tabl e suppatdia dat lo%dﬁgdu wﬁwﬁé@&lﬁib?ﬁﬁé?s ”M&ﬁtof( §r9&@f bon

cont ai ni ng gases, SUCH as n ral gas "or napht fogen car bon
monoxi de ( COheggifl itbRwirated By eeferenigonent s such as car bon di oxi de (C02),

wat er (H20) and ot her hydrocarbons. The process is typically carried out by
i nj ecti nd%reheated hydrocarbons and an oxygen 5 containing gas into a
conmbustion c n of the hydrocarbons occurs with |ess

t han stoi chi om .lﬁ{%ﬁgﬁﬁﬁiﬁ?}%@ygen for conpl ete conbustion. This
reaction is conducted at very high tenperatures, such as in excess of 700C
and often in excess of 1,000C, and pressures up to 150 atnospheres. |In sone
reactions, steam oFhequeseghinventiog Ipbttqsrgem,rg]é)dtq amngtaﬂ ptalygtnitesiethod cfhanber to

modi Ty the Syp%pha?a 10n asits%%e ncagaﬂync 1al oxidh tfhgr&r%car%'(? of H2 to CO
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



Mor-e recently, partial oxidation processes have been disclosed in which the
hydr ocarbon gas is contacted with the oxygen-contai ning gas at hi gh space
'velocities in the presence of a catalyst such as a netal deposited on a
nmonol ith support. The 1 S nonolith supports are inpregnated with a noble
metal such as platinum palladiumor rhodium or other transition netals
such as nickel, cobalt, chromumand the |ike. Typically, these nonolith
supports are prepared fromsolid refractory or ceramc materials such as
alum na, zirconia, magnesia and the |ike. 2During operation of these
reactions, the hydrocarbon feed gases and oxygen-contai ni ng gases are
initially 20 conta I ] xcess of
350C, typically i nﬁérgg]ea&&a@f) h gg)(fgb% E%%lod&%& ﬂg&§%%ﬁ$ ar°§‘@3§’§£’§ %g%rg’lssyb}g%sgce

vel ocity (GHSYauaf ga\oe haphith 009divgen (HA) dit@nirémvaide (G0)wbdethepfradehese pri or
art partial oxidation processes is the relatively high tenperature required
for initiatineprpanents gech assarbag dipxided§Qu) avater (Hté) ol qihgrhiydiocakouatThen

reaction is exotherm c. d onc e.reaction i,s,started, the heat of the
Feacti on wi 1 | POkrRReBREo- GGt B b Epe pRRchE B EhbEtone haTatffleckh of
external heat @ifhid gad‘iﬂW&fmbu%ti&?&uaMH%r Whee d%RlatiSHEf the BydBERBIRIEERS | N
excess of about 350Cto start or initiate the reaction, an external heat
source is of twithiessthan etpichi@fmetng ameunts hf exygenfor cemplketioionitotdn. cHps t al cost s
and adds engi neering ¢ | exjties. the process ... 3t y reduci ng
e aommer o LieagiamS eeBeE AL Righ oripeea iR SRE pinsosin D UEC sl GHEE

ot her al t er nabioug JTIduRds, ol piebburb Al 89 5D AENdPAGHL O sBine kRGNS BERRBA! Ur €5

Furthernore, during the formati on of synthesis gas by partial oxidation of
S hydr ocar bon€Q; saradlko aaninjected 1ath thdramdtic@thaaiber @l isadifycthesyhtlasisgas esul t  of
conmbustion reactions, The cqnbusti on reactions are not desirable because
they conpkt e Biodpctapdtaadiyst er@)‘iﬂ?éﬁ@ -eaction for the avail abl e oxygen
source, and result in | ower than expected conversion of the hydrocarbons.
Thus, it is desirable to mnimze the formation of conbustion products such
as H20 and CO2 andMoncreeasly, fotiilhaidadbe piocsyséyhalve bedtadisolewdd i wHichtlse such as
HZ and CO. SUWARY OF THE | NVENTI ON One aspect of the present invention
provi des a mel¥drocaghon 838 is coptasted withdhe oxyger-¢aipinig gas afhlah raca Velegigoint ed

by a ceria cogti J ) i th i e tal is

sel ected fromﬁgppﬁg'%%se?’?gggtggﬁﬁﬁ%g@mgg%éﬁagﬁ?&ll&rn}c}anrp p(ﬁ{atﬁlk‘%b@%} pal'l adi um

i ridium Fshenmofidlith slgports b imphepdatedivathch rodlE hiethl suble acsiatming, paladieheet ed
fromat |east one of zirconia, alumna, yttria, titanic, nagnesia, ceria
and cor di er i t BOdiY of AeIENSHIOR Mgtaln sichAS nickoleshialt, upmbwm ankthadker about S%
and about 30%w. : 1§ HTRN4t odi ment ,
the ceramc izwééﬁggﬁg%ﬁ%%%%u%Pégg?g §%1e§g}§? ZI r%%frﬁll rgt,‘ra%}@?r(r%?g?r It ani c,
magnesi a cer i maRHals eadhdis@liniifia, ZAveiiAghagnesie aiid Bk likBeDuring Bpdrativnufadsdes a
met hod of preparing a netal catalyst, conprising: (a) providing a ceramc
nonol i t h; ( b)TepgSionsrihe Bydseqarbondeed gases g oxyean-qoptaining gasee atedmspll h; (c)

i ncor porajq ng_ a tal..nto e ria coating to form | =i ApEe t ed
ceria codtl ng?onéarqued(vgfh t@?( (?gi ﬁ%tgﬁﬁtea%mpa?ﬁ Pleed(ﬁ%stsé)gggé;esr%%’ &8 %nn“g& ? a
reduci ng envi 00BN and Whest@idard £ haBipkpdcs véletis) VY éfgvet 100568throne of

ni ckel, cobalt, iron, platinum palladium iridium rhenium ruthenium
rhodi umand osmum the ceramic is selected fromat |east one of zirconia,
al umina, yttria, th{si"ggwgfcggﬁqc}aﬁ%ﬁh%’se S0 B PG SUMST hoBess& ute® ceri 2

coating has a weig
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



4 -about 5% and about 30% w th respect to the ceramc nonolith. In one
enbodi nent, the ceramic is selected fromat |east one of zirconia, yttria,
“titania, nmagnesia, ceria and cordierite. 5 According to yet another aspect
of the invention, a process is provided for the partial oxidation of

hydr ocarbons to produce hydrogen and carbon nonoxi de. The process conpri ses
contacting a feed gas m xture contai ning a hydrocarbon gas and an
oxygen-containing gas with a catalytically effective anount of a reduced
nmetal catal yst consisting essentially of 3 nmetal supported by a ceria
coating disposed on a 10 ceram c nonolith; wherein the nmetal is selected
fromat |eas p I m
rom at 1 et R Oy A ElonshG08 B PN Pl g i ™
initiation tetHReeakdrhdtivedfetirls @firafifing tﬂéﬁﬁ‘ctmﬂiﬂ&v&dﬂén@l%&ﬂﬂeETl ON OF THE

| NVENTI ON 15 The present invention rel ates generally to a netal catal yst
and its nethod of preparation As used herein, "netal catalyst" refers to

RN A T S e

specificaflyp &ﬂé@arBBﬁ@bmﬁmaﬁioﬁﬁlts d’f‘PHDadnﬂfC@g drt ARG ifbind é%ra r@ﬁhﬂ@f 20 net al
i npr egnat ed |n a ceria coating layer supported by a ceram c nonolith

substrate. | nowhustioniyeafitivnsit The ¢rambustiah reagtiensyase notadesisgahle becapsa thenl

oxi dation of hydrocarb t al t al e ed in this manner,. has
oxcell ent. meeaPHeSaty OF parial Srdri it o tie Avabire aieen g, JBi Foml

per for mance 401 RRr AcA e%ﬁgaemmélmhéﬁydrb&&bmms ol isRtipdbicRipar ed to
conventional catal ysts prepared using other techniques. 25 A nonolith
support i s gensmake thedomeataom of cbmhustimllanoductmchtasHsOramdt(E(Dzaarfdonaembef roma
single structural unjit _havin assages. di os g:'n either an irregular or
regul ar ﬁ)@tté‘?‘erf' cf‘ﬁ‘%fﬁigﬁﬂ PMS“&HP% ﬁPg stages. Exanpl es of such
irregularly patterned nonolith substrates include filters used for nolten
nmetals. Exanples of 30 regularly patterned substrates include nonolith
honeyconb suSpMMARI @F THE INVENTION yi ng exhausts from notor vehicles and
used in various chem cal processes. Preferred are the ceram c foam
structures having irregul ar passages. Both types of rrpnolith support
structures made g Q&YSP{H 3?&&{13{/51&1%%1&)&%19 saclﬁéﬁﬂla&?lpﬁ ‘8£§1§ln}hsu‘3h as
alum na, zirconia, yttria, and m xtures ereof, are we Known

commerci 8§ | yemﬁuilghifa rhetahguppoBeadbyi beiascoaling dispesed lona ceravgis uvonedith;i - Tech

