AROVATI ZATI ON OF METHANE W TH COMBI NATI ON OF CATALYSTS
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FI ELD [ 0002] The present invention relates to processes and systens
for aromati zati on of | ow hydrocarbons, including production of
aromati ¢ hydrocarbons from natural gas. BACKGROUND [0003]It is known
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activated to provide i nproved aromati zati on performance such as
benzene yield from nmethane aromati zati on. [0004] Representative

publ i cations of such research results include Sm eskova et al.
"Aromati zati on of methane on Mo nodified zeolites: Influence 1

FIELD

[0002] The present invention relates to processes and systems for
aromatization of low hydrocarbons, including production of aromatic hydrocarbons

from natural gas.

BACKGROUND

[0003] It is known that dehydroaromatization of methane (CH4) under non-
oxidative conditions is thermodynamically more favorable to aromatics than to
olefins, and molybdenum-modified zeolites or aluminosilicates such as Mo/ZSM-5
and Mo/MCM-22 are found to be effective catalysts for such reactions. Extensive
research on the performance of such catalysts has been conducted and reported,
and it has been found that the production performance depends on the structure
and composition of the catalyst tested and how the catalyst is activated. Thus,
research reported to date has focused on identifying a catalyst that can be
activated to provide improved aromatization performance such as benzene yield

from methane aromatization.
[0004] Representative publications of such research results include

- Smieskova et al. "Aromatization of methane on Mo modified zeolites: Influence
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[ 0006] I n accordance with an aspect of the present invention, there is
provided a nethod in which a heated reaction gas conprising nethane
is contacted with a first catalyst and a second catal yst to catal yze
production of an aronmatic hydrocarbon. The first catalyst is nore
active than the second catalyst for catal yzing aromati zati on of

met hane, and the second catalyst is nore active than the first

catal yst for catalyzing aromati zation of ethane. At |east one of the
first and seGdHIMPAdRMIl ysts may be an al uminosilicate zeolite nodified
by a transition netal The first catalyst nay be a MCM 22 zeolite

nodifie a first sition he second ,c yst
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I nvent| ?é‘mperature of about 600 to about 700 °C. Prior to contacting the reaction gas, the
first and second catalysts may be heated to at least 300 °C in the presence of

propane. The weight ratio of the first and second catalysts may be about 1:1.

[0007] In another aspect, there is provided a reactor for producing
aromatic hydrocarbons from a reaction gas comprising methane. The reactor
comprises a conduit defining a reaction zone for the reaction gas to react therein;
and a first catalyst and a second catalyst in the reaction zone. The first catalyst is
more active than the second catalyst for catalyzing aromatization of methane, and

the second catalyst is more active than the first catalyst for catalyzing aromatization
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[0011]FIG 2 is a schematic sectional view of a reaction zone of the
reactor of FIG 1; and [0012]FIG 3 is a data graph show ng
representative production results in exanple aronati zati on processes
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[ 0013] A process for produci ng aromati c hydroc ons”'from a reaction
gas contzaotiiengodiietdyea faositidn mgetah Thel fast extaysbodiyrbens 30OM-2heeolite
present iny né'éon 1j,s illustrated ITE‘ FI G % Aﬁ shown, the reaction
gas is feedifigd By adist brnsiion metahiTor sasend cakalysmanbe fgSHeS Realited
under n ! IV, FAd<oish r : | rm&gﬁ@ and
ot her p?@%ﬂﬁ%gﬁg&%@aﬁ{fm ogen&gf%bwﬁgﬁr%@%ﬁ%ﬁ%s may be a

nat ur al tgesitionypetsdmayabe madlylesesn.niach catalykd may gompiisé abeot did % of

met hane (CH4 1 to, 15 nmoN O_of ethan [-16) ..0.,.01 1o 10 | %

of b opAELt 3Me SUFONbASTY oo SRAT BLAY ik B2 ORI er e
m nor  camIRESighilfaBio a6 fiN a9RASEBNd 2afflydts n?éWb@faBS[lt gynt hesi zed
or naturally existing gases or m xtures of gases that contain | ow
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conpl etel y understood. However, the overall reactions may include a
reacti ohGHESUI t that can be described as: 6 CH4 = 9 H2 Cb1-1s. (1)
[0016] I n the sel ected enbodi nents, ethane is al so expected to be

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] In the figures, which illustrate, by way of example only,

embodiments of the present invention,

[0010] FIG. 1 is a schematic diagram of an aromatization process using a

reactor, exemplary of an embodiment of the present invention;

[0011] FIG. 2 is a schematic sectional view of a reaction zone of the

reactor of F1G. 1; and

[0012] FIG. 3 is a data graph showing representative production results in

example aromatization processes with different configurations of catalysts.



present in reactor 10. Ethane may be included in the input gases such
as the reaction gas, or may be forned in reactor 10. As such, the
overal |l performance of the aromatization process can be enhanced by
including in reactor 10 a conbination of catalysts where a first

catal yst is mpEfARHED WEdERIFEABN Y2Zi ng aromati zation of nethane and a
second catalyst is nore active for catalyzing aromati zati on of
ethane. A catalyst is nore active if it provides a higher yield of

t he desi[P@t3)r oduct A process ifor madueingmgmﬁtibihﬁ/dtdambm faomaa:téaodaion gas
catal yst for. the desired reactio out activ |on .

