, e3etc"”_d @ab6 cTtc*h Gl ,. MONCLI TH BASED CATALYTI C PARTI AL OXI DATI ON
PROCESS FOR SYNGAS PRODUCTI ON BACKGROUND OF THE | NVENT rsion of
hydr ocarbons to hydrogen and carbon nonoxi de cont ai ni nHM@EM@@M@H known
in the art. Exanples of such processes include catal yt or m ng)
auto-thermal catalytic reformng, catalytic partial oxidat!%%2nd

non-catal ytic partial oxidation. Each of these process ant ages
and di sadvant ages and produces vari ous 4atios of hydro@ﬂWl@ﬂMl Mﬂ gn
nonoxi de, al so known as synthesis gas. The present inv i ected to

a catalytic partial oxidation process. Partial oxidation prt¢é%ses are al so
wel | known anON@LEH BASERSIATALY SIGPARTIAL GXIDATRICN RROCESS FAR

oxi dation processes. Parti al oxggwg;ﬁ @ 6t£erm' C reaction wherein a
hydr ocar bon gas, such as net hang, (8 @&gﬁ ntai ni ng gas, such as
air) is contacted with a catalyst at elevated tenperatures to produce a
reacti on product containi ng&\hi&h concentrations of hédrogen and car bon

monoxi de. The catal ysts usBAGKCRGUSMNDIPbIdHE dNVENTION t ypi cal |y nobl e

metals, such as platinumor rhodium and other transition netals, such as
ni ckel on a suitghle support..Partial oxidation processes conver

hydr ocar bon- cont di ﬁi%&vg'%‘é%?f %XF@RC%@’OH%E%&{‘P‘OQ&E,anf’ocﬁﬁ_s%'? H&H}?,x'ci?ar bon
monoxi de angoffalififig HhseSisOREaPRISN f e it CExampRaldTQucH Rt siRed MbIvGd er -
The process is typically carried out by injecti ngmpr eheat ed hydr ocar bons

and an ' oxy@gataldierateamiratpraung, iawtetheromhbatalytisrie mingsrcamiydicepwfaldation ?f
t he hydrocar curs w th l.ess.than stoichio | C_anmount s oxygen for
conpl ot e conpanes FPEFRreataANtE Parial BReBlith c Fadh & el PR G eediasor atur es.
such as1pn eyesages andHisavantidesaridprdduxs eafoudf ralio§ P hidroaBH dpigessur es
up to 150 atnospheres. In sone reactions)

carbon monoxide, also known as synthesis gas. The present invention is

directed to a catalytic partial oxidation process.

- Partial oxidation processes are also well known and the art is replete

15 with various catalytic partial oxidation processes. Partial oxidation is an
exothermic reaction wherein a hydrocarbon gas, such as methane, and an
oxygen-containing gas, such as air, is 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

20 typically noble metals, such as platinum or rhodium, and other transition metals,
such as nickel on a suitable support.

Partial oxidation processes convert hydrocarbon-containing gases, such
as natural gas, to hydrogen, carbon monoxide and other trace components
25 such as carbon dioxide and water. The process is typically carried out by
injecting preheated hydrocarbons and an oxygen-containing gas into a
combustion chamber where oxidation of the hydrocarbons occurs with less than
stoichiometric amounts of oxygen for complete combustion. This reaction is
conducted at very high temperatures, such as in excess of 700°C and often in
30 excess of 1,000° C, and pressures up to 150 atmospheres. In some reactions,

steam or carbon dioxide can also be injected into the combustion chamber to



steam or carbon di oxide can also be injected into the conbustion chanber to
nmodi fy the synthesis gas product and to adjust the ratio of hydrogen to
carbon nonoxi de. More recently, partial oxidation processes have been

di sclosed in which s the hydrocarbon gas is contacted with the
oxygen-contai ning gas at high space velocities in the presence of a

catal yst such as a netal deposited on a ceramic foam (nonolith) support.
The nonolith supports are inpregnated with a noble netal such as platinum
pal I adi um or rhodium or other transitioh netals such as nickel, cobalt,
chromumand the like. Typically, these nonolith supports are to prepared
from sol i d maditydbesynihesiscqgasprodust and to adjusidhe astimblinydiagen to camioa,
magnesi a and th§%§gke. During operation of these reactions, the hydrocarbon
feed gases gen-contai ning gases are initially contacted with the
metal catalyst at tenperatures in excess of 400C, typically in excess of

600C, and at a standard gas hourly space velocity (GHSV) of over 100, 000
per hour. 15 SumvMgre repentiyE prRIAERTIdaNpT peogesees have heendissiogaddnivhieh an

i nproved_prgcess.far.the c | Vil artial oxidatian. of hydr bons to
br bduce. Ryt raafrtentitsTohlicied ish e aWad oo Mo g3t aF 6B Bési de.
Accor di ngl y veldefieB!i® 885 prazehtd of atdatalystatich@s 4 M dapokitéd A éerbffien
tenperature, thereby reducing operati ngt; and capital costs. The inventive
process enplf@3m (enonefithy) seap@r?-ya’ edeprelith sHPRerateimpiegaied with 2 pehlea
nmonolith su I i bi i i C

synt hesi s gg@&%@%%ﬁ@ﬂégﬁk%ﬁaé]%@%rﬁﬁgﬁﬁﬁr??%?%%iftr esﬂ!&)?‘p'rﬂégagggu‘%rgr t he
partial oxi &atrickel dobajtdcimoaibonand thediked Tgpichi tiagsemandiitbasupportsanexi de

conprising contacting a mxture of a hydrocarbon-containing feed gas and an
oxygencdft aiPreraef dedn §alid (gftastery oscardmicanpliepials suchy as alugiipamirceniaa
reduced mnet 3 4cons| St s L . h Ll al

el cct ed Tr opeg SRRt RETBlANG BReREpRYrhedrebushe, 1RE RYMIaR

i ridium rhdeedighsesiane okygen-comtathingrgasesoan inittaby domtaotedneith thesmetadr eof ,
supported on or in ceria-coated zircopi nolith support, a pressure
of "bet vieen_ paiastss eRpien s prossn i ARG Birtal e RradtCophd &t
velocity of PhaHYardA08bdry RelverKty QPR of ther 108b0er HRR! Vel ocity
of about 0.2 to ZGfug%mst er '%’er secvond elgi s)Ew)lr% an(;t her gg?oect, this
inventidd provides a process for the partial oxidation of hydrocarbons to
produce hydrogen and carbon i i fpitiated at a

t enperature of about and abo%@@@%ﬁ%‘mﬁ’gﬂq said catalyst with
the feed m xture along with injection of a small anount of H2. 10 In

anot her enbodi nent of the present invention) reaction can also be initiated
at room t enper at Uk prgsaatinMgntionsprevidesrasuimpreved pencegs for thercadalylis xt ure in
t he presenc A jo: j i .{.ncrease
i cat al yst ReRlERaBH A By toTbrBUUES i roBER ARt BitByde”

enbodi gezot gdtﬁi lgssﬁmﬁ@%mbmdiqxi‘dmiN@@rﬁi@glyﬁtrémpﬁmd;é permitotheci ng car bon
nonoxi de an rogen conprising contacting a rocar bon- cont ai ni ng gas
and an oxygéﬁaé&ﬂﬂ etpﬁwgtaé%ga 53‘?@%@@@%’ FFLSL'%IPY E%’MQI"SQSQP%@B%PPgd by a

cer i a- coat etk Caa TRIRLbAe Bdckss BHRIGRTa HtARadsERAEE Bha t e

present invention pro or a mnet or’ produci ng nmonoxi de and
hydr ogen comeriastéoated zincenia nanadithhsupport Mddch exhibits highgcogwersions ah

oxygen- cont gi nj n as_ [n_t resence of hydrogen gas with a reduced netal
cat al yst sugygf?c%dgﬂ'}sg)ﬁg{iﬁ%éjﬁga%d zirconia nonolith. 25 An additional
enbodi nejat of the present invention is a reactor conprising a vessel, at

