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Pat. No. 4,567,311 issued to DeVires et al ches the recognition of

the general probl em of RA%GBQWPQ%{THWW for its presentation
of a processtfgr hE?ﬁ’een%P@gﬂﬂio‘iﬁgn ‘Pl{e ARt ¥5is AGsifbRB Cohi &t metham% into a
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relate to the extremely low temperatures needed to liquefy methane or to liquefy a gas

mixture containing large amounts of methane. It is normally very costly to separate other
light hydrocarbons such as ethane from methane and it is undesirable to admix methane with
other hydrocarbons prior to transport. The result has been that large amounts of methane are
essentially disposed of in a wasteful manner as by flaring without utilization of the
hydrocarbonaceous nature of the methane.

U.S. Pat. No. 4,567,311 issued to L. DeVires et al. teaches the recognition of the
general problem of methane utilization and also for its presentation of a process for the
upgrading of methane using a specific silicon-containing catalyst. This reference provides an
excellent discussion of the problems involved with methane utilization and provides a
summary of the prior art relating to other methods of converting methane to ethylene or other
C,+ hydrocarbons.

U.S. Pat. No. 4,565,897 issued to B.R. Gane et al. teaches the conversion of Cy+
hydrocarbons using a catalyst comprising a ZSM-5 variety zeolite and gallium.

U.S. Pat. No. 4,654,455 issued to T. Chao teaches the preparation and use of a catalyst
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MFI crystal structure. The process of the invention preferably operates at reaction temperatures
of 600-800°C in the absence of oxygen.
Accordingly, the present invention comprises preparation of a molybdenum-loaded
crystalline aluminosilicate molecular sieve that exhibits the MFI crystal structure and has a
silica-to-alumina ratio of about 50:1, said crystalline aluminosilicate preferably having the
external surface acidity selectively passivated by means of an amorphous silica layer.
In another aspect, the invention comprises a one or multi-step process that contacts a
feed stream, comprising at least methane, with a catalyst composition comprising a
molybdenum-loaded crystalline aluminosilicate molecular sieve that exhibits the MFI crystal
structure and has a silica-to-alumina ratio of 50:1, said crystalline aluminosilicate preferably
having the external surface acidity selectively passivated by means of an amorphous silica
layer, at hydrocarbon conversion conditions that include a temperature of 600-800°C, a

pressure of less than 5 atmospheres absolute and a Weight Hourly Space Velocity (WHSV) of
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(b) 700°C, (c) 725°C, and (d) 750°C, and depicts the experimental results of Example 6.

Figure 4 is a graphical illustration of the influence of cascade reactors in accordance
with the present invention on the yield of Cs-Cio over crystalline aluminosilicate supported
molybdenum cluster modified with carbon and oxygen at 750°C for (a) first and second
(cascade) reactor system and (b) first (single) reactor, and depicts the experimental results of
Example 7.

Figure 5 is a graphical illustration of the influence of cascade reactors using an
intermediate alumina membrane in accordance with the present invention, on the yield of Ce-
Cio over crystalline aluminosilicate supported molybdenum cluster modified with carbon and
oxygen at 700°C for (a) first and second (cascade) reactor system and (b) first (single) reactor,
and depicts the experimental results of Example 8.

DETAILED DESCRIPTION OF THE INVENTION

The subject invention comprises contacting the methane-containing feed stream with a

solid catalyst maintained at reaction conditions in a reaction zone. The feed stream which is
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Figure 5 is a graphical illustration of the influence of cascade reactors
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hydrogen. A highly preferred hydrogen concentration is from about 50 to 90 mole percent.

During such activation, the feed stream is brought into contact with the catalyst in a reaction
zone at hydrocarbon conversion conditions which include a temperature between about 250°C
and about 650°C, more preferably between about 350°C and about 550°C. The activation
generally takes place at atmospheric pressure, but the pressure may be within the approximate
range of about 0.5 bar to 5 bar, more preferably between about 0.5 bar and about 2 bar. The
activation is suitably accomplished using a Weight Hourly Space Velocity (WHSV) between
about 0.5 h'! and about 4 h™*,and more preferably between about 0.5 and 2 n'.

The methane-containing feed stream used for the aromatization is brought into contact
with the catalyst in a reaction zone comprising a single reactor or several separate reactors in
series for the multi-step process. Products Cg-plus hydrocarbons for the multi-step process are
recovered by means of an intermediate separation step. The catalyst within the reactor is
maintained as an immobile or fixed bed. However, processes using one or more fluidized beds
could also be operated without detrimental effect on the reaction conversion.
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hydroxide. Organic compounds useful in preparing ZSM-5 molecular sieves include
alkylammonium cations or precursors such as tetraalkylammonium compounds. Most
preferably, it is tetrapropylammonium cations.

The crystalline material can be prepared by mixing a silica source, an alumina source,
an alkali metal hydroxide, a nitrogen-containing organic base as template, and water.
Preparation of ZSM-5 molecular sieve is described in greater detail in U.S. Pat. Nos. 3,702,886
and Re. 29,948, which are hereby uncorporated herein by reference for all purposes.

The preferred ZSM-5 crystalline aluminosilicate used in the present invention has a
silica-to-alumina ratio of 50:1.

The methane conversion catalyst used in the aromatization process preferably contains
a metal component. The preferred metal component is molybdenum or molybdenum
compounds. The final methane conversion catalyst should contain less than 10 wt. percent
metal as measured on an elemental analysis basis. It is preferred that the final catalyst contains
from about 0.5 to about 4.0 wt. percent total metal component. A highly preferred
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as are understood by one skilled in the art. Preferably, said amorphous silica layer is placed on
the surface of the crystalline aluminosilicate by means of chemical vapor deposition (CVD) or
by means of chemical liquid deposition (CLD) of silicon alkoxides, most preferably
tetraethoxysilane. The crystalline aluminosilicate composition that is formed can be separated
and recovered by filtration with aqueous washing. Typically, calcination at temperatures
ranging from about 350°C to about 600°C and preferably from about 450°C to about 550°C is
necessary to remove organic compounds on the surface of the molecular sieve.

The final methane conversion catalyst can be pelletized and thereafter crushed, and the
result sieved to 0.250 to 0.425 mm particles.

One embodiment of the invention may accordingly be characterized as a process for
non-oxidative aromatization of methane which comprises passing a feed stream of methane,
into a reaction zone in the presence of the above-described catalyst composition at hydrocarbon
conversion conditions which include a temperature between about 600°C and about 800°C,
more preferably between about 675°C and about 750°C. The reaction generally takes place at
atmospheric pressure, but the pressure may be within the approximate range of about 0.5 bar to
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use. Typically, the surface of the crystalline alumnosilicate is covered
with an anorphous silica layer to inprove shape selectivity by passivating
t he ext ew@b2/swpd ace of the support which contains acidi BCHUB@ER37@0Kke
precursor sites, and non-shape selectivity nol ybdenum catal yst. The

anor pholi$as i hbfApRESSHlY detwign! shoat Ofadanandfabewtt 2 dar.t Tiee aexctas iibishitdbyy of
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or by medioa zofic effientcsakarh compdsiogpethiane, dryd(ogen)and f ssliettiviyrio prddoxisdesy nost

pref er ahl tetraet hoxysjlane. The crystallin %um’ nosilicatge conposition
Phat 1 <0t b P e sbeiss R AOUGAD 7 cedrEarBy Forer Sra A eht Aqbbous
was hi ng‘gefgym}ggileg%ﬂhgﬁlggiyg]at ion at tenperatures ranging from about 350C to
about 0C and™preferably from about 450C to about 550C is necessary to

renove or ganiucanothep aspacksofdhe ¢rheodimetitaths inventibe compresa laanulyistapeproqase thaf nal

met hane_conversi on catal yst can be pelleti.zed and ther.eafter. crush and
Che 1 COioios] Bisaeser gbat e Feds0raB, T BAre BRLCoeRdm Srsdr hPRERos pa

| nvent | MheBabove @esdHbed | Htabst CoRPEiicH laf @PddsarBoP cofRSSon @ondifions, oxhidiat i ve
aromati zati on of methane which conprises passing a feed stream of methane,

into a inelade péempaspard hetwer ahouseCE asfl abpel SONv.cnereueierbly betvaey dout

COMpOSi £ . X . - a
omper o or G Bl BYf EPCT e sBRRUE RSB ARE, bR MOLERCEDIUNR Dt e |
about 6ptbésumnthaglieutvitiinOGe appxinede trirge ofestuaOlSy biradoeS bat, anereapreferably

at nospheri c pressure, but the pressure nay .be w B,h%:ré@%gﬁsh%gpr.oxi e. range

of abouRetyeas ot 0§ bag apgrbpsit 2000t liscrreisnis SHPRY spcpmplishs using % Vet v
bet WeenH@%ggS% r:ifé?&ﬁm?@mémgerpﬁfout dhent aagLHAR 10%'S whd ABle preferably 0 1

acconpl i sing a urly Space Velocity (V\HS_V} bet ween about O.
and abobrtwéadh atiout ().1ahd amb4 e o The preabiterdmssywetuceb e weaction zenecefAugnt streanhe

process of the inyentio roduces, a, reacti.on zon ffluent rea

Compr | SPGBt 204, Adesst esPREHT ool tinmt Codo BroREiably o cio
pr ef er abbMenihaatbsutt30a0, ABRUIreRMbY gi¥Rier thah aben aildymedt paéferablyn@eatébthéa and
nost preferably greater than 60 % | n_another aspect of the enbodi nent,

the i nv&hti din amnib-stagessysionu bt lpast theCoF nawedictsrae Prefuply Teoyeisa dyimRyns

net hane _as .a feed stre i.nto_af. | . 1 WO . | , |
b esencel M fepfafad sEflon thwion (RS if U0l RAE RSty SGbh il Belilfie
conver sifdrhydespdh! Refdvaldtitled Cs to Cio products can be accomplished by passing the reaction

zone effluent stream through a cold trap or other suitable device. The cold trap lowers the
temperature of the reaction zone effluent stream, thereby causing certain products to condense.
The intermediate stream is then passed into the next reaction zone in the presence of the above-
described catalyst composition. This prevents the catalyst in the next reactor from coke
deposition, which is a typical aspect of the subject process described in the present invention.

In addition to removing the Cs to Cjo hydrocarbon products between the stages, a
preferred system also includes either inter-stage or intra-stage hydrogen removal, or both. In
particular, a preferred multi-stage system includes either an organic or organic or inorganic
hydrogen selective membrane positioned such that hydrogen in the intermediate stream can
pass through the membrane and thereby be separated from the remainder of the intermediate
stream. Alternatively or in addition, the reactor wall can include or comprise a hydrogen
selective membrane, so that hydrogen can be separated from the system continuously during
reaction. It will be understood that other hydrogen removal techniques can be applied between
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i nclude a tenperature between about 600C and about 800C, nore preferably
bet ween about 675C and about 750C. The reaction generally takes place at
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i nter megieglG St ream can pass through the nenbrane and thereby be separated

fromthe—Temai nder of the internediate stream Alternatively or in
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nmb . h hyd f h i I
duri ng. S5eaBebER Y o PBgnt e, SEDaaornEr SR Y b Beiof s e ¥
t echni Gies:de@Bn RSiRRL DBR0O BEHE E0-K o ralkatfod/ov088n I dSRlMeA 310805 td §P int ages

T
or to the reactor systens. Renbval of hydrogen fromthe stream and/ or
react or ¢ stepiscanthbdes manner will drive the reaction toward conpletion. In

onoUner aspef S5 7SN TERRRLILE SURISH, PSS IR, L2t e
faci | it fRsmatldnere RHQOME (CB VB4R refér8RAEC hWdithi Ml &viidemid dluina L@ dTISOtr €.
These recycl ed products could conprise [ ow mol ecul ar

was used in the following examples.

Catalytic runs were carried out in a flow system, using a quartz tubular flow
microreactor having an internal diameter of 6 mm and a length of 800 mm, and using 0.5 g of
the above-described catalyst composition. Reactant and diluent gases, including hydrogen,
helium, methane, and butane, were used without further purification. Gas flows were regulated
by mass flow controller (Brooks models 5850TR).

All experiments were carried out isothermally, at atmospheric pressure, under a mixture
of methéne and helium (molar ratio 1:1) with a Weight Hourly Space Velocity of 0.5 nt,
unless otherwise stated. The product distribution was analyzed by on-line gas chromatography
with a flame jonization detector. The conversion of methane and the selectivity in the different

products were calculated on the basis of the carbon number.

Influence of Activation Process

~ Catalyst Preparation



wei ght hydrocarbons. For instance, ethane and ethyl ene recovered fromthe
internmedi ate separation step may be recycled by adm xture into the nethane
feed streawon2/f®9anot her enbodi nent of the present inventPOWUShlydreygen
produced in the reaction zone, considered also as a valuable product of
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al um nosi I'i cate hol ecul ar sieves distributed by Zeolyst International TM
under t Hiéfr@BYE P2@E redfoededrfor thevdatadyst herspesitionl shews diffiaction kres carppordingo: 1,
was used in the foll ow ng exanples. Catalytic runs were carried out in a
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above-descri bed catal yst conposition. Reactant and diluent _gases, i ncluding

hydr ogeprocessest pudnthargnfiugnes odrific astiustion miopess used foliovyrd fusing e methane
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1:1) with a i.ght Hourly Space Velocity qQf 0.5 h71 _, nl ess .ot herwi se
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selectivity I1n the different ~ products were cal cul ated on the basis of the
car bon temyleenture wab incesesal HOMASDity 850°CranBheled §50°Cafon 1 anderthpspmetreantang WO

02/ 10099 .PCT/ US01/ 23769 |1 n anples 1- el ow, catal yst S prepared by
direct U]é’ﬁﬂ?er ’ygq ﬁeme@&:m@géﬂg%cr?%g& t03708 &1 under %he reaéflon ﬂg%lv.
Example 2
Activation under a mixture of hydrogen and methane (molar ratio of 1:1) from room
temperature to 700°C. The catalyst was kept at this temperature for 0.25h prior to the admission

of the reaction flow.



crystalline alumnosilicate nol ecul ar sieve. The anmpbunt of nol ybdenum was
kept constant at 3.9 wt. % Typically, a nechanical m xture of 0.32 g of
MoO3 wi t w@oDmoge of NTH ZSM 5, previously dried overni gheCT/wS@m3oen at
110C, was prepared and subsequently ground in an agate nortar and then
calcined in air at 700C. The heating rate was 1C.mn | fromroom
tenperature up to 700C, and the tenperature was then kept at 700C for O.5h.
The X—eraeti on pattern recorded for the catal yst conposition shows
diffraction {4 r LRG S S\ t {-RQ:HxB! I The
catal yot pronarod i THPRIRNAN ol deafitinl 1, TR JoRGIIR RIS IRV, ont
pr ocess &smancin ttdrepearatite to 17606° O dir¢dily vaddritheaeacimt floscess was fol | owed duri ng

t he met hane romati zat.ion_reaction, The different activatio rocesses are
detail ed bel Gi¢™e §rP§Faénefp fREﬁFWIF%H&FFdEFSGaIGﬁi‘&? eLﬁs ﬁ%gﬁ‘gﬁ&é{ﬂ%‘m
n-but ang,Lppl ar ratio of 9:1) fromroom tenperature to 350C. The catal yst
was kept at this tenperature for 6h and then the reaction tenperature was
i ncr eas BuflvencerwfIgode of BepasitiondofiMolybdenB8B0C for | h under the sane react ant

m xture. The_t erat pure t hen.ihcrea to.70 under th Ct]

flow " Exanp! B BORGAAETLH Dnte pe iR ane Fody A Spthbeh o IELRAREN B8 o,
rati o ofhelryaalfideOsNun@RRlichte FRRr shidiéd The afdlkt ofhelybaéminy $/as Wast dsgqtintat t hi s
tenperature for 0.25h prior to the adm ssion of the reaction flow 9 WO

02/ 10098.9p¢TYo Ewe mehas of Erpasiion veerpwseddn thisexasiple apdeare defaileddwlorbne

contain ggmi ﬂ!e1 above-descri bed catal yst was heated fromroomtenperature
to 700 y under the reactant flow The results obtained for Exanples
1-3 are pr eshielpisht iwetitdsg ithgregnation AT fpicatly] @BIDE of iamen@rium dtepamolybtiate [selénce

f Mode of Deposjti f | ybd | n Exappl 4 2 bel ow,
| uen¥as GIiRel i gembpt BB, SPUIRIoVol TRJGRUNRGAO R vy dde By be
alum NORclgiaR WRmiBoteBlHa o etBJ U sAITRYE HunBhodRla1eh BRANTISHAR iddReri @i s 8t at

3.9 w. osi'tion were used In this exanple and are
det ai | edvdnedtdl0°C. Fharmpeegaated crystalline material was first dried overnight in an oven at

110°C and then subsequently calcinated in air at 500°C for 4h. The X-ray diffraction pattern
recorded for the catalyst composition shows diffraction lines corresponding only to the
molecular sieve.

For each experiment, 0.50 g of the catalyst composition was activated under a mixture
of hydrogen and methane (molar ratio 1:1) from room temperature to 700°C. The catalyst was
kept at this temperature for 0.25h prior to the admission of the reaction flow.

Example 5

Direct vaporization of MoOs. The catalyst was prepared as in Examples 1-3 described
above.

For each experiment, 0.50 g of the catalyst composition was activated under a mixture
of hydrogen and methane (molar ratio 1:1) from room temperature to 700°C. The catalyst was
kept at this temperature for 0.25h prior to the admission of the reaction flow.

The results obtained for Examples 4-5 are presented in Figure 2 as a function of time on

stream.

Example 6
In this example, the methane aromatization process was carried out as a function of the
reaction temperature from about 675°C to about 750°C. The molybdenum concentration was

kept constant at 2.1 wt. %. The catalyst composition was prepared as in Examples 1-3, with
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I nci pi ent wetness inpregnation. Typically, 0.392 g of ammoni um

hept anol ybdate salt was dissolved in 5 mM of doubly distilled water. The
resul ti ngv@et/uwpon was added by the incipient wetness tepOnU§uesre® the
crystalline alum nosilicate, previously dried overnight in an oven at

110C. Thes ighof Byt @l 6109sd af INIMEZSML% rand| testes uhddrsd ndxtuesd ob Wpdroggrhtind N an
oven at 110C and then subsequently calcinated in air at 500C fo[ 4h. The
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di ffracgd q ' : rqcsy eve. For each
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m xture of Tydeadsobaittduet pesentedin Fiure Hias ofubetign éfitbetimeemstreamper at ure to

700C. TEe ce&t a,l yst was kept at this tenperature for 0.25h prior to the
adm ssi ®t/he reaction flow. Exanple 5 Direct vaporization of MdO3. The

cat al yst WasyRh@RRARHAS ntW cEHRPINIERuld-sRp PRSEEd EfbristHPOM GeashiMo 18&GdYs in

experiment, 0.50 g of the catalyst conpoSition was activated under a
m xt ur eserie§ whay cippheh Bird ampuitasfemplybienuny atas dkept tpndiandrat rlbbin Thapsetelitstire to

700C. The cat.al yst was. kept t hi e rature 0. i e
S st SRGRER o ang Batiilps . it s B RUSQL ) 8 e N v,
present Rted Onddr G BtvredT 1 dfdek lth® tefiant (1iBlap Ratics1:1patn kvaRim@eitira té hi s
exanpl e, the nmethane aromati zati on process was carried out as_a funcgtion of

the red¥Cobhe eatghest sitag keptfat By temperetusyHCORSh pEgtto theadmissins ofihe yergtorim

o epar el s *Td B Boafag Tt & of G ol B8R a8 et pySHRRR%S 18", "F
MO8 anihtdombdiatg separiMiihl &N vhictansdd tassbbd otinoldrirap conkining aahixtuyelobdryricand

met hane (nolar ratio 1:1) fromroomtenperature to the desjred tenperature.
The cat #l92etopg &63 e ratovens hif:’g‘ﬁﬁ)}é‘fdé?‘i% ng, 36’?‘2@1@ PEGCHOH 2GS ssi on

of the tdofpri LA hA RofsE AR LA chthry& BHpBsiBoRS
functi O%tfeg@ dtoﬁrg)r{séngrs%%tﬁg}gef p@gﬁ]&,taﬁcgg&ngge 71 nrﬁ?hiss_ exarrplce, ya nig{/l?/ %lo%cept
of nul t in-th¢ spopt weaim aaprat exhigjtsan ckedlent datadyst Gfetinsr s in series was

i [0)
apPl i ed. - The AMaUt, 9l YRdSAUMLIBTiEERY SAHREAR ofind ohredile catal ot

Example 8
In this example, a new concept of multi-step process comprising at least two reactors in

series, was applied. The amount of molybdenum was kept constant at 2.1%. The catalyst was
prepared as in Examples 1-3, with 0.15g of MoOs and 5.00g of NH4/ZSM-5, and was tested
under a mixture of hydrogen and methane (molar ratio 1:1) from room temperature to 700°C.
The catalyst was kept at this temperature for 0.25h prior to the admission of the reaction flow.
The Cg-C1o products formed in the first reactor were recovered by means of an intermediate
separation step, which used a cooler containing a mixture of dry ice and acetone (-63°C) to
recover the higher hydrocarbons, and produced a reaction zone effluent stream comprising
methane and hydrogen. The effluent stream was then sent through a tubular alumina
membrane which comprises a vacuum reaction zone in order to remove hydrogen from the
effluent stream. The process comprises passing such combined stream into this intermediate
separation step allow to produce an effluent stream comprising methane and some traces of
hydrogen.

The results obtained are presented in Figure 5 as a function of time on stream.
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conposition was as in Exanples 1-3, with 0.15 g of Mo@3 and 5.00 g of
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We claim: 1. A process for aromatization of nethane, conprising contacting
a feed stream conprising at |east 40 nole percent nethane with a catalyst
COMPOS 4| on. PORokeds B Rl Wicreid OAE BflaroCA¥SIAhihdCaGbAILIRAR 60%AIS Cio

nol ecul ar sieve at hydrocarbon conversion conditions conprising a

t enper aprodwtof from about 600 to about 800C, a pressure of |ess than 5

4, The process of claim 1 wherein the catalyst comprises a ZSM-5 molecular sieve.

5. The process of claim 1 wherein the catalyst comprises from about 0.5 to about 4.0 wt.

% molybdenum.

6. The process of claim 1 wherein the catalyst comprises a molecular sieve having a silica-

to-alumina of 50:1.

7. The process of claim 1 wherein the catalyst is activated under a combined stream which

comprises over about 25 mole percent of hydrogen and methane.

8. The process of claim 7 wherein the catalyst composition is activated under a mixture of
at least 50 mole percent hydrogen and C; to C, alkanes at hydrocarbon conversion conditions
comprising a temperature of from about 250 to about 650°C, a pressure of less than about 5
atmospheres absolute, and a Weight Hourly Space Velocity (WHSV) of 0.5-4 h'.

9. The process of claim 7 wherein the feed comprises ethane.
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at nospheres absolute, and a Wi ght Hourly Space Velocity (WHSV) of 0.1-10
h-1, and producing a reaction zone effluent stream conprising nethane,
hydr ogen wayztwmear bons, said hydrocarbons including at |pepUSaRsnd9 30% C6
to C10 products. 2. The process of claim1l wherein said hydrocarbons
include at |east about 45% C6 to C10 products. 3. The process of claim1l
wher ei n_ sai d_hydrocar bgons i nclude_at |east .about 60% C6 to Cl0 products.
4. The HFocelleppcess g ?}?@WgP’@P?fh?lﬁ‘?déa{nQP%tpr%ﬂﬁri ses a ZSM 5 nol ecul ar
sieve. 5. The process of claim1l wherein the catalyst conprises from about
0.5 to about 4.0 wt. % nol ybdenum 6. The process of claim1l wherein the
catal yst conprises a nol ecul ar sieve having a silica- to-alumna of 50: 1.

7. The oce of cla.m.l rein . the catal.yst |s activated under a
conbi ne 'strigqﬂﬁﬂmsﬁﬂ%é?%%&@?%E?edzf%’ﬁ?gefé’ut?ﬂ?e percent of hydrogen and
met hane. 8. The process of claim7 wherein the catal yst conposition is

activated under a m xture of at |east 50 nole percent hydrogen and C2 to
C4 al kanes at hydrocarbon conversion conditions conprising a tenperature

of fro bout, 250 t o.about Rr re of ..ess. -abo

at rmspme?es ébgli‘ﬂcﬁstse,fora gmﬁg%%i%‘ah?f I%%ﬁ%y’ §|8§1 gL I%@?@%%%eﬁofs tr%)a.I%-4
h-1. 9.co Sﬂ{lﬁoﬁ @&t 40 molediefdeht Mbhians Mtd Mdedsearb cxaomprs if@sries ddugérocarbdn VO
02/ 10099 PCT/US01/ 23769 10, The process of claim7 wherein the fee

f eed
conpr i sexvpisipaeaditions copaispiga erperture & Tem7abRrks Q) to abrut $ULY: & B G es
but ane. | [ ihS( VRLE@4UCi ng
ot ood 57 el aPOR 3 SBoteRercl AERL Fly Ol BB SFace AR S PSVIDE Pt
two reatd or's and ps@iutiag @teabtialr acder bffluentcsireany sonoprisigndictlianashyivogen) shdig a
tenperature of from about 600 to about 800C, _a pressure |ess than about 5
at rmsph]éY‘{%%caé%’é’l ﬁﬂ%dé}ydﬁ??arbﬁnﬁl@?ﬁ‘m“gﬁgiﬁaﬁtfggﬂ}é@é‘? felocity (WHSV) of 0.1- 10
h-1, and producing a reaction zone effluent stream conprising nethane,

hydrogen, and hydrocarbons, said hydrocarbons including at |east about 30%
c. 13. The pThepssessfofalaiinn 2l furthar insbidinignte wiipref treading ea gnigtmedide siresn an

o o R A AR B TR RertotBa 2f 1 byt €38 B SrBaR 6 sBR iRRreh il OV

stream.

14. The process of claim 13 further including the step of treating an intermediate stream

between two of said reactor in series so as to remove hydrogen from said intermediate stream.

15.  The process of claim 13 wherein said hydrocarbons include at least about 45% Cg to Cio

products.

16.  The process of claim 13 wherein said hydrocarbons include at least about 60% Ce to Cio

products.
17.  The process of claim 13 wherein the catalyst comprises a ZSM-5 molecular sieve.
18.  The process of claim 13 wherein the catalyst comprises from about 0.5 to about 4.0 wt.

% molybdenum.
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stream 14. The process of claim 13 further including the step of treating
an internedi ate stream between two of said reactor in series so as to
renmove hwdooygenddrom said internedi ate stream 15. The proT@sel/a3f69c| ai m 13
wherein said hydrocarbons include at | east about 45% C6 to Clo products.
16. Thelfr ocERs picess| ¢fl ¢l 19hatieptin thatatalpytdiongrisen n snoleallardgewat hdvars
about 60% C6 to Clo  products. 17. The process of claim 13 wherein the

cat al ys?1 1%Wp%1111§@§r§102§|\ﬂb9‘1trﬁ9 bcul ar sieve. 18. The process of claim13
wherein the catal yst conprises fromabout 0.5 to about 4.0 wt. %

nol ybdenum 14 WO 02/ 10099 PCT/ US01/ 23769 19. The process of claim 13

wher ei n2@.he Tht ptogsds mfocmaim slésv]aereinlthe;uhta]nystsiseacﬁvztted/ underaa combined stream
silica-to- alumnar t 50:1...2 e process of claim13 wherein
the cat Stcl’rﬁ}l%rtlsmgsm%’@t\? QHt ]r%pgrct%trﬂfl 8@ ?‘Egrﬁ?t% &%hpri sing more than
about 25 nol e percent of hydrogen and net hane. 21. The process of claim13
wherein the catalyst is activated under a m xture of at |east about 50

mol e peRtent Thy drooggsrofaiddmCk3 M&e@m Blekeatedyst i aqﬁlyaﬁedmdqoﬁ ngxive ek polgast
dit t 2
b essur 4Gt S1380e PR HEE oo Grof Hep BURTHE BPbeoh b u Rt ectliims T

Space VebRriding ﬁWﬁﬁ}é}a’f&fe d¥. feord aBout- 25020 abb@ GH0eCES §re@§ur6 logiilexs ﬂ&nvmnes n the
effluent streamis passed to an internediate Wﬁ?r at or corrgrl sing a

hydr ogeAimosplipsescabsolute aadrraWeisht Hoady Spaes Veteeitti(WHRY Mfrthbyr eacti on  zone.

23. A catalyst for aromatization of nethane conprising a ZSM5 nol ecul ar
sieve, from about 0.5 to about 4.0 w. % nol ybdenum a nol ecul ar si eve
havi ng 22.si | Thapkawesd ofrichaém of3 Mefem thehefiflaent dtieamc it pdsyat to sndotermediad
under a conbi ned stream which co es ove out .25 nol.e ercent .of

hy dr ogeFEPATREPTIFRMREBS 2 RHE0SPhIrfl; aﬁ}ﬁrﬁinﬁp@memf%v FPOIGHIGE t he
cat al yst,,.24. The catal yst of cl al m 23 V\/nerel n the nol ybdenumis

di stri but ed throughout the entire network of the catalyst. 25. The

catal yst of claim 23 wherein the catalyst is activated under a m xture of

at leas 53.50 A catalyst for aromatization of methane comprising a ZSM-5 molecular sieve, from

about 0.5 to about 4.0 wt. % molybdenum, a molecular sieve having a silica-to-alumina of 50:1,
wherein the catalyst is activated under a combined stream which comprises over about 25 mole
percent of hydrogen and methane, wherein the molybdenum is distributed throughout the
catalyst.

24.  The catalyst of claim 23 wherein the molybdenum is distributed throughout the entire
network of the catalyst.

25.  The catalyst of claim 23 wherein the catalyst is activated under a mixture of at least 50

mole percent hydrogen and C; to C, alkanes.

26.  The catalyst of claim 23 wherein the catalyst is activated at hydrocarbon conversion
conditions comprising a temperature of from about 250 to about 650°C, a pressure of less than

about 5 atmospheres absolute, and a Weight Hourly Space Velocity (WHSV) of 0.5-4 n'.
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nol e percent hydrogen and C2 to ¢4 al kanes. 26. The catal yst of claim 23
wherein the catalyst is activated at hydrocarbon conversion conditions
conpri si mgo a2/1@aper at ure of from about 250 to about 650C, rar/preEsndde of

| ess than about 5 atnospheres absolute, and a Wight Hourly Space Vel ocity

(WHSV) 0of. O. Phétcdialdst oF2lall IRWAGERShEEatA1EMhbs 8 3ROtHAR. to Theto Gyb prodatts of

claim 26 wherein the catal yst has a selectivity to Co to C o products of
about 36bag 39 Yaprezieater. 28. The catal yst of claim 26 wherein the catal yst
has a selectivity to C6 to G o products of about 45 %or greater. 29. The
catal yst of claim 26 wherein the catalyst has a selectivity to C6 to Co
product 88.0f Thbeatsly§fWaim 2 whtrem. thdCatalJitchas atsaleytitityatb €4 tai Cp 2fodnbteoéi n
the external surface acidity of the nolecular sieve has been selectively
passi vafRut 5 8% an anorphous silica layer. 31. The catalyst of claim
30 wherein the anorphous silica |layer is placed on the surface by neans of
chem cal vapor deposition. 32. The catal yst of claim 30 wherein the

anor pho@$. si The eathlystenf damitawbeteinrthe baalysirfas e selsptivifyetarss tofCic hrasiuetsjof
liquid nore silicon al koxi des. 33. The catal yst of

epositjon of one or
claim Sgb‘gdﬁgbe)‘i?fg?f;?éerarmr phous silica layer is placed on the surface by
means of chem cal |iquid deposition of tetraethoxysilane. 16

30.  The catalyst of claim 26 wherein the external surface acidity of the molecular sieve has

been selectively passivated by means of an amorphous silica layer.

31.  The catalyst of claim 30 wherein the amorphous silica layer is placed on the surface by

means of chemical vapor deposition.

32.  The catalyst of claim 30 wherein the amorphous silica layer is placed on the surface by

means of chemical liquid deposition of one or more silicon alkoxides.

33.  The catalyst of claim 30 wherein the amorphous silica layer is placed on the surface by

means of chemical liquid deposition of tetraethoxysilane.
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