N NO 20061068800 PCT/ US2005/ 043523 1 PRODUCTI ON OF ALKYLATED AROVATI C
HYDROCARBONS FROM METHANE Field [0001] This application describes a
process for,Rr | aromati ¢ hydrocarbons from net hane in

parti cul ar ,wgrzg%?b%aﬁ[agr al gas. Background [0002] Aromati cpﬁ'@g'?%)ﬁgypfﬁﬁs,
particul arly benzene, toluene, ethylbenzene and xylenes, are inportant
comodity chemcals in the petrochem cal industry. Currently, aromatics are
nostly frequently produced from petroleum based feedstocks by a variety of
processes, including catalytic reformng and catal ytic cracki ng. However,
as the world supPREBUGITION OF ALKYEAT SBOMAJICHYOROCGARBONSa gr owi ng
need to find alternative sources OM | drocarbons. [0003] One

possi bl e alternative source of aro ons is nethane, which is
the maj or constituent of natural gas and biogas. Wrld reserves of natural
gas are constantly being upgraded and nore natural gas is currently being
di scovered thdneld | . Because of the problens associated with transportation
of large volunes of natural gas, nost of _the natural gas praoduced along with
oi |, particull8P9y) at rcHit canpligaiion deseribpy de Prasrss wies t Brduepgy ceromglc

conver si on of t al | : g ' t to hi gher

hydr ocar bons, hy@%%ﬁébgﬁs %&%@?@%&%ﬁ?aﬁﬁ?tﬁﬁgﬁay gltéa)ré‘active nmet hod of
upgradi ng natural gas, providing the attendant technical difficulties can
be overcone. [0004] A large majority of the processes for converting nethane

to liquid hydBagkerbamd i nvol ve first conversion of the methane to synthesis
gas, a blend 2 and . Prodyction,of synthesis.gas, is capital and

ener gy intensﬁb@ﬁt her ef é‘lahf’ou#'é{grqcﬁ?fmﬁo r?@{u?%ﬂ H&%‘Vﬁ?%%i@“ﬁ%
generation ar &pN1e&ekie dand 0QfBesA B MiBHoAkiteTdORihdBHP AeESGHES faUBe Deen
proposed for converting nethane to highéer hydrocarbons. One such process

i nvol ves cat alpetriochamitalaindusiry. c duptently, efonmtich aare nmastlyl Beéquestly qgirbduved by t he
catal ytic conversion pf the olefins o liquid hydrocarbons,..includi.ng
romati o hyar e v Pesed A ek bR ¢ eS8 R0 §alyE9 3523

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.

[0003] One possible alternative source of aromatic hydrocarbons is
methane, which is the major constituent of natural gas and biogas. World reserves
of natural gas are constantly being upgraded and more natural gas is currently
being discovered than oil. Because 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 a particularly attractive method of upgrading natural gas, providing
the attendant technical difficuities can be overcome.

[0004] A large majority of the processes for converting methane to liquid
hydrocarbons involve first conversion of the methane to synthesis gas, a blend of
H; and CO. Production of synthesis gas is capital and energy intensive; therefore
routes that do not require synthesis gas generation are preferred.

[0005] A number alternative processes have been proposed for converting
methane to higher hydrocarbons. One such process involves catalytic oxidative
‘coupling of methane to olefins followed by the catalytic conversion of the olefins

to liquid hydrocarbons, including aromatic hydrocarbons. For example, U.S.



2 Patent No. 5,336,825 discloses a two-step process for the oxidative
conversion of nethane to gasoline range hydrocarbons conprising aromatic
hydr ocar bowe.20bdesédae first step, nmethane is converted teEaidsh@rasand m nor
anounts of C3 and C4 olefins in the presence of free oxygen using a rare
earth netal pronoted alkaline earth neta oxide catalyst at a tenperature
bet ween 500C and 1000C. The ethylene and higher olefins formed in the first
step are then converted to gasoline range |iquid hydrocarbons over an
acidic solid catalyst containing a high silica pentasil zeolite. [00061
Dehydr oar orrat Patent 0. 533382 hdinelosasa twoggten propessdouthe oxedhtive icomvergompf i ng has

al so been propoged as a route fo radi ng_net hane int.o. hi.ghe

hydr ocar bons, ’%ﬁgﬁ"’f‘? g?u Basqlpe JAngA Mggaﬁmé%?@%ﬁlgngﬁw ‘élhé(ﬂ‘g’.car%ﬂﬁ%_, Iy o
exanpl e, U Snefkeibo Micthfhe/ R Lof bl SEER, dhi? Sindufls ATOIME OF
liquids rich in aromatic hydrocarbons by ‘contacting nethane at” a

t enper at ur e belkfirein #B8GCescaceloBASECokygeh hrings sine eartf meky) peomoted blkalimat al yst
conposition conprising an alumnosilicate h%vi ng a0§i |ica to alum na nol ar

ratio of at I mytal oxidg gatalystah Adempsrabue beeRy 109ademdni 909°Ci ) Theal 1§ um

U 1B of Tho pelihedaq Bilhel biphnOooiel i o 6k GOTRRHAC LURLARS of EABLR OUP
process for theganyil hydbtabBonsobdvereinhaidic Wblid RaabED coMeininghe hidiesiticof

passing a feed stream which conprises over 0.5 nole percent hydrogen and
50 nol e percepéntpaskzeglite; into a reaction zone having at |east one bed of

lid. | i si pg, ZSM 5 and .. phosph - i ni | uni
conver i on oolIOB bns WhERfEP R FERSBRRY Yic BhTapidnge Fabedg
pressure |esscédﬁﬂﬁél%saa‘ls@%&ﬂ%@ﬁoéﬁsﬁw}&te (fépﬁpgrkalﬁg)maﬁﬁmamwﬁ gurly

space vel ocity of to 7,500 hr4. The product " effluent is saidto include
met hane, hydr bgbngarhons| particulariyethylens.denhgngrand aveplathalenenBhus; fdreasmpls, nol e %

C6 -C8 aromatic, hydrocarbg ter condensation.to epove the +, '
fraction, cr yycg%nf %‘e?te@rﬁni“g@gsﬁgr glsﬁoaeﬁogégogﬁs ?85&’?%{‘@@31@‘1“159(}?%9% and

l'i ght hydr ocaghansic (HRtdtafens Sy \ifactiRl BRI attd Sendperftuid et 66°C
effluent. [00081 U. S Patent NO. 5,936,135 discloses a | ow tenperature, non-

oxi dati ve pr oemb 800 int the aboencerafi cryged withl pvatalysil ¢oammsitioncdongmisirgt dvane or

ethane, to aromatic¢.hydrocarbons. In this process, .the | ower al kane, is
mxed wWith a P,]iugwéqsmcae Exavmg a sibica to alumina molar ratio of at \{\éeast %:1, sa‘ied

aluminosilicate being loaded with (i) gallium or a compound thereof and (ii) a

metal or a compound thereof from Group VIIB of the Periodic Table.

[0007] U.S. Patent No. 5,026,937 discloses a process for the aromatization
of methane which comprises the steps of passing a feed stream, which comprises
over (.5 mole percent hydrogen and 50 mole percent methane, into a reaction
zone having at least one bed of solid catalyst comprising ZSM-5 and
phosphorous-containing alumina at conversion 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'. The product
effluent is said to include methane, hydrogen, at least 3 mole % C; hydrocarbons
and at least 5 mole % Cs -Cg aromatic hydrocarbons. After condensation to
remove the Cq+ fraction, cryogenic techniques are proposed to separate the
hydrogen and light hydrocarbons (methane, ethane, ethylene, etc.) in the product
effluent.

[0008] U.S. Patent No. 5,936,135 discloses a low temperature, non-
oxidative process for the conversion of a lower alkane, such as methane or ethane,

to aromatic hydrocarbons. In this process, the lower alkane is mixed with a higher



WD 2006/ 068800 PCT/ US2005/ 043523 3 olefin or paraffin, such as propyl ene or
butene, and the mxture is contacted with a pretreated bifunctional
pentasil zeglA yst, such as GaZSM5, at a tenperat 300C to
600C, a gas%%%@?@&é@ace vel ocity of 1000 to 100000 ang'Hh#Tﬁjsgh‘}i’%égg?essure
of 1 to 5 atnosphere (100 to 500 kPa). Prgtreatnent of the catalyst

I nvol ves contacting the catalyst with a mxture of hydrogen and steam at a
tenperature 400C to 800C, a pressure of 1 to 5 atnosphere (100 to 500 kPa)
and a gas hourly space velocity of at least 500 cnB8g'h fi for a period of at
| east 0.5 houplefintr phefiig endteast progyledeecordataleyaid the tixtareris oontetydwithat a

tenperature of 400C to, 800C, .a gas hourly space velqgcity of at |east 200
cnBg4hf' and apregeaisd ybifuggtiopal; pentagy n@@éigﬁ’er‘@t%lﬁbo sueh 5150 GaBSMor ata 2per i od
of at |east 0.2 h %9 .apnedtal en 4 4 2
di scl ose a pr ogc&gs%ﬁt%rre J pr odéé?n@oh@g%g# %‘g‘fq‘@ﬁ%ﬁ%ﬁg‘ﬁéﬁ?g?g‘é‘g} gﬁ%(,fbﬁe. g.,
benzene, from tebytar kad a prisizerof droaaideshise (190ah 568 kY, NPregeati¥nt of

contacting the latter with a catalyst conprising a porous support, such as
ZSM 5, whi ch hihe catalyséinyedves hertagiig the eatalyst witlel 2 muphemef hidrogsn ahd sigem as

nereof . The' abh EPBRAES G ar Cadg"Cob bty et LG (ol f SHAEPD

yield of benzepgq ands hb@ﬂﬁﬁa%}veroﬁrﬁfoffah&aaaso@la&’@lhri‘%%falpeﬂo&f%m t No.

6, 552, 243 di scl oses a process for the non-oxidative aromatization o
met hane, in whidéhhour @at dhemstontasizpgshe catalysiowph iagi argpxygene tiad tenhprarient, of

T e s L
butane, —and t?f‘é@sﬁr@@f P?&ﬁ}(%icggl?&ékﬁioyt%tsob'ﬁﬁﬂa} FBEASH Uf difleadt 6.@@9%? ream

conprising at feast 40 no cent nethane at a tenperature o OCto
800C., a press{idodf | esl.S.tPedent Nedt Gt 7caradb§426)442 (50Dsk Pampcesafit a

wei ght hourly space. vel.ocity VHS f 0.1 to I0bf]. [00111 Russian Patent
No. 2,135,441 Bisurigg &ﬁfﬁﬁ?@ M\Qﬁq@ém?é@%g&g-n&qéﬁ% n e Gagion

hydr ocar bons, | ' t | SieffhiE ] % C3+
hydr ocar bon, sh@ﬁwgpsﬁ@é%%g?@?’ gﬁgeﬁshlgﬁ coﬁﬁjﬁ&g&cﬁiﬁgﬁu £ %a%gétal Setactor
systemw th a canplisisg a @otuus Ssupgoneeadt iac ZBMS, nwhich avdsndispersteg direconf

oxi dation greater than zero at a methane partial pressure_of at |east 0.05
MPa and a tenpimiiya@dop prpmotessetel gach g ey epoglin dapdivm; manganese.ocess

may be molybdenum, fungsten or a mixture thereof. The addition of CQ or CO; to the

feed is said to increase the yield of benzene and the stability of the catalyst.

[0010] U.S. Patent No. 6,552,243 discloses a process for the non-oxidative
aromatization of methane, in which a catalyst composition comprising a metal-
loaded, crystalline aluminosilicate molecular sieve is initially activated by
treatment with a mixture of hydrogen and a C; to C, alkane, preferably butane,
and then the activated catalyst is contacted with a feed stream comprising at least
40 mole percent methane at a temperature of 600°C to 800°C., a pressure of less
than 5 atmosphere absolute (500 kPaa), and a weight hourly space velocity
(WHSV) of 0.1 to 10hr.

[0011}) Russian Patent No. 2,135,441 discloses a process for converting
methane to heavier hydrocarbons, in which the methane is mixed with at least
5wt% of a Cs+ hydrocarbon, such as benzene, and then contacted in a multi-stage
reactor system with a catalyst comprising metallic platinum having a degree of
oxidation greater than zero at a methane pattial pressure of at least 0.05 MPa and a
temperature of at least 440°C. Hydrogen generated in the process may be

contacted with oxides of carbon to generate additional methane that, after removal



contacted with oxides of carbon to generate additional nethane that, after
removal WO 2006/ 068800 PCT/ US2001/ 043523 4 of the co-produced water, can be
added to t‘gﬁ thgg% feed. The products of the nethane conversion are a

C2- C4 gase szrﬁr%‘ﬁ% Mand a G5+ Iiquid phase but, accordi g ¥HHELLIPEes,

there is little (less than 5wt% or no net increase in aromatic rings as

conpared with the feed. [00121 Existing p‘)qrroposal s for the conversion of

nmet hane to aromatic hydrocarbons suffer froma variety of problens that
have limted their commercial potential. Thus the major aromatic products

of nost net hageeeRVHLELRR Wik eASBEsIRE S0 IRNARAANA RN ARtk RAG S i | e
benzene has potential value as'a chemcal feedstock it has a limted

cheni cal nar keethand ¢onvestony ambh €Ca6s gasoous phasaiaoe ad e+t liquid ghede bt

envi ronnment al i ssyes. ht hal ene has ., ven nor imted chem cal s market
and is nore cﬁ%?PF‘gﬂﬁithﬁ kaet - p&& aﬁﬁf‘ethtaﬂ ﬁ@g‘f)t‘ﬁ' nQ m§t SFEEOMent al

| ssues pl us aaﬁﬁlattiic'}ﬂ]&@% B&mﬁ&g@%mttﬂ@fée&nbi ent tenperature. |In contrast,

al kyl aromati ¢ conpounds, such as tol uene, ethyl benzene, xylenes and

di mret hyl naph{dedRgnes, @Gaiwingl propbatee fdri @leeconidrsion Yofamethahertoedbmbs i n t he
petrochem cal industry. [00131 In addition, oxidative coupling nmethods

general |y i nvbydrecarbgps saffcs fomnevaresy efproplsmsihpidiavy imted thrineommerniahe

et Cons. | b ; )
Faci 11t es andoppRlice T HE inalor, FRHLCCPRABRETbh TR ARR R TR car bon
oxi des. On t hgroebdtes aRebehzemXingd hathtHaBhdC T Whele beRsRkiHAY pbREHA FilRSas a

frequently have |low selectivity to aromatics and may require expensive
co-feeds to i mmmicel fredstesksitdns anlimied ghomsel nwrketland tis wot yiableMsraefnebr , any

duct i | i t. | it f,hyd d ,
for econom o Sty At §5 SRR REENIrpmeRlY et MaphPient Y B AT FOMOGY t ne
hydrogen by- prigidd tcheridatemBddet i is3ASre dh8lEEzIAE Corfuls8 AN @MYk diR! to HRAME €

| ocations, effective hydrogen utilization can present a substantia
chal | enge. [ O@diénvArqramenital ibswes glusfa malting pointubighey tham ambient dampesatarenet hane

o e ok e AR BT

Do oo B, Sl el oo Rl ot SR SEOHL o

any process Wpetedthemigeal irmstry.
[0013} In addition, oxidative coupling methods generally involve highly
exothermic and potentially hazardous methane combustion reactions, frequently
require expensive oxygen generation facilities and produce large quantities of
environmentally sensitive carbon oxides. On the other hand, existing reductive
coupling techniques frequently have low selectivity to aromatics and may require
expensive co-feeds to improve conversion and/or aromatics selectivity.
Moreover, any reductive coupling process generates large quantities of hydrogen
and so, for economic viability, requires a route for effective utilization of the
hydrogen by-product. Since natural gas fields are frequently at remote locations,
effective hydrogen utilization can present a substantial challenge.
[6014] A particular difficulty in using natural gas as a methane source
concerns the fact that many natural gas fields around the world contain large
quantities, sometimes in excess of 50%, of carbon dioxide. Not only is carbon
dioxide a target of increasing governmental regulation because of its potential
contribution to global climate change, but also any process which requires
separation and disposal of large quantities of carbon dioxide from natural gas is

likely to be economically prohibitive. In fact, some natural gas fields have such



separation and disposal of large quantities of carbon di oxide from natural
gas is likely to be economcally prohibitive. In fact, sone natural gas
fields have 06/ 068800 PCT/ US2005/ 043523 5 high ¢ n di oxi de

| evel s as ta”§ g%g)ﬁ%séﬁt | y considered economcally unr ecovpeé’lgﬁgzgf’:gfﬁﬁ%]
There is therefore a need for an inproved process for converting nethane,
particularly nethane fromnnatural gas streans, to aromatic hydrocarbons,
particularly al kyl ated aromati c hydrocarbons. Summary [0016] In one aspect,
this application describes a process for converting nethane to al kyl ated
aronat i ¢ hydr ohigtborashont htoxidockessls casipivi siengurréat]ly comisaletddn gecandreieally
cont ai ni ng net hane w élg a dehydrocyclization catalyst under conditions
effective to cHAVREPYST&AE-d net hane to aromatic hydrocarbons and produce a
first effluent [zgam co | Si j y 2. and
(b) contacti ng[éé(glsﬁeast QJ@I %%efftsﬁg%rg%?gggegdg%o%{a?ﬁ @Foﬁ%?gc%ﬁ%bﬁ% Er?‘gér?n{11ﬂsgali d
first effluent nsdthaem partibularty alnkethaaki Meoragenturalnders coeging i oS £bkegd i ve to
al kylate said aromatic hydrocarbon and produce an al kyl ated aromatic
hydr ocar bon hayatpcanense pantieylarly jabeylatedearasiatin bydreearbongr omat i ¢ hydr ocar bon
prior to the alkylating. [0017] Conveniently, said feed in (a) also
contains at |east one of Hz, H20, CO and CO2. [0018] Conveniently, said
feed in (a) com,ﬁﬁg{ ess than 5 wt % of C3+ hydrocarbons. As used herein,
the term " C3+ hydrocarbons" neans hydrocarbons having 4 or nore carbon
atons. [0019] @@k&ni ent Ihy,ong@ismmt:dﬁmimpbngthnnde(sez)b@raepmnssofor@bmn@lg

conditions By "non-oxidizing" is. t that oxidizing agents ( such as, 02,
NOX and ot al wsiiEeds pliy AR B R piochss GO hane o o0)
are‘present at |ess @y hagopHetidy Sffﬁé@%ﬁ‘taﬁﬁngl 83fhah thl % déﬁ?éﬁoc?&_%ﬁérﬁb' y at
| ess than 0.1% of the anmount Tequired for 'stoichionmetric oOxidation of the
met hane. [ 0020]cafiiyst caldey smidiionsneiifedtions to ncoagrti saifl udetiant etipeavamatice of
400C to 1200C, such,as 500C to.975C, for e | e 600C to 950C. [0021
Convent ent Iy, THERGREERS cal SRt Bt EXBFEY | WG SPTBRF IS oA

hydrocarbons and hydrogen; and

{b)  contacting at least a portion of said aromatic hydrocarbon from said
first effluent stream with an alkylating agent under conditions effective to alkylate
said aromatic hydrocarbon and produce an alkylated aromatic hydrocarbon having

more atkyl side chains than said aromatic hydrocarbon prior to the alkylating.