| east one ceramic foamdisk inpregnated with a catalytic material and at
| east one bl ank derone aspeshitheinventign provides agro ar thenparial exidatjoresent

invention is 0 [ rbon, nonoxi de and hydr n conpri sing
contact i g 2 MARGHSenLloARAULE hikoRh S CRBE st ks FHBPRERA o
oxygen- cont aiohitadingas miitlie f 4 AYdIO.ErHBR-EontsAirY el JHeri AR dxiyerd
ceria-coated zirconi a nonolith.
containing feed gas with a catalytically effective amount of a reduced metal
30 catalyst consisting essentially of a transition metal selected from the group of

nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium,



| n_anot her enbodi nent of the present invention, hydrogen addition to s the
feed gas mixture of natural gas and oxygen is maintained at all tines
during the production of carbon nonoxi de and hydrogen to ensure that the
catalyst remains in the reduced form BRI EF DESCRI PTI ON OF THE DRAW NGS 10
Fig. 1 is a schematic representation of a reactor that is enployed in the
present invention. Fig. 2 is a schematic representation of a process for
produci ng carbon 15 nonoxi de and hydrogeg whi | e enpl oyi ng conti nual
addition of hydrogen to the feed gases. Fig. 3 is a schematic
representation of a process for producing carbon nonoxi de and hydrogen

whi | e enpl o@PsSAGUR ermabinatians thaieef supeRrirban O6irve cefie-coated zikopld Fig. 4

Is a schemat] .0 r t ver sus
time for a i‘béﬁ"ﬁgéﬁgﬁﬁgﬁ@e%?%e&e%mg%ifnnggﬁé\?gceﬁng%%%'%%g%?%%dejﬁg% th
conti nuous etdrifiid gaexiodelyfshae valochy of absutr0000 B albdutB0g,00D pershaurgr aph
detaili ng net hane conversion versus percentage carbon dioxide in feed. Fig.

5B is a gra@mdaelingarivielpcityab @podt 8:4itae-@ mRter BeiecPBHI¥S)30 per cent age

car bon di.oxide in feed. DETAI LED DESCRI PTI ON OF THE | NVENTI ON Nat ural gas
and an oXxygen-containing gas are mxed through lines 1 and s 2 in a sinple
m xi ng devi ce 3) Imiahbtherlaspety thiz imention prévidesh pradesgdsr thiegpertialel ocity so
as to avoid flammbility. The G 02 ratio in the mxture is ip the range 1.5

to 2.0, prefdaiop af hydreearkensetopraduee hydrogep@ndfarpgn manoxides Wighh i's
added to ”atdéhadebﬂﬂ%técﬁgg‘té”t%ﬁgem@re'ﬁ/a%uﬁa B%bboetmeo%)?’ﬁ%#%cﬁr@meona' ly,

natural gas nay be pre e y exchanging heat wth the t product stream
or by ot her shil catalyst sithtthe fedachmixteredalong withdénjeetipeoba smallraraatrd of dbout 80

o e Rl BNl B 050, b A e PR

thermal i ns%t%bmenﬁ;&afmaw écfhirﬁg'éaérﬁéﬂ afhounit bPEGABHeAto F&& RkiAmn
carefully sealed with zirconi"a cenent to prevent |eakage of any unreacted
f eed gas. THbetpopsanrecef ¢antiniens CO2 flow in order to achieve a gradual increase in

catalyst temperature to avoid thermal shock.

15 In a preferred embodiment the present invention provides for a method
for producing carbon monoxide and hydrogen comprising contacting a
hydrocarbon-containing gas and an oxygen-containing gas with a reduced

metal catalyst supported by a ceria-coated zirconia monolith.

20 In another preferred embodiment, the present invention provides for a
method for producing carbon monoxide and hydrogen comprising contacting
a hydrocarbon-containing gas and an oxygen-containing gas in the presence
of hydrogen gas with a reduced metal catalyst supported by a ceria-coated

zirconia monolith.

25
An additional embodiment of the present invention is a reactor
comprising a vessel, at least one ceramic foam disk impregnated with a
catalytic material and at least one blank ceramic foam disk.
30 A further embodiment of the present invention is a method for

producing carbon monoxide and hydrogen comprising contacting a



is filled with inert blank foamnonolith disks 5 to inprove the flow
distribution and to avoid flammbility. A gas distribution neans such as a
stainless steel distribution plate may be placed between the blank ceram c
foam nonoliths. One key aspect of the invention is that the partial
oxidation reaction is 20 carried out at pressures in the range of about 1.0
bar to about 10.0 bar and preferably about 1.5 bar to about 3.0 bar. By
enpl oying this pressure range) carbon fﬁﬁnation is conpletely avoi ded and
addition of steamto prevent carbon formation is not necessary as woul d be
the case for high pressure operation. The main benefit of running the
reacti on w hydecagiaranontininggashearddnglioxjde, anddoceggeasoptainiAg gas CO
ratio which is critical for ny .applications of syngas.. Since the.reaction
5 a companibidtadicEd et ALY SPPRABY R E0TR ARG PSRt o t he
desired pressure after cooling. The netal catalysts enployed in the present

invention consist of a 30 ceram c nonolith support structure conposed of
ceria coated on H apotes esumdiment ohthe presestinventiomrhygiiegen additiondo
transition tal or_conmhinations t hereof . As used. herein, Wnetal

catayst £ T Redlas REAUAT ot 8% e debctiEbryih FaRFRlRORe Ryl FB R at anc
the monol i t QuAkgRes prodittioRWTVarbon MmutoXide A5d B98RIgRN th ehstifs Biatehéoam | i ke
structure fornmed froma single structural unit wherein the passages are

di sposed i ncatalyfdremaing indhairaduesd fafgul ar pattern with spaci ng between

adj acent passages. The single structural unit is used in place of
conventional particulate or granular catalysts, which are |l ess desirable in
the present process. ExanpBRIESIDESCORIPTI®GNUDEIMTHE DRAWINGS nonol ith
supports include filters used for nolten netals. Exanples of regularly
patternd® supports include nonolith honeycomb supports used for purifying
exhausts from no I i i A .
Preferred are th?@eﬁa&rﬁ ga?%g%ﬁ%?érﬁgg %ﬁfegé’bﬁé’ﬁfge(&#ﬁ@g%%%ggg‘gﬁ.ﬁ?"%oth
types of nopodsent irvgmtiont s are well known and commercial ly avail able. The
catal yst el enent consists of a ceram c foam nonolith conposed 15
substantially of zirconia, coated with about 1520 wt. % ceria providing
surface area for g ' ; géﬁlé ati Caoﬁ'rb% : ina’ e
nmetal , preferabl ﬁ@%o%%%?%’ﬂgngtéal I geﬁtgrt'rann%rfmre pl?g?g?ra I 9“@881%?%%\/\& . %
Rh. Opt itdnangnoxide aaddiydragemwhilé pmpleying sontinaal sidition of bydragebdoused by
itself or ighcgqnb' nation with Rh. The reactor contains several ceramc foam
di sks 20 i né% 92%¥6ke with catal yst inpregnated on them and the

remai ning blanks to fill the void space. The bl anks can be made of al um na,
zirconia, cordierite or mxtures thereof. The inpregnated netal (Rh),
synergi stical | y Wig-t3 isea pehemetie represantatipptoffapprocres frirproducingi aiboon

er i nen (g Te bl hvER T Ehye BAmBaRAT b AdBud EBRfydRgR 1) Bk
di sks have the tdeaf gasdsy, hi gh porosity 20 to 40 ppi in order to keep the

pressure drop low. The dinensions, i.e. dianeter and height, are selected
to meet two criteria, nanely feed gas space velocity in the range of about

Cate per unit voridat 5y SHREHERE oA oRAloN o SEABIRMIZR B FT) on e
30 simlar Bbewpergtoteaversud tioontora stastup predsoure Whitletamloying injection of
hydrogen with continuous carbon dioxide flow in the feed mixture.
25
Fig. A is a graph detailing methane conversion versus percentage

carbon dioxide in feed.

Fig. 5B is a graph detailing carbon dioxide conversion versus
30  percentage carbon dioxide in feed.