[ 0177 TireriEiniapnp e posaria i Seierted hpatyiits R e Pteseht Rietion i
in FIG jfstieéd FEPRS.f. eAY¥ sRBRWNtH rdakfon %)as iR Féeﬁﬁoﬂﬂl 'ﬁ‘m@hlc% the
catalyst bed 12 is placed in a conduit I4 in reactor I'n

the readeadioryg’ds prysesheateduyiteandntdridativeraanditinnsda m@@me amname

Cat ol s (9o Pt Aol BB dad el 68 2 RS Rt Ton zone. [o018] 1

sel ect ed enbodi ments, conduit 14 may be arranged vertically and the

reacti onog#4] nay be 'I'fHeQ\e@cﬁkﬁw\@m@Ih@b;Bbe dermta;taﬁagaia rﬂ'ﬁl:&l r%tuda@@é@és%ag
| east two different thes of catalysts are In catal yst bed 1

As depi ¢t@ede.re-g1 6 1@D94nel% st W@gﬂ%%@qHﬂmoi% tBHéE-b'@& % etteang (Cefled.op
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is placed downstream (
cat aI ystotﬂmdnikﬂ::r dommead:s dtheeneotiomgas maycaisalbﬁanﬁﬁthes smu«bsumz

t al t t 18 Mo/ ZSM 5 Th
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al so be arranged differently as di scussed el sewheré hereln
[ 0020] Reactor 10, catalyst bed 12 and conduit 14 may be desi gned and
const r ud@8¥hccor di Ade actualresatienshbecuring éhtaasten 10 mayriecspligated

possi b &by Ay SBcL iRl Bl e Aopkdnfon SerBlS kb b be .

combi natureiersibod dlyahysd skifles ot treegrt.nANBaRy ins@inc@satid @ompleas kictidA
may be a continuous flow reactor, and catal yst bed 12 may a fixed

cat al ystM@ehanisms raay, et by gompiaiely Widersined orowever; hepyeralipeactionsand
condui t rﬁrﬁ%mud%? ?&4\ Sl thd1eR phbiGhedd:he art according to

known tec |ques eS|gn|ng gas phase reactors. The different
conponents in the reactor may al so be constructed using suitable

mat eri al s kn@wbHie 8 IasieCgii.l | ed in the art with the (a§di ti onal

requi renent that they be conpatible with the conbination of catalysts

describ ein [0 Sonme al. a essar nt S of
reactor?qgjﬂgimd optlgiél ]'ec%o EB?V‘%ﬂBw%ﬁéH?és élﬁ fe 0fbtf’r
oper at i HFes@RGhPEaddr 105 Ethdie ARIY 5 RPRIUJRIIAGhE | iri;w( gése@%cﬁ BE e Can
be readily understood and provided by those skilled in the art in

vi ew of refetiqi gasmr raay bpdeimed in reactor 10. As such, the overall performance of
the aromatization process can be enhanced by including in reactor 10 a

combination of catalysts where a first catalyst is more active for catalyzing
aromatization of methane and a second catalyst is more active for catalyzing
aromatization of ethane. A catalyst is more active if it provides a higher yield of the
desired product, or if it has a longer lifetime as an active catalyst for the desired

reaction without re-activation, or both.

[0017] The catalysts may be placed in a catalyst bed 12 as illustrated in
FIG. 2 (not separately shown in FIG. 1). As depicted in FIG. 2, catalyst bed 12 is
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[ 0022] During operation, the reaction gas is passed through catal yst
bed 12 in conduit 14 at selected tenperature, pressure and flow rate.
The tenperature, pressure, flow rate, and other operating conditions

in cond . | 1,ed t L QV] - OXl '
denydr ot AT BT BRE FOH Wi e BrBligt bES 45 bR 4o
ski | | ed the atdv@atizdtiont @asionsltakei ladd . VEhe epaté iMsondUie14 ametatHesrdsstion
for the production process should be non-oxidative, and the reaction
gas sho®la§ GoHacts thearatahsts and seacts s refeired te as dha Fraction zoneas

oxi dative gases. [0023]1n sel ected enbodi ments, the reaction

temper aJHO’PB]' n the Iﬁ%%ougﬁhoé@Bﬁ/anth @r%M@%y‘ﬁé‘Qﬁa%@d Défgany ©

in conduit 14 may be a aoraoutl
enbodi mamdsthetrbacticragas orayt lEnfewatdomnewesy dsalepidtedtir&lGr2m t he range
of about 500 to about 900 C, such as from about 600 to about 700 C;

dth t t h
about 1 IRBEST s icn” a @t AR ST EbPES 2D salants pRReRa a3 apipivet be
sel ect edzem%;measn Hdaez Sé)ﬂﬁs‘? cu e Iptifeyis PladeupRrsEn Boh 8Sad Bepicted

conduit 14 naﬁ be about . I'n some enbodi nents, the space
vel oci t yn §IGt )elnr@éalysfobecbaz mab:@cpndtcat@lyﬁﬂgesﬁa@domwr@tmmwdhe

vel oci 1 POUPLEE ShRREREHS 248 BRI 888, 1% b et eBalPiifecsatobet
reacti omastbﬂ\namzarda@@?ﬁ pad catdIpsicks isa Mol 7819-5rextahst. SFee pb &bl
Optl mze certain aspects o t he reaction process for a gl ven