[0017] -  Convemently, said feed in (a) also contains at least one of H,, H,O,
CO and COz.
[0018] Conveniently, said feed in (a) contains less than 5 wit% of Ci+

hydrocarbons. As used herein, the term “Cs+ hydrocarbons” means hydrocarbons
having 4 or more carbon atoms,

[0019} Conveniently, said conditions in (a) are non-oxidizing conditions
By “non-oxidizing” is meant that oxidizing agents ( such as, O;, NOy and metal
oxides which can release oxygen to oxidize methane to COy) are present at less
than 5%, preferably at less then 1%, most preferably at less than 0.1%, of the
amount required for stoichiometric oxidation of the methane.

[0020} Typically said conditions in (a) include a temperature of 400°C to
1200°C, such as 500°C to 975°C, for example 600°C to 950°C.

[0021}) Conveniently, the process also comprises recovering said at least a
portion of said aromatic hydrocarbon, typically benzene and/or naphthalene, from

said first effluent stream before said contacting (b).



portion of said aromatic hydrocarbon, typically benzene and/or naphthal ene,
from said first effluent stream before said contacting (b). WO 2006/ 068800
PCT/ US2005A04 3Rdmesddol 0022] In one embodi nment, the alkyla ed in
said contacting (b) conprises ethylene pr oduced in said %gﬁgjs%gﬁs R?f
[0023] In another enbodi ment, the al kyl atg ng agent used in said contacting
(b) conprises carbon nDnoxide and hydrogen or a reaction product thereof.

[ 0024] In one enbodi nent, the process further conprises reacting at |east
part of the hydrogen fromsaid first effluent streamwth an

oxygen- cont ai j6023] specikeend gnprdnienieths alsdeimg agefil usedin said eentadimgi(by a
reduced hydrogen conten co ar d wih said first effluent stream 100251
Conveni ent | y,c%l”aseéﬁf}@'iq’i‘ dts‘f%’i?cé@ 8Unprises an oxide of carbon,
such as carbo hPXi de, p A r

stream whi ch waogbgl SO cy}\%t@%moggg%&ggr ?ﬂggﬁhgggérrr{etg dﬁg@%ﬁ]%t ﬁﬁcﬁr@d I n

(a). In one @tﬂb@dipﬁ@éﬁcarﬂdmenommemﬂwdtdgeamax@egam produet therdgf. speci es
produces water _and nethane, ethane or . a m xture of nethane and et hane and

the process HW3#li onal Iyorsembediment, éhﬁoWﬁ@SS\M}eﬁr CPHIPRSeSACActEg derskf f | uent
t d f f fromth
second of 1 uehtte abhyo st sRR bl St PR AT Bt o B RRT e . e

1
reacting w t hspRied )ty §Roduce QNéeabid BERRESh@Sn REAAE GG dRRE lﬁﬂrd(?éﬁ%oﬁfenpz to G5
paraffins and ol efins, single- ring aromatic hydrocarbons an

al cohol s. [ 00¢®hparad withsaidHfirst @fﬁp@lﬁtstrearm S appl i cation describes a process

for converti t hane o al.k ié, aro rocar bons, .t he pracess
conpri si ng: t@? ont acCPRYRCHY, 54 W&%F%"éﬁlﬁéﬁﬁ&%@wwﬂa Ses an’ oxide
dehydrocycl i zgt bPor ahett ?{sséarbﬁiﬁ&foxﬁﬁnﬂirtekﬂﬂﬁle@af%ﬁtdl&ﬁdé Eoﬁloz[‘){ﬁh{val gﬂ
met hane to aromatic hydrocarbons and produce a first effluent stré&am

conpri sing ar st whldhyldajoelao loonmmatdeasyqjm@me meihaddin therfeakini @) & | east
a portion of said rocarb n _from sai first effluent streamwth
2" ol kyl at | nduBpodEEb Teoiiar R et dpr BSBR ot iAg prite pralis Ribhmt |
hydrocarbon apgl RRARMEE Afing! &Y hak@tur QP%étﬁaﬁ}ygﬁ@C@ﬁiﬁQ”?rE?‘fh@%m&Qg e alkyl

side chains than said aromatic hydrocarbon prior to the ylatirng;, (c)
recovering saadtiiténajllyatenprises memoeingyeatec drdm rspidasetond efﬂuent stream and

feeding at least part of the methane and/or ethane from the second effluent stream

to said contacting (a). In another embodiment, the reacting with an oxygen-
containing species produces one or more of C; to Cs paiafﬁns and olefins, single-
ring aromatic hydrocarbons and C; to C; alcohols. |
[0026] In a further aspect, this application describes a process for
converting methane to alkylated aromatic hydrocarbons, the process cdmprising:

(a)  contacting a feed containing methane with a dehydrocyclization
catalyst under conditions effective to convert said methane to aromatic
hydrocarbons and produce a first cffluent stream comprising aromatic
hydrocarbons and hydrogen; and

(b)  contacting at least a portion of said aromatic hydrocarbon from said
first effluent stream with an alkylating agent under conditions effective to alkylate
said aromatic hydrocarbon and produce an alkylated aromatic hydrocarbon having
more alkyl side chains than said aromatic hydrocarbon prior to the alkylating;

(c)  recovering said alkylated aromatic hydrocarbon; and

(d) reacting at least part of the hydrogen from said first effluent stream
with an oxygen-containing species to produce a second effluent siream having a

reduced hydrogen content compared with said first effluent stream.



(d) reacting at |east part of the hydrogen fromsaid first effluent stream
W th an oxygen-contai ning species to produce a second effluent stream having
a reduced ntent conpared with said first effl tream WO
2006/ 068800%%@%% 043523 7 [0027] In yet a further Zf%*‘éﬁ?% Y3
application describes a process for conv%rti ng net hane to al kyl at ed

aromati ¢ hydrocarbons, the process conprising: (a) contacting a feed

cont ai ni ng met hane with a dehydrocyclization catal yst under conditions
effective to convert said nethane to aromati c hydrocarbons and produce a
first effl uentﬂmv]eam COmRIyeb ianfhirfhed ABcct thidyspplicatidaodscabes hyisqaeTor (b)
contacting at least a portion of said aromati c hydrocarbon in said first

ef fluent st r earonnettingmethaky tocalkylated geomatio hyidiocabang, thegweacess ewuprising:t o

al kylate said aro ic hydrocarb nd produce.an al.kyl aj ed.aronmatic

hydr ocar bon havi nngFa_;Dr e® ?tl'i‘gltfngsf‘gfgecgﬁ%‘i‘tﬁgntghgﬁmgﬂ? awé'r 6%&@_"%@?6@% bon
prior to the aédf%ﬁgﬁt Iier (SonditRESVefftdie SR oakky! 8@ dmBARAART ioC dydsRcar bon;
(d) reacting at ast part of the hydrogen fromsaid first effluent stream
wi t h CO and/ or hfdtRcarbomr ozhsc epradisrec endfiesf f ¢fifloant streemmcovppisingi ragomaticer and
hydrocarbon; and (e), separgting at |least a portion of said water fromsaid
second effl uen][iydfg‘iﬁﬂé%ﬁmqﬁ’ Be a third effluent stream conprising
hydrocarbon; and (f ),y ecyghi, t e8RS thotddd oPEaid ReorhRr BN iR S/ d
third effluent stréja?m to salaglgg%nt actipng ag). aéri efnl;%esgrl pti orl? lgf t he

Drawi ngs [ 0028jirsFefflueat sreas with lanalllaige agern fundepronditions Effective iy elkilateg
met hane to aromatic hydrocarhons according to a first exanple of the

i nvention. [00sad ammgaticdiysirecarboniang profuss an aikylated pmatichydrprarbashaving ng
th t t] b l.e:0f th
vt on. [ 00SHTE e GRRLARKP rAE ARHANO Ao RuSEERNK BARVIRIL | 17

met hane to aronati @)hydranseigwidakgand agpniaichydricatboaxanpl e of the

invention. Detailed Description O The Enbodinments [0031]. Thiis application
describes a process{dor Estiag ot lgept part nh e hydrogsp Bprysaad Tigst gHnentstream

hydrocarbons.  Ihe B05A%% COY R ¥Rubd'h bbb Yerfitht SEELR LomplSRE water and
hydrocarbon; and

(¢)  separating at least a portion of said water from said second effluent
stream to produce a third effluent stream comprising hydrocarbon; and
® recycling at least part of the hydrocarbon in said third effluent

stream to said contacting (a).

Brief Description of the Drawings
[0028] Figure 1 is a flow diagram of a process for converting methane to

aromatic hydrocarbons according to a first example of the invention.

[0029] Figure 2 is a flow diagram of a process for converting methane to
aromatic hydrocarbons according to a second example of the invention.

{0030} Figure 3 is a flow diagram of a process for converting methane to

aromatic hydrocarbons according to a third example of the invention.

Detailed Description Of The Embodiments

[06031] This application describes a process for converting methane to
alkylated aromatic hydrocarbons. The process involves initially subjecting a feed
containing methane, typically together with H; CO and/or CO, to a

dehydrocyclization step under conditions effective to convert methane to aromatic



contai ning nethane, typically together with H2, CO and/or C02, to a
dehydrocyclization step under conditions effective to convert nethane to
aromatic vw&gg&gqggﬁgoo PCT/ US2005/ 043523 s hydrocarbons_and produce a
first effloent Stream conprising aromatic hydrocarbons, BarUSElFA#Isys
benzene and napht hal ene, and hydrogen. Wth or wthout an initial
recovering step, at least a portion of sdi d aromatic hydr ocarbon in the
first effluent streamis then contacted with an al kyl ati ng agent under
conditions effective to al kylate the aromati c hydrocarbon and produce

al kyl ated ar | o hayi I i "ﬁﬁﬁ -sai d
initially pr ogg%g%drﬁ%é%nn% ?IE%FO%&I’ otn. i 38%21 eﬁﬁadﬁ(‘%}u t g{ése%rr%gg?crsmnt ,
t he al kyl at edhgdrocabos, Pagticutalyobendese antemmphthalener ead hadtbgehe Waimbnder of

the first effluent stream may bhe subjected to . a hydrogen rejection step in
whi ch at | easWwiihawtanomitish geqeyemes) stap.f 4t deaskapertion oftsaidegromgbn iiydroeashon i s

reacted wth an o n-.cont.aj ni . I es u econ ffluent

st ream havi _ngu-é ﬂi’ge(égsge ‘f}btr Igéeaﬁg_é%%e%n org%c?&)dgr'ﬁggx \%ﬁt@(ﬁﬁtg& g??’? m’élfnf | uent
stream Typi CabhditidrCeffisty® 48 Bk RIS Biel Bmaki€ RydoesH6E and GHbduce Allylated

hydr ocar bon speci es, such as nethane, which are recycled'to the

dehydr ocycl i zatonwtic dtydpocarboadsbgkmor0a Ry Isidenghaimst tham aid anitialln prgiutekdst ock
can be used in th %’E’ cess of the invention but in general the present
process is inﬁ@ﬁﬁ’ga CEP8Ni th a natural gas feedstock. Other suitable
met hane- cont ayglspp T eeds QCKBmbn ChibdfintdiRShe MMBAAER WohpRMIBMELSS SUCh as
coal beds, la I1ls, agricultural or nmunicipal” waste ernentation, and/or
refinery gas thHengecoweretl)@a¥thevemhimder efctht fishieffipeheadsimniag be sulgjbcted tanat ur al

gas, typically, K contain carbon dioxide d ethane in addition to, ngthane.

Et hane” and ot RdPATOgep griseticn Wﬁﬂ%éﬁ?ﬂbﬁéﬁeﬁﬂé{mn‘h@mﬁe}'@ﬁ&e@r@mﬁa@ St eed can
of course be dfedm ' r ggénj_ '

dehydrocycl i zg [ })éﬁ{ st ep.fsﬂﬁ%g%dwg’ﬁ,& w&:‘%]tﬁﬁj%g%g%égéu%séergg%cglao%,co%%r bon

di oxi de can befflient sttedn i avirpe apreddesdt hpdrogén @ontent icompaeidt With dergstly in

t he dehydrocyclijzation step or indirect]y throucgg conversion to _nmethane

and/ or et hanecitherhstregiar odomicatly deei ]@fﬁh%&eéplfelff oB55ten progeres additional sul f ur
Inpurities ar ﬁy@ocs,a(}b(gﬁ' p'sﬁ@cliés}' Rh&P el 'dethane, which are recycled to the

dehydrocyclization step.
Feedstock
[0033] Any methane-containing feedstock can be used in the process of

the invention but in general the present process is intended for use with a natural
gas feedstock. Other suitable methane-containing feedstocks include those
obtained from sources such as coal beds, landfills, agricultural or municipal waste
fermentation, and/or refinery gas streams. .

[0034] Methane-containing feedstocks, such as natural gas, typically
contain carbon dioxide and ethane in addition to methane. FEthane and other
aliphatic hydrocarbons that may be present in the feed can of course be converted
to desired aromatics products in the dehydrocyclization step. In addition, as will
be discussed below, carbon dioxide can be utilized in the production of aromatics
either directly in the dehydrocyclization step or indirectly through conversion to
methane and/or ethane in the hydrogen rejection step.

[0035] Nitrogen and/or sulfur impurities are also typically present in
methane-containing streams and may be removed, or reduced to low levels, prior

to use of the streams in the process of the invention. In an embodiment of the



met hane- cont ai ni ng streans and may be renoved, or reduced to | ow | evels,
prior to use of the streans in the process of the invention. In an

embodi ment  qQfobLIG Ekee006/ 068800 PCT/ US2005/ 043523 9 invention, the feed to
the dehydrocycl 24t on step contains |ess than 100 ppm foFfCTRRAM50&PEss
than 10 ppm such as less than 1 ppm each of nitrogen and sul fur conpounds.
[0036] In addition to nethane, the feed td the dehydrocycli zati on step may
contain at |east one of hydrogen, water, carbon nonoxi de and carbon di oxi de
in order to assist in coke mtigation. These additives can be introduced as
separate co-f@ad3ifh haTeddGo RAEEERrdccliABoRBeh RBRtafls 188 hars LW A1, fof OF
exanpl e, where the nethane stream’is derived from natural gas contal ning
car bon di oxi de ex@hplerlessthan d@ppot, suel o tesditiean Hepmayach d] nitlegenband sulfar not
limted to, flue gases, LNG plants, hydrogen plants, anmonia plants, glycol
pl ants and pht RAFPEYBfhydri de plants. [0037] In, one enbodinent, the feed

to the dehyd pzati j Qi I 90 t
09. 9 ol 9 such ey t o 8308 Rep FERERAS GALEAR bAoA SRIRITEA) 1o
3 mol % CC2. | gom@in fcleast oheo dif tigdiogen, twister, e@oh enérvaidbednddrasyncdibZide iion st ep

cont ai ns carbon nonoxi de and conprises 80 t0.99.9 mol % such as 94 to 99
nol % net hane &FEra0 pssig ipgokorutizatioah Thesq additives qep|beyintesluced ag senaraihrer

enbodi nent, the feed to.t hy.dr cljzatij,on st cgnt ai ns, st eam_ and
conprises 90 t§°t 5‘?@ oﬁﬁa%%gggegﬁ%a%%@% “ﬁol'%sgﬁ}e?ﬁ’lgo 5 anple. B{ﬁ%et ° 10
ol % such as indtRare §tRdabh isSd@pRll fhdin ifitardl Eadr édikdinRighaehdiedloxideheotteed to
t he dehydrocyclization step contains hydro%Fn and conprises 80 to 99.9

ou

nmol % such as geurces 98 cambpndioxedehmar iaglude but ary 2@ limited tos dbin gases1 LING 5
nol % hydrogen 0038] The .feed to the .dehydrocyclizati.on step can .also
contain hi gher Plﬂ‘&%ﬁ@'&?&%n@‘ﬁ"fa@%ﬁaﬂ@% g]gF dP éaﬁn&tﬁ@“ﬁ?&}ygeg? bons.