Ceramcs, Inc.; and Porvair Advanced Materials, Inc. As disclosed in US
5,023, 276, t Maersih theanetalis selegted Epmat heasbons ofimigkel, §eb§bﬁ°§, plafinWinso be

| ncreased by &gﬁhbe%ﬂmﬁ‘ héli QQ?Wﬁéﬁlﬁl‘ﬁtlﬂodﬁﬁl SHARA! the' }’aﬁ‘ﬁlc?srgbe‘iééﬁedlo

monol i th bef8 rsimg ca e suppbrt ayer

support coat rfrlogﬁatneast omcoidonlapauimina, PRy, titirda, Magnesinj cerialaad cordidriteri na,
magnesia, silica, and conbinations thereof. In the case of an alum na

coating, onea&s thesera gpatmgdias 2 iweight perceni-heueanAbores Yowne 2bewS0%ayihum
aron 1 A A5y S P

coati ng, can I'Zzer agal ns SI ra

transition ofeabthedlfuiftorilaspiagtifanaOniapigia detiaiafid konavetité.hat cerl a, a stable
fluorite-type oxide, has redox properties that can be enhanced in the

presence of a nmetal or netal oxide. Recently, a ceria m)nol ith has been

used in a netal st to i an i mraved pardti X datl process.

ho 20 di sl osed | ARER il thsmgs?té?ﬂ SRR Rl errin et

09/ 788, 487 ( pathlys(C 8érhpisik® (3}3& SRarfife) morA#t| () fd;mmg’u@iac@mlﬂg\tl on of
e

hydr ocarbons can be initiat relatively | ow tenperatures using a
reduced 2®t abvardhatsramicmonalith; (ngmomoeaﬁmgtalmﬂahntqublcmma@hgsmﬁpmra ed by

2 Cerl & M0N0l L L B el 00id B B 81280 R bR Yg 0580 b and i on

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



251 By using a ceria-coated nonolith, the present invention provides an
alternative to the ceria 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
oxi dation of CH4 using about 0.2% rhodi um di spersed on a ceri a-coated 6

zirconia nmonolith. Furthernore, the ceria-coated nonolith can readily be
scal ed up, while avoiding potential fabridgation problens as di scussed

bel ow. For commercial applications, a |arge size nonolith, e.g., greater

t han about 3" {0 20 i red . ar i S very
br 1o at t AeuPara Shout sRoPRRRTADEK (6RR (chlhic HURIRL 1nHE EBSGATES
have been enchegdremids kelecte@iotT atdemLomistiichbhia, yitiis, titinis elbgnesigicets ameb s
under certain processing conditions. For exanple, a nonolith substrate nmade
of pure ceri &ordigfitth has a relatively high thermal expansion coefficient,
may experience substantial shrinkage upon cooling during the 10 fabrication
process. Since ceria has a high density, a large ceria disc nmay al so bow

under itssown wei fdcofllihg yc® RRGtAEN RPectof tHeGRvdntioRed ﬁ«*oués@sis ploVided férethé eved
that such shrinkage or nechanical stress result in the formati on of cracks

in | arger nomettial hxislatien pBlhysksocaphans e pradnes hydinpgengind satban maenwidey {The
reactions, the tenperature can.oftgen.rise.to above.100 0si n ot.enti al
. ot S R S e R s R
probl em can Qﬁ‘(ygéggédiﬁﬁﬁin%a& Qﬁth%&?ﬁgicallwﬁ%ﬂv@!&mwﬁtMf‘ehu@edcrﬁéthﬁ coating

is formed over ceram ¢ nonolith before the incorporation of a netal.
Enhanced cat abiatystcqmsisting esseniallysofachetel/appmitedby decreroiating dmpestdonrzol i t h

provi ding_ 20 excellent .netal di gpersian charagteristics and, chanically
strong age t (e W“QPQ’EW erei s ety 1p ﬁeﬁf’ﬁt Q’E‘r#z??ét%‘re .mq?‘ﬁﬂg%tﬁ’ztr al, the
nonol i th may ;hav Ak & Ymb t nffd i nch
(ppi), and céltrzr%? geslﬂlg’ %g?gﬁnéﬂ%%’&hgﬁ&?hgtm] S c’(gﬁrr%g{g&lhgﬁi gg\sf\nlﬂﬁﬁﬁt%ﬁgﬁ{ceeri a
coating - i . eartiahbkidetion hastesi infjiatidy engeratfcadtbelow shomt 280°61. cat al yst. Such
ceram cs may include refractory oxides such as zirconia, 25 alum na,
yttria, titania, nagnesia, cordierite, and conbi nations thereof, anong
others. O C%’P&Eﬁf’ﬁgg% EE@NH?’QF}?}E’%@VEN‘TI@NO%SS and applications,
ceria can sti , especially if fabrication

i ssues ané& not of concern. Furthernore, the nonolith may conprise

conbi nati ons of one or nore of these and of her ceranics. 7 e net al

, ( Th
catal yst of the pridsdmesenhipysntionTelates egasratiato ymeal easghystiand dtsmathed o of
process appl i A3 A3 fled h?r@fnt h@biaPEdedal! Pé}ers%@h{e.ten{iﬁea&it%g&%m&h%am
reform ng, carbon dioxide re or v ng or other selective oxi t1on processes.
However, wherfinadbding & metal) sietmanolith eulisaae aidnal codting layer r apuriastaeaire ng,

the resulting catal ¥1$t has been found to i .
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



S date to be significantly |less effective for partial oxidation of

hydr ocar bons. For exanple, it has been found that, with a netal catal yst

" havi ng about 0.5% Rh |l oading on a 10 w. % ceri a-coated al um na nmonolith,
partial oxidation of CH4 could not be initiated even at a tenperature of
about 4SOC (using a feed gas m xture conprising about 64.2% by vol une CH4,
about 34.1 % by volune of Oz and about 1.7% by 10 volunme of N2 at a space
vel ocity of about 157,000 hr-1). While not intending to be bound to theory,
it is believed that a structural change rgsulting froman interaction

bet ween ceria and al um na may be responsi ble for the [ ack of enhanced

catal yii e ef Leafyipd BARKEE bl mlofbr e RYGH LA SANAEAASA Blotkices of f et

for partl al 8X can al ne rocessi conditions or

with differ em&etaﬁwm*eah@éermﬁtoatbaxh&tﬂue@ebsngvmrg ifegular ﬁa@@#gbﬂgBﬁmtt?pe@@ﬁl tional
experimentation. For the purpose of partial oxidation of hydrocarbons, it
i s preferabl ananelith supporhsABetITeR mysle frone corventional mﬁa@togﬁpé@qr@awfm@mn@ls | east

one of zirconi tltrla titani nes HEL] and rdlerltf
oiina i o uddh syl Ao g FRAShRes BEEHE AR Ve RV ERM T hount <o
as to avosd %Gﬁlﬁ{e?@iaﬂﬁmfabl%ﬂ‘rdnﬁl%?&ig'dthéry @Hmﬁlgelneﬁwsmqaé Aiyséh 20 Two

approaches have been used for preparing the metal catal yst of the present
i nvention. | €Cemamicgdpe.parshPorxaic ddvanasdaatemyals,dné.or med on a nonolith by
exposing the nonolith substrate to a suitable source containing cerium
e.g., a ceriumsalt solution. A netal is then incorporated into the ceria

coating in a subsegugiiossd ﬁPUS 1502819676 Oth Sirface aftRRE €& mohSltAR BPIrRTY Of

the nonolith surface is nodified by introducing a matri x-form ng agent, so
t hat a por ousamalse bxinsteasedthyrdepositifiga Mcmmnem}mlmmbom lyerrorcthei a | ayer

is then ated oyer, the matrjx structur f ol | owed i natlon wth the
met al . e smeR & FSRerSiBg relaly i mstal opitie %a?rthf@{g b AP PRES:
monol i th subgf 8u£€£&h9ﬁsb 1ﬂ§tﬁﬂcoﬁ§tl?alay¥%§uxﬁﬁl§t 4 @Bbrb?lbél%ﬂa“' cal l'y
strong even un er severe rocess conditions rication or

reacti ons. Debtmbinatiais théreofp I‘IE fercase efiancilumine coating) orreajrauhqts bf thielokidegof

presented bel ow. Although the nonolith substrate used in the present
i nvention i s laghange, eﬁrtwm Prasepdypapme ametng others Uspalhin dmornigOf about g bWk ¢ of

cerium oxi de% Wl Sibfitzedt antgfg?’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 significantly
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



