- | - PRODUCTI ON OF AROVATI CS FROM METHANE Priority Claim [0001] This
application clains the benefit of US Provisional Application No.

61/ 023,976, 5filed January 28, 2008, the entirety of which is incorporated
by reference. Field 10002] This invention relates to a process for producing
aromati ¢ hydrocarbons from nethane and, in particular, fromnatural gas. 10
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[0003] Aromatic hydrocarbons, particularly benzene, toluene, ethylbenzene and xylenes,

are important commodity chemicals in the petrochemical industry. Currently, aromatics are
most frequently produced from petroleum-based feedstocks by a wvaricty of processes,
15 including catalytic reforming and catalytic cracking. However, as the world supplies of
petroleum feedstocks decrease, there is a growing need to find alternative sources of aromatic
hydrocarbons.
[0004] One possible alternative source of aromatic hydrocarbons is methane, which is the
major constitucnt of natural gas and biogas. World reserves of natural gas arc constantly
20 being upgraded and morc natural gas is currently being discovered than oil. Becausc of the
problems associated with transportation of large volumes of natural gas, most of the natural
gas produced along with oil, particularly at remote places, is flared and wasted. Hence the
conversion of alkanes contained in natural gas directly to higher hydrocarbons, such as
aromatics, is an attractive method of upgrading natural gas, providing the attendant technical
25 difficulties can be overcome.
[0005] A large majority of the processes currently proposed for converting methane to
liquid hydrocarbons involve initial conversion of the methane to synthesis gas, a blend of H,
and CO. However, production of synthesis gas is capital and energy intensive and hence
routes that do not require synthesis gas generation are preferred.
30 [0006] A number of alternative processes have been proposed for directly converting
methanc to higher hydrocarbons. One such process involves catalytic oxidative coupling of
methane to olcfins followed by the catalytic conversion of the olefins to liquid hydrocarbons,

including aromatic hydrocarbons. For example, U.S. Patent No. 5,336,825 discloses a two-



| i quid hydrocarbons involve initial conversion of the nethane to synthesis
gas, a blend of H2 and CO. However, production of synthesis gas is capital
and energy intensive and hence routes that do not require synthesis gas
generation are preferred. 30[0006] A nunber of alternative processes have
been proposed for directly converting nethane to higher hydrocarbons. One
such process involves catal ytic oxidative2coupling of nethane to ol efins
foll owed by the catal ytic conversion of the olefins to liquid hydrocarbons,
i ncl udi ng ar osgt ipeochy diooaiRy boidsive FaihvexaPl encthdnS. to Rak@nt Mege byd3&aBaS

di scl oses a two- . ste rocess for the oxidative nver si on of hane to
gasol i ne rang@“WW%é%F@Bﬁgy‘gBWf‘%l bethaﬁrﬂ‘rﬁttef’ c’nﬁ%db&%g@ to Icﬂ‘eieﬁ% a9 r st
step, met haneminsr GosuneY dfad aho cebbﬁhem&hamdsemdmfrearmymﬁlﬁmg aGdre @mch fdtal g
olefins in the pr ce o ree oxygen using a rare art t r e
o) Kal i me oar (HORRES FIRGEEqrh s yaie s b o e St oo Gool SR
1000C. 5Thg elebydtl@mﬁe and highdg Restino foehtdim tﬁ@ﬁr@ﬁdepi die thae cddveisdd t6 lgePliad Rngden
converted to i.ne range |i ons . ov an.acidic solid

ot alyst cont AH YRRt g e HERR! Sahm o Do e afe

oxi dative coupbéng medheds osiudifvecodpliofmchedyyutbl Rerd tHehadbléoietiat thyohvigve

hi ghl y exot her. d ote tlaII haz rdous, net hane.conbusti on reactions
ot hey gencr Bt €erigBe ihi i M AR st 1 SRHE R LE Bttt
oxi des. 10[00@1&]:Qu:mﬁh@ﬂifbla«hdoymattétlryacﬁsntwecdirbchﬁ(eucfo@r upgr adi ng nmet hane
directly |nt her ons, particul arI eth nzene and
napht hal elnd; O[lﬂmsgehydr% n(t)‘a ti gdﬁl n O g yRER ggc%%/}b&}nlen frec plh&?ﬁ
typi cal |y i nvgidwesbesnpattulary ettﬂibéeﬂ&'ebdﬂﬁﬂe amdtdnplahaiatea[symydmarmat&nﬁgl &
metal, such as

or ted.on a. eoI
Such ns” 7o Se RO, HEP L SR P ST o G s R Gapihe
exanpl e, U. S.coRatigng a Notal, 4u0712a3 rlzdhﬁmdmmgktexs esmalypicowessipfoted ph aduditd guch

liquids rich | E,lrg)ng%‘é%eg}yq %S%QI @ycg ﬂ)togg‘él ng nmet hane at a

tenperature be ween tbsence of oxygen with a catal yst
conposi tin doemdti 5|F|oge>a1m;>w, UI. Rasitl N df787, h@vdindpsas € plotca for preahicing Hguidwol ar

ratio of at | s nosi.l i.cate.beij oade II|um
oo L ompound Tk pdimtic B OHTLD B3l ckiB2Emaf 19 BRARGMAILeh cho @2
VI | B 200f t he80P&r ingbe ebsFiadol of OXf@GIzﬂﬂhl mcmm tI(Dl’Um)pltlbh SomPrasiregrdn d‘ﬂnmn&ﬂw& 937

di scl oses a t I Zat ne. whi.ch co s .t he
steps of pas g]ia ﬁgggi‘%‘wﬂ l{l}&ng w% tlOhotfcfflgl%as(r?l ses o@eglnﬁblgcate ]fen}%) rgodttéln and
50 ol e% met Kamellivinitr @ campaad tthawf 20hei) Iaanqterigr atothgast theref hed (bf)u[smle

catal yst Lomkisipng, AoMyp. 9al lium and phosphorus-contai ni ng al um na at
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pressure |es s[O(llﬂb_n I®addition, U.S. Patent No. 5,026,937 discloscs a proccss for the aromatization of

methane which comprises the steps of passing a feed stream, which comprises over 0.5
mole% hydrogen and 50 mole% methane, into a reaction zone having at least one bed of solid
catalyst comprising ZSM-5, gallium and phosphorus-containing alumina at conversion
25  conditions which include a temperature of 550°C to 750°C, a pressure less than 10
atmospheres absolute (1000 kPaa) and a gas hourly space velocity of 400 to 7,500 hr™.
[0011] Moreover, U.S. Patent Nos. 6,239,057 and 6,426,442 disclose a process for
producing higher carbon number hydrocarbons, e.g., benzene, from low carbon number
hydrocarbons, such as methane, by contacting the latter with a catalyst comprising a porous
30  support, such as silica, alumina, zeolite ZSM-5, FSM-16 and mixtures thercof, which has
dispersed thercon rhenium and a promoter metal such as iron, cobalt, vanadium, mangancsc,
molybdenum, tungsten or a mixture thereof. After impregnation of the support with the

rhenium and promoter metal, the catalyst is activated by treatment with hydrogen and/or



at nospheres absolute (1000 kPaa) and a gas hourly space velocity of 400 to
7,500 hr-i. [0011] Moreover, U. S. Patent Nos. 6,239,057 and 6, 426, 442

di scl ose a process for producing higher carbon nunber hydrocarbons, e.g.,
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di spersed thereon rheniumand a pronoter netal such as iron, cobalt,

vanadi um nangahe&e;aﬁmﬁybdﬂﬂ@hwomungﬁlmmb@nSmrﬁhxtmﬁmebhﬂmmuismfMEMmm

cararyst i o abl%Vat B BYTeh sbcrim O [nFRTREERShiarer © B depifier o a

t emper at ur e oOficnadnouid hORDILi odlhowital@Q0C for a tine of about 0.5 hr. to

o ase t o WL (2 SibisD o nTR b PRt Op i Sg o o B 4 Dbl

[ 0012] Fur therJuha 791&&006 Nceltanatitsoritad aHabcemst foPt:thllVblﬂﬁg m@ﬂha[NOto B2 RNl abBix1 4,
published 5 J crib s for vertin
ethane o b BHAFE GRS dhaREPREY U RGea SRaPrEhe s Buar Hofed PR BRocess
conpri sing comuhmmlmg1a &ﬁgﬂo@mmmamnmﬂ@yﬁﬁb&&&emmbmhmabﬁﬁmmdmm@ya{mﬂ@mﬂon
catal yst, conyenient| enu sten and/ or rhen

Chereor on- zeNpaugst s ol AR Tl 49 Lo RRENET ot il v B Ryet iR
convert saldtnemhaHEammrmﬂnmmﬁocmhydndqanbmhmmamﬂ,pbﬁdn@eﬁathﬂh&hteﬁ&mment
stream 10, fonpr | t rocar ns.and hydr.oge er said first
ef fl uent sdt:r ggémpcsnﬁ% srgé{sgaabqu OHBWflé)Oh %Iogea orreé 1|ncsarM|i nfwnt ﬁ!zgﬁm 34" eed;
and reacti ng eampligast emﬁm%motmOmgmtrmgemaﬁ sodnfesdi aahdfreamrtg afldaktyantof stter eam
with an oxygen;gontainin roduce a second. effluent str
havi ng a redﬁleégg ?%°€%'%£n rnsg&gé?é a“(Fﬁg?éPam¥m¥%?m %mgfreanl
15[0013]Fbmev&wmdmﬁthUmeassﬁmugapﬁmmdaymogmcbnmedmcmwvé“mbuphMmgeﬂbwnt
produce arongt, h on a comercial scale requires the solution of a nunber
of serious technical challenges. For exanple, the reductive coupling
process i bdﬂﬂi%nddﬂwwﬁ the andgctshe ppmpdytimanifaaducivd ¢oupliredio piéruse tloematool i ng
ef f ect cause co%ﬂ%rma?@&a‘ie e 1Je?§§ s§lu&(ﬂl %fraql%fntb% O5F qgr?oglp ?ecf%i&lrl ghaﬂgtt L C# enj[ ly

to greatly re dice the teact n e and tota nam ¢ convetsi on
signi ficant rakeplagh20hetre ¢ogplirgtprpcsvis bel eltl@ﬂtehelc pn@tile@s)dy@a@omy limited.

addi tion, they B AE 83din g@ﬁgcg céugea%otﬂype%c@ﬂr@g&s ap eaauaecgm%g{lur\é%bﬁiue{@em

materials, col ectlve erredto as at accu
cat al yst reswaiingeduer theducen ratanyitatyl thmlom@m oal ¢ryiom Hobeii{rcats] reake-up

sel ecti vidyy %@&fgaﬁ §d&? th s of valuabl e feedstock. Although the
coke can:%e removed’ rbn1€héﬁ%%#§fyst by oxi dative or reductive

regener at i on [0&IH] s Wea&ywnzﬁeDGWﬁﬁgmd®WdebW¢OMbmim@Cﬂgrmmiwﬂaéep@méﬁ@iaI
damage to t h%ol‘fe%ﬂ@elhy I%E‘e'rrca_ H)ea& c K27, ttltill‘? %&Eﬁ{lﬁte cgﬁﬁ Jk ?1\@6{}1 Pe[a{l&:g actlwtly
uce oke se ho

dehydrocyclization cata(% at’ ex ectivit
| 0ss in sel eérd patenjiallypur sérahlésfwlp@d'ltaﬁlnﬁam welb poldesctl yaluplgo fiesds@rk. Although

particul arly yachlyenGRtahyrl tofl it 08 mYy ARG LA Wl TRl BANEdsS

25  to lost production time as well as potential damage to the catalyst. There is therefore interest
in developing dehydrocyclization catalysts that exhibit reduced coke selectivity without loss
in selectivity to the desired aromatic products.

[0015] One particularly active catalyst for the dehydroaromatization of methane is
molybdenum on an aluminosilicate zeolite, such as ZSM-5, particularly where the

30 molybdenum is highly dispersed and anchored at Bronsted acid sites in the pores of the
zeolite. Such a catalyst normally also includcs a rcfractory bindcr, typically alumina, to
provide the catalyst particles with the requisite size, density and hardncss for usc in the

dehydroaromatization process. However, it has now been found that the alumina binder can



nol ybdenum on an alum nosilicate zeolite, such as ZSM5, particularly where
the 30 nolybdenumis highly dispersed and anchored at Bronsted acid sites
in the pores of the zeolite. Such a catalyst normally al so includes a
refractory binder, typically alumna, to provide the catal yst particles
with the requisite size, density and hardness for use in the
dehydroaromati zati on process. However, it 4has now been found that the

al um na binder can - 4 - interact with nol ybdenum during catal yst
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hydr ocar bons, e catal yst conprising a support
25 and non-noble metals of Group VIII of the Periodic Tdble The metal component is

conveniently selected from gallium, tin, copper, silver, zinc, vanadium, molybdenum,
manganese, iron, and/or cobalt, and refractory inorganic oxide is conveniently selected from
alumina, silica, amorphous silica-alumina, zirconia, titanium oxide, boron oxide, and oxides
of alkaline earth metal.

30
Summary
[0018] In one aspect, the invention resides a catalyst for the conversion of methanc to

higher hydrocarbons including aromatic hydrocarbons, the catalyst comprising a support and



- 5 - nol ybdenum or a conpound thereof dispersed on said support, wherein
the support conprises an alumnosilicate zeolite conbined with a binder
selected fromsilica, titania, zirconia and m xtures thereof, and wherein
the catalyst is substantially free of reactive alum numexternal to the
framework of said alumnosilicate zeolite. 5100191Conveni ently, the

alum nosilicate zeolite has a silica to alsum na nole ratio between about 14
and about 500, such as between about 20 and about 300, for exanpl e between
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[0022] Conveniently, the support further comprises a filler, such as silicon carbide.
15 Typically the filler is present in an amount between from about 0.1 to about 60 % by weight
of the support.
[0023] In a further aspect, the invention resides in a process for converting methane to
higher hydrocarbons including aromatic hydrocarbons, the process comprising contacting a
feced comprising mcthanc with a dehydrocyclization catalyst in a rcaction zone under
20 conditions cffective to convert said mcthane to aromatic hydrocarbons, said
dehydrocyclization catalyst comprising a support and molybdenum or a compound thercof
dispersed on said support, wherein the support comprises an aluminosilicate zeolite combined
with a binder, and wherein the binder is substantially free of reactive aluminum.
[0024] In yet a further aspect, the invention resides in a process for converting methane to
25  higher hydrocarbons including aromatic hydrocarbons, the process comprising contacting a
feed comprising methane with a dehydrocyclization catalyst in a reaction zone under
conditions effective to convert said methane to aromatic hydrocarbons, said
dehydrocyclization catalyst comprising a support and molybdenum or a compound thereof
dispersed on said support, wherein the support comprises an aluminosilicate zeolite combined
30  with a binder selected from silica, titania, zirconia and mixtures thereof.
[0025] Convenicntly, the catalyst is substantially free of reactive aluminum external to

the framework of said aluminosilicate zcolite.



25 hi gher hydrocarbons including aromati ¢ hydrocarbons, the process
conprising contacting a feed conprising nmethane with a dehydrocyclization
catalyst in a reaction zone under conditions effective to convert said

nmet hane to aromati c hydrocarbons, said dehydrocyclization catal yst
conprising a support and nol ybdenum or a conpound thereof dispersed on said
support, wherein the support conprises anéal um nosilicate zeolite conbined
30with a binder selected fromsilica, titania, zirconia and m xtures
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methane according to the process of Example 15.

[0029] Figure 3 is a graph comparing the benzene yield against time for the unbound
Mo/ZSM-5 catalyst of Example 1, the bound Mo/ZSM-5 catalysts (35 wt% binder in the
20 catalyst) of Examples 2, 4, 6 and 8 and the bound Mo/ZSM-5 catalysts (20 wt% binder in the
catalyst) of Examples 3, 5, 7 and 9 when used in the dehydrocyclization of methane
according to the process of Example 15.
[0030] Figure 4 is a graph comparing the benzene yield against time for the unbound
Mo/ZSM-5 (silica to alumina mole ratio of 25) catalyst of Example 1 and the unbound and
25 silica bound Mo/ZSM-5 (silica to alumina mole ratio of 80) catalysts of Examples 12, 13 and
14 when used in the dehydrocyclization of methane according to the process of Example 15.
[0031] Figure 5 is a graph comparing the benzene yield against time for the unbound
Mo/ZSM-5 catalyst of Example 1, the titania and silica bound Mo/ZSM-5 catalysts of
Examples 3 and 7 and the titania and silica bound Mo/SiC/ZSM-5 catalysts of Examples 10
30 and Il when used in the dehydrocyclization of methane according to the process of Example

15.