Such hi gher h¥,Mar bons can be recycled fromthe hydrogen rejection step,
added as separate co-feeds or can be present in the methane stream such

as, for exanpl ¢003Men etlhaowe iembodosent) the feedrdo uthel dgasirdayelizatiph gstey
e i g ar onaEPbGIR AR Qiands Fd couaares 8P4t P TRAlGchFLALH FLeE 6 or
less, such as Hndhadebdd 0.1 & 1PHBIR! Kich 201 th 8%%01%, CO;. In another embodiment,

the feed to the dehydrocyclization step contains carbon monoxide and comprises

80 to 99.9 mol%, such as 94 to 99 mol%, methane and 0.1 to 20 mol%, such as 1

to 6 mol%, CO. In a further embodiment, the feed to the dehydrocyclization step

contains steam and comprises 90 to 99.9 mol%, such as 97 to 99 mol%, methane
and 0.1 to 10 mol%, such as 1 to 5 mol%, steam. In yet a further embodiment, the
feed to the dehydrocyclization Step contains hydrogen and comprises 80 to 99.9
mol%, such as 95 to 99 mol%, methane and 0.1 to 20 mol%, such as 1 to 5 mol%,
hydrogen.

[0038] The feed to the dehydrocyclization step can also contain higher
hydrocarbons than methane, including aromatic hydrocarbons. Such higher
hydrocarbons can be recycled from the hydrogen rejection step, added as separate
co-feeds or can be present in the methane stream, such as, for example, when
ethane is present in a natural gas feed. Higher hydrocarbons recycled from the
hydrogen rejection step typically include one-ring aromatics and/or paraffins and
olefins having predominately 6 or less, such as 5 or less, for exampie 4 or less,
typically 3 or less carbon atoms. In general, the feed to the dehydrocyclization
step contains less than 5 wt%, such as less than 3 wt%, of Cs+ hydrocarbons.



typically 3 or |l ess carbon atons. In general, the feed to the
dehydrocyclization step contains less than 5 w/o0, such as less than 3 W%
of C3+ hydhf§3fub/abssng VO 2006/ 068800 PCT/ US2005/ 043523 10 )

Dehydr ocycll ZAtTOR 000391 In the dehydrocyclization step BFTURMONPESEht
process, the nethane containing feed isugont acted with a dehydrocyclization
catal yst under conditions, normally non-oxidizing conditions and preferably
reduci ng conditions, effective to convert the nethane to higher

hydr ocar bons, including benzene and naphthal ene. The principal reactions

I nvol ved are pghzgdyolc?m'aﬁaﬁ}m H CH4 + 2112 (Reaction 1) 6CH4 E-+ C6H6 +
9112 (Reaction | OCH4 C10H8 + 16112 (Reaction 3) [0040] Carbon nonoxi de
and/ or di oxi di908%ht nayIbtheplehydrocy¢lizatiere step of the presant pzoasss, deymethant i vity
and stability by .facilitating reactjons.suych as: .CO2 + coke - 2CO.(Reaction
2 “but “negat | sgngeed & et FhR S Rr Ul AT brtgatt vgier el Ome. such
as; C2 + - toadil ok )  OCYGh I on
cat al yst ef ?e'g?rfnvagyff? nc%)ﬁé%ﬁg( met gdr{fgrhtng prgfre%%gyﬁecs é%ﬁﬁ‘rﬁgﬁ |elr?ﬁﬁ1e
process of thw iconeerti the, ndthdreugh begher altydrodanisonscaheludiniy behdene nahdide a

metal conponent, particguylar]y a transition nmetal or. conpound thereof, on an
i norgf;inibct sup ) hla ??n&i‘ﬁip&ﬁ‘f;?ﬂ Te@tf@lﬁé‘i‘(:b‘éilv@(ﬂ%l WHPWSE S p(r) eseBt in aﬂt f
anmount bet ween O. o an % sugh as wegRy o an : y weight o
the total catalyst. [OOgE%BSui tabl e netdl*congonents g%%a%tué?élz:at al yst

include cal cium nagnesCHpy bari wm yiO:Hk wRH,l ant hanyReackig@dyli um cerium
titanium zirconium hafnium vanadium niobium tantalum chrom um
nol ybdenum tungsten, #BGHafese, Gitldait L6RLz i(Reastion &) heni.um cobal t, rhodi um

S, O, A g B
Such metal CoRRRBAR! I abeviey AFRibilit) byahaNRHh@ eab@6HY th &6 Mot al

conpounds, such as oxides, carbides, nitrides and/or hosphi des, and naybe
enpl oyed al one or in cofBlragoken. —#| at ZRGM and osnmi um(Reastiom#so be used as

one of the mel g gy i ack Lquitibtide Dy fowing comPRing e Sttt 3eh as;
CO;+CH, « CO+2H, (Reaction 5).

[0041] Any dehydrocyclization catalyst effective to convert methane to
aromatics can be used in the process of the invention, although generally fhe
catalyst will include a metal component, particularly a transition metal or
compound thereof, on an inorganic support. Conveniently, the metal component
is present in an amount between 0.1 % and 20 %, such as between 1 % and 10 %,
by weight of the total catalyst. |

[0042] Suifable metal components for the catalyst include calcium,
magnesium, barium, yttrium, lanthanum, scandium, cerium, titanium, zirconium,
hafnium, vanadium, niobium, tantalum, chromium, ﬁlolybdenum, tungsten,
manganese, rthenium, iron, ruthenium, cobalt, rhodium, iridium, nickel, palladium,
copper, silver, gold, zinc, aluminum, gallium, germanium, silicon, indium, tin,
lead, bismuth and transuranium metals. Such metal components may be present in
elemental form or as metal compounds, such as oxides, carbides, nitrides and/or
phosphides, and may be employed alone or in combination. Platinum and osmium
can also be used as one of the metal component but, in general, are not preferred.
[0043] The morganic support may be either amorphous or crystalline and
in particular may be an oxide, carbide or nitride of boron, aluminum, silicon,

phosphorous, titanivm, scandium, chromium, vanadium, magnesium, manganese,



[ 0043] The inorganic support may be either anorphous or crystalline and in
particul ar may be an oxide, carbide or nitride of boron, alum num silicon,
phosphorous, titaniu scandi um chrom um vanadi um nagnesi u manganese,
VO 20061068%8F M B882005/ 043523 11 iron, zinc, gallium P&éfﬂgémaﬁ' 323
yttrium zirconium niobium nolybdenum .jndium tin, barium |anthanum
haf nium cerium tantalum tungsten, or o“ner transurani um el enents. In
addition, the support may be a porous nmaterial, such as a m croporous
crystalline material or a nmesoporous material. Suitable mcroporous
crystal | i ne mege ali, | gehwdle gbithirih € triaflMiROsiun, CAloBfum, hidybaesirh ] cat es,
al um nophosphat es, netal |l ophosphates, silicoal um nophosphates “or their

m xt ures. Suchindivunofiny bagury Japthahivinn batmiurey teriven,i aotaboe Wagsen, alrsothtravi ng

the franework types MFl (e.g., ZS .and silicaliteg), MEL (e.qg., ZSM 11),
M e DS iR clgndlie. Bafion (i supRog ey by ppioss skl shchgs,
ZSM 35), MFS (£. frerofsius 7 ( : 2 =25,

701170 2, g ek Samnigyew%l\)a?%%a)lw& S .T&ISTQ%-%%% " K %l.eg.,
ZK-5), BEA (e.micropaohs t ectystabjne | Tidtdrimly. , intRde 135licdER ( elugninositizageni t e) ,
FAU e.g., zeoglites X, Y, ultrastabilized, Y and, deal um ni zed , LTL (e.q.,
zeol i 'Ee E), mw?%ﬁgat?m glaminophosppptey, o mstallopigsphgtes, ag ICWP%APJ@I%S, ,%\FI

Evie 1 e of St SRR iRl RIS e Hich i g5
SAPO- 34 and SAR@@The Suineabhetypes MRIN(olgs Z8MeY il silialibyGeEMNE 4 ZSMOM 48,

MCM 50 and SBA-15. [0044] Exanpl es of preferred catal ysts include
nol ybdenum t uhhsMERY (er&eﬁwrgnmgdﬁﬁom-@%@d@&{mgnM)stﬂﬁ&@?cﬁ‘-a on

ZSM:5, silica Lk ENTh Rae 0 . %f{ﬁhad c 6t I dj sed on
t he i norganic gﬁ%@%r y (%%V%régrgﬂv\el I ch?gbpgﬁt%’ gﬁgﬁ?szé%ﬁhsﬁ
co-precipitati nr? |, TDQ, MCMABE, NEEM-49 eNdMTMLIQNTWRNBES ITOLI4KFI (c.g.,
spray-drying, so el, ion- exchan% chem cal v1a3gor deposition, diffusion

1
and physi cal nZkr g BEA(@Bdredtinbe f)hémmgmc MBB; te. & amordsaitaobALi ed by
vashi ng. and or (i clisn Xoite AEFRbzeE LR PRl 17 KoL Temn GBI 1
Con 15 CITRINey Mgl gDV SHOROMIAPTTLIO auted, AL, 1
the and AFO (SAPO-41), as well as materials such as MCM-68, EMM-1, EMM-2,
ITQ-23, ITQ-24, ITQ-25, ITQ-26, ETS-2, ETS-10, SAPO-17, SAPO-34 and
SAPQO-35. Suitable mesoporous materials include MCM-41, MCM-48, MCM-50
and SBA-15.

[0044] Examples of preferred catalysts include molybdenum, tungsten,

rhenium and compounds and combinations thereof on ZSM-5, silica or alumina.
[0045] The metal component can be dispersed on the inorganic support by
any means well known in the art such as co-precipitation, incipient wetness,
evaporation, impregnation, spray-drying, sol-gel, ion-exchange, chemical vapor
deposition, diffusion and physical mixing. In addition, the inorganic support can
be modified by known methods, such as, for example, steaming, acid washing,
caustic washing and/or treatment with silicon-containing compounds, phosphorus-
containing compounds, and/or elements or compounds of Groups 1, 2, 3 and 13 of
the Periodic Table of Elements. Such modifications can be used to alter the
surface activity of the support and hinder or enhance access to any intemal pore
structure of the support.

[0046] The dehydrocyclization step can be conducted over a wide range of

conditions including a temperature of 400°C to 1200°C, such as 500°C to 975°C,



surface activity of the support and hinder or enhance access to any internal
pore structure of the support. [0046] The dehydrocyclization step can be
conducted gver a w. de range of conditions including a tenperature of 400C
to 1200C, SREHYLHYHC 1o 975C, WO 2006/ 068800 PCT/ Us20057 GHYEHE043823 o
exanpl e 600C to 950C., a pressure of 1 kRa to 1000 kPa, such as 10 to 500
kPa, for exanple 50 kPa to 200 kPa and a wei ght hourly space vel ocity of
0.01 to 1000 hr', such as 0.1 to 500 hf', for exanple 1 to 20 hi'.
Conveniently, the dehydrocyclization step is conducted in the absence of
02. 100471 Théomedappio eIl wat508G., stpepssumofiekRaciodifOP ddPaj suchrae 10rto 560e fi xed

beds, noving beds_or fluidized b reactors, .wi.th catal yst regeneration

bei ng conducted foR exam egpﬁ’)@.tgﬁﬂg taﬁgéiv?‘?%%@gﬁ_,Spa(,cﬁ_rvﬁlﬂ‘f“gioéﬁio&é?_car bon
monoxi de, Waﬁgbo%‘ hyfhagal +J 30681 The Sehylr peyobigal i Gfhe ﬂg% 'S
endot hermi ¢ and,  herice where he reaction IS conducted in a plur I|§y of

stages, it maychpiroeetisstivnstdpiseondwyed inthedbstmgoiiBating to return the feed
to the required reaction tenEerature. _The fuel reg‘l;qi;red to provide the
i nterstage hed®947y nay ddwiehydmeysjizaiamsteroerndie qoadusietip onger mermifixedi ng a

2 omat | o comp St S0 e EH° B hiaRE MhatiesciofT ey BB ApORae.
conponents. | RoRdiRtdd mituvﬁreé:@sihhwmmﬁtdxggen%%bﬁ didkild) afoRSRBEKI®S, a

novi ng bed of catalyst, a portion or all the heat may be supplied by
Wi t hdr awi ng awabertor bydrogen.he catal yst fromthe bed, heating the catal yst by,

f | e, ti f .t t al t, dth t ' th
neat ed ot al Yo"t he THEAeRgdBsYaiZpEn Fation Botndp berait Al Bois b Ent 5 of
the effluent ftﬁ&{;é‘aEt'ikﬁl Relydrasy §l h3AkLRg ofsskfgres,gf %ﬁ%&&@gﬁm‘cﬁy

napht hal ene, carbon nonoxi de, ethylene, “coke "an reacte
Typi cal | y, t héntefsfadgadndtingdnretunsthetfeddetashe fequir€d resctodn @mpataturke The fikd wt %

ST, ek o ool e ol B B o
R S
first effl uentsepsitionand teoarbrhatizx weagohéras tind/at afiexieparation asfothet dlkylitedigs i n
the Teed by atarolrggrisctco?nponents. In addition, where the reaction occurs in the presence of a

moving bed of catalyst, a portion or all of the heat may be supplied by

withdrawing a portion of the catalyst from the bed, heating the catalyst by, for

example, combustion of coke on the catalyst, and then returning the heated

~ catalyst to the moving catalyst bed.

[0049] The major components of the efﬂuent from the dehydrocyclization

step are hydrogen, benzene, naphthalene, carbon monoxide, ethylene, coke and

unreacted methane. Typically, the effluent contains at least 5 wi%, such as at

least 10 wi%, for example at least 20 wt%, preferably at least 30 wt%, more

aromatic rings than the feed. It is to be appreciated that references herein to the

first effluent stream comprising at least 5 wi% more aromatic rings than the feed

is intended to mean that the total number of aromatic rings in the first effluent

streamn should exceed the total number of aromatic rings in the feed by at least 5

wt%. Changes in substituents on any aromatic rings between the feed and the first

effluent stream are not included in this calculation.

[0050] The benzene and naphthalene are then subjected to an alkylation

step to produce higher valne materials, such as xylenes and dimethyl

naphthalenes. This is convemiently achieved without prior separation of the



wt % Changes in substituents on any aromatic rings between the feed and the
first effluent streamare not included in this cal culation. 10050] The
benzene and e are then subjected to an al kylatio _tQ_produce
hi gher val uquﬁg@%@gﬁg such as xyl enes and di net hyl naph‘%@ﬁ%ﬁ@%@‘gﬁzﬁi S is
conveni ently achi eved wi thout prior separation of the WO 2006/ 068800

PCT/ US2005/ 043523 13 benzene and napht hal ene fromthe dehydrocycli zation
ef fluent. However, if desired, the benzene and napht hal ene can be separated
fromthe dehydrocyclization effluent, for exanple, by solvent extraction
foll owed by f bemzenoreadi vaphtiedeneeframd theg dehygredykitation afflughtondbiveser, if

Al kyl ati on [0051]. The al kyl ati on pr,ocess .of the invention inyolyves
contacting par ae%%e& alffe opeqggac a@g‘ﬂat?ac?%wgq”ﬁca?aﬂon}%e i ﬁeqaﬁaéeci/ from the

dehydrocycl i ZaHEﬂ@éﬁ)ngHzﬁﬁh %‘%fﬁ@m?”for aé)ﬁlﬁli( a1 g B exﬁéh@il&ngﬁ)llﬁaletﬁ’l in,

al cohol or al kyl , I'n the gas or urd " phase in the presence “of an
aci d cat al yst . fiSutiémhbibe baforeumiztgiysslkylatioh.ude nedi um pore zeolites (i.e.,
t hose having a Constraint Index of 2-12 as defined in U S. Patent No.
4,016, 218), including materials having the framework types M'1(e.g., ZSM5

and silicalite), [ ] ZSM 11), MW (e.g., ZSM12), TON (e.g., ZSM 22),
MIT (e.qg., stﬁﬁltﬁégl?%latégrﬁ ZSM 57) and FER (e.g., ZSM 35) and ZSM 48,

as well as |argeosipre zedhietabid/ldtiongrocdsho$ ehehidaviridn dnvedvistdoniabling paesr of
| ess than 2) such as materjals having the framework types BEA (e.g.,

zeol i te beta), aHaef the gromatizchydzocarmso it the giehydsecyrlizafionyefflngntt wish| aved v

d deal uni ni . MR (e g. i oo ZSMEA). N
75 18) and. witpiApe o sud o s AShor OF A tdide, e or G Yl O
MCM 49 and MCMph&de-in thé kitks@icde @ awidcil dtaifitnsSi@BR Abidl data0nes Bohas Bl of the

present process, benzene is recovered fromthe dehydrocyclization effluent
and then al kyl @oreczepliteh (izen thosethaving sueonstiaint bidhy pEhd2 o definsdyn Bfs Patthe

| ef i b . - d f. hyd l,i ' '
Ty bo pr oducedt ALaaNEE HEMIE BREHT: BRne I5 KRB RVr MHHedod0re a5 i s
wel | known to LRgshicalite), MELIE gl *zgwm)y, MRS, 28M-PHOTON (0. Nz olNer2)! evel s

of olefins in conjunction with the dehydrocyclTzation’step is to inject C2+

hydr ocar bons i MBY {he., ZSM-28), MES (e.gf ZENeSHeinddFiER Yo g.i ZEM-35) and ZSM-48,
as well as large pore zeolites (i.e., those having a Constraint Index of less than 2)
such as materials having the framework types BEA (e.g., zeolite beta), FAU (e.g.,
ZSM-3, ZSM-20, zeolites X, Y, ultrastabilized Y and dealuminized Y), MOR (e.g.,
mordenite), MAZ (e.g., ZSM-4), MEI (e.g., ZSM-18) and MWW (e.g., MCM-22,
PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2, MCM-36, MCM-49 and MCM-56).
Alkvlation with Olefins
[0052] In one embodiment of the present process, benzene is recovered
from the dehydrocyclization effluent and then alkylated with an olefin, such as

ethylene or propylene. The olefin may be produced as a by-product of
dehydrocyclization reaction or may be produced through thermal or catalytic
cracking of hydrocarbons as is well known to those skilled in the art. A means of
producing higher levels of olefins in conjunction with the dehydrocyclization step
is to inject C2+ hydrocarbons into the hot effluent of the dehydrocyclization
reactor. Steam may be co-mnjected with the C2+ hydrocarbon to reduce coke
formation. Olefins useful for alkylation can also be produced from dimethylether,
methanol or higher alcohols.