ox{ dation states (e.g., CeQ2 and Ce203) can al so be used. As used herein,
the term"ceria" shall include all forns of ceriumoxides. In general, the
“ ceria coating preferably contains substantially pure conpositions of cerium
oxi des. However, it is possible that conposites or m xtures of other
ceramic or refractory materials, e.g., up 10 to about 10% by weight with
reference to the weight of the ceria coating, may al so be present, as |ong
as these other materials do not adversely inpact the catalytic activity of
the resulting nmetal catalyst. The ceria-c6ated nonolith substrates provide
superior performance conpared 15 to conventional nonolith substrates nade
primarily fr . amg i | ! I L

m xt ures of gﬁ%‘ﬁ{lfprg‘{og?ﬁglf rsﬂugteeg;rh}lgr%i @E E%@%%t%?wgb/@még%é%hg?g?g%é cdpacity
and can exchangle avoidéig sutentRitibhicatidn rsYBER agdixaBsstd beloi s structure with

t he surroundi ng at nosphere, depending on the availability or |ack of oxygen
in the surrounding. For certain applications, it is preferable that the

nmetal and 20 the ria-coatin e.reduced prior to.being used,jn "
Catalyiic process OFaRTSRyY AR LiabRE TRke Bire Sondlib B e g b i Runa 1 o
have a vesy glanfié, Rfgehérally désfed OXi@RNer, 26h bdtOnies RESMHRIM atGsMperatug! ake
can be exotherm c, generating |localized hlq%h tenperatures. In addition, in

t he presencehigherban gbout$80tatand fakriation prablemsshaystbaen ¢rdoppteraddforiamet or m
thereby rendering it..catalytically.more active.. It is.believed that this
occur s becausie ynglit ae L mePhaich! (EESS plfiencfein s Suge coriionsn dBhad of by
the nmetal . | gxgRMYENoARHh sRbdfatd MBd¥bEpurE e, WiicPRSadefhfivay WidhStherfapash
coat conprising a thin |ayer of refractory nmaterial may be applied to the
monol i t h i n exphasion@oefiicien seay dxpes enceaubstantmhshrinkage apdn/cooling deung thee ar ea
of the supstrate (with 30 referencg to _eéch ra?rﬂof th.ecﬁmnolitg(gi can be

i ncr easell f r RACAIRN PIRETSABHISE cerighas apigh donsifyaprarapocip diss mey 318Rew 10
m2/g. Unlike : Q,;;,';na,r,- ' : j i 1S NS t
usual |y consﬁlﬁtlfé%s on y%gtt(!sdn}g‘gfgp\ﬁea?lgﬂlt%g’g?g%mnéggtgfﬁ%é?gab%@&tehe m§n0 ith -
e.g., a comshirinkapeé yr mechadnatal strese neshlt it theefproation of ceaeks i laggeh noaalithof about

1-2 wt. %wth respect, to the i.ght of the nonolith. Such a netal catalyst
5 (with AbouFuRsTates Furthgrmoees Pﬂgg 671 gatRly e EeagHANs, HSAFPPEraREe FsOlteRni bi t
t he enhanced,; i d BhdiX g : .V, LA madliGh as

| ow t enper at ﬁlrggiofdrh\l) %Ié g(t)?(gn.’ ﬂﬁr{s% gg%ﬁﬁ%l? el?%sbllgtgﬁsr?gét g? £tgfyt9t es(?l %ér) at u?e of at

| east abbiit pO@GCeris. required for initiating the partial oxidation of CH4 |f
desired, such a wash coat may al so be used in conjunction with the netal
catal yst of the present invention, e.g., by applying a 10 wash coat to the
nmonol i th substrat rd ' | j TRt used in
the present catal %ﬁsﬂrgélg&%gpg%%%%’#g%yﬁ%#%F%?ﬁdgﬁgﬁ’;[%ghg%ﬂ%’gl e netals
of the Peri odbatingdbloemed oktretive néramiSmhelithdefort tesincdiporatien of eketal. cobal t,

iron, plati nuFrH1 pal l adjum iridium rhenium rutheniu r hodi um and_ osm un
15 wi t h ni ckEnhansed e3talyhie Peripmance i achisved with dhs war@%dén@rqb@apmm%g
preferregar i i . j roup is
rhodi um hegxn%pg%&gh%tagf;ag{eep%%%?J%Stﬁéﬁdngﬁgﬁﬁga@g@%ﬁ%?@ %hrrelm?%ggf or m of
met al s, et aktabl¢isdpsort With dighdirfadesrea In@ehidhl, Rirabndlth hiyhav©h pb@sitgi Ng

reduced. Upon reduction, as described below, the netals will be
subst ant i al | Yetiveen prowtd and about dPfhporss e ich (ppihgad comptisesiaseramighout 5% by

wei ght of th ef o) e.wei gh f | S e)
can be deposﬁ’taee ag{r%laﬁ & og{ Sﬁgﬁ%[}h tgé Qﬁ%%g(h%f‘% 'gﬁbg"{}&’gfr}g&%ﬁﬁn? Egiéé% %#egher
percent ages pRyheahétal difalit e SuetscdrQBRS nyincllyBé AlfrasRipbyidessieh ab Rigcamigsent
invention are found to provide catalytic activities 25 that are superior to

convent i $hal alygting, ydriaditsniamagnesiaoeardigrite; endisambinhations| thereofz amang gthers. net al
t han ot herw ossi bl e. ..For anpl t he inventive.preparation t hod

pr ovi des. i gRTFICRERt SSPERBE SRd Hen i aress e AnplicRions, P e ol RF ik
catal ytic pexd@e Woﬁ&itﬁ,geggﬁﬂl?})’i?@aﬂrﬁ:aﬁ@n 158068 lar 0o Fhn R VR effoRNd

product selectivity) with er amounts of netal, e.g., less than about S

wt . % and pr theenerulih magsemptissicombinations of one or more of these and other ceramics.




towabout 0.5 wt.% Conventional nonolith-based catal ysts, however, often
require at least 5 w.% | oading of noble netal to achieve simlar results.

" Preparation of the netal catalyst The nmetal catal yst of the present

i nventi on has been prepared using two approaches as described bel ow,

al t hough ot her variations known to one skilled in the art may al so be
acceptable. I n one approach, a porous ceram c nonolith substrate, e.g.,
conprising a refractory material such as zirconia, alumna, titania,

yttria, magnesia, ceria or cordierite, is7first imersed in a suitable salt
solution containing 10 cerium After drying at roomtenperature, the coated

ceramic nonolith i b} £ 3 r £ 400C
and about 800C, pr@??rla l%%@%@ﬁ%%ﬁmgﬁ%ﬂgﬁgggﬁ%ﬁy%o ngca?g- type
structure of pessessapphicitionspelg.opartiblboxddationc shififredchiond) ateemmeforiing) carbbe

bondi ng between the ceria coating and the nonolith is sufficiently, strong

to wit hst and diids refaranrg provfhersistctivopxidafionprapeseesmdavatverevhgtpluBingig h

space vel oCi L¥eq & e badiRdllorbO AR A SHARE 1R BTk OliaiPRRE ARTRARNT - 1
erent cerrumsalts sucC as certumnitr e, ceri C ori de, cerrum

anmoni um i t dateqo basRpAicahilIeSs effédhive forisethl dxidatisN of ERIroarbési eyt o form
the ceria coating. It is known that the solubility of ceriumnitrate

i ncreases dr gk@mpleait hgs bgenHopw! thetypathaa metel capplyss havingaheutdhd'6dinleading a
super-concentrated ceriumnitraie.solution, e.g. . .about =40 . % is
FIPel oropar 8h d E Rt Bhing bRy esid erdafontd iy Suldnerd

t enperat ur e, ifitifted el eétt ét%rteﬂﬁgéxfaﬁﬁéoﬂabﬁu:t am%'(uﬁmg@wed gdsANSRRE 8sthpighg The

ceramic nonolith is imrersed in the gel for about 1 hour, and dried under

vacuum at r oeheutésh by wolinfeCHatmbaut 3. Hébysolumes of ©; anyd ahout h&% by mat i on of
oo S e RS B 1900 P g6 SRR T
A e L L
appl i cat i ons between 8&ixard dumowtmagbstespimihie &firehalatl obenhpnesiantalytic an
amount bet nes e&.b otwe%ey,wlt' ig/%glcl)eved that enhanced catalytic effect for partial oxidation can
be 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 cerium, e.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



11+ about 30 w.% nore preferably between about 10 wt.%to about 20 wt.%
wWth respect to the nonolith substrate. For exanple, if the ceria coating
“is below about 5 wt.% no enhanced catalytic effect is obtained for partial
oxi dation of CH4 conpared to conventional catalysts in which the netal is
di spersed on the nonolith substrate in 5 the absence of the ceria coating.
On the other hand, if the anmount of ceria coating is higher than about 30
wt.% significant bl ockage of the pores is observed in a 3090 ppi nonolith,
and the resulting ceria coating al so has @éndesirabl e physical properties
such as brittleness at high tenperatures. 10 The netal is then incorporated
or i npregnat i : ?@ﬁﬂf" e 1 i
ceria-coated%ﬁ%ﬁgT??ﬁngﬁﬁgﬁﬁg e iﬁ 2&22#E§%¥@%'EE%QF%ggﬁﬁhg%Fﬁ??SﬁW?%r a
suf ficient timealpatalyst wilbbppmserted bélewdesi red anount of netal | oading,

e.g., about 13 hrs., and allowing it to dry at roomor el evated
tenperatures. Exanples of netal salt solutions include rhodiumnitrate,
rhodi um chl ori de, ' ' i tes,
chl ori des and acet‘ts:}lt&g)é1 rgg?g:'t]ﬁgh@ﬁgﬁﬁsﬁagﬁjsggﬁ{n@gijzesrgrg{igl{’&g{pﬁI%%ghﬁ%@ﬁtﬁ gt a
concent r ai orayeao@eeridf (caiandickids), anitureldfeeritalxideywitgOet add Gt a coati ng
is then cal ci ned under suitable conditions as generally known to one

skilled in tidgtion stateg (¢.2aCethand Cogds) samalse be upgslo s Used hepgin, the feym

desi red, the . ,getal t Q.. c hj . th Hz at
about 500- 600g&iaorShgalg@%E&@-ayggﬁ?g&cﬁgﬁﬁs%ﬁg%o_Glﬂ rg%‘:iréll_,’ lh;e cr%lél_gggaet_ et al

cat al yst r ef gjréfetaBlyedontad@SdubbtastidlBifire edifipésttidm of earin xRk NHolwvér, ftesdluced
state, but the base nonolith does not necessarily have to be reduced. For

certai n appl ipoatiblortlat cpmppsites oz mislvres of otheaveramiorrgfrattort materiglsy egiuepd
state prigr to bei ed int rticular process. For exanple, jn.order
to achtedd 1 RABS A TE et v EPismes Bt wRishT BT i ot aSHighmgy ol of

hydr ocar bons préyent, 88Rhg b the8®bibler ARraRAGRI hdver QY irfShcb tHRWaAIAIR dchthdsed.
This can be achi eved by exposing the netal catalyst to a varie€ty of
reduci ng enviof tremesitlting metah catalysi.ci ent time period, preferably at an

el evated tenperature. The reduced ceria-coating may conprise ceria with
oxygen present in |ess than the stoichionetric amount relative to cerium
e.g., Ce02_x, whergetedt. chate@hRMbRth suBahtdSirviat sugteior Bedérniinct Bfip&e®. and
both the netal and the ceria coating 12 shoul d preferably be reduced to
conpl et ell§ r dorvoreventienabodvinotithosupgtieates made priveatlyrfran otet cergminmhatedalsducdxygen
fromthe nmetal. The netal, catalyst c%n Qﬁnreduce as .part of the catalyst
preparat i on PF 3EEuEa, Zgcona apd pLHTes oL spel mptgrals  Serp s KROWRIoAYF OKYBER pr i or
to being usedigriberabalif atiicin BLAERESa cLdif Bt JrodYsdd WoMB HohPNTENt S Can
be used for this purpose, e.g., a hydrogen-rich atndSphere, a non-reactive
reduci ng at nsgpttereawitiothesurreanding etnzosghere ddepemding bntispdwailahilignardgckoifher s.

I n one enbodi nent,. the cal ci ned tal .catgl yst is.expas t.0

Substant| i | PRI FoLh b ARG SineRans tasiedastiandng o
10 tenpepgt ug 198 ; : ceﬁ’dé-ngifﬁgﬁtcﬁ( -
cat al yst Q?s stE? %@?@%ﬁ%g‘?g&g&%%op l?%thfl?l Fggg@hae&gﬁ%i al E()s)'sd at | only eenacti on
of met hane ( Gtddyedan thieweannéere ogrex iatfourelstothaana paysiohg affirtity far suygeh,candiied al

catal yst prepared with a conventional zirconia mpnolith. The process

condi ti ons arBbS§AYRY OXYSSRANIAke cap be expthemmpig geperapng lnsalized fHgh Fatures.
conbi nati ons ff e Lt ahl ' 5
Gesi rod degr o2 *SPREERANE Bk Rar Inindl AEERRLAY Sk il Rl find
acconpl i shed tigretgaenddring it talyBtAly iceatyed. It i belieealthatvbisaveins baoarist ,
e.g., a reaction between Hz and 02, that, enconpasses a reduci ng atnosphere.
The degr & ofxygamis picked Bp pratercetially Byseeriadnshendi o by dhe wataby t he speed of

pi ckup of oxygen by the reduced catal yst when exposed to an oxygen
contai ni ng atnosphere. If the catalyst is not sufficiently reduced, the
partial oxidation IﬁQ@ﬂ%hﬁanébfgl-dctia@Witﬁtxﬁdﬂoliltﬂlbhded@aﬁa@@ﬁ?ﬁQia'sﬁ eomf greater

than about 350C i s reached. 25 Examination of a sanple of a netal catalyst
(about 1 wt . %mprisingaithig layed 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



10. wmt . % ceria coating over a zirconia nonolith with a porosity of about 45
ppi) using scanning electron mcroscopy reveals the formation of a

“ scal e-type of structure on the surface of the nonolith substrate. Such a

structure is strong enough to withstand severe reaction conditions
encountered in partial oxidation reactions. Elenent 30 mappi ng data of Rh
indicates that the Rh netal particles are honogeneously dispersed 13 on
the surface and has a surface area per gramof nonolith in the range of
about 13 nR/g. Furthernore, when a netal o9atalyst with about 0.2 wt.%h

| oading and a 10 wt. % ceria coating over a zirconia nonolith is used in
partial oxidatyj mgK%z i Y i eved for
a feed gas n?i?ﬁ%gggnt 4g2¥§¥%§&?g??ﬁ&%gﬂgg%ﬁﬁga%%ggég%%?ﬂgg$g%%$%ach of
preparing thénvention, thatvaslysdat usuatlly censtitutes bisly aispmilloasghigperdent Sompaedtoar ea
of the nmonolith substrate prior to the formation of the ceria coating. This
i s acconpl i shempyolithr gigad WnpBersially axtilable mayelith snasrhayp e cenmmesh epatpbr 10

exanpl e, the _por et I tr re can b ro d appl.yi ng.a.zirconia
cont ai ni ng sla_ﬁ?"%@b%mt'({‘t’ f”_ﬁté il %&%i&ﬁ?ﬂe ngﬁ& ?fﬁhgmf)%ﬁ@l Lﬁ%{) airgétglocra tby

M Xi ng zi § CoQvith ABYWENS Wt.UORABSAdingG drPthBRESa whsH eI dofextiisip@esant  at
roomtenperature. Matrix formers can include one or any conbination of

gr aphi t e (abenhancedcaaigtieracthity aftsrgdiley the prdsertgnyitipnesuchas ey tempeyatatee
(about 100-30Q,.mesh). and, zi.rcon [fjber, 15 bou -50 mcr . Bi nder.s. and
i sper sant s dPERESIaREryf 6 i thalR emprifite Rbot Rl aR s TR T s
of Rohm and lig@stinglthe ph@iaPbxi¥eti cHEIUML, Off dBBfdd! Such@ WRhohSmaPaleé bOubkkt 0. 5
g/ g conpared to zirconia powder. The relative anounts of binder and

di sper sant airecaipengtiof withothd micta) catatyshbftthe peeséntGn@mtioy, cgnbpepmying azi r coni a

powder , spectjvely. .20 W t‘gae sl urry-cpated nol.ith is sintered at a

rel ativeﬁ@ hi"gf" £ %P’étrﬁ?@?{bé?’ .Sfrarﬁl?&‘#tolg’é‘@@gttggﬁ%?oafﬁéoc, a porous

matrix structure is formed. This matrixnodified nonolith exhibits good

adhesi on between the matrix and the zirconia nonolith. A ceria coating can

t hen be forned ovdihetiatalposelia thepresent catylysts asstlegtedSraniceadih eranstion and

i ncorporated into the ri_a-cqated matrix by wet .inpregnatjon using

t echni ques aé‘f’g‘feé’%‘?tgﬁg?&‘_e(?é?@%%@&le @m@‘@e‘ﬁtﬁ_esﬁ’é?m%m& SWEi“é‘Fn &l

| ncor por at ed obhud, in Bhkdutn, @NShiun HRGHSHIchidd GAERLKS thoUFHEM bSmium;

extrenely stable’even under ‘severe’reaction conditions, such as hig

t enper at U§ es wathchitiedplatimmm, patladivmfantl ekolliamdbeprgaatafetred.adMore pidferededral

catal yst is sy sequegtl,y reduced as approprig#%. 30 14 Partial Oxidation

of Hydr ocar b8if&e ediHm: Heheraest preferred pstal of thisgropn isgbpdium, smefalsmay be

used in a varj.et ' it d ' | -sui ted
Eﬂa? (% tp?%seﬁ%#x?%é?#&mm}gﬁl%§ﬁﬁ§ in {He fbrin BRfdelafd i ox TRk, m?tHi

for partial 0X n ocarbons to géenerate a synthesis gas (mxture

of HZ and COhalides os other aietad p4lts privir t@being eadueed. Epbrarddagiion, asidesodbat hi eved,
including a high conversion of the hydrocarbon at high space velacities,

h
hi gh sel ect i bploWe therragtalspwill bg S@iﬁt@waﬁu ip thggaetpllic fomp0Gaperalkhy 2pout 2% te ow

initiati t I . i i . \S a
Si ngut ar Tani Fo0E ey feisht oPE Mok R R U wplbHE RS BonGtbabod
reactors of vaflé deposieal gnthe@Erist@nsd mbaslitxabiitate, altheughdtighed pefRitahes a

pi pe or tube of suitable material and construction having a diameter of up
to about 100may@fRedeuspdatnESIFaBH) , or even larger, if desired. The feed
gas mxture is fed into one end and the partial oxidation reaction occurs
on the nmetal catalyst with the product gas exiting fromthe other end. The

nmetal catal yst camMetal 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



15:al so conprise of nultiple nonolith units to forman assenbly of units

di sposed in end-to-end arrangenents. It is preferred that the netal
““catal yst have a porosity and orientation so as to mnimze the pressure
drop of the feed gas through the catal yst. Mreover, nultiple individual
reactors can be used to forman assenbly of reactors disposed in a

si de-by-si de arrangenent for increased production. For exanple, 20 nultiple
pi pes or tubes can be packed together as an assenbly to forma single
reactor unit with each individual pipe copgaining the metal catalyst. The
hydr ocar bon-cont ai ni ng feed gas, which can be used with the present

i ti | ! ht
et bon ot oms BBt 4R Wi Eoli OB AoiIRPRRl AERC oI IS QR AT
C~- CS al kanedeasadavti¥edudirg oﬂn@blbahétiabwa%hiev@@imiheﬂ@ﬁlti. nost fromthe use of

the metal catal yst, because | ower nenber al kanes tend to require a higher
tenperature for initiation. O course, natural gas and certain refinery off

gases cont ai .rQ ggt hg’fﬁﬁe gr‘etg 8h1e§| hydr ocarbons can al so be enpl oyed.
Al ternativel y; : t hanol and ot her sources of 15 fuel
may be adgpted forThésfetalcatdlgst B gfegitéschf DGR fon hbEBep@pied QFihgiRb Ny gas

can be air, air enriched with oxygen, oxygen m xed with other gases, and
pure oxygen. avardagh@ asdtewmed;belpWeaangb@&reMnmimsémnmgo ﬂ%&l@edsmdh@i t he

oxygen cont al fee as ¢ e used in,the feed gas m xt preci se
oSt ure 1 PouiEehe Arkeniblt, T ol FpmshichohBot FeBReRaOHbEHRSEE 1 cul ar
hydrocar bons ecé‘ ﬂ%éfb?ra@t%%‘v&%‘ateﬁfal Q6N 98 DirORGE SR tRamaNdGL T he
partial oxidation reactl on. Operable ratios can be easily determ ned by one
skill ed in theagnesia, dbﬁa'ﬁheon a$ ficx irmeTsed irpa suwitbie sal sohmdn@bmzhrmyg

cont acti gﬁ m xt.ures, of the hydrocarbon-containin feedgg ’?1{‘1 t he

oxygen- coRt aiSiHRg- deEs g R HRPARIFULP thepoptsiterapicaponolith 15 5inEed Abngi ng
from about 1}5@1 Ofbernhred %egcoae@'&e&%%ﬁmdt@c%gfah @ch ef: 3‘1 Bétwaares.
catal yst, pressure and space velocity enpl oye oper ati1ng
condi ti ons, tdbeuﬁi!}ﬂngad abmutI6OB%C| Atscalddymstaktume of cartids otbrgﬂ:d ondhe | y space

15 velocity of en about 50,000 and, about 5 000 hr-1 an prefer ny
bet ween aboutsu!lB%F Qiohe e h. bl nging b eiweemgepf%%ﬂategaegt

from about 1 it SEpRy Bfing6 sABRiand 36, d¥ ASERh haRRHE UFhiEA, ¢ &%ﬁﬂiiéﬁfs 5
atm Gendtal Ihigh $pagheslosipges., wbbaici00DeE andispaoe vempxltpymom #00,00 @i

concentrations of oxygen in t he oxygen 20 containing feed gas. For the
pur pose of partial oxidation of hydrocarbons, it is preferred that the

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,
e.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



vael unetric ratio of the hydrocarbon-containing gas and the
oxygen-containing gas in the feed gas m xture of interest has a carbon to

" oxygen (C.QZ) ratio between about 1.5 25 and about 2, nore preferably

bet ween about 1.6 and about 1.9. It is understood, of course, that
reactions having C.QZ ratios of |less than about 1.5 can al so be conducted
at lowinitiation tenperatures using netal catalysts of the present

i nventi on. However, these reactions may be characterized nore as
conbustion-1i ke processes, instead of partial oxidation processes. 1n
general, feed gas m xtures having higher 30 CQZ ratios tend to require

hi gher initi W&é A I

catal ysts of a%%gg%&g?gﬁ?&re gﬁlialb pg‘{nta}b\g}lt E?(?Vg%#z‘%oﬁﬂ;%oc??%’ﬁgqggn be
initiated atrespdchta thenyoriobith substpate.aFor eangple hif the cliéd cvatiagasibeld®@Bputeven f or

C Oz ratio ag high as about 1. 9. Thus, enbodiments of .the present |nvent|on
provide an i ApBr P19 CnBARceS tcaﬁjg"’G\Féﬁe"tdéﬁb@ﬁ%efl(fﬂlaﬂ’arﬁ%quxi‘éﬂ“o&ﬁf §dd4 compared

PrOCESSES. é%%v@ tfRuf ‘?algstiﬁ.n&ﬁtch the thig fs’?i'lsgax%& 8f ﬁeerﬁgxgélﬁﬁ% tateA

depends on e nu er o at ons con ain ocarbon fuel. In

general , 3 hetHeQB@d’ncB&Sﬂﬂﬁ@éﬂb%kﬁm@l Oh the bilRs Band, ifthé emdusiadfieeiia adNiMp)is
require higher initiation te@)eratures for partial oxidation reactions.

Therefore, ehtﬁberth@m@%ﬁom ostgmfieant lockapeoftheppray is 0ba¢rwctm &30-y
el | -suited por o"l‘{tﬁ %d?ﬂ%eresﬁl}‘ﬁ%%‘ o%Pﬁg a§ o Hag uddY g%ﬁ,lx“ ?SS than

about five carB%l atons, "espect 4 pr ovidi ng initiation

t enper at ures roﬁéﬂ@@g{gﬂhd@lb@lﬁ%’ne&yﬂm%}ﬂéﬂ@sﬁtm not benefit as chh as far
as initiation tenperatures are concerned, netal catalysts of the present

i nvention can still prOV|de ot her beneflts such as |nproved selectivity
and incr sed pro elds for ar ed ny i onal
catal yoras pr eotitmeld B inShmare o Hivepas O Bccri O B PR e

pre-treat ed 9%111&1%6'1%1%%4: Berfa-ddatddnabsiftith Bebshaledh &ifshtﬁrart&ﬁﬁ&:&l saltl§¥hgtion f3r ON€
enbodi nment , e netal catal yst can be exposed to an exothermic reaction in

t he presencea siffigientiime pero® provide thendesiredarnount tof nstal deaskingy g. g aboptak-t i al

dat th t al b ted th
o tor e of ot 210 2oking B b SR s e et o o
gas hourly spagfonéghQbdd tholigiMiraRf Rk cHIBAQd And Pkbdiim acetat%' &Clﬁofehe Hz/ Oz

reaction is highly exothermc, it can heat up the catalyst, e.g., to a
t enper atifre @fneadbkyuﬂlemmmcmonmmd@pmteeof the tteawitiog oanoelecess off Hz in 25

t he retreatment feed m xture, uc at nposphere i.s. rende so t hat
Lhe Dot al e ezt Seonthmiaion ke OB 120 Wik Dhe it ins i aled ezt | on
wi |l reduce é&ﬁng\‘#tﬂén @Jl&n&&"ﬁnd‘e%h@ab@@é’éﬂdﬂﬁ;n‘é’f&k Enedll ﬂﬁﬁﬁ%n@'sﬁﬁleﬁ%t the

netal catalyst t0 a tenperature at which partial oxidation can
initiated. Gheartftig., ataettmhtﬁ@ﬁé(l)q?@tfor gsoaih dsl 2the. |IﬁdetSIrad|thmntem1paIabzsnma

can be-ter m #58 Bireducod R wig stals v Macht bt DN 0B e for v TR BFs. (A% Wt e by
contactifg apdr&ads Adacdd l?\%mt'ilf ﬁatﬁﬁl%@%ingQS ar tﬁ@ﬂﬁeﬁl cf‘&erpa%atm%beuég brs 3 eh

oxygen-cont ai ni ng gases rati o et ween about 1.5

t he met al catedigeststatéydut the base mioadlithxlodsahotarcessariig haveorbeaedwsd. t he
reaction will continue to transfer heat energy to the catalyst raising the
tenperature of the catalyst to a range of about 500C to 1000C. The in-situ

catal yst pre-treag ﬁal "X@Bﬁ&tnl%é g@id%ﬁﬁabgégfgﬁ{aﬁélhet tEx?QPeCd%Q Alde

pre-heated in a SI ng m na € nee of an external heat

sour ce t her efryorite 8eing Niged inahe partitelar Fro6éss. Tbr éxaenplé, 46 OFdRr tolfthigvedowt her
enbodi nent, in-situ pre-treatnent or reduction of the netal catal yst can be

achi eved®3si niitiatiep teraprIafaras r\@)P@l‘tlﬁh@?ﬂdaﬂon@fﬂﬂé@@rﬂ?m%a&leiaﬁiﬁhe metahand thet he

char act or | zogry AT GRE 153ty Thi s BRREHR By SURrE T Rl tnce

the metal cagoal Wasiety of ré@iihg dhvirdfmeats fbrad 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



15 oxidation reaction, the netal 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 al one. Thus, a synthesis gas plant, after a plant shut-down, may be

re-started with a feed gas m xture of natural gas and air, or 02, at about
200C or below, wthout the need for further treatnment of the netal
catalyst. 20 In the case of a freshly prepared netal catalyst, or one which
is already reduced, e.g., by H2 in a furnace, pre-heating of the catalyst
up to about 150-200C may suffice to allow2 nitiation of partial oxidation
reactions. Such pre-heating of the catalyst may be carned out by using hot
N2 or other | S ] i :

i nvol vi ng szlgkﬁ%& 8%?&@3%}52%1&%? clian prolgtgfsysr@glro ggpﬁé@@%@dﬁ%ﬁ E?gilﬂ\l/lgreg?%n of
CH4 to H2 andodtingeand boundiokypenfngtheafietalbout 10% to 15% hi gher conversion
conpared to that expected from conventional partial oxidation processes.
Furt hernore, the production of other 30 unwanted conponents such as H20 and

02, can be mini mﬁi@?ﬂetal c?ié}y-gf'ﬁaenfﬁ)el Jeglygepgls ﬁ%ﬁ?{h%sca{awsrérge@%ﬁo% gf‘r%:la&%xoveg

partial oxidation process o presen on. r rrsing
tube withsa gdaogl @FsiRfinalatilytit rentdr j0spribitg belAg ustddd aicataliRggoesanpl es.
The zirconia (ZrQz) nonoliths, with a 5 diameter of about 0.73 inch ( 18mm)
and a por osi Dyfferentaigduning envirpnmenisenan baaised fpe this pwpass ed. farhorogssuichus

Hi - Tech Cera 'cs.hl n each_of .t he exarTBtI es _bel ow, grior t(g conducting the
partial oxi dATRERDFEARIHIFAC YrFefiing almaspRcre,Or G ractiys an Bcdgl)clmgx posing it
to a pure HZa@Rysph&BERdngdthérs MRE Mo dIn 8RS the RaR At dandt AITABN At I kpBbedabout
550C for about 8 hrs. ina furnace. Furthernore, before the f'eed gas

m xture was kna subdtantally pure hyydrogere (0 #uvioonment et atatogpherimtpaesgute andsi de t he

< curf1 B anitropertys braPouliBRE R aO i bodst TR Pk el R ARRLE dacion

reaction. ExghfficRnfly iQuCedRMURAd B BhrtidPbaHatf rBhdth offtetRimRREEatl¥wer
impregnating a Zr02  nonolith with about 5% by wei ght of rhodium{Rh) netal

usi ng a r hodiampenitures tlangoksibieovithwi simikr owted eatalyat propared wathautony@tiomal about

roomtenperature. Prior tq the reaction, the reactor.containing the netal
catal yst wasZFiiemoBalith T36 PERSH CORHISTS F° SEGURTIMEFIN L ASSFHYRyEpOse,

presence of S&hbi i ")l - Al of CH4,
about 34.1 % yO@S{ urrelg%ﬁ)él? oghgfcgﬁgc%? HiTl.o %A)Q‘%f?sl\éa%?‘ﬁébég%@\%@tt en passed
i nt o t hel¥ eadesireddogtcadfiradgctidre net al catal yst at a space velocity of about
157,000 hr'* . It was found that the reaction could not be initiated at a
t enper at ure bel ow about 400C. Upon initiation of the reaction at about 25

400C, a rapid ri S?u}tﬁk%r}rllgige,gﬁgﬁé%ﬂ c%J_ﬁé’ipc%@L#B?xg‘li@hé%%é}lpgég‘iggtﬂ@xﬁeﬁp5er ved,

with the production o e resulting pro cont al ned about
59.1 % HZ, abatalyst36.akeddti@Oenvibmmient, 4. NPreaetiombetwe&Pble andOp thiatoxi de ( CQz) ,
about 5.27% CH4 and about 3% water, (H2Q). The conversion rate, HZ and
CO sel ect i vi ERCOERAETEE aes%mge&t@esnhc&n TW%&%C@%@@W&&W%@* in the

product ggs. in-ﬁ%tédeo%}{hg Sp&ddor fjﬂ:kﬁy 8%}&&?%&&&%‘ Qtyst 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



Exanple 2 A netal catal yst was prepared as described in Exanple 1. The sane
procedure as in Exanple 1 was repeated except that a space velocity 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 ZrOQz 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 % RhSpace

Vel . CHAHzCO niti ati onon ZrOz(hr'')conversdli3onsel ectivitysel ectivityTenp. 20
Ex.|l S157,00085. 3992. 0995. 29870CEx. 2 5314, 00083. 6%90. 8995. 3%100CEx. 3

2. 5157, 00064 o8 "rﬁ’e%uﬁ’%@m%f@a@ a%%c%%&e%ﬁm%f’ﬁféﬁhit}f:%ttﬁé Y*?%g gﬁg%driﬁ 2

ceria-coated nonolith was prepared as previously 30 descr

present i nveAtm¥dg. FustiénGpreyoieh anfetalaatatysatvitt ahowt0. 2k0.06RH Bding andiaght  of
ceria by imersing it ina ceriumnitrate solution with a concentration of
about 40% f of0 36 Facera $RMIPS QVeTA@tronEgronolith s ussd i pRytiakRradatipn Of GH4ap r oom
t enper at ur e, ngl.i i AM % by
wel it of - R g g Se AR oTr Bl hokRRed PR TRRE Inithirt WSO
concent r aj i oratiof ofalbeusid 1580 35 20 The reactor containing the netal

catal yst nonolith was then preheated at about 150C for about 15 mnutes in
the presence of nitrogen. A feed gas m xture contai ni ng about 64.2% by

vas then. i nt +oducatioEl BPuRAch/orReiiFRe Qi il Al Pt ikl g °, ™

space vel oCi the saftfagdstei of the mdHlithdubstratd Pricr loah® &raiatibR 0P thedeAl toathigC.
After the reaction was initiated at this tenperature, the reactor

t enper at ur e Thjsiislpscompdishedbyaforninglopuonsunatixtlpger pvercthe mopelidt Bz and CO

The resultin rqduct gas contai,ned about 60.,.1 % H2 bhout 31.6% CO, about
15 nee T L S BRAIERE B ERME LR FurE Baibe Siitoc BN apa S gt e ot
conversi on 1 géRaiafh shitesiith Yhe JiRdnfadhoddhith2TROSuPid B b iRk Qirconia

cal cul ated from the neasured concentrations in the product”gas, and results
are shown i npJedérevith meirowforagranipinders aind adispérsadtabtoom tewgsrapurep Matdx as

deo e | AIELE e, T S 01288, RSl Mo SIRDLe 4 ves
results are pHQWRr sith B3 PoBmretRA InfithacEARERARUE 160-380 AlesiHAindl12bn YiBEr Pr epar ed
as described in Exanpl e 4,7 except that only
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



20 about 0.2% rhodium netal was | oaded on the ceria-coated Zr02 support.
The sanme procedure as described in Exanple 4 was repeated and the reaction
“was initiated at about 150C. Results are shown in Table 2 bel ow. Exanple 7
25 A netal catalyst with a ceria coating on a matri x-nodi fied Zr02 nonolith
was prepared according to the procedure previously described. A porous
matrix was formed on a Zr02 nonolith by applying a slurry onto the Zr02
nonolith and foll owi ng procedures previously described. In this case, the
slurry contains about 12.1 wt.% of Zr02 pleder, 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 plud thidRish of HSRRJS@Bhs (Duramex D S 21 3021 from Rohm and
Haas), and about 25.3 % of water. Al conponents were stirred in a
beaker for about Mithoogh theahetalxanalyst vftregiresent inVérgionanay bé wgdsh aveyetypas
applied onto the monolith, and when suction was provided wth _ a vacuum
punp, the s| af F3ralytinBrocssses; 1t is pavishlarlyavelbsivied for pasipl oxidaggnofe entire

surface of t iih. : | | S intered at
about 1550C AdfOpAigbhs 1 generilay Shitit oGzt PBPAL WA CEHZ 14 MR 481 G

monol i t h, 5W tapplécatieh,lsexeral advamtdgesidan e athievstp dichdlifia high coRverkioh lbf thsas t hen
coated with about 10% by wei ght of ceria, and inpregnated 10 with about

0. 2% by wei ghydrefarben atehigh spase ypleeitigs.thigh speofiditigh fordiz adeCRdMithiresppetugi ng
th d i Qusl i.bed.. Th t taining th t al
catalysr monfROR @ 3y A J6P AR STEBRRT 6, 75 m nut s in the

presence of nitrogen. The sane procedure was repeated as in Exanple 2
except that the initiation tenperature was 210C. The results are shown in
Tabl e 2 bel ow. 15AFpsedowsiRmentonsds thg nsSpalceElysHBERIRgU ramitef2Rnes ed

Zr Oz Vel . . . g . . .