On the catal yst surface hydrocarbons and oxygen in the feed m xture react
rapidly to produce H2 and CO, along with traces of C02 and H20 and

unreact ed nmet hane, as well as heat due to the exotherm c nature of the
reaction. The hot synthesis gas (H2 + CO 8 is quickly cool ed by quenching
5 water 7 to produce steamand to prevent carbon formation. The reactor
design shown in Figure 1 includes a quench system which allows cooling of
syngas as it exits the nonolith catal ysts The quenching systemis designed
to permt several nodes of operation. For exanple, M ninmum quench node

al l ows maxi mum heat recovery from syngas by 10 quenching the syngas to a

t enperature whi ch reduces carbon formation tendency. WMaxi num quench node
al l ows syngas to be cool ﬂ% " nts a | ow
capital cost solution if g’lgmke[ggbvéeér@ﬂ@n@C%ewﬁ@\y@@gﬁ?@al guench node
all ows the syngas to be cooled down to tenperatures 15 suitable for

downstream processing, e.g. water-gas shift reaction to convert ngjorjity of
the COto H2. AsNatwal gasandissexyden<ontaining gasarg sixed thiough doesd and ¢ ~ of

varyi ng di .0, e ' QN A £ E ' a%aﬁE[ . Ina
preferre g?qéﬁb%@‘lp%eﬁ\% ﬁgw?égc%Pﬂe@&?%g%@%b@?ﬂ%@a@?&lgI ta ée mat eri al
and const r ugeioeity ba\dsng avoidi fiameirability. Thet G/ ratid duthelmixtureli§ th theclaege The
feed gas mxture is fed into one end and the partial oxi dati&r;hreagtion

occurs on t A a8 peaferablsin the ranged-6lochdcPriierallyx sieaRyok COmis Added her

d. Th D{ b Lit its t
Form an: ase SrBPiaroasTb ARk g BRSO TR hE Brdduct OpiBha  RaRraldasi ™ o 1
preferred tinady bdprehetaddd byeathangihghepbwibls the/hatproductssitessm on by witierh

i ni m th f the feed th h th | t. M ,
TSt nanbiacan s e el ki S0ty BBRHED AbBGLATLR Y Shep ot oov
di sposed i nhﬁrﬁr.@@mﬁé nﬁiﬁo%c{)aﬁaaeasa[?eﬁfierm HI ERGRBEMIR! fHélecRtis For

exanpl e, mul e pipes or tubes can packed together as an 30 assenbly
to form a sidegignedessca cefrachony-linedivesaeld inaithiévrigdogptheemabinsalationgThée

nmetal catalyst. ., A siqgnifican r ck of all of the .earli.er partial

oxi dati on pm‘&'&%gaﬁaw hé? iﬁoagf?%ﬁpﬁo% C@ﬁfgﬁma‘?ggglﬁ@ez%m%eat to
initiate theeRrtkdbreventRidkage oPanyiupfeactd fRUGAS me&eﬁ%@atcé iPtrenheat
step involving a chemcal reaction. As s stated above, the parti al

oxi dati da r diled mith inert Slankfeam moaalithslighs 3 eimprave thimflow distebytion anthe heat
of the react} Wi i AN . A | he addition
of - ext er nal ttéu%g?wed#@g@bmm\ﬁﬁée{?'sgibﬁ'}:{lght %émgyéga#l%gggteeeﬂmer atures
in excess ofdigtAButiort platd mialy ¥ pladéd batvwedrhergak coramiafoamtreomalithdieat
source or other nmeans are still required. O course, this requires 10

addi tional capita! costs and adds engineering conplexities to the process
thereby reducing hhe #ég%é&'&'thﬁf%ﬁﬁéhr%%F&e ptiaf idiRiorf BaBfH RSS thi S
i ssue, sone prior-ar rocesses have enployed special I nitiating conpounds
to decr ease ddnded out atgiressures ip theatamge.of Bbouk X Aripdrdo abost 108t kartando.

4,879, 253 di sc] oses the e of th |. as an injtiatjing conpound to reduce
the initiat ip{a%qrgbly @&PBHF it%up%r tp%%PHgg_:ba e %fe'l’@ Wng {gb%pr@_ss edangdt ent No.
6, 458, 334 BloAibs ftfttioni® cHRPIEly GROIRIPARESIATEOR bf sRafiRPerelveh | over the

initiation tenperature to as 'ow as 100 C, wthout the addition of any
i nitiation carpomfarmationTsaopnesessary ay wieuidbe theosasecior high piessvred parti al

about 10 SHAAtrk IRl bl g he ERBR NG Sea s iat B N
source ofs a §RRALPrEdIER AL 151 8P CO ralib WHdtPistdMticaldaE hiamy dppiications

increasing the commercial attractiveness of the process. The inventive
process i nvadfayegasntinge theireastiphiinat eampg@tivelydower pressye, thecprogugt ur e

whi | e mai nt a,pi.ng: i i vari ous gas
conponent s ?éy?fp%g '?8@@%%&93?2wﬁgaggﬁ%b@s%g%n%%%p&gﬁ?ure startup of this
invention. Furthernore it was di scovered that the startup at room

tenperature 30 (above 10 C) using small apount of H2 i.s possible only with
the use of ceriachb® mﬁjawti"ﬁv@tstﬁgﬁﬂommfh@kpr%%’i@}d'ﬂ‘(‘?mloﬁ‘cqusgé’?ﬁet al and

ceram ¢ fpnoldr e moncftiCsligborStAiciiB o ERld (glzderr%%a?ed Bhfzﬁ@@)ﬁaa c. Tests

show that roomtenperature start up is Inpossible using small amount of H2
with, for exsuhstrate andicoated er imprpgmated witht atrgpsijionimeétalor aenbinat@ i ng, as
described in Exanple 1. The preferred operating procedure of the inventive
process is as described below s 1. Natural gas is first introduced at the
desired flowrate. 2. Once the natural gas flow reaches its desired set

poi nt, hydrogen injection begins. This is critical fromsafety point of
view and to nmaintain natural gas



rich conditions before oxygen is added. 3. Oxygen flow is then started. 10
4. The H2 flow, typically about 0.5 to 4% of the total flow, is naintained
for 10 to 30 seconds. 5. Startup of the reaction is indicated by the rapid
increase in the catal yst tenperature to >400 C. The startup can occur
before the oxygen flow has reached its set point denonstrating that only a
short injection tinme of 15 hydrogen is necessary. It nust be enphasized
here that injection of hydrogen is not ap additional step. In reality,
hydrogen injection takes place between the introduction of natural gas and
oxygen flows. For exanple, if hydrogen injection 20 is not desired then

t here i s nothdreofydsiusedheeremy ‘ntalcatalysts refeds odhgantise eatalyst atrueidre

Ll 's6 pose b e merd| Anaehp RO suppSrt TG itkhditn ORRA IR U, o°
Shown as Fi glieRarhic fbaf-Rite Bir@étard RfmeBsForh iandn@leetedtiral Wit Whereirment i ve

process is as described below 1. Natural gas and carbon dioxide are first
i ntroduced gassagesceidisppsadin aitheean iregidar eregular pelterywih spacipar bon

di oxide flo reach .t heir desired t.. Dol L Qji ' begi ns. 3.
Oygen fFow P LrEsLAoIBEEnt adrsaapE, ThG s Yo I RIE Robd HEBREERE 2% 0% o
of the tot alcohléonabpaRicOlaté Begrdrfarkatalpsts Owhichemnddess dddirable iftthet up of
the reaction is indicated by the rapid increase in the catal yst tenperature
to >400 C. lpresgnbprerass. foiamelas of suehistegatallvipasieroed oipnolitty f4nnorts| v

controls t h?néltrjé)en fiiters used for molten metals. Examples of regularly patterned supports

include monolith honeycomb supports used for purifying exhausts from motor
10 vehicles and used in various chemical processes. Preferred are the ceramic
foam structures having irregular passages. Both types of monolith supports are

well known and commercially available.

The catalyst element consists of a ceramic foam monolith composed

15 substantially of zirconia, coated with about 15~20 wt. % ceria providing surface
area for the metal impregnation, and contains 0.5~5 wt. % noble metal,
preferably rhodium in metallic form, more preferably about 2 wt. % Rh.
Optionally, a transition metal, such as Ni at 2~4 wt. % may be used by itself or
in combination with Rh. The reactor contains several ceramic foam disks

20  including those with catalyst impregnated on them and the remaining blanks to
fill the void space. The blanks can be made of alumina, zirconia, cordierite or
mixtures thereof. The impregnated metal (Rh), synergistically with ceria, acts as
catalyst for the partial oxidation process. The disks with catalyst have porosity
in the range 40 to 70 pores per inch (ppi) to maximize catalyst loading. On the

25 other hand, blank disks have a relatively high porosity 20 to 40 ppi in order to
keep the pressure drop low. The dimensions, i.e. diameter and height, are
selected to meet two criteria, namely feed gas space velocity in the range of
about 50,000~500,000 per hour (expressed as hourly standard volumetric feed
flow rate per unit volume of the catalytic monolith), and linear velocity on a

30  similar basis (standard conditions) of about 0.2 to 2 m/s.



S tenperature of catalyst as well as controls the heat-up rate of the
catal yst bed. Therefore the initial thermal shock on nonolith catal yst can
be avoided through this nmethod. Alternatively, the present invention

provi des for a process whereby hydrogen is continually fed to the feed gas
m xture of natural gas and oxygen. To maintain optinumefficiency in the
process, the nonolith catalyst needs to be in a reduced state. During
startups, shutdowns and upset conditions, the nonolith catal yst can becone
exposed to oxygen which can deactivate tLe nmonolith catal yst) particularly

when the catalyst is hot. By ensuring a is continuous, feed of hydrogen to
the gas feed m x{QUytbe catlysisbiacerhydsecarpens pragexygen in thadeed mixiee f or m and

Cntains i : Vit g ; . !
ot hoos by R AT BRI oo LIS, APGS Fll (SEN FRBPILORIA Ur . "Tre
first uses anfeadteprethars) s2well asheavdueto thei dxdteridienafurenf thee car bon

nonoxi de pressure sw adsorption unit col d, box. The second .net hod
utilizes prb%ﬁﬁtpnsihﬁg' tﬁY’itB?g'ﬁ@@tS (Fbe&ésﬁ I3, QHicklygtaoiel bguaRiRg hed i n
Fig. 2, S i I I 2ar bon
nonoxi de§i S e%ﬁ%og%qaﬂggﬁggeé agggsﬁé%%ét%%??‘égﬁﬁ'm%%tan S@i ver
oxygen and showndh Figase nénglades aejuenchisystebl wihigh allows ¢toadinggdsyhgas be f eed

m xer A and.is_ used in the odirents of . t he inventiaon where hydrogen is

M ect e dulti oS TremanelietByeE 188 GubsehingceleTE #eSIOREl oM xor A and

delivers oxyg@éral Hﬁb@]‘é@%%ﬁé@ioﬂ@FHFékarﬂﬁ%,to the nonolith reactor B where
i d 117

the nonolith catal yst is housed. e nonolith catalyst is the ceramc
nmonol i t h suppoinimunuguench modpadledsahaxisuna heatiteedveny fomaesyngas bybst r at e

and coated or inpregnated with a transition al ,or conbingtions thereof.

The parthal _oxIUINgN esyBgas 46 a pEerIE WhihdegHees PR PG RMtuct - gas

stream pri marg bon nonoxi de and s hydrogen, are delivered through
ﬂehﬁeﬁ&{j

line 16 to the cold box or carbon nonoxi de pressure swi ng adsorption unit C
wher eby car sonMarinuxmndriensh seqde alleds §yrayast th depeanded dogadostidOeam50Pt M duct

b i de, | ia | 18 d the rennini orti,on of the product
gas | eaves t hr8liG PSSt 3 ko gapiAleRstralulan & heal hgOuRRIds por BRSIRH-1 D
wher e hydrOgenpéﬁiaﬁgggi{&m%;ga;nmqhé @m@%&@% cORRd U BAY of fred ne 22.

In the inventive e ment usi ng ogen recycl e depi ct ere, the
product 1gas exsuiiabie forelonwmistteboxprocessingongnwaterighs shife ssactiendaicogvert

vai ve 15 21" anredriLel e GPIRYY e 23 fo the feed mxer A This flow of
hydr ogen-rich
As mentioned above, the metal catalyst is a singular unit of varying
dimensions depending on the size and design of the reactor. In a preferred
20 embodiment, the reactor is a pipe or tube of suitable material and construction
having a diameter of between about 1 and 100 inches. 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 also be
comprised of multiple monolith units to form an assembly of units disposed in
25 end-to-end arrangements. It is preferred that the metal catalyst has porosity
and orientation, which 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, multiple pipes or tubes can be packed together as an
30 assembly to form a single reactor unit with each individual pipe containing the
metal catalyst.



gas can be continuously diverted fromthe cold box or carbon nonoxide
pressure swing adsorption unit C during the production process, thereby
achieving a steady state whereby hydrogen is continuously present in the
feed gas mx. 20 Alternatively as depicted in Fig. 3, rather than having
val ve 21 divert hydrogen-rich gas through line 23 to the feed mxer A a
valve 25 is placed in linel6. This valve connects with Iine 27 which
connects to feed m xer A This enbodi nen§ diverts product gas, containing
primarily carbon nonoxi de and 25 hydrogen, through valve 25 and |ine 27,
back to the feed m xer A whereby hydrogen will continuously mx wth the
feed gas as long as the partial oxidation is occurring. This al so achi eves

o "2 ARG RO o) B EB AR PSR Rthy CF o
i ntroduced tHatthgamquiredryextpane syatceciftheadto ihlidte the gari80skidatioh per hour,
to achieve heating of the catalyst as well as its reduction in a separate

step prior [RACIPA!®FRGUIRG FRRATBEPIERRt SleRINVOING:A EReMIsabRRciSn. A
di scl oses ag fé'ﬁ%_ig%g%\tré’ th8 b %{(ﬁgg?ﬂ\;?é%ﬁ%bt@)ékgﬂehﬂfb Qﬁ%ﬁ@%tl’@refabﬁ&%

introducing a ure W uent I's pre-heated

preferably isostafed ahd®aCof Hecreaickidn mdll mairtiis tha eldvatethtemhpatiaad rai ses
the catal yst % rrﬁerature to a terrperature at whi ch hydrocar bon- oxygen
partial oxi withpehtheagdditionoleremal haat engray. HewevebSinge be Ft"ﬂ%e%ﬁ esent

L nvention i ?edoi.ﬁc‘e%%@ni Rratlds ih 3B¥96P2??bériotsfér9§¢’ﬂﬁ@téﬂﬁ8 (aBtibry Cffrfd to the

reactor at mterrpraue s injecte
short tine 'extermmlth%teoume qra:vthéra:lneans@ae stdhreqea:ed:@ﬁcomehthusareajusesfound

that injecti aa Cﬁv?dr. Een on its .S npt eno gh to a@‘ﬁﬁl eve room

t enper atQre? ‘(S'Pf‘a Pitaheosts rf: e‘%’hﬂ&’ﬁﬁe‘ém&%"ﬂp plies,ip B RropeSSichi eved by
hydrogen 'nlr%‘rébgi’ediﬂm@ i€ Bo i dtcaP bt @fictiverstide M attémpio” S8tes$ithis S nat ur al
gas and oxygen tartup at roomtenperature (above 10 C) using a small

anount of stsvg, pormeiprios aprproaesses hgver ereployed special initiating compatindsfie base

nonol i t h support cl udi,n rretal nd eramc nl ess
Toool o0 s CBRRfase S inifAiih R, ESEBRRRRDINS BoRep NENaTroddd 0 oo0
safety are @rsctds@alth@@rs,é%f Wﬁethéiﬂél%eéh Irﬂi&i@‘@'c%%;ﬁﬁlﬁartéQbhﬁ@@tH@nnttiétlﬁg

i nvention. Thus, a 2o further n{)roverrent iS achieved in the startup

pr ocedurlé tfemperaturédnthe Fngecelc 1A, togd0f IGWiS: HateetNgtfé,Aﬁ&@%erugh t he
reactor, 02 giuddag theFde!c} cLNESU MG sudidh I 1BARRIN Bl 11 ow i s

turned of f roper car en'to as Shmabl e or

car bon for mgmperatamedbtasdow as~¢00 SC, withdutrthé baditipataf@anylibitiatiort nportant to
make sure that o%gen is not present in the reactor when there is no

nat ural gas°P ring shut-down in order to prevent oxidation of the
catal yst which, if occurs) will deactivate the catal yst. Another enbodi nent
of the present invention is a process for the partial 30 oxidation of

hydr ocarbons suc i hespresehtineeritioat proxidegas) imiprovedh padial oxjdatidreprbeess in

which the initiation temperature can be as low as about 10° C. The present
process eliminates the need for an extenal heat source or a separate pre-heat
step to initiate the reaction thereby increasing the commercial attractiveness of
the process. The inventive process involves controlled addition of hydrogen in

25  the feed mixture while maintaining a proper sequence of introducing the various
gas components in the feed mixture to achieve room temperature startup of this
invention.

Furthermore it was discovered that the startup at room temperature
30  (above 10 °C) using small amount of H; is possible only with the use of ceria-

coating on the base monolith support, including metal and ceramic monoliths



contai ning the hydrocarbon, 02 and CO2 through a catalyst conprising
rhodium 13 supported on a ceria-coated nonolith. The presence of C02

| eads to convert some product H2 frompartial oxidation reaction to CO
Such a reaction will significantly increase CO production. Addition of C02
al so increases the operating wi ndow for partial oxidation in terns of
flammability. The conversion of C02 can be further inproved by preheating
the feed m xture to a higher tenperature, It was found that addition of up
to about 30 volunme % CO02 causes no signi?icant deterioration in
performance, and indeed, about 30% conversion of C02 is achieved in the
short cont asuchiasstaisless stealf zicaonia, ititania eite i esthshow hatgpert temperatuie t he

I ti i ch. hel tedO f t : th
cond < ons. 4 AR Infios e ROsRERRALARRBIERbr tauiP B Re Bl i S oo
process, theuppoMed ehedlystf withdhtdreialcdatingr £088s@ibéddaEx@mp®noxhge depends
on both, space velocity and linear velocity at a fixed carbon to oxygen
rati o i n t h@relesed operating piagsdurest the inyentivefirecess is s dgscibed belaw:
nonol i t hg nat i 1) J t th

vel oc: ty%uﬁ'a@gg}fa%éeﬂggp%tgﬁﬁé% %%dr)\éeigtggx%gﬁgﬁggwa@%hg sarrg F?ﬁa?pace

vel oci ty. BEganfineeZhé hatigtr gdsfiow heacHdsatst desiredaget psinf hydrogen irfjectiom t he
process performance._20 The foll ovvi%g exanples illustrate the inproved
partial oxi dat Peaingy blaisds cifical frempsalebhpoinhekyiewand texagiptain pabralgas ¢ coni a

nmonol i t h havi ng.4 : i ol F&ﬂ in dianmeter and 0.39 inch |ong,
was first coat g%hgmoﬁﬁﬁg@s\[}Eforéﬁ)%ggg?rglsaand then i npregnated with 2 by wei ght
of rhodi um &t @xyyen floadateen Startedt al catal yst. Detail ed preparati on nethod

can be found in co-pending US patent _applicatiaon rial Nupber /143, 705.
The reacior %oﬁhﬁﬁ?ﬁw,ttﬁgc?f@tgbo%ﬁélt 4o Itpﬁfﬁﬂ)ﬂs'sﬁa%ﬁ"@%‘i?% 14
nitrogen gas at, 46 sEbcdis 60 M nut es. 14 Methane was first introduced at a

flowrate of 8.8 slpm A small anpunt of H2 (0.5 slpn) was injected into
t he nmet hane §.i Séartuy olthetreadiiprsisdndidatedAry thegapinibcteiase in e Catalystas

started and adjusted.to obtain desired Cl02 ratio gf 1.75. Startup of
The react | on wTPHaE 8T 00" chIReiRtlS femeasu Sofofe fhe Sivben AW hés
reached its set point demonstrating that only a short injection time of

15 hydrogen is necessary.

It must be emphasized here that injection of hydrogen is not an
additional step. In reality, hydrogen injection takes place between the
introduction of natural gas and oxygen flows. For example, if hydrogen injection

20 is not desired then there is no change in the way natural gas and oxygen are

mixed and introduced to the reactor.

Furthermore, the startup at room temperature is also possible with
continuous flow of CO2 as reactant in the feed mixture. Shown as Figure 4, The
25  preferred operating procedure of the inventive process is as described below:
1. Natural gas and carbon dioxide are first introduced at the desired flow rate
2. Once the natural gas and carbon dioxide flows reach their desired set
points, hydrogen injection begins.
3. Oxygen flowis then started.
30 4. The H; flow, typically about 0.5 to 4% of the total flow, is maintained for 10

to 30 seconds.



s catalyst tenperature to >800 Cwthin a few seconds with the production
of hydrogen and carbon nonoxi de. Therefore only about 4% H2 in feed m xture
is required for only 30 seconds to start up the partial oxidation of

met hane. Conparative Exanple A io A netal catalyst was prepared as
described in Exanple 1. The sane anount of rhodium netal was | oaded on the
ceria-coated zirconia support. A prem xed gas m xture containi ng net hane
(8.8 slpm, oxygen (5.0 is slpm and hy §ogen (0.5 sl pm was passed into
the reactor containing the nmetal cataly at 10 C. The reaction could not
be initiated until hydrogen anmobunt was increased to 22 rnol % (3 slpm.

Thi s shows $.h&Stanywof thecreaofion Isandiegteshiyethef rapittincreasedh thie Catalysht gases in
the feed mxtyre. 29 Com tive Exanple B A netal catal yst was prepared as
descri bed in %@Rﬁp&urﬁto&%@ptdt hat the nonolith support was nade of
zirconi a. The sanme anount of rhodium netal was | oaded on the zirconia
support, wi thout any ceria coating as described in 2s Exanple 1. Wen
attenpting to stHshoukdde peiotadoputidhat addition nfCOReflfrativelynomtrotictherfrasdd i n

Exanmpl e 1 using hydraogen injectiaon the regction could ngt be jnjftiated
anti | a t enfpraRraie of ot Ssistas eetras v e et pEfie GPalistRedo Tt ne
syner gi st i CTh&lefor!th¥ asitidtheé@halahock ioh rRsAGMh @afhlys? cafmeRawIdéEtRblget of
|l i near velocity and space velocity, nonolith catal ysts, as described in

Exanpl e 1, s m@thafl.fferent dianmeters (0.7" and 1 ") were used. To conpare
results on the sane catal yst volunme basis, data with four stacked catal yst
di sks of 0.7" dianeter x 0.39" thickness are conpared to those with two 1

"x 0.39" nonol it AltemiativiERt the Pradsead inviestion @redaéafor prdté¥s wiidrabg and 36%
oxygen was gassed t hrough the reactor, follow ng the sane start up

' M ng
procedut® aBYdrRgeR4ssratinualiyfed te the feadhgas Mixture ofipatuidlnasand Pxygeed 10
gas flow ra ﬁﬁ?g l i :H{gﬁ | ocity
i s defined Zg %'}ﬁgaﬁﬁg g@ﬁ%ﬁ% or\?vé))flltgtt@eg}l? Q?%ée%%%ﬂi e gfgésitgwssggtg %8%3 area
of the cat abgtin a redocéd state TEhirimglstatops, shuddowhs anthpsetoenditians, thel oci ty
and at the sane r eacti on conditions, increasi ng | i near V%J oci_ta/ WLI I
i ncrease nelMenedth catalyst can become exposed to oxygen which can deactivate the
monolith catalyst, particularly when the catalyst is hot. By ensuring a
15 continuous feed of hydrogen to the gas feed mixture, the monolith catalyst

remains in the reduced form and maintains its catalytic activity.

The present invention provides for two methods by which hydrogen is
continuously fed to the feed gas mixture. The first uses a hydrogen-rich
20  stream which exits either from the carbon monoxide pressure swing
adsorption unit or cold box. The second method utilizes product syngas after

heat recovery and cooling.

As described in Fig. 2, a schematic process for the production of
25 hydrogen and carbon monoxide is depicted. Lines 10 and 12 connect to feed
mixer A and deliver oxygen and natural gas respectively. Line 11 delivers
hydrogen to the feed mixer A and is used in the embodiments of the invention

where hydrogen is injected during the startup process.

30 Line 14 exits the feed mixer A and delivers oxygen, hydrogen and

natural gas to the monolith reactor B where the monolith catalyst is housed.



conversion wth better HZ and CO selectivity. On the other hand, for the
sane 15 linear velocity, |ower space velocity results in better nethane
conversion and appreciably | ess nethane slip. In other words, increasing
LI D aspect ratio of catalytic nonolith inproved performance of partial

oxi dation reaction. Table 1 20 2% Rh on 20% Ce02g ace Vel oci tLi near

Vel oci Conversi on %sel ectivity coated Zr02 nonolithl | hrml sCHAH2CO4 x 0. 7" X
0. 39" 860360. 8797. 895. 893.92 x 1" x 0.397858100.4797.096.092.02 x 1" x

0. 39"1584640. 8795. 695. 093. 24 x 0.7" x 0.3 "1388171.4099.096.793.72 x 1 " X
0.39"1387310. 7697. 295. 33. 2 EXAMPLE 3 A partial oxidation reaction S
initiated fid18 Bnelth ¢atalyshis tﬁﬁ&%ﬁﬂ%”&é@ﬁ‘ SaRqT plcture eQmPRFed P v t h
the sane nelal, cahal % tzircWﬂiacguBﬁFatHSa‘?\% éd‘ate%%@irﬁg?égﬂa?e&witﬁ PRARGHSH

m xture contal ning nmethane and oxygen at carbon t ygen ratio of 1.75 and
bet ween 0 tmetdboutoBBindtionsdhensfofTheapéntial dkidatiae precessiomcufethereint he

reactor contajping the nonqglith catalyst. This mxture was different from
the m xt urea%r%%\ﬁﬁg'ngé_ﬁegi"ﬁt 933 pireq 'PHE’W%E?ﬁbQH.m?ﬂ?’Qa?@@& s mixture
was fed sat @&B%rgoé’rt'é'd&i\/ébécpfhr&% Q9 1Brto-thd R8Id B&% bt €arHoRTABhaLHEE

decreased from o 750 C due endotherm c reverse gas shift reaction.
The typi cal pressunecswingadsomtitmenit Soahesabyoarbon 3oneddd rsenatatédde, 13.1 %

car bon di oxi de,., 1. 3% net hane and hz.a%wat Br. The c;éan ersion .atqaof
met hane an r%'artBSrPrB& 99 ?E/“E?EH“C ropch CAPPP SRR &GP elP &r&e
concent r at | 405 tHdrdriBingsrebn of e b?@c}lldtg;a%rléa\%pm& fih@p0as 5a and 5b

bel ow. When feed gas m Xture was preheated to 300 C, there is a slight

i ncrease i rhysrogeCilesule Siing edsenpdicorunitiBevhasewdsegen iseseparatedframwer e
cal cul at ed t%\hr ough teI erren(i mat eri.al. b ,ance 15 While this invention has
been de¥cr i HEPRALA 9aRALEES VR INR G2 enbodi ment's thereof, it is
apparent that nunmerous other forns and nodifications of this invention wll
be obvious to those skilled in the art. The appended clains and this

i nvention gener aln flespeentiverembedistentdar vsingdwsirogen regysle derictedshearsr ns and

nmodi ficati o I Al AR : L he present

i nventi on. {P‘%l’%ﬂg@ﬁ %Se?}mjéaéﬁ%%pﬁb%%yﬁhégdbﬁbem?ﬁ%ﬂ,ag\ﬂ?g%%&f'{a@]m is: 1. A
met hod for adsorpton iuait O ldgdrogen eichiardt paioh this streapr isddicertdy dt vglee and
carbon nonoxi de whereby initjiation of said parti a.h ,o>%' dat} on,is at,

t enper atur e2 h@ndglirestedglong e to Meyiaed mixeE dhi HRig; l?d" hydrogen-rich: al

catal yst cogsi 8L GRRRbLENY dvélfed bhRitRl LoabdiRialarish fdiRdidd om the s

group consisting of nic , Lron, p inum pa ridium
rheni um r uptessurerswingost sorptios ohitr@ dorng dnd praductios proesssotharepyort ed on
or in a ceria-coated zirconia rmnohi

hydr ocar bon@CYRYREA slgap¥ Stptgaeners ygﬂd@%ﬁ%ﬁn{rﬁpﬁﬁ%ﬁgﬁ ié)féggand
hydrogen. feed gas mix.
20
Alternatively as depicted in Fig. 3, rather than having valve 21 divert
hydrogen-rich gas through line 23 to the feed mixer A, a valve 25 is placed in
line16. This valve connects with line 27 which connects to feed mixer A. This
‘embodiment diverts product gas, containing primarily carbon monoxide and
25  hydrogen, through valve 25 and line 27, back to the feed mixer A whereby
hydrogen will continuously mix with the feed gas as long as the partial
oxidation is occurring. This also achieves a steady state presence of

hydrogen in the feed gas mixture.

30 U.S. Patent No. 6,458,334 B1 teaches the use a mixture of air and a

small amount of H,, introduced at a gas hourly space velocity of 4000 to 10,000



2. The method as clainmed in claim1l wherein said hydrogen is injected into
said feed gas mixture. 3. The nethod as clainmed in claim?2 wherein said
hydrogen is injected between the addition of said hydrocarbon-containi ng
feed gas and sai d oxygen-containing feed gas. 4. The nethod as clainmed in
claiml1l wherein said tenperature is greater than 10C and | ess than 100C. 5.
The nethod as clainmed in claim1 wherein said ceria-coated zirconia

nonol ith support is about 5% to about Sngceria by weight. 6. The nethod as
claimed in claim2 wherein the injection flow of said hydrogen is for about
10 to about 30 seconds. 7. The nethod as clainmed in claim1 wherein said
hydr ogen i spertairniecadhieve heatingrefdbe catajyit agevell s itsrrduetiond ageparaiPrred in

claim1l wherein sajd feed gas i t e 20
at mospher esSte8 .p”?ﬁto ?@F‘H&fggsoreé%%gdiq&glﬁ %i%e%?%%?ﬁ? ég 98s has
a standard_ gasmdite ihiiafPResatfalapidation! prabesk bp frsd MirdduciznalHAD0, 000 per
hour. 10. The nmethod as clained in claim1l wherein said feed %as has a

| i near vel omixtyreodittabpwithoutza dituemiowhich is prerheatednsefesaklyie 5010 30PE. net hod

as clainmed Ln cl.aimb5 wherein ' ' ' nt of
about 0.5t BhaBuRErRAtiep Rl SRl a AHASERs e ChERATtepBAlr BB oy
gas. 12. A gmipwrdtdreat Whchaaydroedrbenial@genpaaial byidadoaréadtioncarpbeduce
hydrogen and car bon nonoxi de whereby initiation of said partial oxidation

is at a tenpdigi®dire as | ow as about 10C by contacting a reduced net al
catal yst consisting essentially of a transition netal selected fromthe
group consisting s of nickel, cobalt, iron) platinum palladium iridium

rheni um rut heni The mébod witheprasent mventiamis urdgue imsthiah theebydrecanbont ed on
or in a ceria-coated zirconia nonoljth support with a mxture of a

hydr ocai®onO¥¥sienamaitue is deditoythe rgagton gt demestatdienARg & ¥0aM gIouUitd a
cont i nuous d:of. : : ' ' jnm further
conpri si ng éﬁﬁ? hsg' %fr& g%l I%l'}ohl?iﬁw%\?vsg?fﬁ%tgﬁﬂ%?%glfd(l)??(@gﬂ?g'F%%%t?nf e\év’ gas. 14.
The net hod have biorfednd thatligjeotidr? ofihyiregen saiits dwnlisagdrenosighrip echisyei nt o

said feed gas m xture. 15. The thod as claiped jn claim1 erein said
t enper at ur e"P¥N {eOREEHVIESIALAC TARSOPRY r‘?‘?‘%{ﬁmﬁﬁé ~up £gn O"VEQ

achieved by hydrogen injection combined with correct sequence of introducing
15 natural gas and oxygen. Startup at room temperature (above 10 °C) using a
small amount of H, is possible primarily by the use of ceria-coating on the base
monolith support, including metal and ceramic monoliths such as stainless
steel, zirconia, titania etc. Furthermore, the timing, amount and ensuring safety
are critical parts of hydrogen injection as practiced in this invention. Thus, a

20  further improvement is achieved in the startup procedure.

To shut down the reactor, Nz flow is first started through the reactor, O;
in the feed is then turned off, and the natural gas flow is turned off last. Proper
care is taken to ascertain that no flammable or carbon formation conditions

25  exist within the system. It is important to make sure that oxygen is not present
in the reactor when there is no natural gas flow during shut-down in order to

prevent oxidation of the catalyst which, if occurs, will deactivate the catalyst.

Another embodiment of the present invention is a process for the partial
30  oxidation of hydrocarbons such as methane (natural gas) by contacting a feed
containing the hydrocarbon, O, and CO; through a catalyst comprising rhodium



16. The nethod as clainmed in claim 12 wherein said ceria-coated zirconia
nmonol i th support is about 5% to about 30% ceria by weight. 17. The nethod
as clainmed in claim 12 wherein said hydrogen is obtained fromthe product
hydrogen. 18. The nethod as clainmed in claim 12 wherein said feed gas is at
a pressure of between 1 and 20 atnospheres. 19. The nethod as clainmed in
claim 12 wherein said feed gas has a standard gas hourly space velocity of
about 50,000 to about 500,000 per hour. 20. The method as clainmed in claim
12 wherein said feed gas has a linear velocity of about 0.2 to about 2.0
neters per second. 21. The nethod as clained in claim14 wherein said

hydr ogen i sSyRResteston a ceramestast menolithe utheprssepcagbirO24eads) i exnery

vol ume of t I i : f : rtial

oxi dati on ofoREarBRuctstioth 2Rt chREitpH3Sactich 10T SUpA o bchctruet |
contacti ng sighifiedntiyincaiazleyCO pragpctidne cAddition of 6Cp atsy inareasasdble zi r coni a
nmonol i th support, wth a m xture of a, hydrocar b&p-con jni_ﬂ%feed gas and an
oxygen- cont aP@iatigg mirdow fer paftialoxidationinderns g .a@@aba'ﬁé FHIWEEZIOR | ai med
in claim22 J i I QX L Sti Infix SR as mxture
i n anmounts awﬁ%ggobﬁfugggwﬁégﬁﬂwﬁgﬂé§+ eﬁ%gta %gqas clfbaiéeyrr‘yélj?n claim 22
wher ei n sai teripeatges I wasifoundithatadditonbf bptoaboutl3@Graludee % Gospher es.

20 25. The method as, clainmed in claim?22 wherein saj.d,feed.ga a

st andar d gaﬁa‘l‘r?ﬁfrrl‘?/sgﬁ!f@@n\/‘g?t%?@'oﬂfmQﬁgﬁfmgﬁ?%(ﬁ?%lt'ed‘a%‘guﬂbq%%ég%o per
hour. 26. T i IR el L ; t a

| i near vel ogﬁ?{/@%@gﬁﬁg%% tOdgggﬁbé‘gﬁgﬁ%p@gﬁg@rrégg%gﬁg?ﬁszgﬁ@?_ﬂgﬁ nmet hod
as cl ai red TheMeyraspechkagain isthedowepressurei apasatien, which helpsqugyentt i s about
5% t o about B&?ﬁc ri a.b% \/\ﬁllgiﬁts 28. A reactor conprising a vessel, at

| east on& cE&R ofrpaioHader hEPe GRAEMANY th a catalytic material and at

| east one bl ank ceram c foam disk. 29. The reactor as clainmed in claim28
wherein said vessel is refractory lined. 30. The reactor as clained in

cl ai m 28 whi ch i {t has alse bepapbsetved thahavhan using the inventive process, the

conversion of methane to hydrogen and carbon monoxide depends on both,
space velocity and linear velocity at a fixed carbon to oxygen ratio in the feed.
15 Most importantly, multiple layers of catalyst monoliths not only allow higher
throughput capability at the same space velocity but also give better methane
conversion at the same linear velocity. Example 2 illustrates the effect of layers

of monoliths on the process performance.

20 The following examples illustrate the improved partial oxidation process

of the present invention.
EXAMPLE 1

25 A zirconia monolith having 45 pores per inch, 0.7 inch in diameter and
0.39 inch long, was first coated with 20 wt. % ceria and then impregnated with 2
% by weight of rhodium metal to prepare the metal catalyst. Detailed
preparation method can be found in co-pending US patent application Serial
Number 10/143,705. The reactor containing the metal catalyst monolith was

30  purged with nitrogen gas at 10° C for 60 minutes.



tube and has a dianmeter of about 1 to about 100 inches. 31. The reactor as
claimed in claim28 wherein said catalytic material conprises zirconia
coated with ceria and containing rhodiumor nickel or a m xture of rhodium
and nickel. 32. The reactor as clainmed in claim 31 wherein ceria coating
conprises about 15 to about 20 percent by weight of said ceram c foam
nmonolith material. 33. The reactor as clained in claim31 wherein said
rhodi umor nickel or mxture of nickel gpd rhodiumis about 2 to about 4
wei ght percent of said ceramc foamnonolith 21 34. The reactor as
clainmed in claim28 conprising a pluralit¥@of sai?ﬁceranic foa“1disk

i mpregnat ed wit h'\@t'i‘:%[i%W\}‘ﬁifESt_dﬁF@W%ﬁd aha wiale 8 _tSyS'Bfo-lﬁ small Apauit. f oam
di sks. 35. Jﬁhﬁ? g&@%ﬁﬁﬁ&%ﬁéﬁkf@%ﬁm&d‘p@ Refhat ISt Ub /P86 sBtond@sit one
mc foamdisk 1S selecte

bl ank cera romthe group consisting of alumna,
zi rconi a, ctivedsame ttimerOnflow wassstaited enfd adastetito obdaintthe desiredCiRd i n

| aim 28 furth | Sj hi , 7. A nmet hod f t
part i al oxi GO Ohil-gb, FiUcel BE AP RBa IRTCR Y Bhe TRiA Pareaie RoBi de
by contagti Bgtagis'i géeiﬁﬁér%ttgjr%tt‘?l >t} &k Yithirt QT8 WHdcdpds Withkdlrbduiorfof

transition net ected fromthe group consisting of nickel, cobalt,
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oxi dati 8 i s about 2:1 hydrogen to carbon nonoxide. 40. The nethod as

claimed in clai maSrhepdieBRilyst Wishrepaictt §9absshbeldria ExXatplenoMhelsamwport is
about 5% to about 30% ceria by weight. . ) )
amount of rhodium metal was loaded on the ceria-coated zirconia support.

A premixed gas mixture containing methane (8.8 slpm), oxygen (5.0
15 slpm) and hydrogen (0.5 slpm) was passed into the reactor containing the
metal catalyst at 10° C. The reaction could not be initiated until hydrogen
amount was increased to 22 mol % (3 slpm). This shows the importance of the

sequence of addition of different gases in the feed mixture.

20 Comparative Example B

A metal catalyst was prepared as described in‘Example 1, except that
the monolith support was made of zirconia. The same amount of rhodium metal
was loaded on the zirconia support, without any ceria coating as described in

25 Example 1.

When attempting to start the reaction by following the procedures
described in Example 1 using hydrogen injection, the reaction could not be
initiated until a temperature of about 150° C was reached. This clearly shows

30 the synergistic role played by ceria.
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linear velocity, iower space velocity results in better methane conversion and
appreciably less methane slip. In other words, increasing L/D aspect ratio of

catalytic monolith improved performance of partial oxidation reaction.

Table 1
20

2% Rhon 20% Ce02 Space Velocity | Linear Velocity | Conversion % Selectivity %
Coated ZrO2 monolith (1/hr) (m/s) CH4 H2 Cco
4x0.7"x0.39" 86036 0.87 97.8 95.8 93.9
2x1"x0.39" 85810 047 97.0 96.0 92.0
2x1"x0.39" 158464 0.87 95.6 95.0 93.2
4x0.7" x0.39" 138817 1.40 99.0 96.7 93.7
2x1"x0.39" 138731 0.76 97.2 95.3 93.2

EXAMPLE 3

A partial oxidation reaction was initiated following the same procedure as

25 described in Example 1 with the same metal catalyst, which was used in
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Example 1. A gaseous mixture containing methane and oxygen at carbon to

oxygen ratio of 1.75 and between 0 to about 30% by volume of carbon dioxide

was then fed to the reactor containing the monolith catalyst. This mixture was

different from the mixture which was used to initiate the reaction. This feed

5 mixture was fed at a space velocity of 150,000 hr’. The reaction temperature

decreased from 1020° to 750° C due to endothermic reverse gas shift reaction.

The typical product gas contained 39% hydrogen, 33% carbon monoxide,

13.1% carbon dioxide, 1.3% methane and 12.6% water. The conversion rate of

methane and carbon dioxide were calculated from the measured

10 concentrations in the product. The results are shown in Figures 5a and 5b

below. When feed gas mixture was preheated to 300 °C, there is a slight

increase in both CH4 and CO, conversion. The conversion measurements were

calculated through element material balance

15 While this invention has been described with respect to particular

embodiments thereof, it is apparent that numerous other forms and

modifications of this invention will be obvious to those skilled in the art. The

appended claims and this invention generally should be construed to cover all

such obvious forms and modifications which are within the true spirit and

20  scope of the present invention.
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at a temperature as low as about 10°C or higher by contacting a reduced
metal catalyst consisting essentially of a transition metal selected from the
5 group consisting of nickel, cobalt, iron, platinum, palladium, iridium, rhenium,
ruthenium, rhodium, osmium and combinations thereof supported on orin a
ceria-coated zirconia monolith support with a mixture of a hydrocarbon-

containing feed gas and an oxygen-containing feed gas and hydrogen.

2. The method as claimed in claim 1 wherein said hydrogen is injected
into said feed gas mixture.

3. The method as claimed in claim 2 wherein said hydrogen is injected
between the addition of said hydrocarbon-containing feed gas and said

oxygen-containing feed gas.

4. The method as claimed in claim 1 wherein said temperature is greater
than 10°C and less than 100°C.

5. The method as claimed in claim 1 wherein said ceria-coated zirconia

monolith support is about 5% to about 30% ceria by weight.

6. The method as claimed in claim 2 wherein the injection flow of said
hydrogen is for about 10 to about 30 seconds.

7. The method as claimed in claim 1 wherein said hydrogen is obtained

from the product hydrogen.

8. The method as claimed in claim 1 wherein said feed gas is at a
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hour.

10.  The method as claimed in claim 1 wherein said feed gas has a linear
velocity of about 0.2 to about 2.0 meters per second.

11.  The method as claimed in claim 5 wherein said hydrogen is present in
an amount of about 0.5 to about 4.0 percent by volume of the total flow of

said feed gas.

12. A method for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide whereby initiation of said partial oxidation is
at a temperature as low as about 10°C by contacting a reduced metal catalyst
consisting essentially of a transition metal selected from the group consisting
5  of nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium,
rhodium, osmium and combinations thereof supported on or in a ceria-coated
zirconia monolith support with a mixture of a hydrocarbon-containing feed gas

and an oxygen-containing feed gas and a continuous feed of hydrogen.

13.  The method as claimed in claim 12 further comprising adding a

continuous flow of carbon dioxide to said feed gas.

14. The method as claimed in claim 12 wherein said hydrogen is injected

into said feed gas mixture.

15. The method as claimed in claim 12 wherein said temperature is greater
than 10°C and less than 100°C.
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16.° The method as claimed in claim 12 wherein said ceria-coated zirconia

monolith support is about 5% to about 30% ceria by weight.
17. The method as claimed in claim 12 wherein said hydrogen is obtained
from the product hydrogen.

18. The method as claimed in claim 12 wherein said feed gas is at a
pressure of between 1 and 20 atmospheres.

19.  The method as claimed in claim 12 wherein said feed gas has a

standard gas hourly space velocity of about 50,000 to about 500,000 per
hour.

20. The method as claimed in claim 12 wherein said feed gas has a linear
velocity of about 0.2 to about 2.0 meters per second.

21. The method as claimed in claim 14 wherein said hydrogen is present in

an amount of about 0.5 to about 4.0 percent by volume of the total flow of
said feed gas.

22. A method for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide by contacting a rhodium catalyst supported
on or in a ceria-coated zirconia monolith support with a mixture of a
hydrocarbon-containing feed gas and an oxygen-containing feed gas and

5  carbon dioxide.

23. The method as claimed in claim 22 wherein said carbon dioxide is

present in said feed gas mixture in amounts up to about 80% by volume.

24. The method as claimed in claim 22 wherein said feed gas is at a

pressure of between 1 and 20 atmospheres.
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26. The method as claimed in claim 22 wherein said feed gas has a linear

velocity of about 0.2 to about 2.0 meters per second.

27.  The method as claimed 22 wherein said ceria-coated zirconia monolith
support is about 5% to about 30% ceria by weight.

28. A reactor comprising a vessel, at least one ceramic foam disk
impregnated with a catalytic material and at least one blank ceramic foam
disk.

29. The reactor as claimed in claim 28 wherein said vessel is refractory
lined.

30. The reactor as claimed in claim 28 which is in the shape of a pipe or

tube and has a diameter of about 1 to about 100 inches.

31. The reactor as claimed in claim 28 wherein said catalytic material
comprises zirconia coated with ceria and containing rhodium or nickel or a

mixture of rhodium and nickel.

32. The reactor as claimed in claim 31 wherein ceria coating comprises
about 15 to about 20 percent by weight of said ceramic foam monolith
material.

33. The reactor as claimed in claim 31 wherein said rhodium or nickel or
mixture of nickel and rhodium is about 2 to about 4 weight percent of said

ceramic foam monolith
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34. The reactor as claimed in claim 28 comprising a plurality of said
ceramic foam disk impregnated with a catalytic material and a plurality of

blank ceramic foam disks.

35. The reactor as claimed in claim 28 wherein said at least one blank
ceramic foam disk is selected from the group consisting of alumina, zirconia,
cordierite or mixtures thereof.

36. The reactor as claimed in claim 28 further comprising a quenching
system.

37. A method for the partial oxidation of hydrocarbons to produce
hydrogen and carbon monoxide by contacting a reduced metal catalyst
consisting essentially of a transition metal selected from the group consisting
of nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium,

5 rhodium, osmium and combinations thereof supported on or in a ceria-coated
zirconia monolith support with a mixture of a hydrocarbon-containing feed gas
and an oxygen-containing feed gas and hydrogen at a pressure of about 1.0
bar to about 10.0 bar.

38. The method as claimed in claim 37 wherein said pressure is about 1.5
bar to about 3.0 bar.

39. The method as claimed in claim 37 where the ratio of hydrogen to
carbon monoxide produced by said partial oxidation is about 2:1 hydrogen to

carbon monoxide.

40. The method as claimed in claim 37 wherein said ceria-coated zirconia
monolith support is about 5% to about 30% ceria by weight.
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