{0053] Typical conditions for carrying out the vapor phase alkylation of
benzene with ethylene include a temperature of from 650 to 300°F (343 to 482°C),



reactor. Steam nmay be co-injected wth the C2+ hydrocarbon to reduce coke
formation. A efins useful for alkylation can al so be produced from

di mret hyl et her, nethanol or higher al cohols. [0053) Typical conditions for
carryi ng oWO 2H0e/0¢88br phase al kyl ati on of benzene with BChyEma&0isnzi ude a
tenperature of from 650 to 900F (343 to 482C), WD 2006/ 068800

PCT/ US2005/ 043523 14 a pressure of atnospheric to 3000 psig (100 to 20, 800
kPa), a WHSV based on ethylene of fromO0.5 to 4.0 hf' and a nole ratio of
benzene to ethylene of from1l:1 to 30:1. Liquid phase al kylation of benzene

ith ethylene_na ' t ‘ e r.at and, 650F (150
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MCM: 36, MOM 4 thedligpidphass elky]ation o banzeneswith srapylen ynckide griemperatyee efdframuct ed at

benzene can b&H 3540 205 BNIPHAR b o arrarer Ao Fo s AYPHenzene.
The resul tant 29}89M kP22 WSV MAsed of?ﬁex?é)éf‘horﬂ%g%iﬁ) lﬁ"%g%‘x'ﬁo‘i?fatih)%f for
exanpl e, the producti'on of styrene or " isonerized by nmethods we nown in

the art to m benkexytoeprepyledcdtfodm l1rl ta36tlher enbodi nent of the present
nmet hanol or dinethylether (DVE) and is

process, the al kylating_agen i
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zeolite, such_as ZSM 5, zeolite beta, |TQ 13, MCM 22, MM49, ZSM 11,
ZSM 12, zSM 2 M, MCMAR pob M@ So7SsM 48, whi ch has .

[0055] 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 ethylbenzene. The resultant ethylbenzene can
then be sold, used as a precursor in, for example, the production of styrene or
isomerized by methods well known in the art to mixed xylenes.

[0056] 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 dimethylnaphthalenes. Where the methano!
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-ZS,. ZSM-35, and ZSM-48, which has
been modified by steaming so as to have a Diffusion Parameter for 2,2
dimethylbutane of 0.1-15 sec-] when measured at a temperature of 120°C and a
2,2 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 or DME 1is used

fo alkylate naphthalene, this is conveniently effected in the presence of a catalyst



been nodified by steam ng so as to have a D ffusion Paraneter for 2,2

di met hyl but ane of 0.1-15 sec-1 when neasured at a tenperature of 120C and a
2,2 di met hyl but ane pressure of 60 ton (8kPa). Such a process is selective to
the produd¥Paprednrs§®dr a- xyl ene and is described in, for eR@lPSzIOSVBIBat ent
No. 6,504,272, incorporated herein by reference. Were the nethanol or DVE
I's used to al kylate naphthal ene, this isisconveniently effected in the
presence of a catal yst WO 2006/ 068800 PCT/ US2005/ 043523 15 conpri sing
ZSM5, MCM 22, PSH 3, SSz-25, ERB-1, ITQ 1, 1TQ2, ITQ 13, MM36, MM 49

or MCM 56. Such a process cap he used to selectjvel roduce

o 6o et hy | noASPRBRATE CSRe MOee EoBk, S57 28 oBMBeh bl LS Baaht uos.
4,795, 847; 5, 32, APl -6, 0480 | erel
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single ring argoaide,pabdethyinfpiamlédeandayeeasedcih] foaexanple E8 PhiefNbS
predom nately benzene with a reduced | evel of toluene. To increase the

total yield of4¥55.8463,00a195; 6.881,pP®an 605,08, incernesrgdihareipdhyi referénse r eact or

and recycl ed Zenx nd IRty separ af eed f ognthe xyl ene product by
distillation M KOS 2O S BIONHEE AS nstances it will be

desirable to ppoguce Xyl psisalWidi€ rinfianbiited ﬁadﬁae&@ﬁ%maetghr&gﬂeuia%ﬂzene:
in those instances, ethylene which may be present in the feed'to the
al kyl ati on zoneaciomuspredontinatelygematiedwith aoethaned lsel ofidolnenepr Eoamiredse fr om

al kyl ati ng the, benzene,or .tol uene. .1 both xylenes and, ethyl henzene are
desired producit€ ﬁoéf W’Ikg gh f@i’?&ess &ﬂ’ﬁhh&’g i IEO(S'WH )fqut ﬁ*?e&%hyﬂ’é\fy“géag% F93510ked
prior to the xyl4e t jeSe S S r el e
conducted in téhﬂed ggcrryglérﬂeggl?igrﬁet{gﬁgrttggﬁnceg%g%é}%dﬁ%?ogfi??Ie%o%]nm‘?'hgy

met hyl at i on r edistiliationican pe efethryddteéds carried out in the vapor phase, with
typi cal reacti onditions including.a t eratyre from 300C to 00C,
preferably 400@65 700C, l%amﬁméé_%%*}“@egﬁtomlﬁggcﬁ{ei R PEP %_efy{eaes O8Ok Pa) ,
and a wei ght hoy '%%ziﬁ@ﬁfe%&]q?%ﬁ%ﬁgﬁeg?ﬁe?‘?ﬁ?xg@e i].ns@aﬂgeszgﬂgféhé whidH fb§" ably

between 1 and 1 rI7 The nol ar ene and benzene to
met hyl ati ng agenpresan i theyfeahtb the lalkylionlZope Beould berhPdrbpdnated t8Qthane so

preferably from 2:1 to 4:1. dr ogen s and/ or steam can be supplied to
the reaction a% ¥nPreyftt ’éo‘%‘?’%’l?ﬁé}@@mg Q‘%&’W‘F‘ﬁe?ﬁ '.‘0%‘1?’?@- Ngﬁ?ﬁ}ﬁd‘%ﬁlms Bent s
usual I'y suppl i gl ibehZel€ are desired products, ethylbenzene synthesis and recovery may be

performed prior to the xylene synthesis step for ease of separation or may be
conducted in the same reactor to produce a mixed product.

[0059] The methylation reaction is preferably carried out in the vapor
phase, with typical reaction conditions including a temperature from 300°C to
700°C, preferably 400°C to 700°C, a pressure from 1 to 1000 psig (100 to
7000kPa), and a weight hourly space velocity of between 0.1 and 200 hr’,
preferably between 1 and 100 tr'. The molar ratio of toluene and benzene to
methylating agent can vary and will usually be from 0.1:1 to 20:1, preferably from
2:1 to 4:1. Hydrogen gas and/or steam can be supplied to the reaction as an
anticoking agent and diluent. The methylating agent is usually supplied to the
methylation reaction zone through multiple feed points, e.g., 3-6 feed points. The
reaction may be carried out in a bed of stationary catalyst, a moving bed reactor,
or a fluidized bed reactor. Due to the exotherm of the reaction, heat removal or
addition or low temperature quench may be required.

[0060] Typical methylating agents include methanol, dimethylether,
methylchloride, methylbromide, methylcarbonate, acetaldehyde,

dimethoxyethane, acetone, and dimethylsulfide, with methanol and dimethylether



met hyl ati on reaction zone through nultiple feed points, e.g., 3-6 feed
points. The reaction may be carried out in a bed of stationary catalyst, a
novi ng bed reactor, or a fluidized bed reactor. Due to the exotherm of the
reacti on, HEQROGNEBI0&I or addition or |ow tenperature queOTUSREN/0LE23
required. [0060] Typical nethylating agents include nethanol, dinethylether,
met hyl chl ori de, nethyl brom de, met hyl car bénat e, acet al dehyde,

di met hoxyet hane, acetone, and dinethylsulfide, with nmethanol and

di met hyl et her WD 2006/ 068800 PCT/ US2005/ 043523 16 being preferred. The

t hyl ati t I be f d f t.h t.h t
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zone. [0061] sts suitable for use in th l'ation reaction Include
natural |y occunethylgungldgmtrﬁahd:tel formed $toat then@nﬁmhﬂcgabamﬂan e metiykaionl es of
such nol ecul ar sjeves include | arge pore nol ecul ar sieves, internediate
size pore nolTE¥MORZOBs-eves, and smal | pore nol ecul ar sieves. These

nmol ecul ar S|e re d as.of: I SH?@? T

Ch, Baerl ocher 6?/@ ﬁv‘éﬁhﬁ@t@ éﬁHeAﬁlr ﬁfesé%%EI% ﬁ& ({tﬁ) ;é{&ﬁ‘ﬁi
2001, which i slah&alewccum@g)mb sypitiedichyrysislfine andeulah sieaes; eEpaiisledof atl ar
sieve generally has a pore size of at |east about 7 A and includes |WN

LTL, VFI, MAZ meesularagyvesimcludg-farge pemm@mlwmemamﬁqurm pizenpdigcul ar
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VPI -5, zeol it ejederiHe@Om Q1% ofoBslAe FRGheworkZBMe3", ZENCH, Béasboher, WSM.20,

SAPO-37, and MCM22. An internediate pore siZe nolecul ar sieve generally
has a pore si zMelfer,onnébButHSDIBQn,aEbﬂYlel‘.ZAFEfﬂd Edlirmi,ua@@ Whtchex@arim@y | TH,
JTW M,

nol ecul ar si e\}ggorg\ég%yerg{%?ncgu% }i’ﬁgeepc’r? ﬁ'?cg? |SéFtV8 gﬁPﬁ‘é g\ﬁ Pr%gél’?ﬁl ar

si eves, includs at fastlBout 7R ahd inds TWWOMIL 191, 4aN72 RIEIZEM 2 BME B4,
ZSM 35, ZSM 38, ZSM 48, ZSM 50, ZSMi57, 'silicalite, and'silicalite 2. A

smal | pore si Z‘%BEm,I endiMORs fraurewiods tﬁ)qamoéetsﬂmeswvasnﬂUBIAﬁhCoﬁmmﬂommfut SA

ol ccul ar o1 eveR e GREUnG): Earmalse of SHEPE ErOOGTOLshF Heves, iclide”
ITQ-22, mazzite, offretite, zeolite L, VPI-5, zeolite Y, zeolite X, omega, Beta,
ZSM-3, ZSM-4, ZSM-18, ZSM-20, SAPO-37, and MCM-22. An intermediate
pore size molecular sieve generally has a pore size from about 5A to about 7A and
inciudes, for example, ITH, ITW, MFI, MEL, MTW, EUO, MTT, HEU, FER,
MFS, and TON framework type molecular sieves. Examples of suitable
intermediate pore size molecular sieves, include ITQ-12, ITQ-13, ZSM-5, ZSM-
12, ZSM-22, ZSM-23, ZSM-34, ZSM-35, ZSM-SS-, ZSM-48, ZSM-50, ZSM-57,
silicalite, and silicalite 2. A small pore size molecular sieve has a pore size from
about 3A to about 5A and includes, for example, CHA, ERI, KFI, LEV, and LTA
framework type molecular sieves. Examples of suitable small pore molecular
sieves include ZK-4, SAPO-34, SAPO-35, ZK-14, SAPO-42, ZK-21, ZK-22, ZK-
5, ZK-20, zeolite A, ertonite, chabazite, zeolite T, gmelinite, and clinoptilolite.
[0062] Other molecular sieve catalysts particularly suited for the
methylation reaction are zeolite bound zeolite catalysts. These catalysts, as well
as their method of preparation, are described in U. S. Patent 5,994,603, which is
hereby incorporated by reference. The zeolite bound zeolite catalysis will
comprise first crystals of an acidic intermediate pore size first molecular sieve and

a binder comprising second crystals of a second molecular sieve. Preferably, the



sieves include ZK-4, SAPO 34, SAPO 35, ZK-14, SAPO 42, ZK-21, ZK-22, ZK- 5,
ZK-20, zeolite A erionite, chabazite, zeolite T, gnelinite, and
clinoptilolite. [0062] Oher nolecular sieve catalysts particularly suited
for the newdliae/Heaoor eacti on are zeolite bound zeolite cai@Eiybso4Igese

catal ysts, as well as their nethod of preparation, are described in U S.
Pat ent 5,994,603, which is hereby incorpdfated by reference. The zeolite
bound zeolite catalysts will conprise first crystals of an acidic

i ntermedi ate pore size first nolecular sieve and a binder conprising second
t al f I [ : f bly, the WD 20061068800

POYT US2005/ 043551 Reunglirp iecisbish domar f4st U L) RFEen B b a1 R P64 92 an 10

percent by wei gal; PASR%b Qe HRE and Qbddha YELABe Qb LBie! fitder A BE6RAGuL 0! 11

of non-zeolitic bind€ér, "e.g., anorphous I nder. “An exanpl’e of SU a

cat al yst conpr biader. f AhSsxagplesdfadush afcatuld borpriddsliirstsdriysigls of @ MyPer MEIJ. .
ZSM5 or ZSM 11, and a bi nder conpri Si nq second crystals .  of Ml or MEL

structure typeStrectye tyss, |6 gafbMeS or SSMilILi and ¢ bindel comprsng sseend stystals t he

nol ecul ar si ev ' thyl ati on..pr h:l1,.._have an al pha val ue of
| ess than 100, gﬁ@%@%?@ﬁﬁ el%’se$etgh§ﬁ]?q§8?ee§\§/re “ﬁ%}}tga‘ preferably | ess than
25, and nost p@fes] abl y MgpRalijlahe Mdlechfr diees vt ifithe meih§latich phrtessakile is a

measurenent of the Bronsted acid activity of the selectivated nol ecul ar
sieve, i.e. ithaiesavalphs whe ef leexthancf00 meragtifeiably loss thar Ay dvemgmost i on

he .al gh f | ecul i eye. The,al ph '
Gosribed i e e RS 255 sk i praraby fots, 63 i nkf BT berey 18 s
vol . 4, 522- 5281rph£ L3R is avljﬂeas@emggﬁoﬁﬁl%%ﬁohst@@daci@%ct?g of YR s@l%gl?&?%%deea(:h
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rate as described in detajl .in he urnal of Catalysis, Vol. 61, .395
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the Journal of Catalysis, Vol. 61, 395 (1980). Typically, molecular sieves having

a higher silica to alumina ratio will have a lower alpha value. Regardless, the
alpha activity of a catalyst can be reduced in accordance with techniques known to
those of ordinary skill in the art. For example, the alpha activity of a catalyst may
be reduced by (1) steaming the catalyst at appropriate conditions, or (2) ion
exchanging the catalyst with cations such as alkali metal ions.

[0064] - In one embodiment, the molecular sieve catalyst is selectivated for
the production of the desired alkyiated product, particularly para-xylene. The
catalyst can be selectivated by treating its surface with compounds of phosphorus
and/or magnesium and/or various metal oxides such as alkaline earth meta}
oxides, e.g., calcium oxide, magnesium oxide, etc. rare earth metal oxides,
lanthanum oxide, and other metal oxides such as boron oxide, titania, antimony
oxide, and manganese oxide. Preferred ranges for such treatment are from 0.1
wt.% to 25 wt.%, more preferably from 1 wt.% to 10 wt.% of such compounds
based on the weight of the catalyst.