(hr - ~) cohQer SiBmSianE A fap ps apetin differntrspetens of Yagineslisims 858/5°% 0858, svas50c2
5 Ex. S1314, 008318 %3 1R cAVBER Ple. o Qubp ok bufif rab i alfd O HUBRAGRNing”

mat ri x- 0.2314, 00097. 6994. 4995. 7%0210Codi fi ed Exanples 4-7 illustrate

t hat enbodi medianeiér afug tprabewriDOiinshen (dbont 204 aw), paeveandhrger iifidasireds The

hydr ocarbons .tq be i.nitiated. at tenperatures .l ower than those 35 aghievable
131 ng. compar S ERRMITHIG FE i ARGHalh Cairtif\Rudatin PR ARGHTR G o3, 22
I'n particul apetd Q@tagfsﬁéﬁmhé PrY&utt ! Qéﬂe)éi{ﬂ%%ﬁ%mpcﬁé bitR} e P e EHtalg%aﬁO be
initiated at tenperatures bel ow about 250C e.g., below about 220C and even
bel ow abbuit aB0Comprisaciiintitipte mpnolith snibetrfofo andssehdly of vritsalispossdiny

repared cat al yst bout 1 . .
prep en -to-ergda 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  (C;-Cs). 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



Rh: on a ceria-coated Zr02 nonolith), partial oxidation can be initiated at
tenperatures 5 bel ow about 100C, e.g., at about 90C. For the netal catalyst
"with the matrixrnodified nonolith (Exanple 7), it is believed that
initiation tenperatures can further be reduced to bel ow about 200C if Rh

| oading is increased above 2.5% As shown in Table 2, the present process
enpl oying Rh inpregnated on a 10 ceria coated zirconia nonolith exhibits

hi gher CH4 conversion rates than a correspondi ng process using Rh supported
on a conventional zirconia nonolith (resul¥s in Table 1 ). In addition, an
i ncreased yield of HZ and CO (synthesis gas) is also achieved in the

i nventive pr bRR i L i

obt ai ned at gﬁgﬁgﬁ fi caﬁ%elaﬁallr%gmegl? ﬂ%ket?g\%eh oag?éﬁgq%g%%%ér%d&?g@ggggéngdgnbtei onal
cat al ysts. Thair, ais ené¢het vathnetyalen, catygéymixedfwitthethpr geses)tand pueenixiygen. f or
partial oxidation reactions disclosed herein is nmeant for illustrative
purposes, and is not intended to limt the applicability of the netal

catal yst. Instead, i € s i.QVv, i cneral ly be
used to enhance peY or ?rgdr%g%%g@eq{ %ﬁ%@@g@g@?@g&ﬁé?éﬁf@es2(?%&13(”i ous
process ngedgontainingfeadghecanteaussdirpdhe deddaday slixmed) Tleaghetiye pa& m@ired up to
| arger sizes, e.g., greater than about 3", and preferably greater_ than
about 10". Byntmcgwdﬂnﬁgth%ﬁ%@ﬁ@e%wrﬂb@@ena o8 s Rartieplanduidrecagions shesgtcoat ed

monol i th- SUbshh et bIRELYRTef AkAsHEL fo ALY b pEAI RRIARN X6ty L her eby
P RPXRSC IV process rgq §

resulting in a riore cos urring srgniticantly |ess

netal | oadi n@pekablé RE6EAELe ERilRAREARINERbP oROSKIIlOdRIN B af metal , coating
material and nonolith substrate also all ows synergistic or enhanced

catal ytic effect to be achieved, such as illustrated between rhodi um and

i a, | | i.di ng. a.. k-fr. d bl tal  cat t that
can be {3BrTcat od THrdaish BdRiFh oS S fudliie ) EPuRe Bue R B 48 1035
Wi | e the prag@rkarbby.bhtadiind12ed BRCMAARS 6xyde8totaiding R8O GAN R mEtaer al

enbodi ments and exanpl es, nunerous changes, additions and om ssions, as
wi || occur t satahygby cortatt tinded ranging from abawhy td 00redisedonte depeddmgronithey from

A metal | cat AP R e ee o B R Sl er o Sty S Hoteel T2

coating di SpRpeEtif cehditisiAihe fEaINGhs Will be WRESRicEd 83 darlliPhasiuf§lspadeed from
at |east one of nickel, cobalt, ifron, platinum palladiuny iridium
rheni um 18 ut iveloicityrpf betwdéruahoah 80,660rauchabaain 500,0@0 brii andi refemiblchatereén om at

| east one of zir i al, um ia, . titania, nmaghesia, ceria, and

cordierite: apentdapaonant abugapeibd el The lighiasereoney BabhEkhS our 5o

and about 30%g\ebihdresRaa! The ﬁ?&%& i€ %BﬁdHcFedrHPPféséers_ frém abBfit TR} &oufs0 al yst

of claim1, wherein said weight percent of said ceria coating I s between

about 10% andtradspbere? Gmhvandpreés ey fronatwat d te 8t Genemly,itigher 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:0; 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



3.~ A netal catalyst consisting essentially of a netal supported by a ceria
coating disposed on a ceramic nonolith; wherein said netal is selected from
" at | east one of nickel, cobalt, iron, platinum palladium iridium
rhenium ruthenium rhodiumand osmum said ceramc is selected from at

| east one of zirconia, yttria, titania, magnesia, 5 ceria and cordierite;
and said ceria coating has a wei ght percent between about S% and about 30%
wWith respect to said ceramic nmonolith. 4. The netal catalyst of claimS3,
wherein said wei ght percent of said ceridé6coating is between about 10% and
about 20%with respect to said ceramc nmonolith. The netal catalyst of
claim3, WhepRi c5aty s'brﬂh%l resenPi9 e, bﬁlﬂ%ﬁoﬁ&ﬁiﬂﬂtreﬁ)&fo\‘ﬁgﬂl FORtatdl ﬁ% and
about 5% by wel ght pect to said ceramc nmonolith. 6. The netal

catal yst of rdlmmiyapwtfmmpenamrmmihaebdowcabnuhlﬂ(]%he\tmsfoacnhrraso ag/highseen
about 10 and about 100 pores . per inch. 25 7. The netal catalyst of claim
3, wherein s#ptmd: ajhuscenabqdiments of theraresqat ‘&V%H%ﬂ@ﬂ%?’i’ H@pw%ﬁi ckel ,

pl ati num pa is zirconia. 8. The netal
cat al yst of L(#‘%g{rrggbmowagi&{m&a?g%s°§?r§aag8§ﬁgﬁg% gyer i s di sposed between
said cerisa coating and said ceramc nonolith. 9. The netal catal yst of
claim8, wherein said porous material layer is a matrix structure

conpri si ng zi r confgiderommthe G:Op aatifs the I&Itwlﬁﬁéqml%?ﬁ%r%ﬁ alsosdrpendsen theg, A
met hod of pr ﬁ&ﬁ%érr}x? carbgﬁta%mscca&l%%{escf in tﬁé)gfcfrbgarﬁ(;&x fu(eﬁ)lngeﬁéﬁjafi &ﬂ’:glﬁ@/e eram c

nmonol i t h; Fmng a“cerra coa cerani ¢ nonol

i ncor por atl NByd&ocdbHs (1. élt@hoﬁéwﬁh%%lc&bﬁﬁatdnm réquireMighed inB&t®I | Mpr egnat ed
ceria S coating; and gd) exposing said nmetal -i npregnated ceria coating to a

reduci ng envicmperateres quart axiglation regetignsi d'herefares evabddimants of ﬂ@:mse@he of
ni ckel, balt, iLron a
r hodi um (fi(g q Blgﬁ]iltb(m argg ]lé]ﬂ Sp}eélpﬁuéteg g(?l'el{;gk gvd{h lowemxyd’rocarr]bons e. g Ehog Wit

less than about five carbon atoms, especially methane, by providing lower initiation

temperatures. Although higher hydrocarbons 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,
e.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.



fromat |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 to said ceramic nonolith. 11. The

met hod of claim 10, wherein said ceria coating has a wei ght percent between
about 10% and about 20% w th respect to said ceramc nonolith. 12. A nethod
of preparing a netal catalyst, conprising: (a) providing a ceramc
nonolith; (b) formng a ceria coating over said ceramc nonolith; (c)

i ncorporating a netal into said ceria coating to forma netal -i npregnat ed
ceria 26 coating; and (d) exposing said netal -inpregnated ceria coating
to a reducing environnent; wherein said netal is selected fromat |east one
of nickel, cobalt, iron, platinum palladium iridium rhenium ruthenium
rhodi um and osni uffihe paitcil oxidatidrcreacticmak dedditiatedrbyatontaetisg a feed gas nixtaroni a,
yttria, titani a, nmagnesia, ceria and cordierjite; and,said ceria 10 coating
has a wei ght obBYHEFATDYLERHBAIN A OXBaEeANAIRHE RasRsdavin @ - Qe dpibetweens aj d

cerem ¢ Tonchihlt sy 0P TRSAeAl BT MRS ot rsant 2 ooat 00,
ceram ¢ npnokbinkhendes, thElreactioh wall comtiriead Mahs¥er Ndae efdrfy toathe cathBst ralding
o are coMiieoperturs of the eatalyst 1o & range of about S00°C. to 1000°C. The in-sita "
catalyst pre-treatment, which allows the catalyst to be reduced and pre-heated in a
single step, also eliminates the need for an external heat source thereby reducing the
capital costs of the process.
10
In another embodiment, in-situ pre-treatment or reduction of the metal catalyst
can be achieved simply by conducting a partial oxidation reaction, 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.



nmonolith with said ceriumsalt solution; drying said coated ceramc
nonolith at roomtenperature; and 5 heating said coated ceramic nonolith in
“air at a tenperature between about 400C and 800C. 1 S. The nmethod of claim
14, wherein said ceriumsalt is selected fromthe group consisting of
ceriumnitrate, ceriumchloride, and ceriumammoniumnitrate. 16. The

nmet hod of claim 12, wherein said step (c) conprises imersing said ceria
coated nonolith substrate in a solution containing said netal, then drying
and calcining to formsaid netal -i npregndted ceria coating. 17. The nethod
of claim 12, wherein said netal in said netal -i npregnated ceria coating has
a wei ght percent of between about 0.2% and about 5% w th respect to said
ceram ¢ nonolith. 27 18. The nmethod of claim 12, further conprising

form ng a porous fhedolieling ayemplesilkairate ¢lee improvedgpactial totvidation prdcessfafr mi ng
said ceria coating. 19. The nethod of claim 18, wherein said porous
material | ay&ie HaSnhInyaRtiqn A fqagtor GRRPFigRgaqulsWithpa diagetsy Cff@Bg‘i“al iBghder, a
Malrix TOrMelys Anfth WIS sl o RBRLRENTHALi LA bASIHRE igh d 0T m 2
slurry; 5 coafi’'ng sald ceramc nonofith w RS Sfurry: and sintering

sai d sl ur§y- aimietst ofabautioc7 ok (i 8nfimpindia peropiey aft dboat £ povesperahchytwer?00C

obtained from Vesuvius Hi-Tech Ceramics. In each of the examples below, prior to

conducting the partial oxidation reaction, the metal catalyst was reduced by exposing
it to a pure H, environment at atmospheric pressure and a temperature of about 550°C
for about 8 hrs. in a furnace. Furthermore, before the feed gas mixture was introduced
10  into the reactor, the metal catalyst inside the reactor was heated in the presence of
nitrogen (N,) 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 rhodium (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 (CO;), about 5.27% CH4 and
about 3% water (H,O). The CH, conversion rate, H, and CO selectivities were
calculated from the measured concentrations in the product gas. The results are

30 shownin Table 1 below.



and about 1600C. 20. A process for the partial oxidation of hydrocarbons to
produce hydrogen and carbon nonoxi de, conprising contacting a feed gas

" m xture containing a hydrocarbon gas and an oxygen-containing gas with a
catalytically effective anobunt of a reduced netal catalyst consisting
essentially of a netal supported by a ceria coating disposed on a ceramc
monolith; wherein said netal is selected fromat |east one of nickel

cobalt, iron, platinum palladium iridium rhenium ruthenium rhodi um and
osmum and said partial oxidation has anginitiation tenperature of bel ow
about 250C. 21. The process of claim 20, wherein said ceramic is selected
fromat |east one of zirconia, yttria, titanic, magnesia, ceria and
cordierite. 22. The process of claim 20, wherein said ceria coating has a
wei ght percent between about 5% and alEx#inp3®2 wi th respect to said ceramc
monol ith. 23. The process of claim 20, wherein said ceria coating has a

wei ght percent befviaets! eaiglyst wasmreneedasdisscriwdinExamplesh cEhe medipeedyts ani ¢
nonol ith; and satd nefal i.ght r -0, 2% and
about 5% i 1 1 Poeiee {ared Tt Kbl B H spRE Bl BTMIREDLA00 b Doy LT
20, wheresn faddd Redusad sheivain Tablal below.S prepared by exposing said netal
and said ceria coating to a non-reactive reduci ng at nosphere contai ning at

| east one of a hydrogen-containing gas and a nitrogen gas. 25. The process
of claim 20, wherein said reduced rreti caéaéyst i s prepared by exposing
said netal and said ceria coating to fve atnosphere containing at
| east one of a hydr ﬁ%ﬂc&é@l}?&t%d&'ﬁi‘&aﬁéﬁﬁas&ﬁ%rﬂﬁd%Eﬂ% RONEReept Hat Qﬁg
AS@QA@A A @QAL@QAL A @A AL, .AS@A&. . A9, . A& L. AL., . A . AGAL. AD., . AL.
A9, e. A" @ A. Asha@2AY» Rh.metal was lohded dn the Zr@3§ippsaty The same procedure as

10 described in Example 1 was repeated and the reaction was initiated at about 400°C.

-

9.

Results are shown in Table 1 below.

Table 1
15 % Rh Space Vel. CH,4 H; CO
Initiation
onZrO, (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 thodium nitrate solution with a concentration of about 5%.

35
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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-
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applied onto the monolith, and when suction was provided with a vacuum pump, the
slurry penetrated through the monolith and coated the entire surface of the monolith.
5  The slurry coated monolith was then sintered at about 1550°C and 1atm. in air for

about 8 hours.

The matrix-modified monolith, with a matrix of about 15 wt.% compared to
the monolith, was then coated with about 10% by weight of ceria, and impregnated
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 CH4 H, CoO
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.
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In particular, the present invention allows partial oxidation of CH, to be initiated at
temperatures below about 250°C, e.g., below about 220°C and even below about
150°C. In addition, it has been found that with a freshly prepared catalyst (about 1%
Rh on a ceria-coated ZrO, monolith), partial oxidation can be initiated at temperatures
5  below about 100°C, e.g., at about 90°C. For the metal catalyst with the matrix-
modified monolith (Example 7), it is believed that initiation temperatures can further

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, e.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
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While the present invention has been described with reference to several

embodiments and examples, numerous changes, additions and omissions, as will
occur to those skilled in the art, may be made without departing from the spirit and

scope of the present invention.
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What is claimed is:

1. 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, rthenium, ruthenium, rhodium and

5 osmium; said ceramic is selected from at least one of zirconia, alumina, yttria, titania,
magnesia, ceria and cordierite; and said ceria coating has a weight percent between about

5% and about 30% with respect to said ceramic monolith.

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  ceria and 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.
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consisting of nickel, platinum, palladium and rhodium, and said ceramic is zirconia.

8. The metal catalyst of claim 3, wherein a porous material layer is disposed between

said ceria coating and said ceramic monolith.

9. The metal catalyst of claim 8, wherein said porous material layer is a matrix structure

comprising zirconia, a matrix former, a binder and a dispersant.

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
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e 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.
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19. The method of claim 18, wherein said porous material layer has a matrix structure

formed by:

mixing zirconia powder, a matrix former, a binder and a dispersant at room
temperature to form a slurry;
5 coating said ceramic monolith with said slurry; and
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 gas and an
oxygen-containing gas with a catalytically effective amount of a reduced metal catalyst
consisting essentially of a metal supported by a ceria coating disposed on a ceramic

5 monolith; wherein said metal is selected from at least one of nickel, cobalt, iron, platinum,
palladium, iridium, rhenium, ruthenium, rhodium and osmium, and said partial oxidation

has an initiation temperature of below about 250°C.

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 weight percent between

about 5% and about 30% with respect to said ceramic monolith.

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
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hydrogen-containing gas and an oxygen-containing gas.