appl i catcrbAysts dozigiansbe uped, Jh?'F@B[QQHQHraé@cﬁfBBﬁlﬁtpﬁ&t/l”@@cdﬁscﬂhe‘ﬁ Suthesy
10, ar Og%ﬁqgg.slgiycgff&%ﬂi Bﬂ%dﬂﬂ tﬂf‘ef C@Qﬁg’cé%% %H&H“bé‘%rﬁa}ﬁgéggr‘ﬁ#bfgﬂﬁy gse

pr oduced. e aronatic r‘ocar pro dited T A Fe
I ncl ude disnseod eldenthera derainl ene napht hal ene, et hyl benzene, styrene,
or m xtures thereof. In particular, the reaction conditions may be

tim d f, b . tql __and xyl
251 ect oq0RBoh ment RGN, Gttt 12 ndicondul 3a R e Rk ant
differ e%n@@&&bﬁ%&o?@n&%ﬁhy %@maﬂsnérc@nnehﬁorpcﬂ %rﬂﬁ@hém;tmreééﬁéemﬁn of

reactor 10, inproved processing performance nmay be obtal ned, as
conpar edhe satalyats ireeatalyst hgd didi andowish anytiessibie ar pecessary modification in

view of, or to accommodate, the combination of catalysts described herein. For
example, reactor 10 may be a continuous flow reactor, and catalyst bed 12 may a
fixed catalyst bed. The sizes and shapes of reactor 10, catalyst bed 12 and conduit
14 may be selected by those skilled in the art according to known techniques for
designing gas phase reactors. The different components in the reactor may also
be constructed using suitable materials known to those skilled in the art with the
additional requirement that they be compatible with the combination of catalysts

described herein

[0021] Some optional and necessary components of reactor 10, and
optional or necessary equipments and devices for operating reactor 10, are not
depicted in the figures, but these can be readily understood and provided by those

skilled in the art in view of the present disclosure.

[0022] During operation, the reaction gas is passed through catalyst bed
12 in conduit 14 at selected temperature, pressure and flow rate. The temperature,
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[ 0028] For exanple, it has been found that Mo/ ZSM5 is very efficient
for catalyzing ethane aromati zation reaction. Tests show that when
only Mo/ ZSM5 7 was used, 100% et hane conversion coul d be obtai ned

decr eas RETHEIP e Eﬁﬁgﬁz%?%?ﬁﬁw%@cﬂ%%%%\%o‘?@ggt%i%%}éﬁﬂ%ﬂy il
conpar i gentroed MM dhaen-beiriatile detlyd @ absmapzatiosf ddriiittiis. TR witehdrane
aromati zation reaction. Wien only M/ MCM 22 was used, the benzene

yield colndgrgeodhy ihasmsilied lratheearhttp@ypgd pwigativesigactipns, the ceastants
d
Do 1 SsebiBFtnedtbabitton GRIBRY ShoBiN ho ERxIdRM 8 Srd rioreaBliof baene

conbi natshoualdofiotacotdid Sivicontaat akidativasdbsatavbéd/BiMl? 2s oxidaltiys igases. used
for natural gas aronmatization reaction, the conversion perfornance

from bo hane and net hane t enz t ol uene, and x ene roduct s
could baOVERY aved ofn RERCGeRDoR Ry SR S TR S dn i o acH s
cat al yStz%ne[rQQ%g]/a%roﬂPBBO I3 egﬂie k lePrb8&lrkan %Bﬁdéu@%'rﬁé)ﬁbé%%ife 11 fAplas

expect ed that MCM 22 coul iciently convert nethane

ar omat i @ .abbut 1 @Mt Hh sooumembednents oline reabmtemget‘aamrmalwbe@elém@d
produced or .unreact i f sent b eactl th

o be. di HREFES St 60 15 EBapb a0 PE S ikae FiBRT abetd dtifbAoth?Bn
Mo/ ZSM 5C; Apdahé @éétltion dressreahay beReiddcisdhoaethef rahbe d?'()oﬁftﬁéb@@tm be
enhanced. Test results indicated that both benzene yield and

cat al yt iNPatsiih ag ffogoabaltslel inabedisdd MRan both M/ ZSM 5 and

Mo/ MCM 22 were used. [0031]Wth an enbodi nent of the present

i nventi he benz [ t 9
2150 n10RALCS g FESeliged ol RRE! HackReldkit th e RacHfcsdh
non- oxi dahtiuit 1dehyy beathouiti 044t i lrswhe Britvaiveenis th;e smm:dwjeczt)jfof the

cat al yst. 0032 As c n be underst od mlar re r r ovenent
coul d” b&eRXIL WI\FBWQQQ‘?@ ana‘%gaawmiwm%%sa ramakout e
IS rmrea%fom qg or active for catalyzing nmethane aromati zati on, and
Mo/ ZSM5 i's repl aced with another catalyst that is nore efficient or

active for catalyzi ngl et hane aromatizati on. For exanple, other
cat al yst[§02$i|at have Thezsnsicet elegityu ceantioniemipepaiuee, cau@rnaebtum peassure

simlar ¢ 0 may b sutabe

el ect ed Dt Msrieatian feadisARlbREY o3fiaitrade A PLR i fesgiected
st ruct un@eptihite e&aifidspkats d¢fahé h@éﬁl&fprﬁ@éé%r@glﬁﬁ/bﬁprﬁwt ively.
Different pore structures nay be

[0026] As a result of the reactions that occur in reactor 10, aromatic
hydrocarbons and other products such as hydrogen gas are produced. Possible
aromatic hydrocarbons produced in reactor 10 include benzene, toluene, xylene,
naphthalene, ethylbenzene, styrene, or mixtures thereof. In particular, the reaction
conditions may be optimized to produce one or more of benzene, toluene, and

xylene in selected embodiments.