[0065] The selectivation may also be accomplished by depositing coke on

the catalyst. Coke selectivation can be carried out during the methylation



catal yst can be selectivated by treating its surface with conpounds of
phosphorus and/ or nagnesi um and/ or various netal oxides such as al kaline
earth netal ' .g., calcium oxide, magnesium oxi de, rare_earth
met al oxi de%"f&f‘i"% 8glér:l)um oxi de, and other netal oxides suc%géészﬁg%)ﬁagxi de,
titania, antinony oxide, and nanganese oxjde. Preferred ranges for such
treatnent are from0.1 w.%to 25 w.% re preferably froml w.%to 10
wt . % of such conpounds based on the weight of the catalyst. [0065] The

sel ectivation may al so be acconplished by depositing coke on the catalyst.
Coke sel ecti vatiffofauch s B?ro?{bﬁﬁng te lethiRfod ReachBi Wdorkifms WRIGPARW 68800
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[0066] A silicon compound may also be used to selectivate the catalyst.

The silicon compound may comprise a polysiloxane including silicones, a
siloxane, and a silane including disilanes and alkoxysilanes. As is known to those
of ordinary skill in the art, multiple treatments may be employed to effect various

degrees of selectivation.

[0067] Silicones that can be used to selectivate the catalyst include the
following:
R
|
[“—Si—‘]n
!
Ry

wherein R1. is hydrogen, fluoride, hydroxy, alkyl, aralkyl, alkaryl or fluoro-alkyl.
The hydrocarbon substituents generally contain from 1 to about 10 carbon atoms
and preferably are methyl or ethyl groups. Rj is selected from the same group as
Ry, and n is an integer of at least 2 and generally in the range of 2 to 1000. The
molecular weight of the silicone employed is generally between 80 to 20,000 and
preferably 150 to 10,000. Representative silicones include dimethylsilicone,
diethylsilicone, phenylmethylsilicone, methyl hydrogensilicone,
ethythydrogensilicone, phenylhydrogensilicone, fluoropropylsilicone,



wherein R is hydrogen, fluoride, hydroxy, alkyl, aralkyl, alkaryl or

fluoro-al kyl. The hydrocarbon substituents generally contain from1 to about

10 carbon af referably are nethyl or ethyl group ' | ect ed

fromthe sane gro?)'ﬁ%ggog R1, and n is an integer of at leaéﬁc%&h@s@%ﬁgr ally

in the range of 2 to 1000. The nol ecul ar SWai ght of the silicone enployed is

generally between 80 to 20,000 and prefe}abl y 150 to 10, 000. Representative

silicones include dinmethylsilicone, diethylsilicone, phenyl nethylsilicone,

met hyl hydrogensilicone, ethyl hydrogensilicone, phenyl hydrogensilicone,
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hexaphenyl cyclotrisiloxane and ~ octaphenyl cycl otetrasil oxane. M xtures of

t hese conpoundsctamgthylcyoldieirasdestngs wehéxapkergl | i cormyslotuisiloxateher fandct i onal

groups. [0068] Useful . si]oxanes and, pol ysiloxanes include as, non-limting
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[0069] Useful silanes, disilanes, or alkoxysilanes include organic
substituted silanes having the general formula:
Ry
i
R—Si—R;
|
Ry

wherein R is a reactive group such as hydrogen, alkoxy, halogen, carboxy, amino,
acetamide, tria]kylsilyéxy, Ri, R; and Rj can be the same as R or can be an
organic radical which may include alkyl of from 1 to 40 carbon atoms, alkyl or
aryl carboxylic acid wherein the organic portion of alkyl contains 1 to 30 carbon
atoms and the aryl group contains 6 to 24 carbons which may be further
substituted, alkylaryl and arylalkyl groups containing 7 to 30 carbon atoms.
Preferably, the alkyl group for an alkyl silane is between 1 and 4 carbon atoms in
chain length. Mixtures may also be used.

{0070} The silanes or disilanes include, as non-limiting examples,
dimethylphenylsilane, phenytrimethylsilane, triethylsilane and hexamethyldislane.

Useful alkoxysilanes are those with at least one silicon-hydrogen bond.



atons and the aryl group contains 6 to 24 carbons which may be further
substituted, alkylaryl and arylal kyl groups containing 7 to 30 carbon atons.
Preferably I group for an alkyl silane is betwee nd_4 carbon
atons in C é?@ﬁﬁ’gér%bh M xtures may al so be used. [0070] 9?&@%%‘%@#@%3 or

di silanes include, as non-limting exarrplﬁf, di et hyl phenyl si | ane,

phenytri nmet hyl sil ane, triethylsilane and ‘ttexanet hyl di sl ane.  Usef ul

al koxysil anes are those with at | east one silicon-hydrogen bond. WO

2006/ 068800 PCT/ US2005/ 043523 20 [00711 In a preferred enbodi nent, the

ol ecul ar si evgoght al yStin & préfeed | MAbSKHmEAT, Nthet ROIGUHR BRI SQAGd:1 YAt i on
techni ques of cont'acting the  nolecular sieve wwth a silicon conpound and
treat ment wit rselemtjmaied uasing dher corphinedh restegtivatjon0 7¢hnidves| dfy contactmgl dveul ar
sieve will be incorporated.wi th. a binder terial resi.stant to the

t enperat ure arfﬂg]%F S‘@B‘Fﬂ?%‘% %ﬁ%‘cgﬂﬁP@P@Wl‘fgmfﬁ atgept 8t magaesm and/ex

sui tabl e bi ndeﬁhoggﬁrﬁ'ﬁé.al I ncl ude clays, alumna, silica, silica-alum na,
silica-magnesia, Silica-zirconia, silica-thoria, silica-beryllia, and
silica-titani g0022] wel | Ussmliyetheamhylecalapaiivtiwillsbe Stedip@ated with a binder
silica-alum na-tharja, silica-alumna- zirconia, _silica-alumna-nmgnesia and
si | i ca- magnesimatgrakissistant tpiae ippmerainrgand gthey songitions eyaplpredas tkeRIOees: wi t h

zeolitic matery . [t [ r.e discl osed in U
S. Patent 5,993 5‘2@%%@%@?2’ | ngﬁgé(g%%)% ?uoﬁ’sCﬂa%’ %ﬁ@aﬂﬁg@m Sél}"é“v“g“sfﬁw& bi nder
nmaterial Wl yhedmagiieiay silichlritcbsiangiliesttona, siliey-BeSUM, @Rl silicAtithris, 5 om
between | to 99% by weight, nore preferably in the range of 10 to 70% by
wei ght of nol ctell ads demewy, campositipng, sushe aprafiea-alpiyna-thone,2 Gilice-abmingy
wei ght. 100731 .The. nmet.h Ia:iu. ion cat al.gst mati al so _cont.ai n. a g.¥ldr ogen'ﬂt i on
metal,  whi ch e SHICAERHRIRTIRATES R Wb mapaTE-Fronia. , S HAPEHE or in
sone ot her Caéi@devlhhf @lsb e 2o hipoSitddoRth ZEAicARaRAINCH A5 (R eolifle mafi@lalde,
carboxyl ate and the Tike. Preferably, the metal is used in its elenental
state. Exanpl ethaiodre discloaed m Uhy.dtatape 6 298 642 ndha kgdativegpropatiGnoefonaeculsr met al s
(i.e., Pt, Pd, _.lr, v 3B, , .Ni,..Co and,Ee),.Goup | VB netals (i.e., Sn
b Py Gr ou NS Al e iederialyilh YAy RO Akis (B TpOIAUI Heve omtet o
M, Tc and Re) | fforfBERletn (1l t0®9% BY weight, Mb i
soneti mes pr efrg?glgg, nost prg.fepabl/yB%{h“.] %‘h’e h?d‘?‘gg"é%'g?i“gﬂﬁ‘%’ge@mm

70% by weight of molecular sieve, and still more preferably from 20 to 50% by

weight.

{0073} The methylation catalyst may also contain a hydrogenation metal,
which may be present in the elemental state (i.e. zero valent) or in some other
catalytically active form such as an oxide, sulfide, halide, carboxylate and the like.
Preferably, the metfal is used in its elemental state. Examples of suitable
hydrogenation metals include Group VIIIA metals (i.e., Pt, Pd, Ir, Rh, Os, Ru, Ni,
Co and Fe), Group IVB metals (i.e., Sn and Pb), Group VB metals (i.e., Sb and
Bi), and Group VIIA metals (i.e., Mn, Tc and Re). Noble metals (i.e., Pt, Pd, Ir,
Rh, Os and Ru) are sometimes preferred, most preferably Rh. The hydrogenation
component may also be accompanied by another metal promoter.

[0074] Typically the hydrogenation metal is present on the catalyst in an
amount from 0.1 wt.% to 5 wt.% of hydrogenation metal based on the weight of
the catalyst. The incorporation of the hydrogenation metal can be accomplished
with various techniques known to those skilled in the art. For example, the metal
can be incorporated into the catalyst by impregnation, or by ion exchange of an
aqueous solution containing the appropriate salt, or by a combination of these

methods. By way of example, in an ion exchange process, platinum can be



conponent may al so be acconpani ed by another netal pronoter. [00741
Typically the hydrogenation netal is present on the catalyst in an anount
fromO0.1 w B 3086/0688b0 % of hydrogenation netal based on t T‘/‘@éﬂcpm?‘fzs t he
catal yst. W I ncor poratlon of the hydrogenation netal can be acconplTshed
Wi th various techniques known to those skjjled in the art. For exarrpl e, the
metal can be incorporated into the catalyst by inpregnation, or by ion
exchange of an aqueous sol ution containing the appropriate salt, or by a
conbi nati on of these nethods. By way of exanple, in an ion exchange
process, pl atiinmaiduead quummZﬁﬂcﬁﬁﬂmﬂmﬁiﬂm&@bﬂﬁﬁa&mﬁ)ﬁnbmmm@ced by

usi ng cati oni c lati nu . exe h as tetyaanmm ne-platinu 1)
nitrate. In ad ?’B’ﬁte t td?rbdé%gﬂ"%@ﬁma@ﬁﬁt Olafn HF%@&?B’ Pg‘ys‘ﬁﬁlysi cal

intimate adrrixiﬁgl ixcbrSe |1y

m xed or extru W th ﬂ%@ﬁ ve eatgé Eﬂl&ﬁ@&g@%g rsrgt?ig?gﬁgrédcx‘?rng can
al so be conduaMebyw1tmcuhepwtml caalydie  Phelsioq eimaiiniada aﬁmmahgoamoﬂsca hearticle
separate from the active catalyst, and then the particle_carryi ng t he

hydr ogenati on ¢enagted gy Hﬂﬂ%@%&w‘%%@@%ﬁﬂ%@ﬂrﬁ@%ﬁl%@mm@ senpsate fromy
exanpl e, the hydr é’&f%aéa{ra‘?gstmcg ﬂilt?.le acpgm'cfépéa @J%ﬂe %g&r%gé‘ﬁ‘a@{] @QC’”S

support that IS co-mn Ve I"ar BSuch as
described in UpReed il dbde poxinmey to3theThilyse Bof tRfmple]! thalhydrogaeMoRqkaiied by

reference herern. [0075] 1n one enbodi nent, the nol ecul af si eve used in the
methyl ation r e@:lnq wrpregnates m@lmgmmhoas\ sumapatl th@toﬁﬁemngﬂgd mHitdthe astivehe use

amount of syt Rioleus Gl R aCHeE 8 RORTRa waT s Ear N P BRI ng

agent (i.e. Wegmngicofljarét&?by%f&%ﬁéé’]@@elﬁﬁbodl ment). In another enbodi ment,
the nol ecul ar sieve used in ~accordance with this invention has a

hydrogenati on H#78] conphi Qnmgn]bbénmmtlrﬂle Imiml&arw\@cusedanlthgnmﬂrmm

hos h '
of "Thi 5. { nvent FBFIOTLids A GIFREAIGE a1l SO Ping TPm: nEbe ek BpaETS apunt
of synt hesis ogg ﬁﬁfd‘@ﬂatiﬂiﬁc&ﬂp&d&ﬁt RRORR Gohndd f?ﬁreﬁflcé 18 anilufy BPEwﬂﬂes?sge”t

(i.e. methanol Iin"the preferred enbodinent) is found to be reduced
Al kyI ation w t pasSpnyed did®7éE dbenpositmhafitbe abhyl4abvg agentu(s ednethamni natlieyl ating
agent in the

P4

preferred embodiment). In another embodiment, the molecular sieve used in
accordance with this invention has a hydrogenation metal comprising platinum,
and a selectivating compound compnsing phosphorus. When such a molecular
sieve is used in the process of this invention, and wherein water s co-fed into the
reactor, the amount of synthesis gas formed due to the decomposition of the

alkylating agent (i.e. methanol in the preferred embodiment) is found to be

: reduced.
Alkylation with Syngas .
[0076] Where methanol or DME 1is used as an alkylating agent in the

process of the invention, it can be provided as a separate feed to the process or can
at least partly be generated in situ by adding a carbon dioxide-containing feed gas,
such as a natural gas stream, to part or all of the effluent from the
dehydrocyclization step. In particular, the dehydrocyclization effluent, prior to
any separation of the aromatic components, can be fed to a reverse shift reactor
and reacted with the carbon dioxide-containing feed under conditions to increase
the carbon monoxide content of the effluent by reactions, such as Reaction 5, and
the following reverse water gas shift reaction:

CO,+H; « CO+H,0 (Reaction 6)



process of the invention, it can be provided as a separate feed to the
process or can at least partly be generated in situ by adding a carbon

di oxi de-cont ai_ni n[% feed gas, such as a natural gas stream art or all
of the ef f IWEAPYPEH% he™ dehydrocycl i zat ion step. In par tPCJCHS& 050 73
dehydrocyclization effluent, prior to Separation of the aromatic

conponents, can be fed to a reverse Shlf reactor and reacted with the
carbon di oxi de-contai ning feed under conditions to increase the carbon
nonoxi de content of the effluent by reactions, such as Reaction 5, and the

followi ng rev wat er on 6)
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and/ or st eam rshift bmctcmdotgnnerateew}agmwhwhl dan them bt anixed withhe patteonsyfiuas whi ch

can then be mxed with a portion of dehy clization effl uent to
adj ust the H2/deaydsopyslizatise EPEEHJPGSJ&EF @Ser&Q%éz k3tiost 3soFpauiresp for e 78]

Typi cal |y, th llfﬁé(t?cfns Spshlft reactor contains a cat al yst conprising a
transition nmetal” on a support, such as Fe, Ni, Cr," Zn on alumna, silica or

titania, and[0678]per at eDypiculie] theqevbiréd ik rd:aﬂﬁirhtdntﬁﬂls& daGiiag cainpiisingh 500C
to 1200C, such as  600C to 1000C, for exan‘&me 700C to 950C and a pressure of
1 kPa to 10, Grosiios meiglon %1§UIHJOGOQJWE 0Cpda ppaluntivg, sdicamb(titardd00 kPa

of process usdl S uRR Hnt RoRE HhiniBnl e iteutiS R H0RC ABpIE” 1V Eo
through the cahah ¥§bodretto 109090) fhiékandl20®T BOS0°E |andQ RN i, tguch as
250 Id" to 25,000 hf', nore Qpreferably 500 hr-1 to 10,000 hf'. [0079] The

ef fluent f romllﬂkﬂi)orlé{ﬂeﬁw 251,000 lehazte 116,000 &Rat foe axdymple 3608 bPatD 5 &00(1;11Paat i on

react or operat n under COI’I%I'[IOI’IS t o _cayse reactio s the | | owi ng
Lo ocour: S e o5 deseiii tasRate Tibe of Biabes ssebo

(Reaction 8) lfy ﬁi@"g‘@s hour 8@531601%"@191&5%?955‘ ﬁfbu?l tﬁ@@ﬁﬁl{stmﬂs the

met hyl ati ng agen I ncl'udes deri vat i ves
t hereof . The nefmyhatingg Qfg%hhr rtaa&@ QOthrh SuehzasrﬂéOthr toa2 51980 hois megrewher eas

t ol uene react Siare e1t-arl])l§ 9@0 nﬁto)ib%bbrﬂlql.agent to form xyl enes, |
[0079] The effluent from the reverse shift reactor can then be fed to an
alkylation reactor operating under conditions to cause reactions such as the
following to occur:

CO +2H, > CH;0H (Reaction 7)

CH;0H + C¢Hg —  toluene +H,0 (Reaction 8)

2CH;0OH + CgHg - Xylenes + 2H,0 (Reaction 9)
[0080] Thus the methylating agent includes CO, CO, and Hz and/or
CH3OH and derivatives thereof. The methylating agent reacts with benzene to
form toluene, whereas toluene reacts with the mefhylaﬁng agent to form xylenes,
preferably para-xylene. In one preferred embodiment of the invention, methanol
as the methylating agent is not separately added but is formed in situ. The
methylation process can be carried out as a batch type, semi-continuous or
continuous operation utilizing a fixed, moving bed, or CSTR catalytic reaction
system, with or without recycle. Multiple injection of the methylating agent may
be employed. Suitable conditions for the methylation process include a
temperature of 100 to 700°C, preferably 200 to 600°C, a pressure of 1 to 300
atmospheres {100 to 30,000 kPa), preferably 1 to 200 atmospheres (100 to 20,000
kPa), and 2 WHSV for the aromatic hydrocarbon of 0.01 to 100 hr™), preferably 1
to 50 hr'. The composition of the feed, ie. the mole ratio of Hy/CO (and/or



preferably para-xylene. In one preferred enbodi nent of the invention,
nmet hanol as the nethylating agent is not separately added but is forned in

situ. The thyl atjan process can be carried out as a ba e,

sem -conti rﬂ@&g%éo%é@onti nuous operation utilizing a fi xeh?lijfr‘r%é}%?@“ﬁ@d, or
CSTR catalytic reaction system wth or ,)vgithout recycle. Multiple injection
of the nmethylating agent nmay be enpl oyed:” Suitable conditions for the

met hyl ati on process include a tenperature of 100 to 700C, preferably 200 to
600C, a pressure of | to 300 atnospheres (100 to 30,000 kPa), preferably 1
to 200 atnosp tQn2 ))1-18/0ch 121 IBY- 10T e

hydr ocar bon 01[‘@ %#%%gﬁo%nh%%e#gﬁg%llwl %%wgo ht 'Préf‘!i'%ggé(;ﬁarrg%lgiltion of
the feed, i.e.10/04-180.¢-10ati o of H2/ CO (and/ or WD 2006/ 068800