[0030] Figure 4 is a graph conparing the benzene yield against tine for the
unbound Mb/ZSM5 (silica to alumna nole ratio of 25) catal yst of Exanple 1
and the unbound and 25 silica bound Mo/ ZSM5 (silica to alumna nole ratio
of 80) catalysts of Exanples 12, 13 and 14 when used in the
dehydrocyclization of methane according to the process of Exanple 15.
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an aluminosilicate zeolite, (b) a binder and, optionally, (c) a filler.

[0036] By using a catalyst that is substantially free of reactive aluminum external to the
framework of the aluminosilicate zeolite, such as the aluminum contained in an alumina
25  Dbinder, it is found that the formation of undesirable aluminum molybdate during production
and use of the catalyst can be mitigated, thereby reducing the coke selectivity of the catalyst
[0037] The conversion of methane to aromatics generates hydrogen as a by-product and
hence the present process also includes one or more hydrogen rejection steps in which at least
part of the hydrogen by-product is converted to higher value products.
30
Feedstock
[0038] Any methane-containing fecdstock can be uscd in the present process but in

general the process is intended for use with a natural gas feedstock. Other suitable methane-
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about 1 tO0  the feed to the dehydrocyclization step contains steam and comprises about 90 to about 99.9
mol%, such as about 97 to about 99 mol%, methane and about 0.1 to about 10 mol%, such as
about | to about 5 mol%, steam. 1In yet a further embodiment, the feed to the
dehydrocyclization step contains hydrogen and comprises about 80 to about 99.9 mol%, such

30 as about 95 to about 99 mol%, methane and about 0.1 to about 20 mol%, such as about 1 to
about 5 mol%, hydrogen.
[0043] The feed to the dehydrocyclization step can also contain higher hydrocarbons than

methane, including aromatic hydrocarbons. Such higher hydrocarbons can be recycled from



about 5 nol % hydrogen. 100431The feed to the dchydrocyclization step can
al so contain higher hydrocarbons than nethane, including aromatic

hydr ocar bons. Such hi gher hydrocarbons can be recycled from - 9 - a
hydrogen rejection step, added as separate co-feeds or can be present in
t he met hane stream such as, for exanple, when ethane is present in a
natural gas feed. Hi gher hydrocarbons recycled froma hydrogen rejection
step typically include one-ring aromatics and/or paraffins and ol efins
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ZK-5), BEA ( Safkd off %%’n‘ %gl Qf"t 8‘ ’we % %hegtovll gf ol'\r/e[ggelg 2%%%1t1g1€%€%?| te),

EAU (e.g., zeolites °t Past |I|zed unini e.g.
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rach 2= 10 Sl L BN TR Rl 10, 25 25, 10T, EISE
MCM 41, MCM 48“45I\/CI\/ISEOde¢:8Nmm©ﬂh¢u¢t BBlited Bor upOD46d Gener af thy delishieocyclization
al um nOSi N Ca&aﬁly‘?ﬁ%lh&e‘%n&ﬁ%lls%gﬂg Bl%rf%;n%wgl%ﬁy&s %?éé?‘kg\t&—& a@ﬂ%ﬁicali’te), MEL
(c.g., ZSM-11), MTW (c.g., ZSM-12), TON (c.g., ZSM-22), MTT (c.g., ZSM-23), FER (e.g.,
20 ZSM-35), MFS (c.g., ZSM-57), MWW (c.g., MCM-22, PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-
2, MCM-36, MCM-49 and MCM-56), IWR (e.g., ITQ-24), KFI (e.g., ZK-5), BEA (e.g.,
zeolite beta), ITH (e.g., ITQ-13), MOR (e.g., mordenite), FAU (e.g., zeolites X, Y,
ultrastabilized Y and dealuminized Y), LTL (e.g., zeolite L), IWW (e.g., ITQ-22), and VFI
(e.g., VPI-5), as well as materials such as MCM-68, EMM-1, EMM-2, ITQ-23, 1TQ-24, ITQ-
25 25, ITQ-26, ETS-2, ETS-10, SAPO-17, SAPO-34 and SAPO-35. Suitable mesoporous
materials include MCM-41, MCM-48, MCM-50, FSM-16 and SBA-15.
[0046] Generally, the aluminosilicate zeolite employed herein has a Constraint Index
between about 1 and about 12 (as defined in U.S. Patent No. 4,016,218, which is incorporated
herein by reference) and typically is ZSM-5. Conveniently, the aluminosilicate zeolite has a
30  silica to alumina mole ratio between about 14 and about 500, such as between about 20 and
about 300, for cxample between about 22 and about 280.
{0047} The zeolite can be modificd by known methods, such as, for example, stcaming,

acid washing, caustic washing and/or treatment with silicon-containing compounds,



bet ween about 1 and about 12 (as defined in U S. Patent No. 4,016, 218,
which is incorporated herein by reference) and typically is ZSM 5.
Conveniently, the aluminosilicate zeolite has a 30silica to alum na nole
rati o between about 14 and about 500, such as between about 20 and about
300, for exanple between about 22 and about 280. [0047] The zeolite can be
nodi fied by known nethods, such as, for ex@anple, steam ng, acid washi ng,
caustic washing and/or treatment with silicon-containing conpounds, - 10 -
phosphor us- coplicapiusgosmiipguotisounds)dhdor @trenmenirsoapoldaspOGRdss 0f2, Gasups 1,

Gsed 1o al ter ot NS TN BAE SAY T Vot ARG OUGHITE AR ARG 57 G haHED

access to theaaumqebﬁaie polite aat rhiektbecdiindche cze o tHe&nteE{dO@élg]skrﬂctﬁidCUftth@n to
the alumnosilicate zeolite, the catal yst support includes a binder, and
optionally a fi ferr, to provide the catalyst particles with the requisite
size, denshty[08#8] hamdaesisn fothe ubmnindgilichte zeteiny dicoarabratippat imhudpy 6@8s, The
bi nder is gene r.al

t
MR N T AN g LR T A TN
zirconia, ti tlaamalra%aﬁod um i tther @ydrbﬁbmﬁlfzatlcﬁepfrect‘ead | Yhe Bilder N gedleally § rgffa@®eNt N

an 10 anount between u % su as be bout
10 and about YOERET Oﬁ't utt %Ou%%éﬁ% %nifgg’vﬁ%ﬁ’ {5 unégngh%ilc‘é%‘ 8@“(%&7 ght
% of the suppdnde s(lbﬂanziearonqal tirgniz @nd mixe@yres 1[11&@&9]Gé]aeraby,rtdebmfmtleptc@dnt ﬁaam be
anor phous, 4 or, rtly I 8 Lr al Lin ev
crystalli he i OE“P fgﬁinwgegl a%ﬁ d abou t‘lm\’{lg nn‘t“’eér{ll‘c% Leﬂ’%ﬁ%‘l gy ik @ Io'ét
15 known fr onwdisht Patfemndtxahipls .betﬁf,edﬁz(bpﬂ% aandbdyt 855 ¢3RO, dfthie: @ppart (emclemlﬁmt S
of which are j, D@y, Por ated herein by reference, that an anorphous silica
mat eri al , when present as a binder for a zeolite, can be crystallized to at
| east part |y [@Wer tThe théndbi matenial icmt loe anarptlus,torr @ Chmbﬂ’palﬂimbchh(myya quanmehe
sanme or a dlf S 1k th o] Thus one
cmbodi ment . 1heval ttabet Pl BRI A EUMERED thi a1
silicalitk ZQOWGGBm_mert yirde Adth, Conpune6gs, @éntﬂeeendresmtesedofowhlbﬂnere
support by acho%wéd ﬁlg%ull b Q?&Qxce Qhe& QI? arg{) %h(ﬁllé%ncg%at%ﬁalp\;vl? ese %talsgrl}indcr
i nci pi ent wetness, evaporation,
i on- excha_nge_forchemhéfalcmvla@@rystdlélp@isiomtcbwst phrtllyf mgnttarﬂdnqwhyrso @azleolmcxﬁong, I n
general, 1t ihideRby ARL Sl QB Py iR JR YRASAUID: GRTRAUA gt ah Thile Py enst ed
acid sites of t | um nosi |c'ate zeol | e an ence the nol'ybdenum corrpound
can be di spercg@ddionn2be hempreesilicatezdobifcdy £SN{send dolbirder i slllc;’(bllmbl ned with the
bi nder. At er vel | d Ko n hefore
the mol yb enu?n(%tg!cmpgﬁlﬁ 3{0 dfgﬁglpéé)r ol gcl;] \ &%@Js%& W*ts&})pgg%yl?thy glgc(ns well
known in the art such as co-p1ec1p1tat10n 1nc1p1ent wetness evaporation, impregnation,

is

spray-drying, sol-gel, ion-exchange, chemical vapor deposition, diffusion and physical
mixing. In general, it is desirable to provide the molybdenum compound at the Bronsted acid
sites of the aluminosilicate zeolite and hence the molybdenum compound can be dispersed on
25 the zeolite before the zeolite is combined with the binder. Alternatively, the zeolite can be
combined with the binder before the molybdenum compound is dispersed on the support.
[0051] Irrespective of how the molybdenum component is applied to the support, it is
generally important to avoid exposure of the molybdenum containing catalyst to an oxygen-
containing gas at a temperature in excess of 700°C, and preferably to avoid exposure to an
30  oxygen-containing gas at a temperature in excess of 600°C. Thus, it has been found that in a
high temperaturc oxidizing cnvironment the molybdenum can react with aluminum present in
the zeolitc to produce bulk (that is not anchored to zeolite Bronsted acid sites) aluminum

molybdate. Moreover, it has been found that this bulk aluminum molybdate can have a
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25
Dehydrocyclization Process
[0054] In the dehydrocyclization step of the present process, the methane containing
feedstock is contacted with the particulate dehydrocyclization catalyst under conditions,
normally non-oxidizing conditions and typically reducing conditions, effective to convert the
30 methane to higher hydrocarbons, including benzene and naphthalene. The principal net

rcactions involved are as follows:



30net hane to hi gher hydrocarbons, including benzene and napht hal ene. The
principal net reactions involved are as follows: - 12 - 2CH4 <-). C2H4 +
2H2 (Reaction 1) 6CH4 4-). C6H6 + 9H7 (Reaction 2) 10CH4 --- C1O0H8 + 16H2
(Reaction 3) 5100551Carbon di oxide that may be present in the feed

| nproves catalyst activity and stability by facilitating reactions such as:

-12-
2CH, > C,H, +2H, (Reaction 1)
6CH,4 > Ce¢Hg + 9H> (Reaction 2)
10CH4 > CioHg + 16H; (Reaction 3)
5 [0055] Carbon dioxide that may be present in the feed improves catalyst activity and
stability by facilitating reactions such as:
CO; + coke — 2CO (Reaction 4)

but negatively impacts equilibrium by allowing competing net reactions, such as;
CO; + CHy > 2CO + 2H; (Reaction 5).

10 [0056] The dehydrocyclization step is conducted by contacting the methane-containing
feedstock with the particulate dehydrocyclization catalyst in one or more fixed bed, moving
bed or fluidized bed reaction zones. Generally, the feedstock is contacted in the or each
reaction zone with a moving bed of dehydrocyclization catalyst, wherein the feedstock flows
countercurrent to the direction of movement of the dehydrocyclization catalyst. In one

15  embodiment, the or each reaction zone comprises a settling bed reactor, by which is meant a
vertically disposed reactor in which particulate catalyst enters at or near the top of the reactor
and flows under gravity to form a catalyst bed, while the feed enters the reactor at or near the
base of the reactor and flows upwardly through the catalyst bed. In an alternative
embodiment, the dehydrocyclization recaction is conducted in a plurality of series-connected

20 fluidized bed rcactors in which particulate catalyst is cascaded in one direction from onc
reactor to the next adjacent reactor in the series, while the feed is passed through and between
the reactors in the opposite direction.

[0057] In some embodiments, a non-catalytic particulate material may be supplied to the
dehydrocyclization reaction zone(s) in addition to the catalytic particulate material. The non-

25 catalytic particulate material may be used as a material to transport energy (heat) into the
system and/or to fill space as required providing the required hydrodynamic environment.
The non-catalytic particulate material may form particulates without a binder or may be
bound with an inorganic binder such as clay, silica, alumina, zirconia, or other metal oxide
used to help maintain the physical integrity of the particles. Preferably the particles are of a

30  substantially spherical shape. Examples of suitable non-catalytic particulate material are low
surface arca silica, alumina, ceramics, and silicon carbide.
|0058] Typically, the mass ratio of the flowrate of the catalytic particulate material plus

any non-catalytic particulate material over the flowrate of the hydrocarbon feedstock in the or



CO2 + coke-2Q0(Reaction 4) but negatively inpacts equilibriumby allow ng
conpeting net reactions, such as; CO2 + CH42C0 + 2H2( Reaction 5).

10[ 0056] The dehydrocyclization step is conducted by contacting the

met hane-contai ning feedstock with the particul ate dehydrocyclization
catalyst in one or nore fixed bed, noving bed or fluidized bed reaction
zones. Generally, the feedstock is contact¥ed in the or each reaction zone
wi th a nmoving bed of dehydrocyclization catal yst, wherein the feedstock
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whi ch parti cujoass cartaldybstdrcemteaﬁonaédcﬁén iqeadotttehﬁtctt@cphdnﬁe thb entpeRaiomn cadd

fl ows under ggﬁé{téf ﬁotformta cat al %/lg; ?g d the feed enters the
reactor at or near tHE'HaEE Y LAt edd Ecﬁ‘?f“f rB%a UAArE YIPHPHBEGA & he
cat al yst bed. minman adntpefanmtl m ﬁﬁb@ﬂbmntptodcbd’s dciudaigey edridzmhs Oforr @&ct i on
i s conduct ed erles connect ed fluidized bed actors
i n which part(?egﬁ(?%l{)yep a?réfty%tnct ¢ 8 ALY SPRCBHL 8{)?‘1788& ®5$ B?ﬂubrll;()% act or
to the next adplaeestour §HEC o abiont 9I0ECsed hesininwhi leaptih@red @edoutSIOPAS Betbout

t hrough and en.the.r t pposite direction 0 n _some
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part I CU| al(ﬁ nél%% P(,ae in -gglr%‘e rC]011 ragonb ﬁle %ﬁ%l r tﬁl,egufl,]at[nedxmltmel;l%ﬂa}a%gl}i{no

used as a material to fr e sys
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of the parti , bly the particles are of a 30substantially
spheri cal shggﬁﬁoxﬁg{gﬁ%ﬁ&% of suitable non-catalytic particulate materi al

are | ow surf de@0ar edn sid ¢rglandiradnti thnepuneeuamt dow @i Sedsabrne drlpadeulate
[ 00581Typ| Caldep{ydtécgﬁlzgfo%scataq%/slt Qs erla g?al y PP LA G %VCI’%Q?C o3k uré( prq%le across

particul ate nmateri non- ¢ IC particulate Taterial over the
fl owate of tdakydmyslelzetambonctfoaedisteot ksubin thdte depite -thel 3ndotlganis nature of the

dehydrocycl i %i?ﬁ}’dp&gﬁlﬁgt?&' 8&9:11519 Nt &1§fete£c%rgeﬂ>€e%linthe]r a]cn{n? Eﬂ’%&l&ur%%ot&c gT g ueh as

from about 1: ‘for exanple from a 9] The
dehydr ocycl i zétucon ay ¢gic i fream ethd odchedradyeliatioh heasten tshsgern eémperhat wagionn

each deh%r ch’é{t?ﬂcta%tg& lo?ﬂlcrrﬁ@tﬁetn' %Qntglgﬂg fwdl elt tﬁ Hlﬂ:t P thqecféflfcﬁ'g %chza%m %gw Xi mum

tenperature to a m ni num t enperattré as the reaction tabl e
condi tions f eystanhe ctﬂéﬁhlyfdtl@ﬁ()‘/olupfzaﬂtdwststﬁ)ﬁﬁ ﬁqcbmhaatmi mﬂ@f@ emperatar e of
about 700C t @.,ahqyt1200C, such as about 800C to about 950C and a mi ni num

tenperature of about "400C to about 800C, such as about 500C to about 700C.

However, as g6l beHdil@cfnseteétn@eth@\dﬁhﬁ@ayclllz@osupﬁ]@tl@red andothdraric, the catalytic

dehydrocycl patitae hRRAL Ak Re BRJHES lififioh RARFHAYHE ol AR, Hh tfelaffe,
typically about 800°C to about 1200°C, such as about 900°C to about 1100°C, and exits the
reaction system at a second lower temperature, typically about 500°C to about 800°C, such as
about 600°C to about 700°C. The total temperature difference of the catalytic particulate
material across the reaction zones is at least 100°C.
[0062] Other conditions used in the dehydrocyclization reaction generally include a
30 pressure of about 1 kPa to about 1000 kPa, such as about 10 to about 500 kPa, for example
about 50 kPa to about 200 kPa and a wcight hourly space velocity of about 0.01 to about
1000 hr', such as about 0.1 to about 500 hr', for cxample about 1 to about 20 hr'.

Conveniently, the dehydrocyclization step is conducted in the absence of O,.



10 and hence, in some configurations, the difference between the maxi num
and m ni mum tenperatures can be reduced to essentially zero. Alternatively,
by supplying heated catal yst to the dehydrocyclization reaction, it is
possi ble to produce an inverse tenperature profile; that is with the
process gas outlet reaction tenperature being greater than the process gas
inlet reaction tenperature. 15[0060] | n one4 enbodi nent, the countercurrent
flow of the feedstock and the particul ate dehydrocyclization catalyst is
arranged to prooetice aire hﬂjbercSﬁhpérQﬁﬂQaffaﬂlblre@ﬂ@hofﬁblnema(‘deﬁﬁc&ocyc 1zait10nh step arc
dehydrocycliz on r actlon S em such that ite t e endot her
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such as about 10 to about 500 kPa, for exanple about 50 kPa to about 200
kPa and a wei ght hourly space velocity of about 0.01 to about 1000 hr',
such as aboutCﬂalysttlbeoa:imuﬁmrSOO hr-1, for exarrpl e about 1 to about 20 hr-1.
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[ 0065] Even usjiGeRidnClnal Tl NI L0 AlLAY oPLAGES cotliGe AR RYSALAGNGL L 7L on

reaction
25  reactor followed by a settling bed. After regeneration the catalyst is returned to reaction

zone.
[0066] In one embodiment, the regeneration is conducted in the presence of an oxygen-
containing gas. Generally, the oxygen-containing gas contains less O; than air, such as less
than 10 wt%, more preferably less than 5 wt%, O, and is preferably substantially free of
30  H;O. The regeneration gas may also contain CO; to gasify a portion of the coke from the
catalyst. Convenient sourccs of the regencration gas arc an O, depleted, N; enriched stream
from an air scparation unit and a high CO; rcject strcam from industrial or natural gas

processing to which air or O; has been added to achieve the target O, concentration. Suitable



15 tends to deposit coke on the catal yst and hence, to maintain the
activity of the catalyst, at |east part of the catalyst is continuously or
intermttently regenerated. This is typically achieved by w thdrawi ng a
portion of the catalyst fromthe or each reaction zone, either on an
intermttent, or a continuous basis, and then transferring the catal yst
portion to a separate regeneration zone.-|5 the regeneration zone, the
coked dchydrocyclization catalyst is 20 contacted with a regenerati on gas
under conditi engitiehd RE tdoyrdion hetiar exyknkaaghing gpandlidmn t@fﬁqpérhtareqafnbgjmc eous
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initially heated to the 8e3| red regenération tenperatu b I'rect

and/ or i ndi r eatreecis ieaeturahigeshusebntibs fieditocde s pmceﬁué?@dvewn&bwbasmemheaof a
suppl enent al ,5QUERR Qfnafibiled in ﬁln@ hB&aL LOQ sb%ha?&ﬂgﬁ{g hﬁcﬁb&aﬁél tﬂgca%f?\@e

whi ch may be in the sane vessel as the regenerati dne. or may be

a separate v 854 eplaly s pation @radaers rignthesisosss, z\dneh CcBythens‘Qﬁpwleémamﬂaltdws@dm@edof
fuel ™ i s jgeaRidbhtfont HEnSOMLE Abte! 1 §ddﬂwsarpaielasgéspaﬁ@& %eaftrt&m% the
catal yst and hence is not, for exanple, coke generated on the cat al yst
as a by- pr oddelrdisrydirgion shypioy e ol omesnciast ?t@lﬁsphwpinéwwoy thet ﬁqénatlon
Squl enent al oﬁglﬂﬁxﬁﬁmpfnofﬁ&ltc QQWQ[I'a§Q§h191tln%qg{fa%nb&nmcép%?bl@% H@&Hﬁ&emcand
in particular a suitablé fuel source is the natural gas used as the
feedstock to the process. Conveniently, an oxygen-|ean atnosphere is

mai ntai ned in the heating zone so that burning the hydrocarbon fuel to heat
the first catal yst portion produces synthesis gas, which can then be used
to generate additional



30 hydrocarbon product and/or fuel. In addition, in the case of direct heat
transfer to the dchydrocyclization catalyst, the use of an oxygen-I|ean

at nrosphere mnimzes the formati on of al um num nol ybdate as well as

i nhibiting oxidation of metal carbides present in the - 16 - catalyst and
reduci ng the average steam partial pressure and hence hydrothermal catal yst
aging. [0069] Alternatively, a suitable suppl enental fuel source is hydrogen
and, in particular, part of the hydrogen generated as a by-product of the
aromat i zat i oncat@@t ahd FedubngCaicalvwate Rehe phitiagplB0ré0hdiReR ylevthermal catalyst
dehydrocyclization reaction is endothermc, it is necessary to supply heat
to the reacti 8" 1n the present process, this is conveniently achi eved by
wi t hdrawi ng ppog9jof Ahengiatial y sditable ippldiRnfabAGL icafte Z0RRIrogeh b lin PartiaNar,
intermttent or canti nuous basis, and 10 transferring .t to a separate
heati ng zone, p%@‘é@ yﬂ‘@g?’aﬁfeﬁ‘frfltgi a5 bR adustrtile e PaEriog cactel r ect cont act

w th hot cé®nbustion gases generated by burning a suppl enental source of

fuel. The hea etd ctgl%ql:%tst is then returned to the reaction zone.
[0071] Where cat @PYSRhedieration is effected in the presence of hydrogen,

the preheati ngonf] thineokedclgdtoalyisitionacaabh s Eiglibdad it & ketstgy theupply
catal yst to the optinmm regeneration. tenperature may provide ane

posai bie r out St STy Ry TR pperne b npar Sylr IR rER YukEerighpa
Simlarly, oxifdht cargdyst égende atacton toachiibd gh exotdhetmitcoran@dntanuabss, bel used
to supply,, However, to majntain heat bal ance, using regeneratjon as t.he sole
source of l%eatfant\’%n{nﬁét PeatP ?r%tﬁ?m?[ﬁlé ZB?%&@SYSG tp%fﬁ]@%éés geaﬂegdﬁ (Jérgfte%t‘fl(s)feﬁ/ to
coke rat her tdanctwtit e caelbisti@dgaassqradrited py dbiag 8 supbhinsentabs@ite ofififeh The

oxi dative regeneration er al be 20 desirable to enploy a

n,Jt wll |
separate catalyst e b(tafatbtdllerrfg}e %’ing%%ﬁﬁe 'SHGPL PO to a catal yst regeneration

step. Detail d0071] a rEbdioctamhdt agpadratons isf offequrdowi dhengresepar @t eydiadeal yist

be Tound i n LS BAR Enbh Btoei Wi SO REHT nsieg o S687RbaBs0b S PRendRer o
contents Of whgeobra@gome tanyeoutypormadye grdveiceone Ppyssivkf eswnder s@fplyGat akatsto the
(I}Zﬁf/‘{jP (L)Iz:ly(z:: Pgiach)?cﬁ(;%cgf%ﬁa‘ztgtal‘c}%y%%ctlgrgr §€1ﬁr§r C,Lo%‘é)agagwe’e; Igg‘énegﬁgg is%gghﬁyheexothe'tmic and can
also be used to supply. However, to maintain heat balance using regeneration as the sole
source of heat to the reaction, the process requires a high selectivity to coke rather than to the
desired aromatic products. Thus, even, with oxidative rcgencration, it will generally be
20 desirable to employ a scparate catalyst rcheating step in addition to a catalyst regencration
step. Details of a method and apparatus for providing separate catalyst reheating and
regeneration in the production of aromatics from methane can be found in US Published
Patent Application No. 2007/0249740, the entire contents of which are incorporated herein by
reference.
25
Catalyst Recarburizing
[0072] It will be appreciated that heating the dehydrocyclization catalyst for the purposes
of regeneration and/or for heat transfer may subject the catalyst to oxidizing conditions,
especially where catalyst heating involves direct contact with hot combustion gases. As a
30 result, metals, such as rhenium, tungsten or molybdenum, present in the dehydrocyclization
catalyst may be converted during the heating step from their catalytically active clemental or
carbide form to an oxide species. Thus, before being returned to the reaction zone, the

regenerated and/or reheated catalyst may be transferred to a catalyst treatment zone separate



of regeneration and/or for heat transfer may subject the catalyst to
oxi di zing conditions, especially where catal yst heating invol ves direct
contact with hot conbustion gases. As a 30 result, netals, such as

rheni um tungsten or nol ybdenum present in the dehydrocyclization catal yst
may be converted during the heating step fromtheir catalytically active

el emental or carbide formto an oxide speties. Thus, before being returned
to the reaction zone, the regenerated and/or reheated catal yst nay be
transferred t6oa tbeate@bryesdnoﬂ rzexee, mnﬁedﬂ@'lﬁms epd et @action kdne; whe@rhd bzﬁalyst is
regeneration zone, 1 ?1 @algt' ng zone tan Bg rteactl on one ng tE
catalyst is comrset SdNGFRUUAERFBIPIIPRE b5y 8%%lfy§f%f‘ IR ‘8?1 ane,
hydr ocar bon sehaet gdpdne Obataret hé’lﬁﬁ:ne ehehameberpémmﬂmpmw@ee IniseinbWies)ahe
hexane, benzene and napht hal,ene. In s cas t r i zi,n may

al so contain aat?blﬁne%tga hEY oaflsocf%ta”b@ Pe?f) Onf-lfg d%?)n&ft ?]g{)laﬂgdgggﬁﬁms

Al t ernati vel yAlt¢rfmewclarﬂbu carBirirhggas map e bmaum(»fhuhegdﬂfanmydlb@gerﬁb @b aiid

| east one of a Qv t he

catal yst sequ{e}@t i g/f OFIVRM ¥ Wdé%ﬁldg?ﬁafjlett?/ C?)%acg%’fef‘:@féﬁi ”Cgléernb% 3 % B’éas}@é‘)f each
conprising a dhgfehemwrtiuﬂmngghqes:teedl cfom@mmgbh@mepdrmmmetpd }ﬁrb@tplaﬂﬁanebeth:&llaﬁ,

i sobut ene, hexane Ze and halene or xture dr, en nd at
| east one of LO" an&)u%ﬁ? 150 bt[&o%]a%ogenz%mc?n hﬁla{n rtahr%IX X\}' peenaRg at

car buri zat| onlczpstmmeéﬁ()asld@@at rolled so that the maX| mum terrper ature in the

cat al yst zpne i han mperature

dehydr ocy a]g?%in xRl Id Odra]lmg 7e toTIhe ﬁa%ahrst thﬁ c%r'burlzmu?n' ;g/ FRGIs ot Lollled msoqﬁat the

carburi zati onma rtarumraencmtm gm;rst t@anenlt helemsalmsnhmnth arhlm@eraeaehed in
@enpe enpan

the regenerat,jon er ure i.n the catal

t r eat nent zonggl dse E’?Clr?(g%d%{?m{ it %HGISQﬁg]B%%lt tt}ipg%g&a&s uChag"f ¥ acgir%ﬁnhz%“

500C to aboutte@Q@@lrcthHrgmh@lam th¢ maminfuenperatare rigehaginbibt W@nerm&cmnd
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et veen 10 and T80 SerAb Py BB T Ehke $008 0 RaBREL ALED, MuREET MR
(103 and K14 depd) M%ﬁ@nem@l dsyfront hiepuavet’ege albetsl%@?ﬂ:ewm tttrerrmlimma:t @mye*ature
particles in Y r t n n

m nutes, for t;eel% &ﬁ%e%heﬁ/)\edeﬁﬁ@% g 3%&‘”}% he J%%%@b% é%é% g%e%% dt| ons,
the carburi zm@gs%lg%tsbetve@ctlﬁ apdl €00 pret 660 d@&ﬁ@l(ek@ﬁempless bﬁwvttehdSGiad ab ysin (103
return the n'%hgﬂmﬁ %Pét SG%&a‘?i y{hc Ca@éxja %gltder}éﬁ tl?llee(ﬁe&g gjs L G&! 91' t‘% %aJaBIE
addition, the carbur|2|ng gas can react active sur ace sites on

cat al yst supporimenizodenrlblsetwdveilr! andddemoytics.dogenapkibetvook e aid2q ineutcs.
dehydr oargmat t . the. 1

Fequi rod Tor L e R R i B SRR AL P
suppl i ed to tréferncthie ahgatto disddatlytichley eciivb iatdnenialy Ogaerbpirq trmt olnoadddwml tg t he
carburizatio r S S y

i ndi rect hea{& ?I%g&q%ygégéﬁll?g%%ﬁh s E ﬁ% ? eﬁedﬁgtgéskﬁgeaguéﬁgﬁrtggj%%%%§l§hfgne or
t he heating Zudencypygwenicaekd 1n@webquwm@tloga@e@nszoe¢f | uent fromthe
carburizatio ce i ng
one.  Heat 1 2 manvon o P e R
ext er nal 2Pur hew €33wEplicH daithe exteliig weder the callypriging Basniat @wréartuaa tyewl‘fm@momhe
heating zonee} Oﬁgr%;cérﬂp@%ﬁ?cﬁ%%ﬁpphe& td Y ca@:ﬁye@ﬁ?‘ dﬁ‘pclt ﬁcattlngtb B dRR WG
unregenerated catalyst is initially contacted w -I’IC strea

partial |y or hetflyeeap dgucbe taeionend orctbﬁbme&tzor@f bx P@t@e@a@awy@fhem e«rsecms t he
carburi zat i oReREQRYond the TBYuMaSiBn 91%0&@%”@%1%&%1&%@&%&&93 ffb‘;"r{ bunkagd -

18 - catalyst to ost treatnment with CO2 to strip o any excess
carbon that ARfF Wlﬁébowﬁhé@lt%thb t?‘fﬁ@"@att%ll g by pgans I?édft%ﬂ*%uﬁﬂ ifragdeon
step. 30 orheat exchdnger or by with heated catalyst from the heating zone.

[0075]  In somc cases, it may bc dcsirable that the heated unregencrated catalyst is

initially contacted with a Hp-rich stream to partially or fully reduce the metal component of

the catalyst prior to the carburization step. It may also be desirable to subject the carburized



[0076] I n practice, as the dehydrocyclization reaction proceeds, fresh
dehydrocyclization catalyst will be added to the process either to nake up
for catalyst lost by nechanical attrition 5 or deactivation and, although
there are nultiple neans of addition of fresh catalyst, to avoid danage to
the catalyst, it is generally desirable to add fresh catalyst to a region
of the process that is operating at a tengerature bel ow the maxi num
tenperature in each dehydrocyclization reaction zone. In one enbodi nent,
fresh dehydr oeyatyst mapdsomecatadnalwyts tH,i d/at ded td arip bE apy ecesscahonitind hagwatd on

into the catal yst treatnment zone, wherehy the fresh 10 catalyst is
contact ed wi ?%éé?ﬁ%f’o&lgegl?ﬂ ¢ |ég“gjgsfhep(‘iﬁfbﬂ)lpg"tué}nt"tP%lnsfer to the reaction zone
for contact wobs|t helnrpetchienes hodtaidivicngiz{iideadeactioh @otdie fresharkbaflbdyelittidrhe

catal yst may be added tq the |ower t rature regjions of a reactor system
wth an i nverSeERTF LS e R TR By trdabRang bt BebHoy ik
hydr ogen i% aornijmivatmargpdngthdugbfihdrhac deltipttr eye bi ddttioof &Edhl aaentst, taioar

ft ti duct t he. ef f ' bjected t hyd
o octt on' st bl PURLEEPhA TR sbeASEn el br e BbR PR SR

unr eact ed netthanes i spar@iay cheda t @npbetuce ypttvoctpe| inzainuvan st@pra@nd H©O cach
maxi m ze feed, utilizati.on. Typically the hydrogep rejection.ste rises
reacting at Ideeg (%[OC 51? a!“% F ﬂ}éghz%ﬁ' o‘é‘e"ﬁl iR bg‘%gc‘g‘cﬁfﬁ rdgg P9y afl ‘ﬂcagﬁgﬁ)lent
wi th 20 an oxaddenhtoctintpadcassnly spedices) isadir aslSOranatorzoGORyhcrdy pho dude
wat er and S nd effluent..streamhaving a reduced drogen _cont ent
Cormar d ¢ repRat iy B LG ROh SETkr s Ry BTN REER S& T e
hydr ogen r ej egith tba nprhocessesmigy ed elmanothedehi@ldonenathd citalygumaydepeddi toghePCT

Application ] . PCTI US200 44042 orne ket No..,2004B154),
P o Doc ek, Bl PEpERInEA R b LPLOG B8RSl 200 BI00)

step includes (i) nethanation and/or ethanation, (ii) a Fischer-Tropsch
process, (iiig. I Cl to C3 al cohols, particularly nethanol, and
ot her oxygena‘%‘}edz?{&?‘ir}g?ﬂa elﬁ%’htesi s of light olefins, paraffins and/or
ar onmat i csldby [08A7] of Sancretyti@pal isor mdiomesthydnewtdighe deitydroneticaive cdhahiorftfv)
sel ective hy I S . . I .S tially to
gai i the. gr oar ety S AR k@ rod QB0 SHERR FRAING, R SARECENIER B Y
enpl oyed to yidikdtha hgtregantonthiee the effant bebteahednrbactadendtimmats weycted tadki eve
hi gh conver si . I: 1as: de | W, t .
hydr ogen rej élg{{&idg%y Es.l{}gtbddvzatﬁpll&g }aéri ?an }}é@é&ﬁ%ﬁrﬂ% %?t Oglh :%!C%%dvxﬁwh? %k&)l\g%eél elj,gj%g’}otner
separ at i on ofsterlyempuscp reecinged loaritpert of Hic hydmgin ipdirct dobpdrofyclizagion cffigent with
hydr ocar bgns .ar Qor I.ent 1e I 0 hydr i st.ep., For
Sxanpl o, “uhots THETTYATLEE, BhoEe AL FOCH ot COPMADRRLE! LERL LM oy
conpri se par affficnis sienolbefinisa trévcqslortyidegen eegnddngd coropardsle with  the  first
dehydrocycl i ' - (o) ' [ caffi _ efil. ith 6
1@\ @0, ERHOMMER] SRkLY SQMBE @gﬁggfge@@ gl%cégges%fgéb S

or less carbon ators, such as 5 or |ess carbol r exa or less
carbon 5 at dagwomd3ngur [ceppgdinaMednAptlsation Wit dlo. PAE UMM Bostoprevduced

in the hydroggpd &efhokBl545 8RR SHIPRELES 280085RL I ¢S, the portion recycled to
; : 5 ; r2 -

t he dehydrocyclization step conveniently conprises single ring aromatic
speci es. 2Vet 8L i ofPEchiENGL i BA WO[QOBOFicFionecR ibderdorent mahantipdr eyén
rejection S_t Effat B0 (i §5Fi§cﬁé‘%byﬂa1 Btfocéfég, (kig%?ﬁth&%réf @1f tot@ealmglrsolgl%u‘aﬂ the
dehydrocyclization effluent with carbon di'oxi de to produce nethane and/ or
et hane accor #icHgneloandipgher erigovitaiglineynthesictfilighsolefins, paraffins and/or aromatics by

way of a methanol or dimethyl cther intermediate and/or (v) selective hydrogen combustion.

These steps may be employed sequentially to gain the greatest benefit; for example Fischer-
30 Tropsch may first be employed to yield a C,+ enriched stream followed by methanation to

achicvce high conversion of the Hy.

[0079] Typically, as dcscribed below, the hydrogen rejection step will gencrate

hydrocarbons, in which case, after separation of the co-produced water, at least portion of the



Cx2 + 4H2CH 4 + 2H20(Reaction 6) 2002 + 7H24->C2H6 4H20( Reaction 7)

15[ 00811The carbon di oxi de enpl oyed is conveniently part of a natural gas
stream and typically the sane natural gas stream used as the feed to the
dehydrocyclization step. Were the carbon dioxide is part of a

met hane-contai ning stream the CO2: CH4 of the streamis conveniently

mai nt ai ned between about 1:1 and about 0-1941. M xing of the carbon

di oxi de-contai ning stream and the dchydrocyclization effluent is

conveni ent |y mgivceek oy cavpptatlyrnery2i0d hethgaseasydiesids step. Fhreexhmplel winde a

hor mal Ty onpl B0 &R oGre hEbEef BugV R RPLPoY B SRuterm & "7

proportions rggtibd ﬁdycfeﬂrto &deedﬁﬁrbdyeldzdﬁlaaqép afvénialy Redpideqpardffindlok bagh
smal | variations can h|o tric ratio if it is desired
Co" produce  TUBODIEAEHPHG BI Bt o Krng CacY: B FRb ' of S8 Dhe

hydr ogen 25 #teheot i3osr Eetsepaﬂbdm ﬁlbmﬁluwhdmttham@drﬁfarlﬁinh@lﬁ&lubai mohv diydegéd y
effected in the sence of i onal. catal yst rising a nmetal
conponent , palre{w?oﬁ]l 3 foﬁlp?“rca?‘{gfrﬁwé t[hﬁe{’ Ionorrecéf%%%éﬁﬁ%ﬁﬁ@’?%?ﬁhzﬁi’?naﬁep

i nor gani ¢ suppardénienSycdradises dimiialingeompoiaepdcks.conpri se copper, iron,

vanadi um chromum zinc, gallium nickel, cobalt, nolybdenum ruthenium
rhodi um palladium silver, rhenium tungsten, iridium platinum gold,

gal I ium and ndharraabn/Btrhsnaamd 30 corrpounds t her eof The i nor ganl C support
AR TR LRI o Rl I B A T )

i nor gani ¢ supygohd hyneygeté te cielwsitcaydllzm@nrm{ﬂ@ni with czsbm]mla;sdeatorpr@duoqsmerhu& or
resoborous STASLALLLASARLE! bile oRULAPRLGRROUS crystalline mterials

si |l i coal um nophosphat es | i&heditabove-f or ClHaé 28Oy dr ocyHeaamhiodbn cat al yst.
Conduct od over a wi do rangGChi TBbndi Ty onS Trcl i ng. a LOAISPal r e of - about
100C t o about[088I0C, Wwchrbod dasidalroptoytd @Cangerédndytpa @@, nafupsl gex amngihearabout
s about 500 T St BuBLERRLLS B REh, FP%K EE S SaRBRL ol St our
0.1 to about thHOcQbS Hipxide lsspmmofa@ rrath@nﬁt-comdtrmgab@am the QOQ::QHL+ f thCEReam is
conversion | l.S: e % )
areater than S0 Rt CpbdBlERbiEINRERY 20 Al AP MRS, SPINSILEPltar
cg& r ![ ed out hlcnjltm;gggp%? imitth‘t Q‘ijvd@QYCb@dsra mﬁﬂ;tltnr:h%@mh V¢Immt ya¢h1<tye¢l Wes{ppbmgs I n
addi tion, at higher tenperatures to

maxi m ze Oltngltll% rat gcs %nwc 7 ?‘19@ @gg(s) may be operated at | ower

t enper at ur es [882haxili iledlpgrelrmdwmampctoqnmnefr gicthane PrOQBAL Thematlyi ampprysduct s

of the react i@%@rﬁolmgt%rcl&@% thg gtgﬁﬁ'lgfn@tglc ‘BFprH‘SnJ‘!%q&@@ fmlleac[esired Reaction 6

or Reaction 7, although small variations can be made in the stoichiometric ratio if it is desired

to produce a COs-containing or H-containing second effluent stream. The hydrogen
25  rejection step to produce methane or ethane is conveniently effected in the presence of a
bifunctional catalyst comprising a metal component, particularly a transition metal or
compound thereof, on an inorganic support. Suitable metal components comprise copper,
iron, vanadium, chromium, zinc, gallium, nickel, cobalt, molybdenum, ruthenium, rhodium,
palladium, silver, rhenium, tungsten, iridium, platinum, gold, gallium and combinations and
30 compounds thereof. The inorganic support may be an amorphous material, such as silica,
alumina or silica-alumina, or like those listed for the dchydroaromatization catalyst. In
addition, the inorganic support may be a crystalline material, such as a microporous or

mesoporous crystalline material.  Suitable porous crystalline materials include the



rati o, nethane, ethane and hi gher al kanes, together wth some unsaturated
C2 and higher 15 hydrocarbons. In addition, sonme partial hydrogenation of
t he carbon di oxide to carbon nonoxide is preferred. After renoval of the
wat er, the nethane, carbon nonoxi de, any unreacted carbon di oxi de and

hi gher hydrocarbons can be fed directly to the dehydrocyclization step to
generate additional aromatic products. 20F scher-Tropsch Process [0085]In
anot her enbodi nent the hydrogen rejection step conprises reaction of at

| east part of alibh@okilicresgehuniimphdsphdehydf adigedlinziasphosphedt |1iseat abbive hfoe akdon
nonoxi de acco(riell ngctcg at[.he Fi s%her-Tr opsch process to produce C2 to C5
paraffins and o eFrs” 1[”&)6%‘8T he Fi scher-Tropsch process is well known in
the art, see f0083]exafipl l@drolglerﬁrejdé‘am step2t5 pNafsice EmtBAﬁ A88r aﬂdxeﬁ:aﬁ%p(ﬁﬁécted

i ncor porat ed herein b ference process ]
reaction of hydr og&is rar%& Oc%torn Itlﬂ“bn%?‘nlt‘) “l“ﬁ%temﬁ’erﬁtu (ﬁﬁﬁ ‘ﬂrﬁq gq%gboﬁb .”gl. 1to
about 4:1,5 su&habast H9tDitto Abdmt $0G°C, ﬁdﬁ)@mmlﬁc Bbdlt zamocatoteenmezroatmmpﬁa‘sswdooﬂt

175C to about 401 180 t
A L T R LS LMY T e M
bar (1, 000 t ospdse0@DckPal gbaun i he aprueseneehdf suah a§ﬁbd€1t$¢dneh$ouﬂ'll omsaﬁ CO;

gatga! y|S:te, gle,ner 9er81¥%?evéll§91ﬁ05§fglgglyt et#%ﬁ%@ﬁaﬁ%h@&o an an-ement yh%lﬁa ﬂnﬂg I’S]%m Lﬁ]l

haf ni um zi r coph angredtertthan WTs. &lppmtmesmlc\nmnommeyi bc c«anccbnmt ﬂ@ﬁlﬂﬁl@tbma’gﬁlyﬁet al
gIX: :jgz Z:JE(% ﬁ%dﬁvﬂﬁlgen%ygi%%&l%tWGezﬁ Lé{l Rin addl%llé)l:ul_ctgen fegt{ bei% s% {naX ?m?ere%edj {tﬂ hlg%ér or
non-shi fting teapatyss to engimize dbati¢ rges rut ﬂenﬂammedés)pmey a;lelqpeta@badttlpww th
rheni um or zi cobalt and rheni um supported
on silica or T'rc.‘S:r?a%ltlwgg %gréa%erﬁlé {E?&%;d%/rgﬁﬁg?o% %Eg%l] I n anot her enbodi nent, the
hydr ocar bon s[Wﬁ%esﬂ@lemraﬂny@uctsmfmimm@@sn arervetealnd, dgpesdiod omshe Gy, C@m‘l&lar or
G Zn, o0 UheugPD.ADAANE I SRRSLR SIALEdi SoRENBLASe2 LI 1A

process i® délsrdlropbbfdm nlnStciddn;bnmorrRhycgﬁloddiydngtdtjéresf gic c@r@@adlex@n@ amanSM 5
Jose rena: It s PR RAP Ty Bl YRR s ifée%‘.“%c%i{%éfﬁ%%’% S by
ref erence. 10{110%83] T<hieb0ﬁ| Séshaie- Fn@pbiéhprl ﬁlﬂhb@gvon$ e;n bEs5 fed, darcelyr goovter ed
and light ga ] to C3 or 4 and water
are separat ezﬁﬁdéﬁygﬁatl%gﬁjﬁgg&hgﬂglgg ghgrgﬁlg%lgguézagw er hydrocarbons can
then be recovered as products or fed to the dehydrocyclization step to
gener at e ddigtd.pnal.,ALPPBLiE products. [0089] The carbon nmonoxi de required
for the Fischer-Tropsch reaction can be provided 15 wholly or partly by
the carbon miBRI de lpreeshenembarlinent dhofhydrogpit teicehe sieet deameisws arctdmefing ldkeed
I e s R
cont ai ned, f & fasehrplrepsch proprst ESPrImdgug%lgg totCo peraBins frd deftnal yst  wher eby car bon
monoxi de is gﬁtﬁd}lce%@hsm?TFo%X&lrlﬁﬁceX@E Qlell $ASwS i he alrt BRC b QumAO O pht.

H2+- 4CO + H20( Reacti on ,)’ | owm ng reaction:
25 Nos 5,348,982 dnd 5,545,674 incorporated herein by reference. The process typically

involves the reaction of hydrogen and carbon monoxide in a molar ratio of about 0.5:1 to
about 4:1, such as about 1.5:1 to about 2.5:1, at a temperature of about 175°C to about 400°C,
such as about 180°C to about 240°C and a pressure of about 1 to about 100 bar (100 to
10,000 kPa), such as about 10 to about 40 bar (1,000 to 4,000 kPa), in the presence of a
30 Fischer-Tropsch catalyst, generally a supported or unsupported Group VIIL non-noble metal,
¢.g., Fe, Ni, Ru, Co, with or without a promotcr, c¢.g. ruthcnium, rhenium, hafnium,
zirconium, titanium. Supports, when used, can be refractory mctal oxides such as Group

IVB, i.c., titania, zirconia, or silica, alumina, or silica-alumina. In one embodiment, the



CH4 + H20CO + 3H2 Al cohol Synthesis 25[0090]1In a further enbodi nent the
hydr ogen rejection step conprises reaction of at |east part of the hydrogen
in the dehydrocyclization effluent with carbon nonoxide to produce Cl to C3
al cohols, and particularly nethanol. The production of methanol and ot her
oxygenates fromsynthesis gas is also well-known and is described in, for
exanple, in U S. Patent Nos. 6,114,279; 620054, 497; 5,767,039; 5, 045,520;

5, 254, 520; 5,610, 202; 4,666, 945; 4,455,394; 30 4,565,803; 5,385,949, the
descri ptions a&alyﬁnhmhprBBEa inoxc-gifoiog aitelglsthceg e'cd’malbw refeaiuenegecidlyspeadalt| with t he
synthesis gas, oyed has a rml ar ratio H2) to carbon oxides
(50 2y o R e B D st bty SRRl r e R0 SRSt e
range of fromuaxlnmgenemllyzzama 2 1 to about 10:1, vvlth carbon di oxi de
optionally bej ent n_anmoun f . not er than 50% by wei ght,
based on t ot a‘o'ﬂ\ﬁ}\}gl ght’ anf’th%%a%VH&%g th‘f 86@3%? CRE ﬁ%éﬂm?rh%i ﬁéngan’

met hanol synt sveb ksCyprCacss Qy@neinahd gSMrﬁcdnddl&q;r@astox Dpﬂ:@t@ifto atnck@agtnifieat

el ement selected.fro r ou ] ver

5 magnesi um %arﬁ?ﬁeﬁﬁg]lm §ShA ilrﬁ%agc roon%a{]fﬁﬁ% rfg dfsb%'l‘\‘? Qs B%*Cég?‘{lm
osm um and zi incSonly uﬁ?h\@ml\ﬂ%mtuemtdf V0% h&ca;amaw\w Gczﬁz/;&tsg‘@p@éﬂdﬁﬂé@dmon of
catal yst, such as in the fc £Oxi de tiona nce
of an oxide o‘?m t 111[0 LM{W‘{)Ir[r‘e‘LO a'ei];roé??lg\? E:etn%? n‘% % v!é?b lé;% H]?o]gl @ﬁs
nmagnesi um al inedrpusted kasiably whyrerchr oni um manganese gal l'ium pall adi um
osm um an iu Yiiqutdl€: catal yst  cont al pper oxi de and
an 10 oxig0 [;O&&n Ien?ﬁahéatc‘i@1 (S)C\fglglngr%E&h lqu dS’I 6t eél f’r%?n“%covele ané:?léﬁ) g ©E

al um num chrwomaoky hadrdgeni arclofOuf td 1€: omeCendsiodhtr ate, sepdrraedréttoharlmlheawer
synt hesi s cat ' I on §n r, Qi des,
ST hc oxi des. andeaii et A IbARELANE, o BB R0 EEL 18yt SEBR o
oxi des of cop&é}fdr@mdﬁzztimtep[t@leaﬁmidmenehammatlsymdttws| S process can be
conduct ed ovgpe@ W t RLESS ta I
Fenpor at ur o5 o1, e GRS okl SRRL B O B TR SR A e bR e
from about> 1780y er ab@mthSw@lbmomaiﬁmreeedtnmm a@ociltthz Omnt@ar&bmuttammgoc

cPa, “suchas T o dabat o8 =ob 5 RRAF o o B3Nl b2, KR BRIk, 200
kPa to about cFrbeO MarPride wsbmwpﬂdyedsi}yaf?edwgembm dle&dwawrydlm@p@ohxmgpla,pmn t he
type of procqéisaatl Al (ol ShHE&! t

vel ocity of fl v f tgjf;)aa:bt ﬁgh%gewccg[t%g yé){%t%dgprgdl?%%) e f%‘%ﬁgggg?grom
about 50 hr' bh’(ﬁfaétﬁbm 50, 000 hr , such as from about 250 hr' to about
25,000 hryy, for exanple fggm.apout 500 h 1@, about Thi s

exot herm c reaction may be tarr'i ed out |§béﬁ ther fixe bgqg?gjdl zed beds,

i ncl udi ng rulend by e Edlogingseacheds wi t h heat renoval between beds. In

addi tion, the |ead bed(s)cpRy g operat edpat i gher tenperatures to

25maxi m ze kinetic rates and the tail beds(sgﬁ may be operated at |ower
tenperatures to maxi m ze thernodynam c conversion. [0093] The resultant

met hanol and/xfnetdghegXyYdenat es can be sold as a separate product,

25 [0090] In a further embodiment the hydrogen rejection step comprises reaction of at least
part of the hydrogen in the dehydrocyclization effluent with carbon monoxide to produce C;
to Cs alcohols, and particularly methanol. The production of methanol and other oxygenates
from synthesis gas is also well-known and is described in, for example, in U.S. Patent Nos.
6,114,279; 6,054,497; 5,767,039, 5,045,520; 5,254,520, 5,610,202; 4,666,945, 4,455,394;

30 4,565,803; 5,385,949, the descriptions of which arc incorporated herein by reference.
Typically, the synthesis gas employcd has a molar ratio of hydrogen (H;) to carbon oxides
(CO + COy) in the range of from about 0.5:1 to about 20:1, such as in the range of from about



can be used to alkylate the aromatics generated in the dehydrocyclization
step to higher value products, such as xylenes, or can be used as a
feedstock for the production of |ower olefins, 30 particularly ethylene
and propyl ene. The conversion of nmethanol to olefins is a well-known
process and is, for exanple, described in U S Patent No. 4,499, 327,
i ncorporated herein by reference. - 23 -2%el ective Hydrogen Conbusti on
[0094] I n yet another enbodi nent, the hydrogen rejection step conprises
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reference, describes’ a proces; gen con
ef fl uent fronmwae @f fiekiabegpt ﬁ@acttglabouTlﬁ@onﬁ l@’ce@sh @&f@my@uw@altraltwéxous?ﬁs(i@m
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one netal - based selective drogen conbusti on conponent consi sting
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[0093] The resultant methanol and/or other oxygenates can be sold as a separate product,
can be used to alkylate the aromatics generated in the dehydrocyclization step to higher value
products, such as xylenes, or can be used as a feedstock for the production of lower olefins,
30  particularly ethylene and propylene. The conversion of methanol to olefins is a well-known
process and is, for example, described in U.S. Patent No. 4,499,327, incorporated hercin by

reference.



- 24 - and 4 of the Periodic Table of the Elenents; iii) at |east one netal
from Goups 1-2, at |east one netal from Goup 3, and at |east one netal
from Groups 4-15 of the Periodic Table of the Elenents; and iv) two or nore
nmetals from G oups 4-15 of the Periodic Table of the Elenents; and (b) at

| east one of oxygen and sulfur, wherein the at |east one of oxygen and

S5sul fur is chemcally bound both wthin amd between the netals. [0098] The
sel ective hydrogen conbustion reaction of the present invention is

general ly consia]@tiedHedro;&nmmemahure in the range of from about 300C. to
about 850C. apnd.a press r,e e, of fromabout 1 atmto about 20 atm
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cycl ohexane, (%p xeﬁﬁﬁ }glh%dronaphthalene (benzyl cycl ohexene),
tetrahydronadﬁ af ke ftetﬁgf hexahydr onapht hal ene (di cycl ohexene),
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al kyl atiof, a h nation cesssaedescrlbed belowadl more 20
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2005, Ar ot 1 SAV 18 5B SIS o1 ko et 1Bt RIS CoEORES Such
as benzene anMHMammuh&%ewbmtmwmmhhﬂMnawnmnmnuhetamalamd:k$mﬁﬁaﬁkwymnmmlves
reaction of Y ' ar cies in
the gas or llacgrdlg 35?10{11 ndatjcgoglé\'%é beliec?xe dr%ll acgl%gl\éwltlélb 81;0tr21§t fk{éﬂé eelbaCI d
cat al ystsl5 nd}/md@ymdmalnnqwlo&dzefﬁwmteg ifdiure,. antibrgs ehahiami anglyoamﬂonst rai nt

| nd f 2-1 def R |
e of 2 a4 S5 ) Sl By £y Q48 0Ly LAY gL 1
ZSM 11), MrWfgrethg nst CZS[MUQ_ zyldaﬁﬁ@‘(le(l)@lrcg;endtlzgw 21Rynes MTIFrO(he:eglkeanSIWhE@)qceﬂVFS
(e.g., ZSM 571)1\ 0%5 SI r(egusgec%dllég%l?’d%hy (EEQP%%MO?%P( II"f‘eg ‘%ne@% %ﬁ[egs%ﬁpt?

zcolitcs (i.e, those havin nstr ai ndex o suc
materi al s hawbmgustlhleoifthemmcquwgbt@ dBEst\th(ceqlgl.ﬂ;nuzredﬂhmlegdn@ttca)r,caCMqu(tberg. ,

ZSM 3, Z9\¢ 2Q, th%%?clcfu&tedﬁ(c?gcs Yo par’ticﬁ?r, the alkance feed is dehydrogenated over an equilibrium

dehydrogenation catalyst in a first reactor, and the effluent from the first reactor, along with

oxygen, is then passed into a second reactor containing a metal oxide catalyst which serves to
selectively catalyze the combustion of hydrogen. The equilibrium dehydrogenation catalyst
may comprise platinum and the selective metal oxide combustion catalyst may contain
25  bismuth, antimony, indium, zing, thallium, lead and tellurium or a mixture thereof.
[0097] U.S. Patent Application Publication No. 2004/0152586, published August 5, 2004
and incorporated herein by reference, describes a process for reducing the hydrogen content
of the effluent from a cracking reactor. The process employs a catalyst system comprising
(1) at least one solid acid cracking component and (2) at least one metal-based selective
30 hydrogen combustion component consisting essentially of (a) a metal combination selected
from the group consisting of: i) at lcast onc mctal from Group 3 and at Icast onc metal from
Groups 4-15 of the Periodic Table of the Elements; ii) at lcast onc metal from Groups 5-15 of

the Periodic Table of the Elements, and at least one metal from at least one of Groups 1, 2,



ultrastabilized Y and deal um ni zedMOR (e.g., nordenite), MAZ (e.g., ZSM4),
MEI (e.g., ZSM18) and MW (e.g., MCM 22, PSH 3, SSz-25, ERB-1, |ITQ 1,

I TQ 2, MCM 36, MCM 49 and MCM 56). [00101] In one enbodi ment of the present
process, benzene is recovered fromthe 5 dchydrocyclization effluent and
then al kylated with an ol efin, such as ethyl ene produced as a by-product of
a hydrogen rejection step enploying ethanati on/ net hanati on. Typi cal
conditions for carrying out the vapor phase al kyl ati on of benzene with

et hyl ene i ncl udet éf thePprt@tluble obthefManmnab o)kt B oticomBI0Fonf 84aipt 0-24&2A6kt a
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of benzene w th et hyl be carried qut at t.enperat ure between 300
and 650F ( 160-E8Enes 4Tt e 0 wabiafh » Bood el b b o eeayd
VHSV baseds5 onsuéfiuhiy kiemecatlfy bbundrboabatiin &hdbetwecathouictaB0 hr-1 and a nole ratio
of benzene to ylepe of from1:1 to.30:1. [001 Conveni ent.ly. the
bensena. oyl BT TR el ashrePoditon skttt SRR iiod b Gy
condi tions usdongucgcdaat almpsiatueoinplid @hgegf diform @basit3007(E twdboretHNTC. antepassure

zeolite Y, MCM. 22 PSH.3, SS7-2 ERB- | T . 1 TQ 13, ZSM5
MCM 36, MOM 49 tkéer{%“ %@ﬂ&r%rg.a&f%bfg%jo aﬁ%%?&@ﬂ@%@%ﬁ%@i on can be conducted

at the site of the dehydrocyclization/ hydrogen rejection process or the
benzene ¢ be shinped. t not h | ocation for conversion to ethyl benzene.
The resul fd;nt‘g'é)t“ha§ E’éﬁdzuecglégcé’?iﬁry TEHT eé’% sol d, used as 20 a precursor in, for
exanpl e, the [pdBductihedditén Sthydege, dre dtsomeydr pediubty ofréte hiolasiraugt!izatanowep i n
the art to m xyl.enes, )1041, 1.0 ot her odi t of the present
brocess, - the 4 poreRE RupntRRA0 e ARGk SRR R B e R
used to al kyldfenhémzehe banodior cxamotivrhvllewal byetovienaidn,fandhdnhveld directly as
dehydrocycl i i.on- t . (of e , , ht hal enes
and or 35 di aerRHi PR JhBoRkgREEm 8L MERF e RNy R LB
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i si i . ZSM 5, i b I T. 49,
CoPL SN 5 A9LLLop BeARTG2 gl el TR AR 49,
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bout 0.1-15 se6- 1. a5 F a2 0GRt ahifaler3O
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No. 6, 504,272...iiF ' i ¢ \c gg%', d
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to al kyl ate nap IS i s conveni ent fected In't nce of a
cat al yst conpyo. 304481 78MiISd onvprgerer PPPBand BEA/DH00HRBLOBS, (Attoragy DodkTid.,

1TQ 2, 1TQ 13404 BR1cq MM:4 b@{z 56. Such a process can be used to

sel ectively produce’ 2, 6-di net hyl napht hatene and is described in, for

exanpl e, US Patent Nos. 4,795,847 and 5,001, 295, incorporated herein by

ref erence. Aromatics Alkylation

25 [00100] Alkylation of aromatic compounds such as benzene and naphthalene is well
known in the art and typically involves reaction of an olefin, alcohol or alky! halide with the
aromatic species in the gas or liquid phase in the presence of an acid catalyst. Suitable acid
catalysts include medium pore zeolites (i.c., those having a Constraint Index of 2-12 as defined
in U.S. Patent No. 4,016,218), including materials having the framework types MFI (e.g.,

30  ZSM-5 and silicalite), MEL (e.g., ZSM-11), MTW (e.g., ZSM-12), TON (e.g., ZSM-22),
MTT (c.g., ZSM-23), MFS (c.g., ZSM-57) and FER (c.g., ZSM-35) and ZSM-48, as wcll as
large pore zcolites (i.c, those having a Constraint Index of less than 2) such as matcrials having

the framework types BEA (e.g., zeolite beta), FAU (e.g., ZSM-3, ZSM-20, zeolites X, Y,



[ 00105] Where nethanol or DVE is used as an al kylating agent in the process
of the 5 invention, it can be provided as a separate feed to the process
or can at |east partly be generated in situ by adding a carbon

di oxi de-contai ning feed gas, such as a natural gas stream to part or al

of the effluent fromthe dehydrocyclization step. In particular, the
dehydrocyclization effluent, prior to any2separation of the aromatic
conponents, can be fed to a reverse shift reactor and reacted with the

car bon dioxidﬂﬂa@mwm&@hﬂguf&ﬂmnmndﬁrvpmmdmK&gn&mkﬁnmg,Nnn&eﬁﬁﬁzmhe)daEbon
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reverse shiftMa&d? ard MIOMgSEMer at e syngas whi ch can then be m xed vvith a
Iuent to adj t t he H2/ COY i 0S

portion of th y clization
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such as Fe, |\|J |ca or tlta

condi ¢ ong i ner e % £ nerEl (e B Wb strinbe ThRusBli-dSe0E Chbkebe
about 600C t ocoalbioors ﬂ:ﬂ@ﬁ@;ngfmn tiex eappt ghaadelliylaffDO& licozaab outh aﬁﬂ)ﬁeamﬂuda a
D oo e o B PR RO AR R SHST, B8, S0 8, 000,4PR Lo
hourly space abeltGO0d pses(10ms 20 aog/kﬂiﬁpewdw gasd@@rncth;h@cbyﬁ@m eﬂioupo o eesutlesed,
but_gerer g4k, 955"l L space YRlgEl O [LOWPT g Shrough. il
about 250 hr -Bentec alxowthyRhe 6RY bBlearlicd bRI€ aft@hipcex@aptideabdsnnt ana@Bodm A 56 &
St 10000 Ui ar b RSV SR A eSS 5
cause react i amsutsuab aast 208’ el 4 ik Rgio bBbAgG fo ctfylnd o2ké 41 (33 0OH (React i on
9) CH3CH + B102j > dQLaene ty, AT rlizeeg'tﬁ;glldt?orh O Tl AL, faédiél*ﬁquid
15  phase conditions using a catalyst comprising at least one of zeolite beta, zeolite Y, MCM-22,
PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2,ITQ-13, ZSM-5 MCM-36, MCM-49 and MCM-56.
[00103] The benzene cthylation can be conducted at the site of the
dehydrocyclization/hydrogen rejection process or the benzene can be shipped to another
location for conversion to cthylbenzene. The resultant ethylbenzene can then be sold, used as
20 a precursor in, for example, the production of styrenc or isomerized by mcthods well known
in the art to mixed xylenes.
[00104] In another embodiment of the present process, the alkylating agent is methanol or
dimethylether (DME) and is used to alkylate benzene and/or naphthalene recovered from the
dehydrocyclization effluent to produce toluene, xylenes, methylnaphthalenes and/or
25  dimethylnaphthalenes. Where the methanol or DME is used to alkylate benzene, this is
conveniently effected in presence of catalyst comprising a zeolite, such as ZSM-5, zeolite
beta, ITQ-13, MCM-22, MCM-49, ZSM-11, ZSM-12, ZSM-22, ZSM-23, ZSM-35, and ZSM-
48, which has been modified by steaming so as to have a Diffusion Parameter for 2,2
dimethylbutane of about 0.1-15 sec! when measured at a temperature of 120°C and a 2,2
30 dimethylbutane pressure of 60 torr (8kPa). Such a process is selective to the production of
para-xylene and is described in, for example, US Patent No. 6,504,272, incorporated herein
by reference. Where the methanol is used to alkylate naphthalene, this is conveniently

effected in the presence of a catalyst comprising ZSM-5, MCM-22, PSH-3, SSZ-25, ERB-1,



xyl encs + 2H20 (Reaction 11) [00109] Suitable conditions for such an

al kyl ati on reactor would include a tenperature of 30 about 100 to about
700C, a pressure of about 1 to about 300 at nospheres (100 to 30,000 kPa),
and a WHSV for the aromatic hydrocarbon of about 0.01 to about 100 hr-1. A
suitabl e catal yst woul d conprise a nol ecul ar sieve having a constraint
index of 1 to 12, such as ZSM -27 - 5,-2¢pically together with one or
nmetals or metal oxides, such as copper, chrom um and/or zinc oxide.
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t ol uene fract I on, eavy fractiaon conta
napht hal ene ahaboad. kyI at ed napht hal enes. The C8 aromatic fracti on couI d then

be Ted 102 SR AR AN 2RO RLLON,PEARER LA TEPRLAL L R VAL UER! ©

p- Xyl ene conponen Inin ct
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fraction coul gl hOANCBRS.AIRYETA.A3GAPLIRIRIANEL . Tecyel ed to the

al kyl ati on reactor or uene | sproporti nation uni t, such as 20a
sel ecti vel% ol [0&9&] diTyprroforthd onaté @hqftumotorfapntatnhet mtaéparcarmmng)aﬁ t@okdtidni onal
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al kyl ati on step, part 0o ar onat
dehydrocycl i zratldlmselﬁcﬂumrm temaeraipes diyabou GOPTET te dbaud IW@r\aﬂEdwgﬁttﬂOO‘)C to

(Zgg:lgsrg;; 2 Légguetﬁizg)&%c FRREXANE abdty GHALEF GBE: SBbY HeoNFRALAAIEREut 1 kPa to
about 10,000 kPa, such as about 2,000 kPa to about 10,000 kPa, for cxamplc about 3000 kPa
20 to about 5,000 kPa. Gas hourly space velocities may vary depending upon the type of
process used, but generally the gas hourly space velocity of flow of gas through the catalyst
bed is in the range of about 50 hr' to about 50,000 hr'', such as about 250 hr' to about
25,000 hr™', more for example about 500 hr™" to about 10,000 hr'.
[00108] The effluent from the reverse shift reactor can then be fed to an alkylation reactor
25  operating under conditions to cause reactions such as the following to occur:
CO +2H, > CH;OH (Reaction 9)
CH;OH + CgHg — toluene + H,0 (Reaction 10)
2CH:0OH + C4Hg — xylenes +2H,0 {Reaction 11)
[00109]  Suitable conditions for such an alkylation reactor would include a temperature of
30 about 100 to about 700°C, a pressure of about 1 to about 300 atmospheres (100 to 30,000
kPa), and a WHSYV for the aromatic hydrocarbon of about 0.01 to about 100 hr'!. A suitable

catalyst would comprisc a molecular sieve having a constraint index of 1 to 12, such as ZSM-



tetrahydronaphthal en e (tetralin), hexahydronaphthal ene (dicycl ohexene),
oct ahydr onapht hal ene and/ or decahydronapht hal ene (decalin). These products
can be enployed as fuels and chem cal internediates and, in the case of
tetralin and decalin, can be used as the solvent for extracting the
aromati c conmponents fromthe dehydrocyclization 30effluent. [00113] The
hydr ogenation is conveniently, but not nezessarily, conducted after
separation of the aromatic conmponents fromthe dchydrocyclization effl uent
and conveni ent,|typiesipltoyethepadth obé ot metalyd mage Pxiges elichtae dofyer,tdi@®mium and/or
dehydrocycl i zatl on, reaction. Suitable aromatic - 28 - hydrogenation
processes are”WelTknown in the art and typically enploy a catal yst
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the art apd typica catal yst conprising noble metals wt

rut heni um elar(]{gerwmc ?%?er g‘?flysydeacmalcgl on netallic oxides, such as La201-ZnQO
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conditions f OW pressure rocrac errpera ure
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non-limting

Aromatics Hydrogenation

[00112] In addition to or instead of the alkylation step, at least part of the aromatic
components in the dehydrocyclization effluent can be hydrogenated to generate useful
25  products such as cyclohexane, cyclohexene, dihydronaphthalene (benzylcyclohexene),
tetrahydronaphthalene (tetralin), hexahydronaphthalene (dicyclohexene),
octahydronaphthalene and/or decahydronaphthalene (decalin). These products can be
employed as fuels and chemical intermediates and, in the case of tetralin and decalin, can be
used as the solvent for extracting the aromatic components from the dehydrocyclization
30 effluent.
[00113] The hydrogenation is conveniently, but not necessarily, conducted after scparation
of the aromatic components from the dchydrocyclization cffluent and convenicntly employs

part of the hydrogen generated by the dehydrocyclization reaction. Suitable aromatic



Exanple 1 [00117] A Mo/ZSM5 material was prepared for use in preparing
bound catal yst particles. 1000 g of a conmmercially manufactured ZSM 5
having a silica to alumna nole ratio of 25:1 and a crystal size of about
0.5 mcron was blended with 113.28 g of M03 (Aldrich, 99.5% 30 for 2
hours in two batches. The batches were conbined and calcined in a nuffle
furnace with flowng air for five hours a18 500C with a heat-up ranp rate of
1C/ minute. The resulting M | evel was nmeasured to be 6.7 w% via XRF

anal ysis. - R@rogemtianploecssa0lcli@hodhén thairesrdalpiaily Emgmsplaedtily\rtaSmpﬁ@.@g to

prepare a 65 9 A S/ % nlactal article. 4 qrans of
Phe s zav & Sr S b TaRe g chtE! SEARDH oGt on, 2heBR i wijort R
m nut es. Wt espewsisg actdiétthnt (ﬁorﬂh@dj&tﬁﬁgeﬁd’[ﬁ)ﬁ pYS@sz,ollntld&: artemperihge ob atat 600 &l was
extruded to 1/ 10" %L% % r udat e. tr (3 (ﬂ ﬂ nd cal ci ned
o ot o 1 0PRa O PO STREH S S ol s bepoR Bt antls £ e oa
up rate ofs 5Fof(aB@t/5Mdebet.2,0U0@>1|ge$45Itb |1Bfg>0|wd)L ﬁMHhs atast umeaswoadsaoq»ﬂngt) 5

wt % vi a XRF an i 119 erraerl
Used 1o prepaba HY i NEsE0r s i 9ot Dah SR 4Ry R g an
grans of the MY]ZEMEart\'MBthrﬂgbhht&)d todldahe Bk br gomfoléﬁnicamlﬁ)n(cmgm$8ﬁisl?n 2153) for
10 m nutes. teri

QP od 65%
et uded o ditage HEP BRI BB W ofe SRS S R i TRl SE A g
inamffle fdmmmacaanﬁahnmﬁalhmuvasnm $10Q0F pénﬁéﬂ@)drdgmailbmwongscalarc wilt knesvoheat

/ h
up T a.t eo 6(’23@ ) "flcta 11-1 %Y 818%%6315{ ‘i.x%xépr% en&%le Wa}?ls é\)f(lﬁl themfl Obem%lee q

W % vi a ana ySi $? ri
to prepare a IﬁﬁfeMd%WﬁMcﬁv thﬁllmtc%dai; wnrcl:nas tatha{Ath ﬁambganbmb ®8ledmenlans

2];) J;nhﬁulvgls ZSM ?A EYI‘ sr gtergy %fl’:ig Cfo\ﬁne used xam g%élé}lrﬂggﬁsﬁe Qmé U;))?c?ce.\f/%g esu%l 15%9)9ng f Or
extruded to 1A IE"Patwi NMé,mééS(ﬂrﬁLa&ti% Th@ Hit §,o0deitoe; wH®, 20921 aad S78,2 tH it ned

inamffle flri%%%?xﬁextt?&fv@m oML ficét or%tg&)gfelﬁl/gﬁ?c@rer} p flowing air with a heat

up rate of 5F m nut e ere was nmeasured to be 4.0
W % vi a XRF dA@lll§ki s\n alternative hydrogenation process involves low pressure hydrocracking of the

naphthalene component to produce alkylbenzenes over a catalyst such as sulfided Ni/W or
sulfided Ni supported on an amorphous aluminosilicate or a zeolite, such as zeolite X, zeolite
Y or zeolite beta. Suitable operating conditions for low pressure hydrocracking include a
temperature of about 300 to about 1,000°F (150 to 540°C), such as about 500 to about 700°F
20 (260 to 370°C), a pressurc of about 50 to about 2,000 psig (445 to 13890 kPa), such as about
100 to about 500 psig (790 to 3550 kPa) and a WHSV of about 0.5 to about 50 hr', such as
about 2 to about 10 hr'.
[00116] The invention will now be more particularly described with reference to the
following non-limiting Examples.
25
Example 1
(00117} A Mo/ZSM-5 material was prepared for use in preparing bound catalyst particles.
1000 g of a commercially manufactured ZSM-5 having a silica to alumina mole ratio of 25:1
and a crystal size of about 0.5 micron was blended with 113.28 g of MoO: (Aldrich, 99.5%)
30  for 2 hours in two batches. The batches were combined and calcined in a muffle furnace with
flowing air for five hours at 500°C with a heat-up ramp rate of 1°C/minute. The resulting Mo

level was measured to be 6.7 wt% via XRF analysis.



25 Exanple 5 [00121] The material of Exanple 1 was used to prepare an 80
wt % MbZSM 5/ 20 wt % al um na catal yst particle. 84.2 grans of the M/ ZSM 5
were mulled with 27.8 g of alumna (UOP Versa] 300) for 10 m nutes. Water
was added to produce a 50.8% solids mx. The material was extruded to 1/10"
cylinder extrudate. The extrudate was dried and calcined in a 30nuffle
furnace for 6 hours at 1000F (540C) in flowmng air with a heat up rate of
5F (30 /mnute. The resulting Mo | evel was neasured to be 5.1 wt% via XRF
anal ysis. - BﬂamplExarrpI e 6 [00122] The material of Exarrpl e 1 was used to

prepare a 65 3 % si,lica cat yst art cle.. 6 s of
the Mo/ ZSM 5 U@ffﬁ’“ Zﬁ} eIBdtW § F3eBplg 1 orasgips oRTerd s 85 @%‘8?5‘%15383 W& 40),
19.2 g of siliieda cDelgugaticleUl %A gians VNﬁreSﬂb)/ZSNﬁS kfe&&ngllafw1tt53$@.lg8dﬂtﬂanla
solution at 1 terval s, er. was dded t '5. 2% sol i ds
rx The mat eRFAIOR2sb R @y 1) Ser VI RRAE R BUORT S b afy M o
was dried andmetalidiwae cktiudedatonvifof bﬁmfdbtfdﬁt&@dﬁtef O]Theﬁixthmafc&aatjn&ﬁﬂﬂl-?:al(cﬁé&)ﬁ)a in
flowwng air wit heat .up rate ute. The.resultin L.evel
was measured T #ﬁﬁaﬂ”ﬁ‘a@ %370}\’? '8 &%&OQE {52‘3(5{@ Wl%%a 3{1 Sh %’é ﬁ'ﬂﬁ:

mat eri al of ERaDphieutt. Wasrcuseg M@lepél@xp&hﬁasﬂfed&ﬂbaﬂ{ﬂ@v[\mZﬁM@ anB@slwt %silica
catal yst particle. 85 grans of the Mo/ ZSM5 were mulled with 25 g of silica

(Grace Davison Ludox HS-40), 11 g of silica (Degussa, UtraSil VN3-SP) and
1.96 g of caubtanglsdl ution at 10 minute intervals. Water was added to

produce al(§8 [%0/ 3 l I St nqz}tenal oPExam? mat erl & Waspa%xett ?‘? Mo V%“I nder
extrudat e. he ex ed a Ci n ’l'e ur nace

hours at 1000F€ar(1254@@yst |pamleluovﬁ4dggrams of/vthteMdZBMai W mxateé vath B g&xﬂ)n/temanut e.
The resultin I was red,to be 5.5 % vi a XRF., Si S. anpl e
8 20 [00124 19(%11%21 P% 10%@%5 %Vatin was ddde% ‘é‘ét pio ucree sé:SE/a ag‘lg% Mo Fﬁ(e
MbZSM 5/ 35 vih@rzil wenmtmd@ab aH}b&tylpdmemlhcbte 8¢ 4xtgmmasﬂrl¢mdwmlkiﬁ8t\dna wer e
mulled with [ [ Aol dp 9 190 n

Wat er was adiﬁdﬂ?%mgée ﬁrgg hgm g%?})(ggl ﬁ)s&ﬁlmxhb‘%ﬂé d%at eri aealt smeexgru ed to
1/ 10" cyl ]5nde(i5°(é5(mmudaf®.reﬂihmgé«k¢ levd atempmsred td ed. Gwtdo gialXdifnedysin a muffl e
furnace for 6 hours at 1000F (540C) in flowing air with a heat up rate of
5F 25(3C)/ m nute. The resulting Mo | evel was neasured to be 4.0 w % via XRF
anal ysi s. Exdimahpledt [ 00125] The material of Exanple | was used to prepare a

80 wt % NDZSM'[%HBJO Vfth%)material of Example | was used to prepare a 65 wt% MoZSM-5/ 35 wt%
alumina catalyst particle. 68.4 grams of the Mo/ZSM-5 were mulled with 38.6 g of alumina

20 (UOP Versal 300) for 10 minutes. Water was added to produce a 53.8% solids mix. The

material was extruded to 1/10" cylinder extrudate. The extrudate was dried and calcined in a

muffle furnace for 6 hours at 1000°F (540°C) in flowing air with a heat up rate of 5°F

(3°C)/minute. The resulting Mo level was measured to be 4.0 wt% via XRF analysis.

25 Example 5§
[00121] The material of Example 1 was used to prepare an 80 wt% MoZSM-5/ 20 wt%
alumina catalyst particle. 84.2 grams of the Mo/ZSM-5 were mulled with 27.8 g of alumina
(UOP Versal 300) for 10 minutes. Water was added to produce a 50.8% solids mix. The
material was extruded to 1/10" cylinder extrudate. The extrudate was dried and calcined in a
30  muffle furnace for 6 hours at 1000°F (540°C) in flowing air with a heat up rate of 5°F

(3°C)/minute. The resulting Mo level was measured to be 5.1 wt% via XRF analysis.



zirconia catal yst particle. 84.2 grans of the Mbo/ZSM5 were nulled with 20
g of zirconium 30 (IV) oxide (Aldrich, 99% for 10 m nutes. Water was

added to produce a 63.8% solids m x. The material was extruded to 1/10"

cylinder extrudate. The extrudate was dried and calcined in a nuffle for 6
hours at 1000F (540C) in flowing air with a heat up rate of 5F (3C)/ m nute.
The resulting Mo | evel was neasured to be3b.2 Wt % via XRF analysis. - 31 -
Exanpl e 10 [00126] The material of Exanple 1 was used to prepare a 65 wm %
MbZSM 5/ 15% sEkimmascar bi de/ 20 wt % silica catal yst particle. 69.3 grans of

the M/ ZSM 5 led with .25 of silica (Ga i X o

He a0y 11 o UPVEIT s Desttt e Bt ¢ i RASTe 8RS 7R RoRve e

car bi de (Al driilida) caallysi Qarfitlautod 8i grh@g ‘gﬁhﬁ:.M}iﬁSM—S Wftﬁe gldﬂiﬁidwttlﬁ) 43]80@!:16:%&34 65%
solids mx. T eria S r to. 1 " eyl r t at.e. e

ext rudat e ms@?ﬁ%ﬁfﬂﬁ%&‘%ﬁﬁ%@’ ?2‘85 ?ﬁﬁlfclaig ?W%aggraggr\%'%u@g 116 9 8boF
(540C) in §1| owusty safutionndttl b nandieiaterwa. Matte vak adifed (c3C)dust nat.2% sdhs nfiesThd | ng
M | evel was neasured to b LW % Vi a XRF alysis., 10 Ex le 11 [00127]
The material Bf° évr@rf)f”%trufe(%ﬁil/ Wsé’&lﬂ(;d%r eﬁ%@éer 21[?15 eé@ﬁe%%ﬁgﬁﬂr@ﬁ]ﬁ%g 4 con
car bi de/ 20 wt Swofflctfanke ©abaloyst atpPAOQIFCISE0°CH4n B8wHaiBwal attret MofLSM 5°Pner e
mulled with 13,44 g of titania ssa, P-25) and 9. si]i.con carbide
(Al drich) at 0(‘)??11“%35 'eTﬁelrgblﬁlthrigé\&%?‘g.WWG@Preaé%&a%%gﬁg t % %{Fo%%%m'a 65. 7%

solids mx. The material was extruded to 1/10" cylinder extrudate. The

ext r udat el(}NasE)gIarnil qed.]and calcined in a nmuffle furnace for 6 hours at 1000F
(5400 in1low ngp air wwth a heat up rate of 5F (3C)/mnute. The resulting
Mo | evel was [GeERSur ekhetnmtdyl 4f Bxantp¥h Vivas XiF tapsbyrsias 80 20%EXanfilies/ 22 wt@0128]
250. 8 grans of;. rcially manuf act M 5 haying..a,sili.ca tg.alum na
nole ratio ofS'lécg:C%Q{\%nggpdrﬁruerl' ed M T%O%%%%gkr@ﬁsw% B M?C{;%Itlhg gé)lflsﬁlfad race
silica, 23.6 pvaws LofloxAERa®D|11sg bi sibicaafitbglss® AlgnIhENSfSPVehddO€! g nibtaduytic

cel | ul ose. ter. nd theuresult ) Xt Uk was truded. i nt,o a
2mm di anet e%%@%?%\%ﬁ@gqq&gex%%vé'ew ﬁ%ewﬁbgggﬁc{qé)nérgéggxt rt‘Jg%31tb%h({vgvansux'olPlf heed at
120C for 15 houersl ardextindsl te /167 meudatexBERE. fToe e@hdhto wrs drigddOd 29tin8Dingr ans
of the resul tank. sil o e o10] = ) at..a bE
(30 /mn ranp rat gﬁllun‘:%flffn?rgglggrrslZagmﬁgﬁ%ufgfg%ﬁ%‘%ﬁ giﬁ t}{eékgqeurpl éalte %25 Ft W ce
exchanged wi t(B°G/mhutof THeldeNHAKIOB [soll wks medsgredm BfS. Twis vialXRfomalgsie hour ,
then dried and calcined in air for 6 hours at 1000F (540C) at a 5F (3C)/mn
ranp rate. The processed material, having 30 a core crystal size of 2.3

m crons was ikmamplptated with 4. 14 grans of ammoni um nol ybdate tetrahydrate.

for 2 houre dioc: han s RateivEl EahRetiadtohdaRal abie Wi Aumgeo o e = o
resul ting Mo zireaned cajgdist prstadder @&t grombef B¢ GloMl+pi veerXRE anaitly 83 g of zirconium

(V) oxide (Aldrich, 99%) for 10 minutes. Water was added to produce a 68.6% solids mix.

The material was extruded to 1/10" cylinder extrudate. The extrudate was dried and calcined

in a muffle furnace for 6 hours at 1000°F (540°C) in flowing air with a heat up rate of 5°F

25 (3°C)/minute. The resulting Mo level was measured to be 4.0 wt% via XRF analysis.

Example 9

[00125] The material of Example 1 was used to prepare a 80 wt% MoZSM-5/ 20 wt%

zirconia catalyst particle. 84.2 grams of the Mo/ZSM-5 were mulled with 20 g of zirconium
30 (1V) oxide (Aldrich, 99%) for 10 minutes. Water was added to produce a 63.8% solids mix.

The material was extruded to 1/10" cylinder extrudate. The extrudate was dried and calcined

in a muffle for 6 hours at 1000°F (540°C) in flowing air with a hcat up rate of 5°F

(3°C)/minute. The resulting Mo level was measured to be 5.2 wt% via XRF analysis.



- 32 - Exanple 13 [00130] 30 grans of the unbound comrercial ly manufactured
ZSM5 crystals (silica to alumna nole ratio of 80:1) used as the starting
material in Exanple 12 were heated to 950F 5 (510C) at a 5F (3C)/mn ranp
rate in nitrogen and held for 3 hours. The crystals were tw ce exchanged
with 5 m of INNHANG3 sol ution/gram of crystal for one hour. The crystal
was dried and calcined in air for 6 hours3iat 1000F (540C) at a 5F (3C)/mn
ranp rate. The resulting crystals, having a Si/Al 2 of 80 and a crystal size
of 2.3 microns were inpregnated with 4.14 grans of ammoni um nol ybdat e
tetrahydrate. _The erial was 10 calcined in a nmuffle in flowing air all
with 5C ranp F3A"™®¥€{%r 2 hours at 70C, then 2 hours at 120C and then 5
hours at 500Q00TYe¢ rEsuhdtiriagoMxahgleel wivased@asefaet: dowideMdZOMAL/ V5% isidicotRF

anal ysi s. Exanpl. 4 15[.00131] 121.gr of t Sidi ound 5
extrudate pr O%Ebégeégq ‘ﬁt/%%g‘f*?‘pﬁa lyfzp,a%téfgedaﬁgﬁs e ?E‘Lretpeelgll ’gﬁﬁd'géﬁe{ﬁ rﬂégl‘\@t‘ﬁ%zé,g wer e
pl aced i n an @uiloel(Gme: DogehlatdoHER0Y 1B g@ff aifisa @fcgsedillmdiydndsPded 156
grams of tetragpropyl ibum bram.de and 131.4 gransg, aof water. The ..

aut ocl ave ms‘%f%%%ﬁ@%ﬂ%@%ﬁ 1;8ﬁm§§?151fﬁwsa}st (])W Tg‘%@bga‘éf%tt%gﬁ‘?d%idréé‘i RES at
thi s tenperatwixe TermBGisheus sxtrudbetor BRIy Amter zaealklitt e Tho uxtehdZiSMaS dwed and
renoved fromthe autocl and 20 sh o emncralized water until the
conductivity C(%PC he" Wagh ™ |Iiﬁlﬁ(fe(f% [\A%}é\&lr‘se%go%ggs%og} ngf’@%rg/aérrﬁ’ W[if)geféliﬁ 1. 25
grans of the af@ShedCyreolict &hbesuiche2GMdclwers encheatded bt 47 95BFi BROG)alyats. a S5F
(30 /mn np rate in nitrogen and held for 3 hours. The product was tw ce

exchanged with 5 ml of I N NHANOG3 sol uti on/ gram of product for one hour and
then, after Baogideling, was dried calcined in air for 6 hours at 1000F

(5400 at a ) [t a te . The resulting c al,yo Vd a.core
crystal si zeslg?l(zg.% Tﬂe%}%%gp %n%aﬁp]ﬁiln‘ﬁalsﬁl@e cr fgetpgﬁe agéltszvét/gybégl.@(é /rn%g/?: ?lgf'losn , was
i npregnat ed wiathide201wt"grian®s cethlystrpagivieu nd 4@ grbdabethe dtde/a8yer ate. milled with

mat eri al was l,Ci » fIle,kn flow ng.ai.r all. . w r rates for
GaliCf ey, 1 Eakald OW DG Ao YRiaplon’ &

2 hours at 70%, t%en %Jnl}oﬁ)regyb& 1%%?0“l an% t%gn%g%o%ﬁs}mai( 'g - 'rlﬁﬁemmue

resul ti ngl3\b ihtewels. Wégerrmeasddeldo tpoodoes 805.6%00ldOmixi al h¥XRFatanbivys xgruded 033 -

Exanpl e 15 /10" cylinder extrudate. The extrudate was dried and calcined in a muffle furnace for 6

hours at 1000°F (540°C) in flowing air with a heat up rate of 5°F (3°C)/minute. The resulting

Mo level was measured to be 4.8 wt% via XRF analysis.

20  Example 12
[00128] 250.8 grams of a commercially manufactured ZSM-5 having a silica to alumina
mole ratio of 80:1 was mulled with 247.8 grams of Nalco AG colloidal silica, 23.6 grams of
Aerosol silica and 1.74 grams of Methocel methyl cellulose. Water was added and the
resultant mixture was extruded into a 2mm diameter cylindrical extrudate. The resultant
25  extrudate was dried at 120°C for 15 hours and then calcined at 550°C for 24 hours.
[00129] 30 grams of the resultant silica bound ZSM-5 was heated to 950°F (510°C) at a
5°F (3°C)/min ramp rate in nitrogen and held for 3 hours. The material was twice exchanged
with 5 ml of 1N NH4NOs solution/gram of crystal for one hour, then dried and calcined in air
for 6 hours at 1000°F (540°C) at a 5°F (3°C)/min ramp rate. The processed material, having
30 a core crystal size of 2.3 microns was impregnated with 4.14 grams of ammonium molybdate
tetrahydratc. The material was calcined in a muffle in flowing air all with 5°C ramp rates for
2 hours at 70°C, then 2 hours at 120°C and then 5 hours at 500°C. The resulting Mo level

was measured to be 6.0 wt% via XRF analysis.



[ 00133] Each of the materials described above were sized to 20/40 nesh,
diluted with 25 to 35 vol % quartz and forned into a catal yst bed having a
|l ength of 6 cmand a dianeter of 0.6 cm(length to diameter ratio of 10).
Each catal yst was then evaluated for first cycle 5 performance in the
dehydrocylizati on of methane. In each case, the catal yst was first
activated under conditions of 15% CH4- H2;3xanp from 120C to 800C at 5C/ mn
and hold for 0.5 hr (15000 nL CH4-H2/g catal yst/hr to form Mb2C. The
conditions of the cat aI yti C eval uation were 800C, 2%CO2, 10%12, 4.5% Ar,
bal ance CH4 a{(‘i V\H§ = 4. The materials were all conpared
consistently &t*"™P V based on the active Mb/ZSM 5 wei ght 10in the

catal yst. The[ooexyl tiE) an@s Sf'lﬂlwrlmbdmnﬂ:lc@hifrﬁﬁna]lytr@dnﬁfdctul[cam]s chydtals @ulicetd |

t he benzene sel ecti v i es he 65 wt % MbZSM 5 terials of
Eanpl os 2. g e Sy 08) fSdoR A AT o TR e e OU o0 T
Mb/ ZSM 5 of Esaonol) et 4 5°H (13°C}7hemamea rat id nitreg@sdngd hald fboSvhbirse Taa c@ttaleamo( <50
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Selocti vty conse e R B AN o RE ST STe! FPe e cie B Hor i ng
a singl e cycless d@letl hodigdicihdieintairt fand doleundhosanpke @ ec b isAe 3 Cimpefatpramnce

with multipl eneration cycles (not s The umn und catal st
shows poor p:?}f o% ']?n K COYPIELS; éavé%?e%lhtoggﬁn%‘gt *G’tzf‘m |%ﬁ "ot eynum
nol ybdat e, \Ahmrpi‘cgnmcawltaetlék/glamke mrmdmmrmolﬂﬁememsdfaﬂae Tl yhdenunas
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MbZSM 5/ 35 wW298Gamidben frivwes tai09°@f TE(zasmﬂu@sMa,levél,wﬁ,maﬂldethoarees Corpaied to
t he neat M/ asample 1 for CHA conversion. Simlar to the results seen
for the benzene vyi &’d data, the zirconia and titania bound materials have
conpar abl e conver si on to the neat Mb/ZSM5 but are nore stable during a
single cycle. 'I;nﬁ) m na bound naterial shows poor perfornance. The silica
bound materi aFF wed 25conversion internedi ate between the zirconia and
titani a arid t[A&13d] uni2hgraos whdhenalice boaldsZSNO0kB6Jatd pro&incgdlrreE)&mpﬂdwe. lamhmene

2 b and 5 areigiBa Bagh O ety AL BN I TheclBLRIA P 3, & BB *
mat eri al s of bgshargk.el Zam5 of FstrapmodylGanamehitrh dtonpfle taﬂrﬂelhleéhgrdmmzsma oThe
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pert or maribe. oReiQIRASE izl e EANRI HF bond RIS GE D 2 OHG g s ERSENR ét 1
i's conpared mycrofemperfornmance of the Mb/80:1 silica to alumina nole - 34
2l i na ol o (107D SR ol op b MR QERAORGME £ S 5 BRHARo SR (SLELER 1°
silica to al andHaGielminr mmporaZSivt Sitrogen Bxenflle far43 haprst hEhet preduchfwas ritvércest ,
<50 m nutes, e&mﬁ%mlmt Bl bia'ni I\%Pﬂlbais& P&/g%rjn'o??xeolags%f on@%toﬁrr 1Al theht Dfer

catal ysts of “Exa and enzene simlar to that of the
5 unbound3Nb/ARSN: wamdr@wamt@nlmfer%@m ﬁd@OQ"ﬁéS%@)edtZgRE@ €Vt raing ragg. the

catal ysts of Tﬁ%‘?ém 1§ calgfys@ﬁ\gw]]réa%&% PG Nsib AT ey m?c'&ﬁ\ aﬁd‘gb%%(gféry%b’ 35S

used in Exanple 1, IS 1s a very encouragi ng result gure
t he catal yt| éoéémﬁ@rlwmenmgr@hé witht4aldi garanef agindnamn pelyhdntarigtralyideies Tk

Exanpl es 3 angdfi.fl8 GRMRATEAMihn hbEinR &l ANWRNCE Bhp thE S hNA §7boc,
mat eri al s containin
then 2 hours at 120°C and then 5 hours at 500°C. The resulting Mo level was measured to be

30 6.0 wt% via XRF analysis.



10 15 wt% silicon carbide, Exanples 10 and 11, and that of the neat

Mo/ ZSM5 of Exanple 1. In the tinme scale of interest, < 50 mnutes, the
presence of silicon carbide in the catalyst particle does not significantly
i npact performance. Silicon carbide may provi de advantages in density,
thermal conductivity, and heat capacity of the catalyst particle. 15

Al ternative enbodi nents 1. A catal y3- conprising a support and

nol ybdenum or a conpound t hereof dispersed on 20t he support, wherein the
support conprEsasplabs al um nosilicate zeol ite conbined with a binder

selected fro | 44h C ni a r dmxtur r I n
the catal yst H‘OEHST’ tljba%dng]to %a IV lesed%o 4 ur(ﬁler]YJVﬁrleé‘&z %?’n@?ﬁ me*%h(g%feg IEWeT k of
t he al um nosi foi3XSabs Z{@iﬂizldhéformed into & catdlire baahairggsatle@th pd agraph didrrMthbiEl n

t he al um nosi /| cat oI| has NS m na nol e, rati p bet

about 14 and (lé%) &%g\ (féameﬁ{ muoa? a:l aEaCE Cata g‘?%pﬁm‘lev&iuatﬁgr%é\rggrépﬁyc
wherein the a;bqnﬁmrmm lin ¢lat éshz&obylﬂzalohaﬁ” mtﬁ)rmst makarh daguglebe bmiy\eexmbaiﬁx@ut 1
and about 12. cat 0 recedi e| n e

al uni nosi | | caatcgmgéeo recocrzlo1 i 0535/%%@ ratp %@9 ﬂg&%ﬁé&ggt 2,? < ?ndmﬁf
precedi ng parfagfapgh (amo mdnﬁHu—Eﬂz/gqatfakystmradmﬁmm Mo, t’ﬁheadmdmoxibom%mtgmdaenum
O ol e, compount L N GRl socel £ 8L 26h.AS £ eIE oW YRAGANT, by, wel Of, of

the total cata paragraph a
conprising f rromra?tbi)wrc all tmnial&mmonsgﬂc%@f 4tWiéS‘b bmsdéon by ammcg%o/ZSM i veight

SUppoOrt. 1o inthe catalyst. The results are shown in Figures 1 to 5.
[00134] In Figure I, the benzene selectivitics of the 65 wt% MoZSM-5/ 35 wt% binder
materials of Examples 2, 4, 6, and 8 are compared with that of the neat, unbound Mo/ZSM-5
of Example 1. In the area of interest, at low time on stream (<50 minutes), the zirconia and
titania bound materials were found have benzene selectivity comparable that of the neat

15 Mo/ZSM-5 but more stable during a single cycle, although the titania bound sample declines
in performance with multiple regeneration cycles (not shown). The alumina bound catalyst
shows poor performance; it is contemplated that the formation of aluminum molybdate,
which is an active coke producer, decreases the molybdenum available to form molybdenum
carbide in the activation step. Silica is seen to have intermediate performance.

20 [00135] In Figure 2, the four 65 wt% MoZSM-5/ 35 wt% binder materials of Examples 2,
4, 6, and 8 are compared to the neat Mo/ZSM-5 Example 1 for CH, conversion. Similar to
the results seen for the benzene yield data, the zirconia and titania bound materials have
comparable conversion to the neat Mo/ZSM-5 but are more stable during a single cycle. The
alumina bound material shows poor performance. The silica bound material showed

25  conversion intermediate between the zirconia and titania and the alumina bound materials.
[00136] In Figure 3, the benzene selectivities of the 65 wt% MoZSM-5/ 35 wt% binder
materials of Examples 2, 4, 6, and 8 are compared with those of the 80 wt% MoZSM-5/ 20t%
binder materials of Examples 3, 5, 7, and 9 and that of the neat Mo/ZSM-5 of Example 1.
The results for the 80 wt% Mo/ZSM-5 materials mirror those of the 65 wt% materials,

30  confirming the positive performance achieved with both zirconia and titania. Use of either
less alumina or less silica improves the performance of the catalyst.

[00137] In Figurc 4, the catalytic performance of the Mo/25:1 silica to alumina mole ratio

ZSM-5 of Example | is compared to the performance of the Mo/80:1 silica to alumina mole



7. The catal yst of any precedi ng paragraph wherein the binder is a porous
crystalline material. 10 8. The catalyst of any precedi ng paragraph
wherein the support further conprises a filler separate fromthe binder and
the alum nosilicate zeolite. 9. The catal yst of paragraph 8 wherein
the filler is present in an anount from about 0.1 15 to about 60 % by

wei ght of the support. 10. A process for3tonverting nethane to higher

hydr ocar bons i ncludi ng aronmati c hydrocarbons, the process conprising
contacting a fae'eétStvbmfrEmimpg 12ethb Bpémor thbussilde hyehdaoylclilicz &t 4loming atold isd 1 N

a reaction zo con ffe ive copvert the2

aromatic hydrgca?&ggﬁ%dm{)lﬁg5 ﬁg}}fr gl Czbzgfl?(%go‘g%{{}%%}ﬂm%r&%??Eﬁtlﬂ%ggfgﬂgport
and nol ybdenuﬁxmmealzcommsumde bheremf <d0 spersete ovo miterisu@paiding Wianaider t he
support corrprlses um no I|c eoI t e, copbi ned th bi nder,. and
wherein the bi'Aget: ﬁ'lg Cata]ﬁf%tf 8?\? & B S RTRTR y‘%‘%ﬁi@i\arp‘i"og%s"gt or
convertings n”emrﬂvame{ Mo/ZsMghef Eheymiﬂ@nta[b@nshat mie doeti ASM T apails of ty diteigas bons,

t he process c tact| ng nmet hane w
dehydr ocycl i zg‘f 5’n (:]21%3 I SE UG F“g% tﬁant e%g% rr?'d%]r’ %o ﬁirh(e’ﬁaglﬁteme?k%b‘ﬁ ve
to convert thwymtchuam@ngmm omati c hydrocarbons, the dehydr ocycl [ zati on
S?ts S‘le?_/zte dcgrr:p[{()hlskzg 13 B %upeo 9 I’tﬁe cataglyt{c}{) P r%%gyen%ﬁ%eoﬁtﬁt}lf? ge&s) 12% Hr?c{ mateuals of

al um nosi | i caEamp@sBlané7 @wxionmeudd wiith thegpebibomabare sfeheatued!ichtr oaesald ¢0®&ining
titania, rc r t her.eof

par agraph%dlo %N%a?g%r“?ﬁ@#lg rlegllﬁ i ?ulal @3?9 al Oft&? rsleatsg/@/% g i%a F%IX Ifl? ée of
al um num ext elnribd titng stdhe of memestvor kKO oﬁnx@dsuﬂmmaﬂmmﬁts@cmeodrblﬁe in th.’t&atafb'fbte
process of a €4 S 12 vvhe i n um _nosij

Dol to has SAEyEs e AN b b e Sl PG S 11 B 8B 500
14. The procesgemity, ahﬂyrndwencbltti\pmmgmaph@acm ofwbe &Blystpertielen t he

alum nosilicate zeolite has a Constraint |Index between about 1 and about
12. 1015. The process of any one of paragraphs 10 to 14 wherein the

al uni nosi |3 cate zeolite conprises ZSM 5.

Alternative embodiments

L. A catalyst comprising a support and molybdenum or a compound thereof dispersed on
20 the support, wherein the support comprises an aluminosilicate zcolitc combined with a binder
selected from silica, titania, zirconia and mixtures thereof, and wherein the catalyst is

substantially free of aluminum external to the framework of the aluminosilicate zeolite.

2. The catalyst of paragraph 1 wherein the aluminosilicate zeolite has a silica to alumina

25  mole ratio between about 14 and about 500.

3. The catalyst of paragraph | or paragraph 2 wherein the aluminosilicate zeolite has a

Constraint Index between about 1 and about 12.

30 4. The catalyst of any preceding paragraph wherein the aluminosilicate zeolite comprises

ZSM-5.



16. The process of any one of paragraphs 10 to 15 wherein the catal yst
conprises fromabout 0.1 to about 20 % nol ybdenum or the conpound thereof,
cal cul ated as el enental 15nol ybdenum by wei ght of the total catalyst. 17.
The process of any one of paragraphs 10 to 16 wherein the support conprises
fromabout 1 to about 90 % of the binder by weight of the support. 2018. The
process of any one of paragraphs 10 to 173sherein the support further
conprises a filler separate fromthe binder and the al um nosilicate
zeolite. 19.5The Thatahlysbf afy fpaeaigs ppiprddd 2w esreirRing f@nf dbbliteX 1 boSbfresent in

an anount from ut 0.1 to about 60 % wej ght of the ort. 25 20. A
process for c@ﬂ@Q%PWﬁd"#ﬁiﬁﬁﬁ@w%omﬁ?ﬂ%éﬁxﬂﬁﬁi%b ?ﬁ%ﬁi“PH@H%@Fh yd%ﬁﬁﬁ??c
hydr ocar bons, tht hveal pstelg@ss conpri sing contacting a feed conprising nmet hane
wi th a dehydrocyclization catalyst in a reaction zone under conditions

effective to convert the nethane to aromatic hydrocarbons, the
dehydrocycs i zat i orThe aitallyyt ot agoppsclBi PErag@pty hdeompriSAsfippabsed t©abqaant tcl es

havi ng an aver .S ze bet about 50 and about 5000 tm and a density
bet ween aboutm?%%mgkagéﬁgﬁ%gggﬁdumﬂﬁft3. - 37 - 21. The process of
par agraph 20 wherein the particles have an average size between about 100
and about 500, pm .22. The process of paragraph 20 or .paragraph 21 wherein
the parti ol es” havd 16 cadhg By ERET ol P Th Wi nag Bt P60 ramaiain s
The process ohataty. one of paragraphs 20 to 22 wherein the particles have a
heat capaﬁ;ty greater 0.7 kil ojoul es/kgrK

8. The catalyst of any preceding paragraph wherein the support further comprises a filler

separate from the binder and the aluminosilicate zeolite.

9. The catalyst of paragraph 8 wherein the filler is present in an amount from about 0.1

15 to about 60 % by weight of the support.

10. A process for converting methane to higher hydrocarbons including aromatic
hydrocarbons, the process comprising contacting a feed comprising methane with a
dchydrocyclization catalyst in a reaction zone under conditions cffcctive to convert the
20 methane to aromatic hydrocarbons, the dehydrocyclization catalyst comprising a support and
molybdenum or a compound thereof dispersed on the support, wherein the support comprises
an aluminosilicate zeolite combined with a binder, and wherein the binder is substantially

free of aluminum.

25 11. A process for converting methane to higher hydrocarbons including aromatic
hydrocarbons, the process comprising contacting a feed comprising methane with a
dehydrocyclization catalyst in a reaction zone under conditions effective to convert the
methane to aromatic hydrocarbons, the dehydrocyclization catalyst comprising a support and
molybdenum or a compound thereof dispersed on the support, wherein the support comprises

30  an aluminosilicate zeolite combined with a binder selected from silica, titania, zirconia and

mixtures thereof.



10 24. The process of any one of paragraphs 20 to 22 wherein the support
conprises an alumnosilicate zeolite conbined with a binder. 25. The process
of paragraph 24 wherein the binder is substantially free of alum num

1526. The process of paragraph 24 or paragraph 25 wherein the binder is
selected fromsilica, titania, zirconia and m xtures thereof. 27.The
process of any one of paragraphs 24 to 263&herein the support further
conprises a filler separate fromthe binder and the al um nosilicate
zeolite. 20 [0D1391héhidcesstoligarprrgmeldtoripmugaih Dnwivasn e emalgl@sciubhigdiafn eee
ilTustrated by.refer ence 10 ﬁlarti cul ?r lelnbodi,.[’ﬂa,nts i hose of ordinary skill
inthe art wi %/ﬁd'”énﬁ)‘ﬁ'ﬁ%é’f ST 0 RS erREOT 90 EHPSH P38t sel f to variations
not necessarily illustrated herein. For this reason, then, reference should
be made solely, to the appended clains for, K purposes.of determ.ning the true
scope of 25t h?'pr esgll?focgbwg?ﬂyio&ﬁ?%qa sl 05?‘ erei“.thAab“anﬁ%%ﬁte%Bt’ﬁﬁ?’F"si ng
a support anda sitidayb diemirmnnailc atic barpeuntodthénebdbodi 8per sed on t he support,
wherein the support conprises an alumnosilicate zeolite conbined with a

bi nder 5selected fromsilica, titania, zirconia and m xtures thereof, and
wherei n the cht al yit piosess ubstyant b&pdragrdphe &) ©f 13 adhdrsintiernliaxinesiiale teolit: hes

framework of egegnsf’%!airliltrpncri]egisoleév&lfegr? gb%utz Iez%ldlaggdt 12.

10 15, The process of any one of paragraphs 10 to 14 wherein the aluminosilicate zeolite

comprises ZSM-5.

16. The process of any one of paragraphs 10 to 15 wherein the catalyst comprises from
about 0.1 to about 20 % molybdenum or the compound thereof, calculated as eclemental

15 molybdenum, by weight of the total catalyst.

17. The process of any one of paragraphs 10 to 16 wherein the support comprises from

about 1 to about 90 % of the binder by weight of the support.

20 18.  The process of any onc of paragraphs 10 to 17 wherein the support further comprises

a filler separate from the binder and the aluminosilicate zeolite.

19.  The catalyst of paragraph 18 wherein the filler is present in an amount from about 0.1
to about 60 % by weight of the support.
25
20. A process for converting methane to higher hydrocarbons including aromatic
hydrocarbons, the process comprising contacting a feed comprising methane with a
dehydrocyclization catalyst in a reaction zone under conditions effective to convert the
methane to aromatic hydrocarbons, the dehydrocyclization catalyst comprising molybdenum
30 supported on particles having an average size between about 50 and about 5000 pm, and a

density between about 100 and about 1000 1b/ft”.



2. The catalyst of claim1l wherein the alum nosilicate zeolite has a silica
to alumna nole ratio between about 14 and about 500. 3. The
catalyst of claim 1l wherein the alum nosilicate zeolite has a Constraint

| ndex between about 1 and about 12. 4. The catalyst of claim1l wherein the
alum nosilicate zeolite conprises ZSM5. 5. The catalyst of claim1l and
conprising fromabout 0.1 to about 20 % n®l ybdenum or the conpound t hereof,
cal cul ated as el enmental nol ybdenum by weight of the total catalyst.

6. The cat al y3t. ofThelpaicess bf pargkrghrrpritstenghé pomalahaud anlaviagadiultvd@n ¥0af t he
bi nder by 20 Qﬁh@t;cﬂ @pe support. 7. The catalyst of claiml|l wherein the
binder is a porots 2% Mine material. 8. A process for converting

nmet hane to hi gher hydrocarbons including aromatic 25hydrocarbons, the

process conpri.sing.contacting a f conpri si met hane with a .
dehydrocycliz%'iog”%éf%?V§#qgﬁgﬁmﬁégé¥Wg%gfﬁhgpﬁﬁﬁﬁp‘gﬁﬁﬁ??¥%ﬁ§@éT?%§?Xve
to convertst hectwehhbne 1 30andrbemt 7Cibiydr ocar bons, the dehydrocycli zation
catal yst conprising a support and nol ybdenum or a conpound t her eof

di spersed on the support, wherein the support conprises an alum nosilicate
zeol i te conbizted wiht pravedi afday ,onand pahgegisr2ot oe22bivhden the patiisd Rt iaahday 30
free of alunigyg%t %géEo}gﬂdTQeﬂfmgpess of claim®8 wherein the

al uni nosi | i cat®*Z&§ e  has¥a % ¢a to alumina nole ratio between about 14
and about 500. 511. The process of claim8 wherein the alum nosilicate

zeolite h Constraint | ndex hetween abo 1 .and about 12. 12 The process
of claim g&vﬁzeélr' ei rsifth? I%ocgbuog‘iaﬁ STy P}é\g%%gr%pg%:&?)ttg Zgo%beﬁl%éhse 2B 5SS Fhe
process of cladumngsilvdaerzedlite tdndiredtvadhydlindeonpri ses from about 0.1 to about

20 %

25.  The process of paragraph 24 wherein the binder is substantially free of aluminum.

15 26.  The process of paragraph 24 or paragraph 25 wherein the binder is selected from

silica, titania, zirconia and mixtures thereof.

27.  The process of any one of paragraphs 24 to 26 wherein the support further comprises
a filler scparate from the binder and the aluminosilicate zcolitc.

20
[00139] While the present invention has been described and illustrated by reference to
particular embodiments, those of ordinary skill in the art will appreciate that the invention
lends itself to variations not necessarily illustrated herein. For this reason, then, reference
should be made solely to the appended claims for purposes of determining the true scope of

25  the present invention.



nol ybdenum or the conpound thereof, calcul ated as el enental nol ybdenum by
wei ght of the total catalyst. 14. A process for converting nethane to

hi gher hydrocarbons including aromatic 15hydrocarbons, the process
conprising contacting a feed conprising nmethane with a dehydrocyclization
catalyst in a reaction zone under conditions effective to convert the

nmet hane to aromati ¢ hydrocarbons, the dehydrocyclization catal yst
conpri si ng nol ybdenum supported on particles having an average size between
about 50 and ghand 5000 gm and a density between about 100 and about 200
Ibift3. 20 15. The process of claim 14, wherein the support conprises an
alum nosilicate zeolite conbined with a binder substantially free of

al um num L. A catalyst comprising a support and molybdenum or a compound thereof dispersed on

the support, wherein the support comprises an aluminosilicate zeolite combined with a binder
5 sclected from silica, titania, zirconia and mixturcs thercof, and wherein the catalyst is

substantially free of aluminum external to the framework of the aluminosilicate zeolite.

2. The catalyst of claim 1 wherein the aluminosilicate zeolite has a silica to alumina

mole ratio between about 14 and about 500.

10
3. The catalyst of claim 1 wherein the aluminosilicate zeolite has a Constraint Index
between about 1 and about 12.
4. The catalyst of claim 1 wherein the aluminosilicate zeolite comprises ZSM-5.
15
5. The catalyst of claim 1 and comprising from about 0.1 to about 20 % molybdenum or

the compound thereof, calculated as elemental molybdenum, by weight of the total catalyst.

6. The catalyst of claim 1 and comprising from about 1 to about 90 % of the binder by

20 weight of the support.
7. The catalyst of claim | wherein the binder is a porous crystalline material.

8. A process for converting methane to higher hydrocarbons including aromatic

25  hydrocarbons, the process comprising contacting a feed comprising methane with a
dehydrocyclization catalyst in a reaction zone under conditions effective to convert the
methane to aromatic hydrocarbons, the dehydrocyclization catalyst comprising a support and
molybdenum or a compound thereof dispersed on the support, wherein the support comprises
an aluminosilicate zeolite combined with a binder, and wherein the binder is substantially

30 free of aluminum.

9. The process of claim 8 wherein the catalyst is substantially free of aluminum cxternal

to the framework of aluminosilicate zeolite.
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10.  The process of claim 8 wherein the aluminosilicate zeolite has a silica to alumina

mole ratio between about 14 and about 500.

11. The process of claim 8 wherein the aluminosilicate zcolite has a Constraint Index

between about | and about 12.
12 The process of claim 8 wherein the aluminosilicate zeolite comprises ZSM-5.

13, The process of claim 8 wherein the catalyst comprises from about 0.1 to about 20 %
molybdenum or the compound thereof, calculated as elemental molybdenum, by weight of

the total catalyst.

14. A process for converting methane to higher hydrocarbons including aromatic
hydrocarbons, the process comprising contacting a feed comprising methane with a
dehydrocyclization catalyst in a reaction zone under conditions effective to convert the
methane to aromatic hydrocarbons, the dehydrocyclization catalyst comprising molybdenum
supported on particles having an average size between about 50 and about 5000 um, and a

density between about 100 and about 200 1b/ft3.

15.  The process of claim 14, wherein the support comprises an aluminosilicate zeolite

combined with a binder substantially free of aluminum.