[0027] Conveniently, when a combination of different catalysts as
described herein is provided and present in reactor 10, improved processing
perfarmance may be obtained, as compared fo a process using only one of the
catalysts.

[0028] For example, it has been found that Mo/ZSM-5 is very efficient for
catalyzing ethane aromatization reaction. Tests show that when only Mo/ZSM-5
7



sel ected based on their effects on catalytic activity. In sonme
enbodi nents, the catal ysts may have M-I oadi ng of about 1% to about
15% and Si/2A1 ratio of 25 to 45. [0033]In view of the discussion

above, the catal cat al yst. bed be ra ed 1o optimze
the. per PURHISHE, O0HE RURe P rinr Ry o et e for 8100 MRyt REDS he
react i omepiaené iyictd. 1$OWBFer fHedb .ew i ddtréadead q@bklg«ﬁvmdthbm%ﬂaw@ms
into contact with catal yst 18. [0034] However, in sone enbodi nents,

i mpr ovedﬁﬁeb@@f’ﬂlﬂl@@a@ﬁm@dsBVIcpmi@f'@BUaMﬂéMCM 2@ thasrhesnt foond jade

Fuch 2 G Lehthy ldhahe SRUESULED SECHE ILh DBl fEl 9

enbodi meRkd, thedber2epksyidig cenit B8 mmytalifedddtea rélxpEEIARIGhtIBgelToxh weatalfy
be pl aced |n cat al ){%‘ltﬁ bed 12, without a (s%‘garatlon section for each

cat al ysteripd®s {his catahist exbioited dew sdiviafar sirieAlmatizaionei ght

ratio of g‘.ra( yst 16 and catal yst 18 may be about 1:1, or may be of
anot her val'ue such as from1:10 to 10:1. The ratio nmay be selected to
optim ze certain aspects of the reaction perfornmance or for other
consi def@®2%ns f or a'egtalmveaWWmmatmher{’meaﬁnThﬁnamm oha Ma/EEM-5

catal ysts,and i npr rfQrmance, the c sts may be s ected to
rent ) hptrt asthe MoTMES A ARAGS: wal it Tt GRS et . For
exanpl e rehdico e ém%i‘éﬂﬁfﬁe‘iforﬁw%cém %frﬁeﬂﬁaﬁe%dhﬁé&%el t8 Héﬁ%ene

presence of propane at a tenperature of at [east 300 C, such as from

450 C t dolesoe @ndowiarreomoaimstscmtdd ba3mgroveskeopmaxintized, rascompgreidast

from abou} 10 tonlog nutag | Ssuch as about 20 to 40 m nutes. The
cat al ystug'r}ga?/n}’bg ?)P B?Pg el tﬁr etreated as described in WO

2009/ 091336 to Liu et al., published July 23, 2009, the entire

cont ent §0@30whi ch angithaig ey kihiked hﬁéﬂ%@pbvflé i ®yroNic B exfpded dMbldd 22
catal yst may al so be prepared as described in the Exanpl es bel ow

[ 0038] THAdo/ M M- 2% equihgfficiantheermverbmethalre *@raraﬁﬁ?éﬁﬁv@@ﬁ'%th@ GeRvesiopy

deacti vap ERFAA b8 ritiReR HErEARE% bP unfZRREEiAHRENh the nput

conmmer cirehctappdas)athams can be efficiently converted to aromatics when it is in contact
with Mo/ZSM-5. As a result, the overall performance of the process can be
enhanced. Test results indicated that both benzene yield and catalytic stability
could be increased when both Mo/ZSM-5 and Mo/MCM-22 were used.

[0031] With an embodiment of the present invention, the benzene yield
can be expected to increase by 30% over a 150 h processing period, as compared
to a conventional process for non-oxidative dehydroaromatization of methane using

one type of catalyst.

[0032] As can be understood, similar results or improvement could be
expected if Mo/MCM-22 is replaced with another catalyst that is more efficient or
active for catalyzing methane aromatization, and Mo/ZSM-5 is replaced with
another catalyst that is more efficient or active for catalyzing ethane aromatization.
For example, other catalysts that have a zeolite structure with pore channel sizes
similar to those of MCM-22 or ZSM-5 may be suitable catalysts in selected
embodiments. Suitable catalysts may have different pore structures that are similar
to those of MCM-22 or ZSM-5 respectively. Different pore structures may be

8



[ 0039] As now can be understood, in different enbodi nents each of
catal ysts 16 and 18 may be an alum nosilicate zeolite nodified by a
transition netal. The zeolite for the first catalyst (catal yst 16)

be b 2 t th d t
(oat ol yabesd RalbdbRInGEREGE saraab il ekl h Jobfe SFERYmERS IS he
literat ld:hﬁalj)é%ﬂn?%r h&ve M&b’aﬁﬁ@ dfedRiut a9, toabsutHISy 224 si2at MEWE2S5 to
and ZSM5 is sonetimes referred to as H ZSM5 or HZSM5. The zeolite

for the4birst catal yst may al so be another zeolite that has an MAW
type franework, and the zeolite for the second catal yst nay be

anot her Jéﬁé&a]' te thagy Ur% B‘f"thg':chsc%dé%?oﬁ ét?d(}?‘ewﬂﬁé;f:a@gtﬁhgéﬁgéﬁst b&E 12

cat al yst's | um nosi i c zeolltes an escri béd

in WO 2004y DO ksdtiged o loptimizd tie perfamtindel eact as byadretigirnthe catalysts in
Particul ar conmbi hations of the different corrpon&ﬁs describ d therein
may be Sepvavthal thadeddion wsfistiromesinterenat witysalalyabh Apddhemcomes

[0040] | Bt &t Mth Céa@gtﬁgbl e transition nmetal may be nol ybdenum

In some enbodi nents, denum may provide better performance than
other netals. In sone errbodl ments, tungsten or rhenium nmay be used.
[ 0041] TIH@034Jadi ng oHawavarsinaiome etrthedireeitst enpeyed pesiorrmanes could still

41] Tiie034k :
oac ng BBt biheBaRron oar. snerrs ST sl HOTEnblee SclRiee llbuy

12 Wt % chtdiget] 18 an@thd?oEdmes nﬁtb%oﬁmwwcfatﬁlgyt fgve a Sl/ 2A| ratio of

from 10 to 100, such as 25 to 45. In sone odinents, this ratio may
be about 30 or about 35. The ratio may be selected to provide the

desi red [%3& t y. [ o@ms?e@tﬁﬂewmb@ﬁameﬂtéccﬁmﬁh(§@s16 and J8dpay feirsa-aixed
di ffer erétn |§<ﬁﬁe?ﬁ%hﬁétp"f’ééé§jt ca?'cﬂ sty 2 nigh i 2% 5‘@# 98¢t for

met hane an er a ified or a
skilled eanhtda@lmtt in view of the present di scl osure for use | n sone
enbodi ments of the present disclosure. Sonme of such techniques are

Ty R ML ERARITR S e
Feb. 13.chevst 46%rd a%ly?sﬁStrﬁa Bidhoek 19, or §e%$8n8t516rb§|ubcéudﬁ3é(@

et al., i1ssued May 29, 2001, 6, 552,243 to [ison et al., issued
April 2%om00d) thHaﬂ USherativ oesgrsselecteddp certtlnaze certpnmtﬂamtajofliéb

ner ei n SyerlrerarubgaRt Bk shRSstapte Ben AR s peci 1 ¢
enbodi ments descri bed
[0037] To activate the catalysts and improve performance, the catalysts

may be subjected {o pre-treatment before passing the reaction gas through conduit
14. For example, in some embodiments, the catalysts may be heated in the
presence of propane at a temperature of at least 300 °C, such as from 450 °C to
650 °C, or from 475 °C to 525 °C. The pre-treatment may last from about 10 to 100
minutes, such as about 20 to 40 minutes. The catalysts may be prepared and pre-
treated as described in WO 2009/091336 to Liu et al., published July 23, 2009, the
entire contents of which are incorporated herein by reference. A Mo/MCM-22

catalyst may also be prepared as described in the Examples below.

[0038] The catalysts may be regenerated after deactivation, such as by an
oxidation process to remove coke deposits. Regeneration of deactivated catalysts

may be useful and can reduce costs in some commercial applications.



herein are for illustration purposes. Various nodifications to these
enbodi nents are possible and may be apparent to those skilled in the
art. [0045] Sone enbodi nents of the invention are further i1 lustrated

with th oW ng r
t he fol ﬁob?@gjg exam%%gné%b%éwggﬂgl Wgé wer'e ﬁﬁTﬁggirse%aA‘:ﬂgfo
| Mpr egnafaitaigsté 36 andand mMésvbe 2nzeoirostiicats peslite veddifiedby arteirgtidno
conventional _i npregnati on teChnI%)l/.leS [ 0048] ZSM 5 was obt ai ned

commer cinafley Theorgatirfardhe figstiaqtaystiagtalvst 18) srayfphaseshon MCM-22

Sodi um '“%Shy e, MEedifeEr0) 1 Sehril cAARKE (YIS ANDEBoREY 28K

aie )s( ; Irrle It mdzlohm ielt ;ﬁﬁe&@h@)in% etemaweil Ma(](tjl\éieeﬁdmitsfatmnalmes 'réd‘?déd dokst ieon.

et R A Bl i FOM S R S etmes s SN Poi dal

silica @fz@@ ngh@%é@"r&%gé%& ?1I9§t rﬂéy‘él%roebé‘gﬁéﬁe?%oﬁt@‘?réﬂ M an
35 for 4 was

m xture ) was stirre roomterrpera ur e
formed I\GMWtthee freartewvark aaret thesszendite thritbe sacand oalatyst maynbe ansthieeat ed

i Parr- R t 50 C (30 f 4 d Th duct
whs 11 | 2EPLE rthaR SPANE b e ool PremBle i FAEMSIT. | t Fate vas
no gr eataﬂhmlrf&nlcgtes[ QQ@IQEEE%dQﬁé@\ WiidHiere Heseritsed oAl do6aobh 336 ﬁ?ﬁy
according to the processes described in WO 2009/091336 to Liu et al

t he ent |heeswtab!€emrsdldatemfotaelamon Rastipdancembinations obihe differanice.

nat or ol S9aborREls HEr BRI g ShteRa B B MRRR TR Bhtne e

hydr ocarmpetisulansbglicdtioand trace anmount of C5 and 06 hydrocarbons.

[0040] In particular, a suitable transition metal may be molybdenum. [n
some embodiments, molybdenum may provide better performance than other

metals. In some embodiments, tungsten or rhenium may be used.

[0041] The loading of the metal in the zeolite may be selected to optimize
production performance. For example, when Mo is used, its loading may be from
about 1 wt % to 15%, such as about 3 wt% to about 12 wt%.

[0042] One or both of the catalysts may have a Sif2Al ratio of from 10 to
100, such as 25 to 45. In some embodiments, this ratio may be about 30 or about

35. The ratio may be selected to provide the desired acidity.

[0043] Conventional techniques for preparation of different zeolites and
catalysts, and for dehydroaromatization of methane and other alkanes, may be
modified or adapted by those skilled in the art in view of the present disclosure for
use in some embodiments of the present disclosure. Some of such techniques are
disclosed in the references listed in the Background section, and in the following
references: US 4,139,600 to Roliman et al., published Feb. 13, 1979; US 4,954,325
to Rubin et al.; US 6,239,057 to Ichikawa et al., issued May 29, 2001; US

6,552,243 to Allison et al., issued April 22, 2003; and US 2011/0038789 to Lai et al.,

10



[ 0052] Exanpl e |I. [0053] Natural gas was used as the reaction gas and
was passed through a catalyst bed as illustrated in FIG 2. M/ ZSM 5
was placed at the bottom of the catal yst bed (i.e. downstreamin the

gas flo t C of
i zow S B PEL, B ATl FRe oot b o MR B REaont D
[ 0054] Tﬂr@re;aa@tnemreﬁo@dltlons were mai ntained at a tenperature of
about 650 C, a pressure of about 0.1 MPa, and a flow rate of the

oL B8R ol b i S et 5l

9055) oBHHGH ! IRPIERS et R ORIEARIR OV ELEorfy s

react i opogaible and algysives appaend il thosectkiled indheiatti ons were t he sane as
in Exanple |, except that in the catal yst bed, M/ ZSMbo was pl aced on

[ 000 RIPPEEE 800, 209 NN B2 LA aohl g e RS S e
as " Exagldwihg nbn-In8R§ ksmppe |11

[0046] EXAMPLES

[0047] For the following examples, Mo/ZSM-5 and Mo/MCM-22 were
prepared by impregnating ZSM-5 and MCM-22 zeolites respectively, according to

conventional impregnation technigues.

[0048] ZSM-5 was obtained commercially from Zeolyst, with Si/2Al ratio of
about 30.
[0049] MCM-22 with Si/2Al ratio of about 35 was prepared as follows.

Sodium hydroxide (0.18 g), sodium aluminate anhydrous (0.20 g), and distilled
water (27.60 g) were mixed in a mixture until dissolution. Hexamethyleneimine
(HMI, 1.73 g) was added to the mixture and the resulting mixture was stirred for
about 10 min. Ludox HS-40 colloidal silica (5.25 g) and MCM-22 seed (0.04 g)
were added and the final mixture (35 mi) was stirred for 4 h at room temperature.
Gel was formed from the mixture and was moved to an autoclave, and was heated
in a Parr-Reactor {oven) at 150 °C (30 rpm) for 14 days. The product was filtered

and dispersed in water until the pH of the filtrate was no greater than 9.

[0050] The catalysts were pre-treated (activated) according to the
processes described in WO 2009/091336 to Liu et al., the entire contents of which

are incorporated herein by reference.

[0051] In the natural gas used, the main component was methane. The
natural gas also contained small amounts of C2, C3, and C4 hydrocarbons and

COa,, and trace amount of C5 and C6 hydrocarbons.
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[0060] In this exanple, the reaction gas, catal ysts used and reaction
conditions were the sanme as in Exanple |, except that in the catal yst
bed, M/ ZSMb and Mo/ MCM 22 were m xed with one another. Thus, the

reactio came into cgntact with the two catal ysts at about the
sane Ioggﬁs@n in thgxﬂ”b[afag'at h. [0061] Repr esentative production

results are shown in FIG 3 (marked as "Exanmple 111"). [0062] Exanpl e
1V ( COWI{@OE3] ve) [ OQf8ddl @abh&l@s @9@1{7@& fhe Eé@@:tzéﬁ@é'fslafhﬂ »G@é?pééﬁbd through
reaction conditions were the sane as in nple |. However, only

Mb/ ZSM 3 O@EIS@I b@@@smm&tw&e%m BIG: . M@/ZSM@ vu@%ﬂlaézgdta’ﬁéhe;aoﬁwgf the

S i T

exanpl e M@MMe.’E@Wa@rplm antop 6BNIOIZEMED Irdinel @nalyveed (ke upstréamsini n
Exanmpl e |. However, onIy Mo/ MCM+ 22 was pl aced in the catal yst bed and

used as ﬂt‘ﬁ@aéélp&‘!%h [ 0067] Representative production results are
showmn in FIG 3 (marked as

[0054] The reaction conditions were maintained at a temperature of about
650 °C, a pressure of about 0.1 MPa, and a flow rate of the natural gas of about 7.5
ml/min. No oxidative gases were included in the reaction gases to provide non-

oxidative conditions.

[0055] Representative production results are shown in FIG. 3 (marked as
“‘Example I”).

[0056] Example Il.

[0057] In this example, the reaction gas, catalysts used and reaction

conditions were the same as in Example I, except that in the catalyst bed, Mo/ZSM-
5 was placed on top (upstream) and Mo/MCM-22 was placed at the botiom

(downstream).

[0058] Representative production results are shown in FIG. 3 (marked as
“‘Example 1I").

[0059] Example i

[0060] In this example, the reaction gas, catalysts used and reaction

conditions were the same as in Example |, except that in the catalyst bed, Mo/ZSM-
5 and Mo/MCM-22 were mixed with one another. Thus, the reaction gas came into
contact with the two catalysts at about the same location in the flow path.

[0061] Representative production resulis are shown in FIG. 3 (marked as

“Example [H").

[0062] Example IV (Comparative)

12



"Exanple 1"). [0068] As can be seen fromFI G 3, the benzene yield and
catalyst life were both higher when a conbi nation of M/ MM 22 and
Mo/ ZSM5 was used as the catalysts. Exanple I (Md/ MCM 22 upstream and

Mo 251 TaOBAFS! e B 58 6 Do AR bt JRF Rl BafREng b o
expect edahlbs &t ER2RBle MMdWe? 2o piMd/ZEIN-5eddd piaead liy trepeatalyisEBed and
nmet hane in the natural gas to benzene and ethane; and the produced

et hane alsgdtasdthgf@balvelrt ed et hane in the natural gas are then
efficiently converted to benzene by the Mo/ ZSM 5 cat al yst downstream

VWile p nce Wﬁ% ' bion RXaR I
conpar egbé%ﬁgiarrpl es Fﬁkéa%nc}é@g? e |Chg?ovemnﬁv%?@gﬂ #Ag'gﬁﬁnn%ﬁ%%ga
as i n EXBramheld [V'}.0069] 1t wi |l be understood that any range of val ues

herein is intended to specifically include any internedi ate val ue or
sub-ran ithin th iven e, and all such internedi ate val ues
and subgﬁg s are i PVﬁﬁﬁéﬁﬂg"@W@h¥%hcificalIy di scl osed. [0070] It
will also be understood that the word "a" or "an" is intended to nean

"one or [pD66] Or "afn kaaskampe, théhehdtion g?dé’@hﬂ peactiBh MohditioRt etedné 0
include plurals herein. variation thereof, is intended to be

open- endém&As imbxampte hiiamrverpenly ide/MGMr22was placagingbe cataiystliesle
speci fi 2%?1'3: %séﬁ%}ﬁ%@ﬁg&gt.t he contrary. [0072]Wien a list of itens is

given h before the last item any one of the |isted
items or any suitable conbination of two or nore of the listed itens

may be 8087}t ed and Reggdsert@tvSpdduction sesultshereashows il G. Blethrked as
enbodi nept s aEe,,' ntended to be illustrative only and in no way
limting=Xqme E'dleiscri bed enbodi ments are susceptible to many

nodi fications of form arrangenent of parts, details and order of

oper ati ggpedihe | Nvemd &h bé 3kBR From FIG.”ﬁ,QHQ%ntZQnt@W%%a@éli/sﬁ#&h

nodi fication within its scope, as defined by the clains.
were both higher when a combination of Mo/MCM-22 and Mo/ZSM-5 was used as
the catalysts. Example | (Mo/MCM-22 upstream and Mo/ZSM-5 downstream)
provided the highest benzene yield and catalytic life (see data points represented
by triangles in FIG. 3). It was expected that at 650 °C, Mo/MCM-22 initially
efficiently converted methane in the natural gas to benzene and ethane; and the
produced ethane and the unconverted ethane in the natural gas are then efficiently
converted to benzene by the Mo/ZSM-5 catalyst downstream. While performance
was also improved in Examples |l and [l as compared to Examples IV and V, the

improvement was not as pronounced as in Example |.

[0069] It will be understood that any range of values herein is intended to
specifically include any intermediate value or sub-range within the given range, and
all such intermediate values and sub-ranges are individually and specifically

disclosed.

[0070] It will also be understood that the word “a” or “an” is intended to
mean “one or more” or “at least one”, and any singular form is intended to include

plurals herein.

{0071] it wili be further understood that the term “comprise”, including any
13



WHAT IS CLAIMED IS: 1. A method conprising: contacting a heated
reaction gas conprising nmethane with a first catal yst and a second
catal yst to catal yze production of an aromatic hydrocarbon, wherein

sai d f|r . t w Y, he s
cat al v2 Rleieh Berebt, i ool bd RobMaRaSE ang TERARS IFaLeY Bl A imise,
active tibanntsisbtherdse epteafiysity ihdicatat @l theicoatrafenat i zat | on of

et hane. 2. The net hod of cIain11 wherein at | east one of said first

and sec catalyst |s a mnosiljcate zeolite ifie
transit ?8& 7%t al ﬂ@ems iSO re‘WV&é'Frb?'ﬁqDa|b§quPrt§@ last item,

catal ys %f@@ pﬁ&ﬂ

and sai gmé/%co aglzga e?‘:‘?é’?‘%%ég@g ngze(tﬁqntﬁgﬁ% | |W§'§/ﬁjg secon sted

t ransi t iitemamiaglbe geledied amet . of ¢l ai m 3, wherein each of said

first transition netal and said second transition netal is

nol ybde 5. The t hod of claim4, wherein, egach e of _.sai

ond” seclTa: al yer Dreonpse. o€ Bpih fes fFLpBaseme e nEBish lhm

6. The nRidhadvebnf @hdirtno erlamangacrhe%@,c%eé@hﬂ)cfdnméﬁtsaéra s‘ﬂ%@@;ﬁl‘ible
catalysts has a Si'/2Al ratio’of from25 to . 7. The nmethod of claim
1, wher & may modiigatens etlorne ﬁrrgageﬁr@nhe‘ép@@s tdﬁt&list anerder of eperation.

about. 600yl I8 G iflond € TBARGERLS oh LR BiocHiS Bl k" 1 ©

| east 3Qﬁo§éjgsa@ﬁn@ﬁ§§aﬂ§aanﬁ&propane. 9. The nethod of claim 1
wherein the weight ratio of said first and second catal ysts is about

1:1. 10. A reactor for producing aromatic hydrocarbons froma
reaction gas conprising nethane, conprising: a conduit defining a
reaction zone for the reaction gas to react therein; and
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a first catalyst and a second catalyst in said reaction zone, wherein
said first catalyst is nore active than said second catal yst for
catal yzing aromati zati on of 15 nethane, and said second catalyst is
nore active than said first catalyst for catal yzing aromatization of

et hane. AT reof claim 10, wherein at | east one of said
first arygﬁggcilé%ﬁgtggﬁgp;@f s is an alumnosilicate zeolite nodified by

atr nsitiga{] m%%al!. %Z.i %he reactor of claim1ll, wherein said first
catal'yst i I SOMPE3I Tt e modi fi ed by a first transition netal,

o o TR SR e R TR S S
first tiapshd camyRtéatifestbdushiPbtan brdaktic RRBBEHoN, S

nmol ybdenum 14. e reactor of claim 13, wherein each one of said

first anghereposld ffitabIEVS i€ BTG 2280 Bisaid seeond edtalyls? fort Satalyzing
nol ybdenum 15. The reactor of claim 13, wherein each one of said

first afgowatizafiercalmpihane, aad saidssecond ¢ajalyst istmeneoastivs than s8id first
The reagton é}ff Féﬁé@zﬂ)ﬂ% P@{fﬂﬁfﬁgﬁoﬁ %?eﬂ%r%ht ratio of said first and
ys? u? - 1. )

second Catal s’i1s’a
2. The method of claim 1, wherein at least one of said first and second catalysts is

an aluminosilicate zeolite modified by a fransition metal.

3. The method of claim 2, wherein said first catalyst is a MCM-22 zeolite modified
by a first transition metal, and said second catalyst is a ZSM-5 zeolite modified by a

second transition metal.

4, The method of claim 3, wherein each of said first transition metal and said

second transition metal is molybdenum.

5. The method of claim 4, wherein each cne of said first and second catalysts

comprises about 3 to about 12 wt% of molybdenum.

6. The method of claim 4, wherein each one of said first and second catalysts has
a Sif2Al ratio of from 25 to 45.

7. The method of claim 1, wherein said heated reaction gas is heated to a
temperature of about 600 to about 700 °C.

8. The method of claim 1, wherein, prior to said contacting, said first and second

catalysts are heated 1o at least 300 °C in the presence of propane.

9. The method of claim 1, wherein the weight ratio of said first and second

catalysts is about 1:1.

10. A reactor for producing aromatic hydrocarbons from a reaction gas comprising

methane, comprising:
a conduit defining a reaction zone for the reaction gas to react therein; and

a first catalyst and a second catalyst in said reaction zone, wherein said first
catalyst is more active than said second catalyst for catalyzing aromatization of
15



11.

12.

13.

14.

15.

16.

methane, and said second catalyst is more active than said first catalyst for

catalyzing aromatization of ethane.

The reactor of claim 10, wherein at least one of said first and second catalysts

is an aluminosilicate zeolite modified by a transition metal.

The reactor of claim 11, wherein said first catalyst is a MCM-22 zeolite modified
by a first transition metal, and said second catalyst is a ZSM-5 zeolite modified by a

second transition metal.

The reactor of claim 12, wherein each of said first fransition metal and said

second transition metal is molybdenum.

The reactor of claim 13, wherein each one of said first and second catalysts

comprises about 3 to about 12 wi% of molybdenum.

The reactor of claim 13, wherein each one of said first and second catalysts
has a Si/2Al ratio of from 25 to 45.

The reactor of claim 10, wherein the weight ratio of said first and second

catalysts is about 1:1.
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