PCT/ US2005/ 043523 = 23 C02)/ ar tic can_be from of 0.01-10/0.01-10/0.01-10,
preferably frd@08lh- [ 0081 suitebls; qatalyst for: they Tethydation, Eroessh PPBPTISAE Br ocess
conprises a IS | d | r r. metal
oxi des, - such ABoeeHsPiiert HehPlesBiy i Hen s bt ol il ot S U

al kyl ation cat@lppst, chesthiairnand/ér £ifit Dxide. Ybypially, the altet@ioroxdtalest febhitains

conponent/ 95 wt . % nol eé:ul ar sieve _second conponent, to 95 wt. % netals or
metal oxides firemt S cwhioRsil/® metabeoxids| Bsticampenay9s cwhifo melacular sieve

nol ecul ar sieve ca of bnosiliicate. .zeqlit describ hove in
relation to al ﬁ?ﬁ?%??gﬁp%gl tﬁeﬁﬁ’h f ,H.leéeﬂ}é régetﬂéi@ﬁ éés E%} cglgﬂorf?gggr’f&g

al um nophosphahgledalaf kietd corpuiiénf O [he TdladBarbaeRcaBeChriyab B alutbisailichie have
| ower acidity conpared to silicate-based materials. The lower acidity

el i minat es margeobiasaleserthediabnve i relation te ebkylationswithymiethanal, isueh asaf8Mekt ends
catalyst life. In addition, .so f the nediu or e _al um nophgsphat.e- based
mat eri al s have®ufifyd& %"n&ﬁ%?@f“’ orsﬁt&teuf%aéerfai'at lﬁ'ﬁ\naplgoéﬁg%tg-ggseﬁh@agg rabl e
shape sel ectiydybity 1h9083%eAlabTit)oRhgsapdie i sHRARbAB] Shdtérias, ar Prd Ry Of

alternating A104 3émd P04 'fetarahtgdra. I\/Errberss of this fam Ii/ have 8-r(e.g.

Al PO4- 12, - 17,acidify elipates-18any side reagtions) raise- regetants’ wihilbaion,1andddxterdsc. ), or
12- (Al P0O4-5, -31, etc.) . .nmenbered oxygen ring channels.. Al though Al PO4s are
neutral , substqa?"’éﬁtglﬁt%of I‘Naqgﬁ'&}lo FOTRe Ogﬁﬁ éf“?‘ﬂﬁ’?"?ﬂr‘? YriRePhospherhased
i ntroduces a nggakihke e@%ﬂg | a2 stra RERYAHS couldgehBrateS QMRS thap¥
cations inpar ?llﬁng aci c?i ty. Sbst i tutsi on of sil Pglgfr}gfora P and/or ghag-Al pair
turns the neutseldctivitpary conposition (i.e. Al, P) into a series of

[0082] Aluminophosphate-based materials are made of alternating AlQ,

and PO, tetrahedra. Members of this family have 8- (e.g. AIPO,-12, -17, -21, -25,

234, -42, etc.), 10- (e.g. AIPO,-11, 41, etc.), or 12- (AIPO,-5, -31, etc.) membered

oxygen ring channels. Although AIPOys are neutral, substitution of Al and/or P
by cations with lower charge infroduces a negative charge in the framework,
which is countered by cations imparting acidity, Substitution of silicon for P
and/or a P-Al pair turns the neutral binary composition (i.e. Al, P) into a series of
acidic-ternary-composition (Si, Al, P) based SAPO materials, such as SAPO-3, -
11, -14, -17, -18, -20, -31, -34, -41, -46, etc. Acidic ternary compositions can also
be created by substituting divalent metal ions for aluminum, generating the
MeAPO materials. Me is a metal ion which can be selected from the group
consisting of, but not limited to, Mg, Co, Fe, Zn and the like. Acidic materials
such as MgAPO (magnesium substituted), CoAPO (cobalt substituted), FeAPO
(iron substituted), MnAPO (manganese substituted), ZnAPO (zinc substituted)
etc. belong to this category. Substitution can also create acidic quaternary-
composition based materials such as the MeAPSO series, including FeAPSO (Fe,
Al P, and Si), MgAPSO (Mg, Al, P, Si), MnAPSO, CoAPSO, ZnAPSO (Zn, Al,



acidic-ternary-conposition (Si, A, P) based SAPO materials, such as SAPGO 5,
- 11, -14, -17, -18, -20, -31, -34, -41, -46, etc. Acidic ternary

conmposi tio be created by substituting dival en iy for

al um num ggong,ragy?@r?g&t he MeAPO materials. Me is a netal %%ﬂ%mﬂ::o?:/{}]ﬁ(%‘%n be
sel ected fromthe group consisting of, hut not limted to, My, Co, Fe, Zn
and the like. Acidic materials such as MJAPO (nmagnesi um substituted), CoAPO
(cobalt substituted), FeAPO (iron substituted), MAPO (manganese
substituted), ZnAPO (zinc substituted) etc. belong to this category.
Substitution @aSigletn Otheatsebsttiidd alupiacpirasphate- bamdpnsﬁeﬁalerinda@ﬂlﬁﬁﬂeri al's
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etc.). As nentalkyhaibnaboVke mbﬂ@e?peefamcbralﬁhﬁmobhu@h‘aﬂae;a@qsm I’Iﬂﬂ’t&hﬂﬁ eofachidi c

strength for syngas/aromatic alkylation. The nmore preferr
al umi nophosphaB¥enggs gge Hﬁ?e]roi 2and d2-membered mp@nmatﬁmahn&%ﬂ@ 111@ ~3bncfl;

VerPsO 11, - MO R o MERP S-S, AR Aot har Hapsdi, oy o

have significant-Ahars widkeahve/tibyifidae shapel RBIkivItRBLOW GBRHARLW chbsnégt ur e.
100831 As described above, where the al kyl ati on catal yst includes a

mol ecul ar si evlucttirfe | atter may be sel ectivated to change its diffusion

characteristi ch th the dqni na ne .} soner Reacti on
9 is paraxyl gﬁ%ﬁfsm ta% 5ﬁ?§§ & od P+ f“haff%ﬁﬁ?n?dlfﬁ cgti"i‘%fsﬁ ‘ﬂﬁ‘g"\és?eam ng
and ex- situ Gholbdids tsu:vée&aél faer @by Sbé | SIERARFBOW IshanOKRs dvBiidioaNd/ or P
on the surface or in the pore mouths of the nolecular siéve, as described

above. Alter mhanavtehsacs sutlethat ﬂlatplr@imnumt txgleac rMoaweqirddjacctbprbaqtmn 9d6 one or

nore organonetalljc c ounds mhl 00 epter the channel s of
the nol ecul arpagi,xglt;ge % %ﬁ@ea&s B’é?rﬁg'ﬁ’ié‘fé?l“?@ "é‘Hletxabl e for
para- al kyl S%itﬁfér' 1\ﬁ<':’§1ﬂu0 logitfoll oS ﬁh&oxpf:oﬁpbﬁ’ﬂ&e c%@%%@ aaBHlBP PaBH the
nmetallic cation. organi ¢ anion can be sel ected from nol ecul es

cont ai ni ng carsblfagd m: mnﬂhboporephnenﬁnbld thenotdlomddr gewyps, destobeddiabgvebut not
lt Ir |mh§/§? 0;3 Egt %nga Vel sepééltnergtleoclill %arrlll gct:l{lgx?e%e chdgp%ls%caglEDE— Ac?né or tlﬁa})Te n B>
organometallic compounds which are too bulky to enter the channels of the
molecular sieve. One type of bulky organometallic compound suitable for para-
alkyl selectivation is the salt of a large organic anion and a metallic cation. The
organic anion can be selected from molecules containing carboxylic and/or
phenolic functional groups, including but not limited to phthalate,
ethylenediaminetetraacetic acid (EDTA), vitamin B-5, trihydroxy benzoic acid,
pyrogallate, salicylate, sulfosalicylate, citrate, naphthalene dicarboxylate,
anthradiolate, camphorate, and others. The metallic cations can be selected from
the element(s) of Groups 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, and 16 of
the Periodic Table of Elements (new IUPAC notation).
[0084] = Para-alkyl selectivation with the above mentioned organometallic
salts can be accomplished by various means. For example, a solution of an
organometallic salt can be impregnated onto a silicate-based material or
aluminophosphate-based materials. Either water or any suitable organic solvent
can be used. Addition of non-metallic salts and/or adjustments of pH to facilitate
the treatment are optional. Heat may be provided initially to drive off the solvcﬁt

and leave behind a material coated homogeneously with an organometallic salt



pyrogal | ate, salicylate, sulfosalicylate, citrate, naphthal ene
di carboxyl ate, anthradiol ate, canphorate, and others. The netallic cations

can be sel the elenment(s) of Goups 1, 2, 3, cd el 9,
10, 11, 12%1%?6/%@%15, and 16 of the Periodic Table of %JIﬁ]Z?‘Pezﬁ?“é&eﬁgw | UPAC

notation). [0054] Para-al kyl selectivati gg\ wi th the above nentioned
organonetallic salts can be acconplished by various neans. For exanple, a
solution of an organonetallic salt can be inpregnated onto a silicate-based
material or alum nophosphate-based materials. Either water or any suitable
or gani ¢ sol vemid tocthen benwstetile sathid 2 ortad bxrlen Alersitively, s diyimixatedimque

adj ust nents of pH tog; acilitat the. t r&at nt ali.e opéli onal . Heat. may be
provi ded i ni t f31 P§ used, dvligla myofves puixing JEsetly azrglifeHy, bedarm of PawdeR ef i al

pCT) US2005/ 04 St e in RERUELED 1 ek of oA ve BHEEAR wiroy,

Al ternati vel ytheaugdr ¥f @y sbleeitni Dhiemigtare el ubmobe wibhjedted B Bbatagealthitng
directly a zeolite in the formof powder_ or tﬁ?rti cles with a organonetallic

salt al so i n whichfigeilitates thedispersior of thersalt joyer e mederial apevenguwlly turatye
sol vent. The m,xi L. then be subjected to heat treatnment, which
facilitates tﬁ%{ﬂg‘i%‘g‘r{%f’% “of the salt over the material and eventuall y turn

the “salt intgegsjal oxiglg phdQB8HIL iR Bl &ftHEMB6kal DetiBadrpaRtedCinty ghdret 2l be
incorporated into the nolecular sieve so as to saturate nore highly
reactive specinsdgcutarchevgssootselo sayratevinprehhighly isactijsnspesies; csugk aby)?qﬁnsduct S

and which coul d. ot herwi se cause catalys egctd vat.ion. [0086] Prior to
exposi ng t he 3"2’? W}'ye rggﬁ%f?aﬁe‘iﬁs 5¥’§f@¥?§€st38gt‘ﬂgc§ ‘é%"édc’ Ré Ecﬁtlﬂg’t%l uene
and/ or benzengescHeati&®, and/or CO2 and/or nethanol the catalytic reaction

systens can optionally be activated under a reducing environnment (e.g.
1-80% H2 in Np0B&l 150- FWOC, toarxposingo th0 Gatatyinc ( t&dotiom F6te@BOto KiRa)feddor 2 to

48 hours. [00871 Tol uen nd/ or ,benzene d e t ati agent (s) are
Gaual 1y ot onfRBROTRP PEIED, S0H8E DAREDe e (b aobiosQradlit 1B Meaf ¢ he
desired rati 0cahEhneedhclifg Mpdtehdt Ren! g,lgtliadynaﬁ?nsenh&tﬁiatcﬁn ulierdl HgducifACt ant

to disrupt reactron kinetics. Option nst ant aneous concentration of
met hyl ati ng agevitommzent feg.Kepd% HaawNay atsk5@geM°Goatid 1 tn200t dmar(@06 to BY06 aged

additions, t hﬁParx)atIoir Ssto % hg]?rls.uene and/ or

[0087] Toluene and/or benzene and the methylating agent(s) are usually
premixed and fed together into the reaction vessel to maintain the desired ratio
between them with no local concentration of either reactant to disrupt reaction
kinetics. Optionally, instantaneous concentration of methylating agent can be kept
low by staged additions thereof. By staged additions, the ratios of toluene and/or
benzene to methylating agent concentrations can be maintained at optimum levels
to give good aromatic compound conversions and better catalytic reaction system
stability. Hydrogen gas and/or steam can also serve as an anticoking agent and
diluent.

[0088] The method of this invention is capable of producing mixtures of
xylenes where PX comprises at least 30 wt.% of the mixture, preferably at least 80
wt.%, and most preferably at least 90 wt.%. The method of this invention is also
capable of converting at least 5 wit% of the aromatic compound to a mixture of

xylenes, preferably greater than 15 wt.%.



benzene to net hyl ati ng agent concentrati ons can be nmaintai ned at optinum

|l evel s to give good aronmatic conpound conversions and better catalytic
reaction s ility. Hydrogen gas and/or steam can _also_serve as an
ant i coki ng@ééﬁfiﬁf@%@“ dil uent. [0088] The nethod of this FhvEneIG+Es
capabl e of producing m xtures of xyl enes ere PX conprises at |east 30
wt.%of the mxture, preferably at |east wt.% and nost preferably at

| east 90 wt.% The nmethod of this invention is also capable of converting
at least 5 wt% of the aromatic conmpound to a m xture of xylenes, preferably
greater than 1&11{&}&%1)%@&(]&%9@800 PCT/ US2005/ 0435, 23 26 Al kyl ated
Product Recov espective of the al kylation process enpl oyed, the
ef fluent from{0089] al kyl tespectivead theoakghtor procsssf emplbged; the piiluant fromsect i on
in which the aromatic, products are injtially separated fromthe hydrogen

and ot her | ow theREAtoN ToRAUGRISYS!RI 18 fidalosa sepaialie FeshoRyn mhichuihg argmatic
extraction. T I: G ] | ' enzene
fraction, at 8@1@%6@? F@%?%‘E@d ﬁ?lgctwggdlgg%] %Jdﬂoé%@?%ﬁ%g%@%ﬁwé@ nt ai ni ng
napht hal ene angdatetikls| aineehisathbi sdlede extrddtion CTha arviitice prddudtica® thepdie t hen
be fed to a crystallization or sorption process to seEarate the valuable

p- xyl ene corrpﬁa.fmnam intp @ heagenenfraniion  tadusngl fsaskian.cd Erdracken andaghegymoduct

or fed to an igonperizati.on | o t engr re paxylene..The tol uene
fraction can dangn Goviie eibuifed il Mtalfl rheReilnd)c Tay Gy el

al kylation repgtion @b thed bedea tb Al 49881kt OPUHHON PHIREs 1o _ﬂsga_ﬁxfa&! aRly a
sel ective disproportionation unit for the preparation of additional

p- xyl ene. HydradsmblRppateneoeripOeol and dheorpmainiag anixefl orylensayetthemsoldfast he
dehydrocycli zat i on tef fflcrf:nt. . Accor di ngl i{ i n arn enbodi rrﬁnt Oi‘ht?i S

i nvention, af tEPC4TH 1L FORT FECETERTP o1 R ECRFHFAROTE B¥ PRkt The {qI0enss £ | yent
i's subjected t@acfoRYGnOSRRr 1Rl Reddved a§s8RabR prdis recyiled iy dhoaRR1ARAt ent  of
the effluent before the unreacted nmethane is recycled”to the _
dehydr ocycl i zataaser serededintd to trdudnei despfapedianation zat preferably pa c a¢lestiviehe
hydrogen rejecfion st.ep conptises reacting at l.east part of the hydrogen in
the dehydroc ?H@B?#‘B‘Eﬁ@ﬁ%eﬁf ﬁ\ﬁ%?%"ﬂf?&%‘hg PRIy species to
produce water and a second effluent stream having a reduced hydrogen

content conpared with
Hydrogen Rejection

{6090] Hydrogen is a major component of the dehydrocyclization effluent.
Accordingly, in an embodiment of this invention, after alkylation/recovery of the
aromatic products, the effluent is subjected to a hydrogen rejection step to reduce
the hydrogen content of the effluent before the unreacted fnethane is recycled to
the dehydrocyclization step and to maximize feed utilization. ijically the
hydrogen rejection step comprises reacting at Vleast part of the hydrogen in the
dehydrocyclization effluent with an oxygen-containing species to produce water
and a second effluent stream having a reduced hydrogen content compared with
the first (dehydrocyclization) effluent stream.

[0091] Conveniently, the hydrogen rejection step may include (i)
methanation and/or ethanation, (ii) a Fischer-Tropsch process, (iii) synthesis of C;
to Cs alcohols, particularly methanol, and other oxygenates, (iv) synthesis of light
olefins, paraffins, and/or aromatics by way of a methanol or dimethyl ether
intermediate and/or (v) selective hydrogen combustion. These steps may be
employed sequentially to gain the greatest benefit; for example Fischer-Tropsch
may first be employed to yield a Cy+ enriched stream followed by methanation to

achieve high conversion of the H,.



the first (dehydrocyclization) effluent stream [0091] Conveniently, the
hydr ogen rejection step nay include (i) nethanation and/or ethanation, (ii)

a Fi scher - Thepmeboddsacess, (iii) synthesis of C to C3 alpgah@hfosios3s23
particul arly methanol, and other oxygenates, (iv) synthesis of |ight

ol efins, paraffins, and/or aromatics by way of a nethanol or dinethyl ether
I nternmedi ate and/or (v) selective hydrogen conbustion. These steps may be
enpl oyed sequentially to gain the greatest benefit; for exanple

Fi scher-Tropsch may first be enployed to yield a C2+ enriched stream

fol | owed by neMsiismetien{Bthanatignhi eve hi gh conversion of the H2. WD

2006/ 068800 P 005/ 043523 27.. t hanat.i on/ Et-hanat i on [ 00921 |n. one
enbodi ment , tﬁgdﬁ#%r ogen 8?ee?§?l?°(§1ﬁ§l§/‘tﬁegae %Oﬁegé e%g).géﬁp&?[mp&se%{e?&g)&t part
of the hydrogegf ianidabiep£te BY WieORYRb Al B2 @hz&%ewnz%&h efffeRP Withdiapidnde to
produce net hane and/or” et hane according to the follow ng net reactions: CO2
+ 4112 CH4 + 2dibdie Reguoduns t@thang GORl/er 7thade GREEdings 1d Abe (fallawinigonetl 1)

[ 00931 The carbon.di oxi de enployed is conveniently part of a natural gas
stream and pr eFf‘é‘P'é‘b‘i‘Sy the sane natural gas streamused as the feed to the

dehydrocycli zation step. er gt hegarb di fxjcsle is p k nmet hane-
containing stream the CI)CQl of the s%amﬂﬁs convenlﬂg%]atcﬁyn%i nt ai ned

between 1:1 and 0.1:1. BCOAgHYf #he c@hHo 48,0x (Rexctiomt B ni ng stream and
the dehydrocyclization effl uent is_,é:onve'ni ently achi eved by_ suppl i/i ng the
gaseous feeds 9493l he i nilbe capon djaidesraploysd isjcopeemieniygpar of patwral 83%ect i on

step 1o produce gl AR oD INE safl FRLLY b WeBKSubal s G2 (L Y o2t 1 ©

close to the s oportilons Ire or the desired Reaction

10 or Reacti ondéiydradyclizatigh sioml | Wisere ahe asagbomadioxid i@ garti 6f tah@ethane-
stoichionetric ratio if it is degired to produce a Q02-rich qor 112-rich

second ef f | uentomginggHireanethef d)xfeldn of Biestesm is canvpriewilymatntaredhetwesie or
h [ ' ef feat ' g i f ' I I
ethane is conygnigpt b.)l.le %%ﬁga?fiﬁggle%aﬁoslsgﬁl‘?gdéggorﬁaﬂnglrjmgt%%a}ngnﬁd @%{)a yst

conprising a netal conpone ransition or ¢ ound

thereof, on andehyi@ogyelization gfladt -is Sonhtetdly@hidved GYPQPPRISy SR PisesSs
copper., 1rom \t/"&r(]izsi?(; _tlfxg]inlet of ajet gjector.

[0094] The hydrogen rejection step to produce methane or ethane

normally employs a H,:CO; molar ratio close to the stoichiometric proportions

required for the desired Reaction 10 or Reaction 11, although small variations can

be made in the stoichiometric ratio if it is desired to produce a COz-rich or Hy-rich

second effluent stream. The hydrogen 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, siiver, rhenium, tungsten, iridium, platinum, gold, gallium and

combinations and compounds thereof. The inorganic support may be an

amorphous material, such as silica, alumina or silica-alumina, or like those listed

for the dehydroaromatization 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 aluminosilicates,

aluminophosphates and silicoaluminophosphates listed above for the

dehydrocyclization catalyst.



chromum zinc, gallium nickel, cobalt, nolybdenum ruthenium rhodium

pal l adium silver, rhenium tungsten, iridium platinum gold, gallium and
conbi nati o ounds thereof. The inorganic support Aan

anor phous %%ﬁgﬁgﬂguch as silica, alunina or silica-al UW,SP@?&BF% t hose
listed for the dehydroaromatization cat %yst. In addition, the inorganic
support may be a crystalline material, ch as a m croporous or nesoporous
crystalline material. Suitable porous crystalline materials include the

al um nosilicates, alum nophosphates and silicoal um nophosphates |isted
above for the jaglgf)ydr ocypld atkddefl ek Sip 104R0dRRGHOBIR0M PG HRISR095/ 043523
28 [ 0095] The[hydrogen rej e}é{?i}ogr% ste']ep to ppr o\c%?ce net hane and/ or et hane can
be conduct ed beepnduciidiever arwjde cdnge @ donditbors inclodingiartgmperatmpef HI0GCao0f 100C
to 900C, such

150C t 9 _500C, r. exanpl e, 200C to 400C., a pressure of 200
kPa to 20, 000 9Q&§€, LG gs 430 588) ?@g%g‘mﬁ?@al%ﬂﬁ’g‘a’ twé*iogmi ALEssYre S5 208
vel ocity of ' t , ' V. Pe]g
| evel s are ty%?%g% ?9’%682(?&%?%52%?%@@%&3 gnaglds)ar\g%glrn%u{}yg e§f‘§?°°?‘5{3°£0 90%
such as great @l t1a0,000%r", stichasaxnt hOOMhe' I GO ¢@Rerin Reclsard typtkallyt in
mul tiple catalyst beds with heat renoval between beds. In addition, the

| ead bed(s) migtvengfeand: 08 Yatndprgfessbly geaise than 08 sueh pngteatey haridfe.i c

rates and the i ds(. be erated at. lo t er.ature 0

maxi ni ze ther %%ﬁﬁﬁ%%ﬁ?&ﬁé‘? gqutfeobaggf ?Htemr@flﬁﬁg‘? B%ggﬁ%ﬁegf ‘Ylﬁkf‘?aéact i on
are water and mﬂ@%%ﬁﬂ&@ﬁe&she{n ddditide tholean Heﬁ%%@na)ﬂﬁé Bﬁé}ﬁtedeit hﬁé&rand

hi gher al kanes, together with sonme unsSaturated and hi gher hydrocarbons.

In addition, $eunperparasi @ mayicnogkinatic gates and thretatlabeds(s) dhayxbeleptratedaatbon
nonoxide is preferred. After renmpval.of the water, .the nethane, carbon

monoxi de, any1%%?&5@??&%%%%%i%ﬂﬁ“mﬁ@?verﬂ%tr ocarbons can be fed
directly to theogsghydr ocpe! hanpréihcsl GRhé Ra8EAE LR WatePHfl H%&Lﬁ@n{gﬁgﬂﬁet | C

products. Fischer-Tropsch Process [0097] In another embodi dr ogen
rej ection stepldddpmaias ratiog andthane, efhaat anddsghqraglkanss, tdgethey dvilgpsomen t he

Fi seher - Tr ops HSTaES 115 HERRIduAearhons CBY SORiials Soe Panial By BpEEtion
of the carbon dioxide to carbon monoxide is preferred. After removal of the
water, the methane, carbon monoxide, any unreacted carbon dioxide and higher
hydrocarbons can be fed directly to the dehydrocyclization step to generate
additional aromatic products.

Fischer-Tropsch Process

[0097] In another embodiment the hydrogen rejection step comprises
reaction of at least part of the hydrogen in the dehydrocyclization effluent with
carbon monoxide according to the Fischer-Tropsch process to produce C; to Cs
paraffins and olefins.

[0098] The Fischer-Tropsch process is well known in the art, see for
example, U.S. Pat. Nos. 5,348,982 and 5,545,674 incorporated herein by
reference. The process typically involves the reaction of hydrogen and carbon
monoxide in a molar ratio of 0.5:1 to 4:1, preferably 1.5:1 to 2.5:1, at a
temperature of 175°C to 400°C, preferably 180°C to 240°C and a pressure of 1 to
100 bar (100 to 10,000 kPa), preferably 10 to 40 bar (1,000 to 4,000 kPa), in the
presence of a Fischer-Tropsch catalyst, generally a supported or unsupported
Group VIII, non-noble metal; e.g., Fe, Ni, Ru, Co, with or without a promoter, e.g.
ruthenium, rhenivm, hafirium, zirconium, titanium. Supports, when used, can be

refractory metal oxides such as Group IVB, i.e, titania, zirconia, or silica,



[ 0098] The Fi scher-Tropsch process is well known in the art, see for
exanple, U S. Pat. Nos. 5,348,982 and 5, 545,674 incorporated herein by

r ef er ence. r s typically involves the reaction of e

car bon mn\ggﬁg@mﬁgﬁ@ molar ratio of 0.5:1 to 4:1, pref ergg?‘fjfsg@g}:ﬂis%%g
2.5:1, at a tenperature of 175C to 400C, 9preferabl y 180C to NOT and a
pressure of 1 to 100 bar (100 to 10,0002kPa), preferably 10 to 40 bar
(1,000 to 4,000 kPa), in the presence of a Fischer-Tropsch catalyst,
generally a supported or unsupported Goup VIII, non-noble netal, e.g., Fe,
Ni, Ru, Co, widhimid, of shiedtahanipaonint @te, erebglimenty tiee catalvst cdmprisesna feadni um
zirconium titanium Supports, when used, can be refractory netal oxides
such as Group shiffingjcatalyst ¢.garfiohalt or rebamym, grefsiably gobalip with shawesseo

PCT/ US200- 5/ 043523. lum n [ Sl C } D n odi qent . the
cat al yst Conprzilrézggmggg%%_prg ofe[ri ﬁrﬁf%%}f%c;%é@% 'ig& Sﬁlffm‘@ﬁbsipﬁorg%ﬁb%ts Ai%im
preferably cobghdia ptefebablyfftiniem or  zirconiumas a promoter, preferably
cobalt and rhenium'supported on silica or titania, preferably titania.

[ 0099] | n anot[@899lenbodi Imeanother rembodandntr the FigsbemTopsell gatalystorgmprises aa

metal, such as [ Zn_Qr Zn, the,Z an he process is .operated
to generate s‘Pgﬁﬁ’ ﬁ%ﬁﬁst C&ugﬁld“t?regﬁ%‘f’ g tha?g&\’?—é r?&gatbﬁ oPes ‘ﬁf&?@ﬁe Mons. An
exanple of s . | cRastRssd | O j of
0205 © 700 arb CBEHOENEA eSOl SR MO hyNaLoR, & Sk 0

Li qui d Hydrgcao:fh bsuok algyoce&miedeﬁpéhm inIO%r::aLI%yOEﬁﬁh] 9 ys@ngiﬁzasequtha%h-BiZgOh_ﬂgl- 1219,
i ncor por ate i ref erenge. _ e Fischer-Tropsch |iquids,
e P ar MG HabE JI% 9 %wff%"a%fws?f mgas ingen Liaed z'g'dWG’FIE’géhYand o,
C to C3 or C4 t d r . Vi . The
heavi er hydr-ocjact)r ?rr\éﬁégl?\d't Ig% ge rgkgv%%ggagmagﬂgr%uétngoﬁ ?té@‘ﬁ[%%elﬂ?ﬁg

dehydrocycl i zakefepencst ep to generate additional aromatic products. [00101]
The carbon nonoxi de required for the Fischer-Tropsch reaction_ can_be
provi ded whol | 040154 t | Theyfischer-Trapssdnliqhidioicd cCpite fEhTeqonersd angs bghtwi t h

t he net hane-co I ni 0 er at S - [ O, '

dehydrocycl i za@%gslh%éélglﬁﬁrg‘fc ef%?%d%‘ﬂaggi tf 8%9%5§4b%?c%eﬁgiﬁe§§p%tﬁdbe :
gener ated by fgeadithgheaidrdivdthicaiiods Thaheuvive hydiooarbensom then ibe réwiveriedl gas,
to the

as products or fed to the dehydrocyclization step to generate additional aromatic
products.

[00101) The carbon monoxide required for the Fischer-Tropsch reaction
can be provided wholly or partly by the carbon monoxide present in or cofed with
the methane-containing feed and generated as a by-product in the
dehydrocyclization step. If required, additional carbon monoxide can be
generated by feeding carbon dioxide contained, for example, in natural gas, to the
Fischer-Tropsch reaction whereby the carbon dioxide is converted to carbon
monoxide by the reverse water gas shift reaction:

Alcohol Synthesis

[00102] 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 C; 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; 4,565,803;
5,385,949, the descriptions of which are incorporated herein by reference.

Typically, the synthesis gas employed has a molar ratio of hydrogen (Hj) to



Fi scher-Tropsch reacti on whereby the carbon dioxide is converted to carbon
nonoxi de by the reverse water gas shift reaction: Al cohol Synthesis [00102]
In a furtheyo efibesksarnt the hydrogen rejection step conprpgpgsahsassion of
at least part of the hydrogen in the dehydrocyclization effluent with

carbon nonoxide to produce Cl to C3 alcohgls, and particularly nethanol. The
production of nethanol and ot her oxygenates from synthesis gas is also well-
known and is described in, for exanple, 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; 4, sabosidesICE8%, @A, intthe rahge orfi farn dkis1 66 20, preferllyiindbe por at ed

ARG %@%%Ce i BB Wb o o i; B98¢ PROREAFDER. oxi dos

(CO+ C02) in @ngﬁ d g‘@lp%ﬂ range of
from2:1 to 10:1, g&fa oﬁg%“;g% | gjr?é? M% I ng rggglﬁkpﬁ%s anmount
of not greate{00198h 50%The wﬁalg&:tt useﬂaﬁem&)m&thmal sywthegdid mﬁcekhegeﬁmanﬁs.

1001031 The catal yst used in the nethanol synthesis process generall
i ncl udes an oMrdesransexide o€ at gt @%ﬂélﬁ?n‘s@]@&deﬁomr@ﬁnm@ eANSITANE Ghsi st i ng

g;ng;ggg:r gal{) tm pllgFIIC g%%sﬁ%n%”con um’ (Y:onvenl e%om[@lrﬁn o

catal yst is amgwsepgsmdngapalaaﬁﬁn 5uﬁimra$ndnz&dmm\ﬁ1@rnmhvﬁ@m@r thxi de,
optionally in the presence of an oxide of at Ieast one el enent sel ected

fromsilver, £ptalystissoropper basecheaialysh suahasiin iy formwigpprer oxideopptiomplly
] LI tI th
Catatyst - cont 4t M brssBe' St Phicg MF ATAR 0af' iRl ool URR Thlntind "°

sel ect ed fromhaioas, miapAERAEh U Mluminbbh) PatidiveR QitdAiiima NEhad pdreey) Eﬁ‘[huhl” one
enbodi nent, the nethanol synthesis catalyst is sel ected from'the gr oup

consi sting of pelgsivam, @amu@s and izireownme e Coavieniendly. thencatalysti cheaindvoepper
preferably, the. a“bdr S i ns_oxi des .of co 2|nc 00104 The
met hanol synt ﬁ’ég‘l% é‘E ﬁaﬁée%%noaﬁc?lgﬁ’e T\/g fée‘ﬁn%d’é“

tenperatures %Hﬂhlﬁﬁﬁsﬁﬂ'bﬁﬁum %ﬂtzﬂ’ébﬁuﬁﬁnlﬁ%éfeﬂibﬁ&nﬁh? thé‘m%ﬂﬂm’il ?%e from
150C to 450C, such as from 175C to 350C, for exanpl e from 200C 300C.

Sui tabl e pr essalalyst & selectedt fem tha geoupfeonsistmel o & GOpRPXides] 2ind 08ide®and such

aluminum oxides. More preferably, the catalyst contains oxides of copper and

zinc.

[00104] The methanol synthesis process can be conducted over a wide
range of femperatures and pressures. Suitable temperatures are in the range of
from 150°C to 450°C, such as from 175°C to 350°C, for example from 200°C to
300°C. Suitable pressures are in the range of from 1,500 kPa to 12,500 kPa, such
as from 2,000 kPa to 10,000 kPa, for example 2,500 kPa to 7,500 kPa. Gas hourly
“space velocities vary depending upon the type of process that is used, but
generally the gas hourly space velocity of flow of gas through the catalyst bed is
in the range of from 50 hr' to 50,000 hr”, such as from 250 hr to 25,000 hr',
more preferably from 500 hr! to 10,000 hr'. This exothermic reaction may be
carried out in either fixed or fluidized beds, including multiple catalyst beds with
heat removal between Beds. In addition, the lead bed(s) may be operated at higher
temperatures to maximize kinetic rates and the tail beds(s) may be operated at
lower temperatures to maximize thermodynamic conversion.

[00105] 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 from2,000 kPa to 10,000 kPa, for exanple 2,500 kPa to 7,500 kPa. Gas
hourly space velocities vary dependi ng upon the type of process that is

used, but e the gas hourly space velocity of flo s, L.byough
t he cat al y??) ‘@gég‘%gg&]i n the range of from50 hfl to 50, oog‘fﬁ?‘)s’g‘ﬂ’é’%}éﬁ{’as from

250 hr-1 to 25,000 hf1, nore preferably3f1rom 500 hfl to 10,000 hf'. This
exotherm c reaction may be carried out i'n either fixed or fluidized beds,
including multiple catal yst beds with heat renoval between beds. In
addition, the |ead bed(s) may be operated at higher tenperatures to

maxi m ze ki nehs & feddstocknfbrithe praductibeds( Bivermjeiiin, ppricalel) ahyleh®whd
tenperatures to nmaxi m ze thernpdynam c conversion. 100105] The resultant
met hanol and/ propaleng: Bhecpaneses of setivmok o ¢lefins i 2 walbkrawe pipeesddad is,can be

used to al kyl ate_t he ar ti . r d.ip t ydrocyclization, step to
hi gher val ue 9‘08{5%?8{%s 3‘%%‘"%@ lﬁi‘? .?n?sa?ené rﬁ%'a?’%g%g%’ge@c?@%%ﬁéﬁﬁg%%
PCT/ US2005/ 04358ncesl as a feedstock for the production of |ower olefins,

particularly ethylene and propylene. The conversion of nmethanol to olefins
is a well-knopale exanpl e, described in U S. Patent No.

bus
4,499, 327, in ated ;herein reference. .Sel ective drogen Conbusti on
1001061 I n yeﬁ@%gi her e‘ﬁg&g%ﬁ%f@tﬁ)&lfﬂ?& %M%F%eﬁg?JF@%ft@gCWfses
sel ective hydgggancCoyiysdd Qmbudbt Rvtlieh & PHREEIIn Whidd o didh A9fRed N @
m xed streami1s reacted with oxygen to formwater or st'eam wi thout

subst anti al | y streamacisi regeted dwih anxlygers to rfotrhevater earsteant lwithopt snbstamtihlyy m
carbon nonoxi de, . carbon di oxi de, and/or oﬁﬁgenat ed hydrocarbons. Generally,

sel ective hydf&§ERs quS 0 the cStyGap Vit OXygen; e BHesarben menoxde,

oxygen- cont ai pj s n%td%i C I X I lLde, will

rel ease a por?%gngﬁ)’?ﬁ% ourﬁdﬁgﬁeﬁlggéré I%%d?‘?chagﬁﬂﬁy?rjegg%?}?’ f%gdfg’%hygﬁ%&%ui tabl e
sel ecti ve hydcegbustioonis watrisdou imthegaeseacelaban blygnicontaihify sélil watkriilp.

5,430, 210, incorporated herej n_%%/1 refe erlce, and.conprises . contacting at
reactive condPiGhpse Bixedraptakexi Fﬁaé&ﬂgf‘? SR 4he, Benndpxyeen/@ertbgen and
a second streﬁgar%ggpri sing oxygen with separate surfaces of a nenbrane

i mpervi ous to nonfoXygen containi ng gases, wherein said nenbrane conprises

a nmetal oxide[@aIDgEt i ve Ome sulityble eglectivetyditdich @dmbastidnpeocnse is dégeribed in
U.S. Patent No. 5,430,210, incorporated herein by reference, and comprises
contacting at reactive conditions a first stream comprising hydrocarbon and
hydrogen and a second stream comprising oxygen with separate surfaces of a
membrane impervious to non-oxygen containing gases, wherein said membrane
comprises a metal oxide selective for hydrogen combustion, and recovering
‘selective hydrogen combustion product. The metal oxide is typically a mixed

( metal oxide of bismuth, indium, antimony, thallium and/or zine.
[00108] U.S. Patent No. 5,527,979, incorporated herein by reference,
describes a process for the net catalytic oxidative dehydrogenation of alkanes to
produce alkenes. The process involves simultaneous equilibrium dehydrogenation
| of alkanes to alkenes and the selective combustion of the hydrogen formed to
drive the equilibrium dehydrogenation reaction further to the product alkenes. In
particular, the alkane 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



sel ective hydrogen conbustion product. The netal oxide is typically a m xed
netal oxide of bisnuth, indium antinony, thalliumand/or zinc. [001081 U.S.

Pat ent No. ‘5055%6{035’2}" i ncorporated herein by reference, g(é%ﬁfs'b&e\ﬁ]&g%grocess

for the net ca I'C oxidative dehydrogenation of al kanes to~"pro

al kenes. The process involves sinultaneous equilibrium dehydrogenation of
al kanes to al kenes and the sel ective conbustion of the hydrogen forned to
drive the equilibrium dehydrogenation reaction further to the product

al kenes. In particular, the al kane feed is dehydrogenated over an

equi | i bri um dejoythetenaithlyst mantcahtaii bisuth, tntimony, éedituay zine whallfam, ¢dafll uent
fromthe first reactor, along with aqxygen, is then passed into a second
react or contai ﬁdﬁ@nlﬁ'l%ﬂhﬂﬂéxmthéﬁpﬁl yst which serves to selectively

catal yer rmy CORENC” i O RAIREAGRYseBOF sEA G oot SRR B ose00

PCT/ US2005/ 04353 ﬁ&ifmﬁ@m@skémo.cm@ms%md aRBipdrale® hefgid By réftdnB®NY.,
indium zinc, thallium lead and telluriumor a mxture thereof. [0(5109]

U.S. Patent Apgsscribesi ppragess dor nducing/ thg hydswgen foontsdt € ghe effluenp £rom 2003
(Attorney Docket .No. 2003BQO9A) and incorporated herein by. referepce,
describes a prBeLRg fe@FtOF'egg’fiﬁf@ce{sﬁgmﬁ&gﬁ&g‘?ﬁtlxsgﬁygﬁfl CSF‘%@%@; Iah&f’ﬁt froma
cracki ng reaCtﬁ{-so-ﬁﬂeacH&%&ﬁénﬁré&thﬁen@ aﬁ&t@} Y6 lea3d Bhe ThEAMILP bélgin(vl,) at

| east one solid acid cracking conponent and (2) at |east one netal-based
sel ective hydidgsrencombustiorocommmennensisthgnessattially of &5 anhétal combifation) a

metal conbination selected fromthe group consisting of i) at |east one
metal from G owipcteddrm the graup consiing®fal from G oups 4-15 of the Periodic

Tabl e of the H erm?;%géaé bie ﬁfetdl%;% gﬁ‘gl?p 2 @lat fe%&rﬂnglﬂ#&fsﬁrg@n%oﬂfu% %—HF one of

Peri odi ¢ Tabl e’ of enents, ast one neta

G oups 1, 2, asfahdPeaiodihTalileni dtiElethattke of the Elenents; iii) at |east one
metal from Groups 1-2, at |east one _netal from Goup,3, .and at _|east one
metal from Groilps 4tiesbene metapfipmggraups &0t dhe Perodi Table pfthe lements, two or

rore netals {1l oW 4dd BlmPSaRer Aol o 8l 4 B BeatBRLIR"Y (V)

at |east one of oxygen a ur, erein af "1east one o and
of the Elements;

iii)  at least one metal from Groups 1-2, at least one metal from Group 3, and at
least one metal from Groups 4-15 of the Periodic Table of the Elements; and

iv)  two or more metals from Groups 4-15 of the Periodic Table of the
Elements _

and (b) at least one of oxygen and sulfur, wherein the at least one of oxygen and
sulfur is chemically bound both within and between the metals.

[00110] The selective hydrogen combustion reaction of the present
invention is generally conducted at a temperature in the range of from 300°C to
850°C and a pressure in the range of from 1 atm to 20 atm (100 to 2000 kPa).
Aromatics Hydrogenation

[00111] In addition to the alkylation step, of the aromatic components in the
dehydrocyclization effluent can be hydrogenated to generate useful 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 effiuent.



sul fur is chemcally bound both within and between the netals. [00110] The
sel ective hydrogen conbustion reaction of the present invention is

general |y It a tenperature in the range of fromaHp "1:)9043232@00 and
a pressurec‘ﬁﬁ the range of from1l atmto 20 atm (100 to 2000 %

Aromati cs Hydrogenati [00111] In addition3ito the al kyl ation step, of the
aromati ¢ conponents in the dehydrocyclization effluent can be hydrogenated
to generate useful products such as cycl ohexane, cycl ohexene,

di hydr onapht hal ene (benzyl cycl ohexene), tetrahydronaphthal ene (tetralin),
hex ahydr onapi0®idRbne ( diheyhydodigenativg)is coomnaﬁnﬂdrblﬁa}mulnaﬁsamﬂy,aamﬂmted

Chont Lal | nt oPREtTRBEE0R 04 4 HopRaC EGuBoRmt Gom iRy AemGrroRLelon saeah bo

used as the sghyenin r agabiohg t ago Chy atdd Oyt

dehydr ocycl | 20l Ron et " BRPIDE oAR BOTHL SSRIBATE i, 4 Hgshfeoonzl
The hydr ogenatdehpirosyctivationnieactiony Slhmblermbmamhﬁkageﬂayon povvesses et well t er
separation of the arorratlc npmaﬂents fromthe dehydrocycl i zatlon ef fl uent

and conveni enthﬂg?wér%l Y sEWDIgiGR erfalysiyomuinisingdVh P'd; R Ni/Mo or
dehydrocycl | 2at1r0 NGAGH] gﬁt{poﬁaeat 'amh n&t ik AdpRgEN SuaMPLASERSES 3 e

wel | knownln ypically enp oyacata risi

Pt, Ni/M or c%ﬁdhflbﬁlfﬁ)r Nid MalrogepRAOGH c@as iBdlude A enQferdtivlel GTB064HPWOOF
Suitabl e operating conditions for t \é@r ogenat i on process include a

t enper at ure of(1Zbe $40°C).0v0k as 5§8do t7(90§4 tosﬂ@ﬁ:)aﬁ IE%UIEOOf?ﬁbF) 2,980 to

500 pi i g (70 18 4856 LD *ﬁ’ﬁg"&%ﬁ%@ﬂo éﬂ?f@ 5% (79830 aprd ke REs 10°

hr-',. [00113] drarstioaln Y uenesats omhio | eave one or nore ol efl n| c
carbon carbon bonds in the product may al so be desirable so as to produce

mat eri al s sui t[&‘b’llé] f or Podia) hydiogenation todeayenae od ovars olefie carbon-catbon
E T AN AP R T e T TN T
bei ng preferr M@ﬁéﬁ%roﬂthgﬁt&lw‘ﬂsﬁemﬁ’xéﬁéﬁﬁcalSé&ﬂe@ﬁm'-azgﬁtagfb ‘partial
Honogeneous nobl'e netal catal yst systens can al so be use
hydrogenation processes are well known in the art and typically employ a catalyst
comprising noble metals with ruthenium being preferred supported on metallic
oxides, such as La;03-ZnO. Homogeneous noble metal catalyst systems can also
be used.
[00114] An 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 300
to 1,000°F (150 to 540°C), such as 500 to 700°F (260 to 370°C), a pressure of 50
to 2,000 psig (445 to 13890 kPa), such as 100 to 500 psig (790 to 3550 kPa) and a
WHSV of 0.5 to 50 hr', such as 2 to 10 hr”".
[00115) Referring now to the drawings, a first example of the invention is
shown in Figure 1, in which a natural gas feed 11 together with a recycle stream
12 from a reductive coupling reactor 13 1s fed to a methanation reactor 14. In the
methanation reactor 14, carbon dioxide in the feed 11 reacts with hydrogen in the
recycle siream 12 to increase the methane concentration of the feed 11 and

produce water as a by-product according to Reaction 10 above. The effluent

stream 15 from the methanation reactor 14 is fed to a condenser 16, where water



[00114] An alternative hydrogenation process involves |ow pressure
hydr ocr acki ng of the napht hal ene conponent to produce al kyl benzenes over a

cat al yst C fided Ni/Wor sulfided NN supported o T0r phous

al um nosi ?Vh;@{"gﬁ%ﬁ%‘g zeolite, such as zeolite X, zeoli tep([\}/@g"‘;g@"lsi%e bet a.
Suitable operating conditions for |ow p%essure hydr ocracki ng i nclude a
tenperature of 300 to 1,000F (150 to 540C), such as 500 to 700F (260 to
370C), a pressure of 50 to 2,000 psig (445 to 13890 IcPa), such as 100 to
500 psig (790 to 3550 kPa) and a WHSV of 0.5 to 50 hr71, such as 2 to 10
hr4. [0011511Réf esmnoved, meutien thé eenthiring rfffuent if fed 16 acuampok & 8ofhdrhighd nvent i on
Is shown in Figure 1, in which a natural gas feed 11 toget_her wth a

recycl e st r etgmperature ofithe eftlugnics raisedwigreibeing resed de therefluctive govpling

met hanati on reactqr, 14..]1n .t he th L Qn..r t 14, .carbon djpxide in
the feed 11 W@gtg’f g?’wi gﬁl%ﬁﬁ@eﬁﬂn@ﬁg%c&g&%ﬁ@g{% i85 %} ﬁFBa(iegiczf ase the
met hane conc%t,{cﬁgtﬂhgmm@l}brttﬁ@ﬁ{rg&@_ 11 and produce water as a by-product
according to Reaction 10 above. The effluent stream 15 fromthe nethanation

reactor 14 i [@0A&6] t o alwothderssetor 15, thee mecthancetn \Ae 20060 6880€ked is

PCT/ US2005/ 043523 = 34 17 is remved, and,then the remaining effluent is fed
to a furnac eél%é%\y\?@'rcgz '8 Pf?'i‘}%g'rya{%% apd afcﬁ’éat{?f“‘PFrfPQH’é‘éﬁ’ §“&h§%‘é¢@zﬁ%ﬁ¥ ore

bei ng passed L, | ' RUPbi 3l L from
the recycle ?sléér)lela 152%0{% g?cg yﬁr ngge 1%1?’?%%&%{,?%3%&‘&?%&{6%&?0%% he
furnace. [ 00dth@lent nartdhearbemahamoxid:, as hee resaithah &eactionbel,ndtandab gavefeed is

dehydrocyclized to produce hydrogen and aronati onpounds, such as benzene
and napht hal éxgica ERBS:EQINHP; rsafgwa 13 asamgeed i pengs With & BwrAcesi&Such as

c
et hyl ene andyg ?rgm%, - Nela! -above.
Typi cal |y, ab%?%?gﬁl y 0 fg%a%t%g%gﬁ%gégg{roégg%ﬁgg ed i?}helgegéiag{shgv%% ?1?1‘%; furnace

18 bei ng prpyipdeduieeis amdeigoese tRi endotheanicodehydDcydlizaiom rédcton e theeed at
the desired tenperature as it undergoes the endotherm c dehydrocyclization

reaction in ¥eaetors Ehctors 13. [001171 The effluent 21 fromthe reductive

aromet i ¢ conIAML. o o i sERPpLA Som T MARbFLBEI BB L SRS LT

the remai ndegolpdntt dx@rabliddl tRidr 1 ahpfel thieNgrordaliel 'coBPBundiaire OdissonreaXdrfie,
et hane, ethylene and unreacted nethane) passes as
removed as a bottoms stream 23, while the remainder of the effluent (comprising

hydrogen, carbon monoxide, ethane, ethylenc and unreacted methane) passes as
overhead from the tower 22 as the recycle stream 12. The bottoms stream 23 is
then passed to one or more fractionators 24 where the stream 23 is separated into a
benzene-containing fraction 25, a naphthalene-containing fraction 26 and a
solvent fraction 27. At least part of the benzene-containing fraction 25 and/or the
naphthalene-containing fraction 26 is then fed to an alkylation reactor (not shown)
and the solvent fraction 27 is recycled to tower 22.

[00118] In a modification (not shown) of the embodiment shown in Figure
1, the effluent 21 from the reductive coupling reactor(s) 13 is cooled to condense
out part of the aromatics component and then the remaining effluent is
compressed before being fed to the extraction tower 22.

[00119] Referring now to Figure 2, in a process of a second example of the
invention, a gas feed stream 31 containing CO; and possibly methane is fed to a
reverse shift reactor 32 together with the hydrogen-rich, aromatics-containing
effluent from a reductive coﬁpling reactor 33. In the reductive coupling reactor
33, methane is dehydrocyclized to produce hydrogen and aromatic compounds,

such as benzene and naphthalene, by Reactions 2 and 3 above as well as by-



overhead fromthe tower 22 as the recycle stream 12. The bottons stream 23
Is then passed to one or nore fractionators 24 where the stream 23 is
separated i zene-containing fraction 25, a napht - cont ai ni ng
fraction ZQQé%ﬁﬁgmg@glvent fraction 27. At |east part of Fﬂ@ﬁgﬁmy&ﬁx%
benzene-containing fraction 25 and/ or th% napht hal ene-cont ai ni ng fraction
26 is then fed to an al kyl ati on react or Rot shown) and the sol vent
fraction 27 is recycled to tower 22. [00118] In a nodification (not shown)
of the enbodi nent shown in Figure 1, the effluent 21 fromthe reductive
coupl i ng reactpsdils sidhias ettglnednd carbomdnstide @ik rgdalt of Reéadtios & hwd § CS
conponent and then the renai effluent is conpressed before being fed to
the extracti ortbpwaelympall ