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CATALYTI C- PARTI AL OXI DATI ON PROCESS FOR SYNGAS PRODUCTI ON BACKGROUND OF
-THE I NVENTI ON -5 The conversion of hydrocarbons to hydrogen and carbon
monoxi de containing gases is well known in thiMWWHmWﬁMMEm“eS of such
processes include catalytic steamreform ng, J catal ytic
reform ng, catalytic partial oxidation and non-cat-adit« c parti al

oxi dation. Each of these processes has 10 advant ages and di sadvant ages and
produces various ratios of hydrogen and carbon nonoxide, also known as
synt hesi s gaSMchngnemEDrtywAqu@$AmrA&C©R¢bA¢|@NprELS§ FesR Li al
oxi dation process. Partial oxidation processes are also well known and the
art is replete 15 with vari oussﬁﬁ%gtWROﬁhﬂET@N oxi dati on processes.
Partial oxidation is an exotherm c reaction wherein a hydrocarbon gas,
such as nethane, and an oxygen-containing gas, such as air, is contacted
with a catalyst at el evat eBACKCPEIIND ©F THERNQEWEEON r eaction product
cont ai ni ng high concentrations of hydrogen and carbon nonoxi de. The

catal yst8 used in these processes are 20 typically noble netalst such as
pl ati num or r hodiTing canversiemef hydranaibionsrio iytaigen arslicdrbas morakdde on a
suitable su .. Partial oxjgdation processes convert )
hydrocarbongﬁﬁﬁ%gpggﬁae§5§ﬂ ﬂEE%%H"‘QEBﬂitETQWP ng%iryef%ﬁﬁﬁﬂggﬂ??on
monoxi de andafiifiky stéARGRISIAIRG RO IheiPnal YathIRR efiRARg, B | wat er.
The process is ?ypically carried out by _injgcting preheatgﬂ§R§§rocarbons
and an oxyg&¥idayab &neli na-eatevtiapartial oxidation. Each of these processes has

10  advantages and disadvantages and produces various ratios of hydrogen and

~ 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
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‘conbusti on chanber where oxidation of the hydrocarbons occurs with | ess
than stoichionmetric amounts of oxygen for conplete conbustion. This
.reaction is conducted at very high tenperatures, such as in excess of 700C
and often in 30 excess of 1,0001 C, and pressures up to 150 atnospheres. In
sonme reactions, steamor carbon dioxide can also be injected into the
conmbustion chanber to I1ITELE FEEE TEEEE CEERE TREEE TEEEE THEE TET
*000002* 2 nodify the synthesis gas product and to adjust the ratio of

hydr ogen to carbon nonoxi de. More recently, partial oxidation processes

have been ot Ridd¥ At LinitBkEhasrblECH RCATHNNE35A B RIbEEH fubh e

oxygen-cont ali n| gas at pace I'es |

cat al yst sucmarox@enet al deposited on a ceram c foam (nonolith) support.
The nonolith supports are inpregnated with a noble netal such as platinum
pal I adi um or rhodium or other transition netals such as nickel, cobalt,

chrom um and the Wdtg rederitiyC Bhiil okiBSE6n haV/d Qéﬁﬁls%roesed%'evrﬁ&iar ed

FSPdH?J %@
fromsolid refractory or céramc materials su as a um na, zlrconia,
magnesi a andtheneydrokarbobgasrig coptactad withdiie brggen-cetanirangas thkighypaosar bon

tiall tacted th th
metal Soat al YEPCHReALiERESPue b A 2T teh Becp e ipeaniey one e of
600C, and at fodin $irRAGRRYs FPééo&‘OWhéYn&RﬂﬁﬁsMSb&% 5% |ﬁ@e?‘§<t¥)iat88 viEE ndffe. 000

per hour. 15 SUMVARY OF T | NVENTI ON The present | I on provides an
i nproved pr ofelal sush aselatiawmal paladiurpaortrhadiuox ictatherirafsitoponetas bocts t o

e O Qg ot Al o RO S iineake P pibSRy, ek monchth Hubpard ard ¢
10  prepared from solid refractory or ceramic materials such as alumina, zirconia,
magnesia and the like. During operation of these reactions, the hydrocarbon
feed gases and oxygen-containing gases are initially contacted with the metal
catalyst at temperatures in excess of 400°C, typically in excess of 600°C, and at
a standard gas hourly space velocity (GHSV) of over 100,000 per hour.

15

SUMMARY OF THE INVENTION

The present invention provides an improved process for the catalytic
partial oxidation of hydrocarbons to produce hydrogen and carbon monoxide
20 and less than ~2% carbon dioxide. Accordingly, the process permits the
reaction to be initiated at room temperature, thereby reducing operating and
capital costs. The inventive process employs a metal catalyst deposited on a
ceria-coated zirconia monolith support, which exhibits high conversions of
hydrocarbons to synthesis gas.
25 _

In one aspect, the invention provides a process for the partial oxidation
of hydrocarbons to produce hydrogen and carbon monoxide comprising
contacting a mixture of a hydrocarbon-containing feed gas and an oxygen-
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,



Teaction to be initiated at roomtenperature, thereby reducing operating
and capital costs. The inventive process enploys a netal catalyst .
.deposited on a ceria-coated zirconia nonolith support, which exhibits high
conversions of hydrocarbons to synthesis gas. 25 In one aspect, the
invention provides a process for the partial oxidation of hydrocarbons to
produce hydrogen and carbon nonoxi de conprising contacting a mxture of a
hydr ocar bon- cont ai ni ng feed gas and an oXygen- contai ning feed gas with a
catalytically effective anobunt of a reduced netal 30 catal yst consisting

essenti al | y ashiamt arahsormbinations tereef, auppdrtéd gmdrhhe agfeﬁ@ﬁbdéf(ed ﬂiiré‘drf]rﬁéd ; 5
cobalt, iron, platinum palladium iridium rhenium ruthenium rhodium 3.
osm um and %%Iﬂé??w'taﬁé’r%@ﬁ?”@ﬁpwwrbh apd J0ateaspheeess adeed 926r coni a

tandard gas e ges oy SBHES velookF o et o 0FR 8 pB ISR B8EBenfaiter °°
hour , ang a@ndi an breanselanity tof abbubtBEub N0 2neter Béﬂs&mﬂﬂr(nﬁier. second (ms). s

I n anot her aspect, this invention provides a process for the partial
oxi dation of hydrocarbons to produce hydrogen and carbon nonoxi de, which

can Do i Liated iAtanBia EAeal Wie ifleniBRthodds AR LheFrivpaar act | ng L he

said catalyst with the feed m xture al on ection of a small anmount
of H2. 10 | roxdadioheaf hydtasdirtvers toafrotihee piydegehn andvearbbnmoricddds, ivdictican al so

be initiated t rgomte rature by din mal | _anount of hydrogen to
feed m xtur ecainfpe ﬁ@t?)ci ggﬁ%@%@?‘d@rﬂfﬁgﬁﬁﬁﬁg” VPN i hDpFaBiactied i eve a
gradual i ncremseatalyst Githahe Ked SIREAAIBHE With iﬁj‘éfégéln brsrsﬁ?éll érhﬁﬁrlﬁ'ofjl%.l na
preferred enbodi ment the present invention provides for a nethod
10 In another embodiment of the present invention, reaction can also be initiated
at room temperature by adding a small amount of hydrogen to feed mixture in
the presence of continuous 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



‘for producing carbon nonoxi de and hydrogen conprising contacting a

hydr ocar bon- cont ai ni ng gas and an oxygen-containing gas with a reduced
.metal catal yst supported by a ceria-coated zirconia nonolith. 20 I n anot her
preferred enbodi nent, the present invention provides for a nethod for
produci ng carbon nonoxi de and hydrogen conprising contacting a

hydr ocar bon- cont ai ni ng gas and an oxygen-containing gas in the presence of
hydrogen gas with a reduced netal catal yst supported by a ceria-coated
zirconia nmonolith. 25 An additional enbodi ment of the present invention is

a reactor L SHRE- I - QF o) i sk .i npregnat ed
Withs Ccat SEPBLALOHAn(ERRE 0o Gl AT bR B B ST ORI BRS 50 A
further enmbodthrenedoted hetalrasaiyst supmotéed by iasceriaresdted Arebniaphedurhng

car bon nonoxi de and hydrogen conprising contacting a 4
hydr ocar bon- cont ai ni ng gas, carbon di oxi de, and an oxygen-contai ni ng, gas
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nonolith. I n another enbodi nent of e present I nvent
addi t i onst o tBetfed heedniyhige mif xiatural gés madunaigegds neaidtainganall Smeei nt ai ned

at all times, during the production of carbon nonoxi de and hydrogen to

ensure that JHEY t@&?%{PaE‘E‘P%Prﬁ??f?of‘r{"t"H@X'P@cﬂwe'awqreeﬁv irPERresbgtierTI ON OF
THE DRAW NGZatdWsfiednaihs iif tie ffiR@Blibfm epr esentation of a reactor that is
enployed in the  present invention. Fig. 2 is a schematic representation of

a process for producing carbon
BRIEF DESCRIPTION OF THE DRAWINGS
10
Fig. 1 is a schematic representation of a reactor that is employed in the

present invention.

Fig. 2 is a schematic representation of a process for producing carbon
15 monoxide and hydrogen while employing continual addition of hydrogen to
the feed gases.

Fig. 3 is a schematic representation of a process for producing carbon
monoxide and hydrogen while employing continual addition of hydrogen to

20 the feed gases.

Fig. 4 is a schematic representation of a graph of flowrate and
temperature versus time for a start-up procedure while employing injection of
hydrogen with continuous carbon dioxide flow in the feed mixture.

25
Fig. 5A 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.



15 nonoxi de and hydrogen whil e enpl oying continual addition of hydrogen to
the feed gases. Fig. 3 is a schematic representation of a process for
.produci ng carbon nonoxi de and hydrogen while enpl oying continual addition
of hydrogen to 20 the feed gases. Fig. 4 is a schematic representation of
a graph of flowate and tenperature versus tinme for a start-up procedure
whi |l e enpl oying injection of hydrogen with continuous carbon di oxi de fl ow
in the feed mxture. 25 Fig. 5A is a graph detailing methane conversion
versus percentage carbon dioxide in feed. Fig. 5B is a graph detailing
carbon di oxi de conversion versus 30 percentage carbon dioxide in feed. 5
DETAI LED DESCRI PTI ON OF THE | NVENTI ON Natural gas and an oxygen-cont ai ni ng

gas are mxed through |inPETAILRD DESZRIPTAON @ﬁl'ﬁ‘iﬁlNV@\lBé}N ce 3, with
vel ocity exceeding the natural gas flane velocity so as to avoid
flammability. The /02 ratio in the mxture is in the range 1.5 to 2.0,

preferably in theNs@rgiead.dhd an dxPgerCBbhtafihd Yas SiFe AR thES¥gH hedrlgad to
natural gas to adjust the H2/COratio in the product. Optionally, natural

gas may Sbe %meahémréa NG, d8Yiaeg3, n\gltfhéalpcw excaasing the patutalges damsam (c):r by
h h
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reactor is ﬂssm Q& preferabiy e fra;cﬁarmgy 1I em@d o ESstRInatly [ eanhiray®, goiticdher nal
i nsul ation. The nonolith catalyst is |ocated at the bottom carefully

seal ed wit h Nty gas teadivet the W@@e"rﬁtlol'eé\fk%g@%m daptianaligaratetdl geed gas.
The top spacg| $etdl€Reated by exchanging heat with the hot product stream or by other
10 means so that the feed mixture temperature reaches about 80 °C or even
higher. Since partial oxidation reaction is highly exothermic, the reactor is
designed as a refractory-lined vessel 4 to achieve good thermal insulation. The
monolith catalyst 6 is located at the bottom, carefully sealed with zirconia
cement to prevent leakage of any unreacted feed gas. The top space is then
15 filled with inert blank foam monolith disks 5 to improve the flow distribution and
to avoid flammability. A gas distribution means such as a stainless steel

distribution plate may be placed between the blank ceramic foam monoliths.

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 employing this pressure range,
carbon formation is completely avoided and addition of steam to prevent
carbon formation is not necessary as would be the case for high pressure
operation. The main benefit of running the reaction without steam is that the
25  syngas produced has 2:1 H; to CO ratio which is critical for many applications
of syngas. Since the reaction is at comparatively lower pressure, the product

syngas is compressed to the desired pressure after cooling.

The metal catalysts employed in the present invention consist of a
30 ceramic monolith support structure composed of ceria coated on zirconia

substrate and coated or impregnated with a transition metal or combinations



15 filled with inert blank foamnonolith disks 5 to inprove the flow
distribution and to avoid flammability. A gas distribution nmeans such as a
.stainless steel distribution plate nay be placed between the bl ank 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 enploying this pressure range, carbort formation is conpletely avoi ded
and addition of steamto prevent carbon formation is not necessary as

ld b h i ' alion. ' fi i
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the reaction wthout steamis that the 25 syngas produc to CO
rati o whi ch ingudingthe metaloandiineymapelithcaupiports Thef mepolfhsupBbriée geherally

Compr essed (oCTRAIEETFKS sueQl e FotGs pal: SHfdirabyal "Earan et s
enpl oyed i n 3di8ageLsRNEIshOYENH Sithef AShehull of reRarGSitRIMh Githdpicidd support

structure conposed of ceria coated on zifconia sub_s_trate _and coated or
i npr egnated batwhen adiagest pagsagest dlheosinglentiiuciurabusit I8 useldan giice #s used

herein, "neta| al yst". refers to the entire catal yst structuyre . including
the motal arRE0SHAlBerich R of ardniaf e Rlyslsy ierCedes oreh i el 'y 5
ceram c foamprebés Hbeesy. UFgarhplegrd sUbﬁWrég@bﬂ;@FQﬁéﬁhéé%éﬁ&hh d0pporyhrer ei n
the passages are disposed in either an irregular or regular pattern with

spaci ng 5 bdbalede fillgnsasse: fop mndigganetain & xsimplee of requbarlyrpattamed supperted i n

i . i t al Lch I
Reairabl e | ineRae iARlPAbhowbid Suliol AR i RN BanstS iRl flokirer ned
monol i t hiosupyhidies ahttlseden Latid ey sharfi@l pRiceBBéd ePraidired Sre theasarhesc of

regularly patterned supports include nonolith honeyconb supports used for
puri fying exiRausstaudtigs haying iregulas passagesipth dyes of anoldusupherts awsl

processes. FRpgf RRGGY aRERonfet SR Vailable.

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 cenia, 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.



foam structures having irregul ar passages. Both types of nonolith supports
are well known and commercially avail able. The catal yst el enent consists
.of a ceram c foam nonolith conposed 15 substantially of zirconia, coated
with about 15-20 wt. %ceria providing surface area for the netal _
i npregnation, and contains 0.5-5 wt. %noble netal, preferably rhodiumin
netallic form nore preferably about 2 wt. % Rh. Optionally, a transition
metal, such as NN at 2-4 wt. % nay be uséd by itself or in conmbination with
Rh. The reactor contains several ceram c foam disks 20 including those with

catal yst i npregnabgthbathlieMsamscd AfirbRBRIdNs ¥hdbBRYER ih e fddd mbligrevoi d

space. The bl anks can be nade of alum na, zirconida,” cordierite or mxtures
t her eof . ThéeB%ﬁQWWOHEG%IHz(GW)Coswimwwmﬁlragd_aﬂ;slzf mzfar:u:ielﬂi@iandftﬁ as
catal yst for rfi xi dation process. ,.JJhe disks. with c ys ave
poros?/ty i nurtr%%ctggﬁﬁéetﬁéﬁgt%s \%II %8?%@988?%%%%8(%‘6?@?&%59 ﬁ?ﬁttg@ catal yst

| oadi ng. On reheticth Tolehwst shatbsishhaniH O+ £165) avauidkly ebalel ') qudHBthgor osi ty
20 to 40 ppi in order to keep the pressure drop |ow. The dinmensions, i.e.
di anet er Sandvater gie preguse steamcanshitc pravest carhon deimatidna Thearetipr Hlesigngas

space vel oci |t a 50, 000- 500, 000 per hour, (expressed as
hgurl y st andst?:'?\r6 H\qllglﬁuﬁ%{e??%%llug%é a W‘%@W 3¥33?Wewh'ﬁhia?°‘0'g|c8 ”%Pf§ Lol ytic
monol i th), anelxits theanorvshitto chtayysorTise 3QehdhThd @?st@ﬁﬁk%e@ﬁj@ﬂqarﬁérﬁﬂnd' tions)
of about 0.2 to 2 mls. 7 On the catalyst surface hydrocarbons and oxygen
in the feed $AVRfalMeogesitonasgiion. yrarexgmplece H2 and CO, along with traces

oot horm ¢ ria At RRERED Biodtr R en Sl RUieel Re ey 10 bty 5 i s

exotherm c nature o r eac

qui ckl y mool edqbgnchirgtid sghgaswatLienpérature ehise redR2caRsbr R ritaBy¥aNt
carbon formation. The reactor design shown in Figure 1 includes a quench

syst em whi ch at8M@C¥ool i ng of syngas as
e Maximum quench mode allows syngas to be cooled down to 100 to 150 °C
which represents a low capital cost solution if heat recovery is not desired.
» Partial quench mode allows the syngas to be cooled down to temperatures
15 suitable for downstream processing, e.g. water-gas shift reaction to convert

majority of the CO to H,.

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.



it exits the nonolith catalyst. The quenching systemis designed to permt
several nodes of operation. For exanple, M ninum quench node all ows
.maxi mum heat recovery fromsyngas by 10 quenching the syngas to a
tenperature which reduces carbon formati on tendency. Maxi num quench node
al l ows syngas to be cooled down to 100 to 150 C which represents a | ow
capital cost solution if heat recovery is not desired. Partial quench
node all ows the syngas to be cool ed down & o tenperatures 15 suitable for
downst ream processing, e.g. water-gas shift reaction to convert nmajority
of the COto H2. As nentioned above, the netal catalyst is a singular unit
of varying dinensions depending on the size and design of the reactor. In
a preferred 20 enrbsiginifisant dt&v@a@aﬁtaﬂrofitbe@aﬂiqneparmralmtaratioh procdsabb és

mat eri al C{P struct.ion ving a di a et en about 1 and 100
i nches. The ég eaéngre(?ﬂpéﬁ?rga R {1@ IBiigtesthe Ratialidation oxi dati on
reacti on oCOE&BtiEH drheqrmi alseFaEaaébﬁé hegt éiéptuheorprhngJGﬁ JEI%%I r@él'chbrﬁlgA%f om

the other end. The netal cata yst can al so conpri se tiple
monol i t h Suni Qtétqdoatf%’ﬁni%p%l@@emd@lclﬁ raastios lsiescpibeedlcr and26nantihetreaetioh

arrangenent s t he..net a has osity and
ori entation, ﬁq'p%ﬁé?‘é‘gﬁﬁﬁégﬁé“oé‘s‘m"é“a' &)EH grf’ %’Z‘&”S%%’ aWft ough t he
cat al yst . l\/hmﬂmrthe additionlos ekﬂﬁhéﬂlr@m'erfee@,ﬁthbﬁ/e(}é‘rn shReUhBHré@skor m an
assenbly of reactors disposed in a side-by-side arrangenent for increased

product i on. TESHIrek RFpPErAtyRR in preess PedDWIC tubtest @ranitibte theokedidroget her as
o o v TR BLDOR AR BATAEIA oMU e T LA
earlier martadditiendl dapitaircostsams adds emgineering complexities to the process

thereby reducing its commercial attractiveness. To attempt to address this

Issue, some prior art processes have employed special initiating compounds to

decrease the initiation temperature. For example, U.S. Patent No. 4,879,253

discloses the use of methanol as an initiating compound to reduce the initiating

15 temperature in the range of 100° to 500° C. U.S. Patent No. 6,458,334 B1
discloses the use of ceria-based monolith support to lower the initiation
temperature to as low as ~100 °C, without the addition of any initiation

compound.

20 The present invention provides an improved partial oxidation process in
which the initiation temperature can be as low as about 10° C. The present
process eliminates the need for an external 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 cera-

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



‘that they require an external source of heat to initiate the parti al
oxidation reaction, or require a separate pre-heat step involving a

.chem cal reaction. As 5 stated above, the partial oxidation reaction is
exotherm c and once the reaction is started, the heat of the reaction wll
mai ntain the el evated tenperature wthout the addition of external heat
energy. However, since the process requires tenperatures in excess of 400
Cto start or initiate the reaction, an %external heat source or other
means are still required. O course, this requires 10 additional capital

costs and addsh asgtdieess Rga0ARRN, titatia btc. TR/tPENSR Hsat rbBRT eRperaduei Ng
its coomercial attractiveness. To attenpt to address this 1issue, sone

prior art pBktedR isimpassitieppingainalbadioant phity withi iy exempdeiriziraania decr ease
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initiating prefeaspematratirey prockbare dlitpe inverkle grocedilis @s désribEabeliv: No.
6, 458,334 Bl discloses the use of ceria-based nonolith support to | ower

the init? atilonVatERRaSIE e iploducaday tae depied Bowdiaithout the addition of
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parti al oxidation process e Itnitration e as

| ow as about 1Bed@ins.Thes iy esteal fropr safepspaht of viewesdt tbamaieesin haturaingasxt er nal

heat source or _%bse rate e-heat step to initiate the reaction thereby
ri ﬁ?r‘gcs'

i ncreasing the ionRF belore XY98MeiscAddesk  the process. The inventive

process inva ves,caNh6R!s abragdikyon of hydrogen in 25 the feed m xture
whil e nmaintaining a proper sequence of introducing the various gas

conponends idn The H.dmav, typicallyeathaut &chie¥® obthmtomiflewatsunaintdiaed gy 1@ t hi s

i nvention. Fur{hig(né)rmred)S was di scovered that the startup at room
t enperat ure 30'abSYEYF C) using small anpunt of H2 is possible only with

the use of @erBartup of the reaction is indicated by the rapid increase in the catalyst
temperature to >400 °C. The startup can occur before the oxygen flow has
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 flow is then started.
30 4. The H; flow, typically about 0.5 to 4% of the total flow, is maintained for 10

to 30 seconds.



‘coating on the base nonolith support, including netal and ceram c nonoliths
9 such as stainless steel, zirconia, titania etc. Tests show that room
.tenperature start up is inpossible using small anobunt of H2 with, for
exanple, a zirconia supported catalyst, wi thout ceria coating, as
described in Exanple 1. The preferred operating procedure of the inventive
process is as described below. s 1. Natural gas i-s first introduced at the
desired flowrate. 2. Once the natural gds flow reaches its desired set
point, hydrogen injection begins. This is critical fron1safety poi nt of

view and t o 5MeSRiripbfRé Weadtiodas mdnd:&t@dwmbtrbﬁﬂﬁn&%fagé% Ig%§ added.
3. Oxygen flowis then started. 10 4 he H2 f typically about 0.5 to

4% of the t ot alempesature $0 rdPBCG ned 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 mosnau@@arqjmmtéatdunmatﬂwd.m afherg@ferctwéw%smrevg thé??%npf 15

hydrogen is necessary. It nmust be enphasized that ihjection o
hydr ogen’i s Ie/apeureefdiatalyslars webgs controlsalhietheattupdateyehithierjatalystdredt akes

Ccampl o, 11 ek ore e REYS R Shodeod Rned 32bE R T RE Ao R brdligtnge i n

the way nat dhialmgthedand oxygen are mixed and introduced to the reactor.
Furthernore, the startup at roomtenperature is also possible with
continuous flow of C02 as react ant in the feed m xture. Shown as Fi gure 4,

The 25 preferrec}if?—)‘?ﬁé‘ﬁ\;él QhB |ﬁv8|f1t|(§m§rdme§r?tog rB?:ggee\?v ere Sﬁced at

descri bed bel ow carbon’ dioxi
t he desiiped Hylduvgefralse:ontlnually fed to the feed gas mixture of natural gas and oxygen.

To maintain optimum efficiency in the process, the monolith catalyst needs to
be in a reduced state. During startups, shutdowns and upset conditions, the
monolith 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.



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 H2 flow, typically about 0.5 to 4%of the total flow, is maintained for
10 to 30 seconds. 10 5. Startup of the reaction is indicated by the rapid
i ncrease in the catalyst tenperature to >400 C. It should be pointed out
that addition of CO2 effectively controls the front 5 tenperature of

catal yst as well as controls the heat-up'frate of the catal yst bed. _
Therefore the initial thermal shock on nonolith catal yst can be avoi ded

t hrough t hiTheneibholith o@tangsmtthee;leyamﬁdwlmlopmfmd ﬁpddwhem?dtgge @csmpsbgécgsofor ?
rocess whereby 1o hydrogen is continually fed to the feed gas m xture o

ﬁat ural gas C&Hé %@ﬁéﬁf‘ Zgr‘?%”ﬁaﬁ%%’iaﬁe @hdi faated of inpeenptehwWitha fapier, t he

nmonolith ca ; i sa dblé:r% - i t :

shut downs aﬁr\ﬁétﬁﬁég?&@%ﬁwgﬁ It8 PSEQ?HePﬁ'eT{h%DnOI gl%'@é %{P a’s&{ceggr?%_%gésot §ee'onsed

t o oxygen wandhithearsdéag produe dasestrammopritnaribatabpstmonsXide andar | y when

the catalyst i,s hot. By ensuri a 15 continuous feed of hydrogen to the
gas feedS?/ri ydregen. igge ﬁﬁﬁ\ﬁ?rﬁpﬂﬂg‘ﬁ{% g 16/ the f8ld ot BecareanBAN®Efen and
mai ntai ns i tyesairdloihg a8SbiptiohYunitl &vRERES MarbSly %ﬁ}do‘?(?ﬂeoi%%\@g%?gteﬁor two
nmet hods by which hydrogen is continuously'fed to the teed gas m Xxture. The
first uses drawdhegeduct ghs 2bresin.eBnodixctciareon nsoreixideleal/eowid liree ¢&r bon

' The second net hod

i d e d tign uni r cold box.
trJTinIO?(Izeg Bi%ﬁ%@g@,‘ﬁ%&@ngfp}oﬁé ﬂ£ eilsl I 0§S PRV SSIBrUs. INes2@dcri bed i n
Fig. 2, a seiemdidrtpiiseGRSSwirf addtiphbRUMRD WhePE hydrogen is separated from

10 the product gas and leaves via line 22.

In the inventive embodiment for using hydrogen recycle depicted here,
the product gas exiting the cold box or carbon monoxide pressure swing
adsorption unit C is hydrogen rich and part of this stream is diverted at valve

15 21 and directed along line 23 to the feed mixer A. This flow of hydrogen-rich
gas can be continuously diverted from the cold box or carbon monoxide
pressure swing adsorption unit C during the production process, thereby

achieving a steady state whereby hydrogen is continuously present in the
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 Hy, introduced at a gas hourly space velocity of 4000 to 10,000



25 hydrogen and carbon nonoxi de is depicted. Lines 10 and 12 connect to
feed mxer A and deliver oxygen and natural gas respectively. Line 11
.delivers hydrogen to the feed mxer A and is used in the enbodi nents of
the invention where hydrogen is injected during the startup process. 30
Line 14 exits the feed m xer A and delivers oxygen, hydrogen and natural
gas to the nonolith reactor B where the nonolith catalyst is housed. 11
The nonolith catalyst is the ceramc mondith support structure conposed of
ceria coated on zirconia substrate and coated or inpregnated with a

transition pEhdlrqb aeArhE rh%taitiﬁg%f teeselyst J0Gdpdd liﬂed%éhgrﬂr‘ 8 @egér%?g SS
occurs therein and the resulting product” gas stream prinmarily carbon
nmonoxi de andétep pyartogtartinatize geddesefedd flomo lighPhient 6 32% 484 Be disddickdsax or

i i dsor.pti it C wh by rbon nonoxi de
2" cepar at ed"ipap GRS Tos oAy 2eBEhPh aircaRu et BpAutinawigDe | eaves
via line 18 migfifle With drafBicut BGiREAt vi)ciffs éé@%@ét@&';b?%e%oy {ec?ﬁg ?368" gugh

line 20 to _hydrogen pressure sw ng adsorption unit ogenis
separ at ed f ridia mxtyregepetsductheeatalisicand eisss thiecdtalyst t2thperatutdis anvent i ve

oxi ting tne COPHTR SAHEI Btk ok Bt betelSaveg rasloR panan unit c

i s hydrogen initigtedand part of this streamis diverted at valve 15 21 and
directed along line 23 to the feed mxer A This flow of hydrogen-rich gas
can be continuously diverted fromthe cold box or carbon nonoxide pressure

teady state wher iy mERE SRS ARG D PRt e R acaBibas mx.

20 10 oxygen mixture is fed to the reactor at room temperature, and a small amount
of H; is injected for a short time to initiate the partial oxidation reaction. We
have also found that injection of hydrogen on its own is not enough to achieve
room temperature start-up. The room temperature start-up can only be
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, N, 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



‘Alternatively as depicted in Fig. 3, rather than having valve 21 divert
hydr ogen-rich gas through line 23 to the feed mxer A a valve 25 is placed
An line 16. This valve connects with line 27 which connects to feed m xer
A. This enbodi nent diverts product gas, containing primarily carbon
nmonoxi de and 25 hydrogen, through valve 25 and line 27, back to the feed

m xer A whereby hydrogen will continuously mx with the feed gas as |ong
as {he partial oxidation is occurring. This also achieves a steady state
presence of hydrogen in the feed gas m xture. 30 U. S. Patent No. 6,458, 334
Bl teaches tdippdfed dnMB érH- @oé&%d%éné\ﬂﬂ qfhegﬂ%%%n@émfj@b q‘% ad@o d?{vreﬂdUCEd
at a gas hourly space velocity of 4000 to 1 our, o achi eve
heati ng of tS@@\%amuytst&an\gall’tlahexmahom eghAatibnda CQ. au«steperead:t&)n willep prior
to startlngt cess fee S Patent 6 434 Bl di scl oses a

met hod to i nlqn'g‘%@ YHETBars EQ P@ﬁ“&ﬁ?%?‘dﬁ}m@%@y 0 IBErGasER Yfuci ng a

H2/ 02 m xt WgeriiddwRidow foRekiaRofibHER in taMHsChY fla$nrHéS‘hﬂﬁ%%Q:o91rv@Fs%r9bl y to
50 to 300 C. s The m xture reacts on the catal yst and rai ses the catal yst

t enper at ur e AfE@ C@@hﬁé@@ﬁ@rl@mvamb)chre’f}ﬂa‘hogathb(ﬁescbuwgem foea highler oxi dat i on

reaction ca Th [ese ventjon_ i s uni que
in that theqﬁgg)ﬁr)éctgt @W%% fOHQ%g’ﬁ j‘l %t &Py ggthfgu'F‘@aJ tchZ at room

t enper at ur e, czRds doigificaeiefdriordiort¥h ﬂ)érf(brﬂié?fc’éeﬂnﬁ Fdeeds 2Bblit 8h9E to
initiate the partial oxidation reaction. We have also found that injection

of hydrogen WVPE%OQJ%CDS i aehieye fHthesharhcentact tmama@npefrfammeerstt(mt up.
The roomte ) achi.eved b dro en i njection
conbined wit cor gé@ﬁgéﬁ%\[&?ﬁhog’ ORSraf‘gmn plﬁ% B%Qgeaﬁ(ﬁ“ oxygen.
Startup @t rcaboh &Tm%tlahUIrﬁie(‘M‘ea:o}ﬂit@nsUSI ng a snall anount of H2 is
possible primarily by the use of ceria-coating on the base
It has also been observed that, when 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.

o

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
0.39inch 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.



‘monol i th support, including netal and ceram c nonoliths such as stainless
steel, zirconia, titania etc. Furthernore, the tim ng, anount and ensuring
.safety are critical parts of hydrogen injection as practiced in this
invention. Thus, a 20 further inprovenent is achieved in the startup
procedure. To shut down the reactor, N2 flowis first started through the
reactor, 02 in the feed is then turned off, and the natural gas flowis
turned off last. Proper care is taken ti¢ ascertain that no flanmmabl e or
carbon formation conditions 25 exist within the system It is inportant to

make sure that oljakané svasdirsping®entedidt d fewy SRR .8 WRA. ARSh&lI hfount
natural gas flow during shut-down in order to prevent oxidation of the

cat al yst whPEHR:2 (P Yepumes ipigateqibte the srethene lipatfar yeto 3ArraaeedseAbodi nent

of the pres i i i fa‘?&]% Ll . 30 gxj.datj of
hydr ocar bongqgsa%@\éggh %r‘eo?ﬁgﬁ\éﬂ?,%%te ura é@‘g)atdﬂgs t%@ﬁé g@h"ﬁé’eﬁ?%’g@gj bz(ght ai ni ng
t he hydr ocardtanof 0.25a8thr@@Rof tircoteghtian wedingdated Bp ths ragid ihedausid the

ri a- coated no h.. The presence of CO2 | eads to convert

supported on ﬁ,ﬁce{\ g&jio T ) _

sone producCAPYFAGMPERIIIC 3RPYativithiPea secansisauith thaproguctier of on wi | |
significantl 'db(é5ea}§p RSSE O L I S..t he
operating vm'h)rggltjw for p%é;tg)ioglrﬁom d%%ﬁohné%lgﬁir% g?@sg%?@/éﬂ ﬁﬁif#él}fbﬁ)aq‘%e's
conver si on BeqdfiradDRr oaly Heséaortdsdo stanpupwvbd paytigd beidativh of nidtRafieed m xt ur e
to a higher tenperature. It was found that addition of up to about 30

vol ume % CO2 causes no significant deterioration in performnce, and

i ndeed, abo@om@iatit@B%8HpIOA Of C02 is achieved in the short contact tine
reactor of fhis Tnvention. The key aspect again is the | ow pressure
operati df, which hel ps prevent j o carbon formation under these conditions.

It has al so been ,observed that., when using the ipventive prqcess, the
conversion of methal altc(g?q{yglrv&%%ﬂregﬁaeci%gjgﬁcrﬁ%qu% [_g’éarﬂelﬁehglgheo%’ﬁ%th,

amount of rhodium metal was loaded on the ceria-coated zirconia support.

A premixed gas mixture containing methane (8.8 slpm), oxygen (5.0

_—
[%4]

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 sipm). 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 couid not be
initiated until a temperature of about 150° C was reached. This clearly shows

30  the synergistic role played by ceria.



'space velocity and linear velocity at a fixed carbon to oxygen ratio in the
feed. | s Most inportantly, multiple |ayers of catalyst nonoliths not only
.al l ow higher throughput capability at the sane space velocity but also

gi ve better nethane conversion at the sane linear velocity. Exanple 2
illustrates the effect of layers of nonoliths on the process perfornmance.
20 The follow ng exanples illustrate the inproved partial oxidation process
of the present invention. EXAMPLE 1 25 A zirconia nonolith having 45 pores
per inch, 0.7 inch in dianeter and 0.39 inch long, was first coated with
20 Wt. % T nd then inpregnated with 2 % by weight of rhodiumnetal to
pr epare %ﬁé‘@%—%l catalyst. Detailed preparation nethod can be found in
co-pendi ng US patent application Serial Nunber 10/143,705. The reactor
cont ai ni ng the netal ceﬁ%al st, monolith was 30 purged with nitrogen gas at
10 C for 60 niAGPEWArgA e@é?ﬁ*a?fém@aévaﬁ%x apgspaerivelgciy, rmonoldly rate of 8.8

slpm A a ; .t o ~the hane |ine

foP up t%&%h}s tss”egggj%éc%?dﬂ} ﬁga@g?epﬁfnt\‘g@ %@%ﬁg@%anﬁéstgést(gr?e%r%m adj ust ed

t 0 obt ai wetehesatk Jior @@n@h@2resulis bo thé samébcatSlyat volpmef bddie dgaithon was

indicated by the rapid ipcregse_|n the 5 catalyst tenperature to >800 C

W thin oOEGCEs B ﬁﬁé%?o‘é‘@&qt%rnx B39 ﬁ%@km?@r@r@mrsdﬁo monoxi de.

Ther ef or go38 WithaRH x B EPmoRofithe it L5 UAGeL S mi@?é*béﬁtgﬂi% ggz'y 30 seconds
nparative

to start up the partial oxidation of nethane. hple A 10 A
nmet al camethane awd 3pVepargen was fessed thedugmtHexaaptae, thilowite) hamamanount  of

rhodi um net.al was | oaded. OQ t he c$ri a-coated zirconi a support.
start up procedure as in Example T. Here space velocity is defined as total feed

10 gas flow rate divided by the catalytic monolith volume and linear velocity is
defined as total feed gas flow rate divided by the cross-sectional area of the
catalytic monolith. Table 1 shows that, for the same space velocity and at the
same reaction conditions, increasing linear velocity will increase methane
conversion with better H, and CO selectivity. On the other hand, for the same

15 linear velocity, lower 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 co
4x0.7" x0.39" 86036 0.87 97.8 95.8 93.9
2x1"x0.39" 85810 0.47 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



‘A prem xed gas m xture containing nethane (8.8 slpn), oxygen (5.0 15 sl pm
and hydrogen (0.5 sl pm was passed into the reactor containing the netal
.catalyst at 10 C. The reaction could not be initiated until hydrogen

anount was increased to 22 nol % (3 slpm. This shows the inportance of the
sequence of addition of different gases in the feed m xture. 20 Conparative
Exanple B A netal catalyst was prepared as described in Exanple 1, except
that the nonolith support was made of zisconia. The sanme anount of rhodi um
nmetal was | oaded on the zirconia support, w thout any ceria coating as

descri bed i t rea t|
fol |l ow ng th@egagpééedurgaée escr I%Eﬁ'ﬁ}?}é Ex[}% %gth%%% dﬁ] dr é:@ ‘?rfﬂyectl on,
t he reacti oroxygehdatioof HE5 drmi héetaced Ltd abou’ﬁ 30s0pen@iume obtatlepidioligd C was

reached. This c|ear YiS ows 30 the synergistic role played by ceria. 15
Exanpl e 2 To"‘@%h}%?@ tRdNeFeaster Qﬁ”tq"f‘ﬁ&‘the\lépﬁ%'l“ﬂyaa'ﬁtﬁts 8 anivriaire wasy |
monol i th = cadifbysmt ?rorrf’iﬁmedrﬁ&ﬁfrb%qch ISR 1ﬂrltlaf%ftphwgagt'lgrf efrht?yfe gjl amet er s
(0.7" and 1") s were use To conpare results on e same ca f;t vol une
basis, data rwmwrefvmfadtaammawmofmmgeocmhrbTln diagtieh efmpedtde”

thickness ar e dt hose with two 1 "x 0.39" nonolith catalysts. A

feed ni xture %T%c{ﬁe‘ﬁ @)A?‘Q:O ‘F‘rzgﬂaﬁed‘é‘?lg) QBd)QtBS?VB'éHeV\%@eMS%W feactionh t he

reactor, folf 60 0 Here space
O Bﬁbcﬁféﬂﬁas ebAlindd3 8% W\N{ﬁn &30 al V!':tggrgﬂgﬂo%ﬁe

veIOC|ty IS deflned as total feed 1o gas rate catal ytic
monol i t h vol v %agarbbn shexide; el. 3% m;zthame aied na@d/o a&atebroﬂ’ab doaedrsgmsra‘té ofv rate

di vided by t Cross- sec n ea of tic nonolith. Table 1
shows t hat, '{']%}hatrﬁe ?1@% 9@%'@%1"’8&? £¢ C&%defg rO{Th € 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 CH, 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.



same reaction conditions, increasing linear velocity will increase nethane
conversion with better H2 and CO selectivity. On the other hand, for the
.same is linear velocity, |lower space velocity results in better nethane
conversion and appreciably | ess nmethane slip. In other wordsLOYDHEESI ng
L/'D aspect ratio of catalytic nonolith inproved performance of partial

oxi dation reaction. Table 1 20 2% Rh onl720% Ce02 Space Vel ocity Linear

Vel oci Conversion % Selectivity % coated Zr02 nmonolith (1/hr) nls CH4 H2
CO 4 x 0.7" x 0.39" 86036 0.87 97.8 95.8 93.9 2 x 1" x 0.39" 85810 0. 47

97.0 96.0 .0 x 1" x.0.39" 158464 0.87 95.6 95.0 93.2 4 x 0.7" x 0.39"
138817 1. a0 800 Tl Jesgiived he mntionowiat westiaon . 76 07 2 95.3 93.2

EXAMPLE 3 A partial oxidation reaction was initiated foIIole ng tlhe fanah_ ]
rocedure 2 j j 1 W .netal cata iC
\a/as used i ?16 %aqﬁg?%?ﬁ%%%&?@%@%@%ﬁ@%ﬁ rggﬁg%@ﬁﬁ%%@ @%aug‘%ygen
at carbon thydrogsmend cathan wbnbxits andpiishybttiatthg saidparial 3Q%deyn Vohtine of

i oxi he..r.eact. taining th ith
catalyst, ThiRe Rk aRlnb Snlow L BrbaheneY iscenbrinl epas fansben o
catal . : cTEn! _ Civ o
initiate theatoeAghs Mo sBiH Fed®&dimedling ﬁ%cgrpé’gﬁ i JS%a‘?& re%&ﬁc&aa%gj f%%h%@

150,000 hr'. The reaction tenperature sed from eto
endot her m O¥Y8¢BroOatjaRgPHsf iNta saidtreaantor, Whereﬂrypaldaiatprraogastagg&%ictﬁnt ai neg
39% hydr oge % : monoxi.de, 13,1 9% carbon di oxide, 1.3% nethane an
12. 6% wat er&)@%g %’%ﬁ%@@@i ggs contacta reduced melal cata yst consisting essentially of

a transition metal selected from the group consisting of nickel, cobalt, iron,

10 platinum, palladium, iridium, rhenium, ruthenium, rhodium, osmium and
combinations thereof supported on or in a ceria-coated zirconia monolith

support.

2. The method as claimed in claim 1 wherein said hydrogen is injected into
15 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.
20

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
25 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.

30 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 pressure

of between 1 and 20 atmospheres.



‘met hane and car bon di oxi de were cal cul ated fromthe nmeasured 1o
concentrations in the product. The results are shown in Figures 5a and 5b
.bel ow. When feed gas m xture was preheated to 300 C, there is a s|ight
increase in both CH4 and C02 conversion. The conversion neasur ened¥) WSk
cal cul ated through el enent material balance 15 Wiile this invention has
been described with respect to particuld® enbodinents thereof, it is
apparent that nunmerous other forns and nodifications of this invention
will be obvious to those skilled in the art. The appended clains and this
i nvention generally should be construed to cover all such obvious forns

and nodificgatio which are within the true spirit and 20 scope of the
present inventi TEM’W QBIMeY NIy Wﬁ@?"&léé@rfﬁﬁg@aﬁﬁﬁﬁ as@ndasth, what

we clai m i gad houblyrsplabedeiaitytdiapBat %baﬂoo%i%éh%oﬂfoo?yéﬂr%ﬁf bons in a

reactor to producé hydrogen and carbon nonoxide conprising thitiating said
partial oxidation is at 5 a tenperature as |ow as about 10C or hi gher by
t he seqaentlial dthepsetifod aediamed imatlairal 1 gherdimsaidsebd gaeanisod linédj ecti ng

hydrogen in S al eactar, and f ing an oxygen-containing gas into said
reactor, V\H%?oé;l Mﬁ?&?“ﬁ@?&fjﬁ% égefgm??%%ﬁ REr Et%%@@n- contai ning gas contact a
reduced netal catal yst consisting essentially of a transition netal
selected frigmt ! Ml ; I ' o tinum
el Ladi um Tl di o e g Aot Barei SR xrbodlis p2sBhfhal ons

t her eof su@veeurd@®f @hout 0idrtoaabrert “b pemtesd byivotoné af thenotaltfiow Slgie féed 2.

The metll(}od as claimed in claiml wherein said hydrogen is injected into 15
said feed gas m xture.

12. A method for the partial oxidation of hydrocarbons in a reactor to produce
hydrogen and carbon monoxide comprising initiating said partial oxidation is at
a temperature as low as about 10°C by the sequential steps of feeding natural
15 gas into said reactor, injecting a continuous stream of hydrogen into said
reactor, and feeding an oxygen-éontaining gas into said reactor, wherein said
natural gas and said oxygen-containing gas contacta reduced metal catalyst
consisting essentially of a transition metal selected from the group consisting of
nickel, cobalt, iron, platinum, palladium, iridium, rhenium, ruthenium, rhodium,

20 osmium and combinations thereof supported on or in a ceria-coated zirconia

monolith support.

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

continuous flow of carbon dioxide to said feed gas.

2
V2

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
30 than 10°C and less than 100°C.

16. The method as claimed in claim 12 wherein said ceria-coated zirconia

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



3. The nethod as clained in claim2 wherein said hydrogen is injected

bet ween the addition of said hydrocarbon-containing feed gas and said
.oxygen- containing feed gas. 20 4. The nethod as clained in claigya rein
said tenmperature is greater than 10C and | ess than 100C. 5. The nethod as
claimed in claiml1 wherein said ceria-coated zirconia 25 nonolith support
is about 5% to about 30% ceria by weight,g 6. The nethod as clainmed in claim
2 wherein the injection flow of said hydrogen is for about 10 to about 30
seconds. 30 7. The nethod as clainmed in claim1l wherein said hydrogen is
obtained fromthe product hydrogen. 8. The nmethod as clained in claiml
wher ei n saild. f eddhegasthics! as claiped ésaleém 1 wheteiegnidlhandg@l igbbRsiier es.
LLOYD W SE ro?ng'tr?' -Iglﬁj VBt hod as clained in claim1l wherein said feed gas
has a st andsd DGROMSHIYYOF8 ce vel ocity of about 50,000 to about 500, 000
per hour. s 10. The nethod as clainmed in claim1l wherein said feed gas has
a linear wg ocit i t (o .. 11. The

nmet hod as cl ai medhéi @%gﬁgfén% ?,@%ﬁ%‘?g?ﬁ@?gi ?wgﬁg%@%@%rggﬂgﬁyﬁn an anount
of about 0.Bessuradbetween pandeiit atmyospieres. of the total flow of said feed
10 gas. 12. A nethod for the partial oxidation of hydrocarbons in a reactor
to produce ydrggen gnd, carbon nonoxi de conprising initiating said parti al
oxi dation is"-at rt“@ﬂi%’raoﬁ Eﬁgém%g n 6lRIAs1 awhatein saiddped iwasdmfie standard t eps

of feeding grindidly space velocity of about 50,000 to about 500,000 per hour.

10 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

15 feed gas.



15 gas into said reactor, injecting a continuous stream of hydrogen into
said reactor, and feeding an oxygen-containing gas into said reactor,
Wwherein said natural gas and said oxygen-containing gas contactalogguged
nmetal catalyst consisting essentially of a transition netal selected from
the group consisting of nickel, cobalt, iron, platinum palladium
iridium rhenium ruthenium rhodium 2@0osm um and conbi nations thereof
supported on or in a ceria-coated zirconia nonolith support. 13. The
method as clained in claim12 further conprising adding a continuous flow

) ch2" A2, et sy R, o

12 wherein said hydrogen is injected into
met hod as dIyAregen and eaeian rhenekideaom saEsing trerpeqwdniiad siepsaiféeéding 30 than

10C and | abB T d laimed in claim 12 wherei i d
ceri a coat SR BBRMC sabiatt. DR ASalhff soupesimisaposboce o by

wei ght .  LLGYROAUSED. 0larlidto Sdie re@dtbe dirabfeebiig®d ok dr-2bia] itg said
hydrogen is obtained fromthe product hfdrogen. o@%ﬁ%ﬂ%@%’gsggtgl ai med

in clai m 153hEIRSE 8aIePY eutaeng 7 seduced melgiratalysteakistiegwessantlalygnd 20
at mospher oo é@an&%ﬂ%&?%@&e&‘ﬂ%ﬂ*ﬁ% b{;}u }é% mb%ltzng\é%er{j el Gobals S

has a standard gas hourly space vel ocCi oli®500, 000
per hour. ISatrum Theladiirhoiddasn ahahied, iutherdignMHediWRe beinursaind f eed gas

has a |inear \veloci t1¥1 of about 0.2 to about 2.0 neters per second.
combinations thereof supported on or in a ceria-coated zirconia monolith.

10 23. The method as claimed in claim 22 wherein said pressure is about 1.5
bar to about 3.0 bar.

24.  The method as claimed in claim 22 where the ratjo of hydrogen to carbon
monoxide produced by said partial oxidation is about 2:1 hydrogen to carbon

15 monoxide.

25. The method as claimed in claim 22 wherein said ceria-coated zirconia

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

20 26. The method as claimed in claim 22 wherein said transition metal is

rhodium.

27.  Areactor arranged to perform the method of any one of claims 1 to 26,
the reactor comprising a vessel, at least one ceramic foam disk impregnated

25 with a catalytic material and at least one blank ceramic foam disk.



21. The nethod as clainmed in claim 14 wherein said hydrogen is present in
an anount of about 0.5 to about 4.0 percent by volune of the total flow of
said 15 feed gas. LLOYD WSE 20 22. A nethod for the partial oxiggypongef
hydrocarbons in a reactor to produce hydrogen and carbon nonoxi de
conprising the sequential steps of feeding natural gas into said reactor,
injecting hydrogen at a pressure of abow 1.0 bar to about 10.0 bar into
said reactor, and feeding an oxygen-containing gas into said reactor

t hereby contacting a reduced netal catal yst consisting essentially of a

transition 2t alTireleactords clamddm GapyR70RSIEH ba8 VissBi i€ k&lractbRPAldq.
iron, platinum palladium iridium rhenium ruthenium rhodium” osm um

and conbi nations thereof supported on or in a ceria-coated zirconia

monol i th. ixg 23.7hEh& : ' [ alm 22 wherein said pressure is
about 1.5 ‘bar to abggﬁr?%gdgg??& g%rggﬂgerr@b'ﬁhgg It %a"fi%p'gfeé?rﬁ'r’%
wher e t he rand asé digrdeiegen aboutatdaboud®@Kichespr oduced by said parti al

oxi dat i Qn is about 2:1 hydrogen to carbon 15 nonoxi de. 25. The nethod as
claimed'in claim22 wherein said ceria-coated zirconia nonolith support is

about 5% t GEDOhGHAYCRA A iy Ml Ui 29 \AlerelEa BRLAAG A5 L A 0 11

claim22 wherein said transition netal is m r arranged
t o perfor maompriaestzidooia contedmathoderal andreoftdining Ghodiuleor sigké|@r Lconmpr i si ng

a vessel, : S ne ceramc fpamdisk inpregnated 25 with a catalytic
mat eri al aﬁrﬁ'x{aﬁgloiéﬁ?oqﬂﬁ‘ea%q BW“Eer am c¢ foam di sk. LLOYD W SE

10 31.  The reactor as claimed in claim 30 wherein ceria coating comprises

about 15 to about 20 percent by weight of said ceramic foam monolith material.

32. The reactor as claimed in claim 30 wherein said rhodium or nickel or
mixture of nickel and rhodium is about 2 to about 4 weight percent of said

15 ceramic foam monolith

33.  The reactor as claimed in claim 27 comprising a plurality of said ceramic

foam disk impregnated with a catalytic material and a plurality of blank ceramic

foam disks.

34.  The reactor as claimed in claim 27 wherein said at least one blank
ceramic foam disk is selected from the group consisting of alumina, zirconia,
cordierite or mixtures thereof.



21 28. The reactor as clainmed in claim?27 wherein said vessel is refractory
lined. 29. The reactor as clainmed in claim27 which is in the shape of a
.pi pe or tube and has a dianmeter of about 1 to about 100 inches. @Lé@ l@s
reactor as clainmed in claim27 wherein said catalytic materi al conp#??
zirconia coated with ceria and containing rhodiumor nickel or a mxture
of rhodi um and nickel. 10 31. The reactdf as clainmed in clai m30 wherein
ceria coating conprises about 15 to about 20 percent by weight of said
ceram ¢ foamnonolith material. 32. The reactor as clained in claim30
wher ei n saB@. r hdtieuenctor as ciaimearin ciaint B7 duhericrhslisiage queedhng i s about 2
to about 4 ight percent of said 1 ceramc foamnonolith 33. The reactor
as clai mnedSY e&Tain127 conprising a plurality of said ceramic foam disk

i npregnated with a catalytic material and a plurality of blank ceramc
foam di sks. 20 34. The reactor as claimed in claim27 wherein said at | east
one blank ceramc foamdisk is selected fromthe group consisting of
alumna, zirconia, cordierite or mxtures thereof. LLOYD WSE -n 35. The
reactor as claimed in claim27 further conprising a quenching system



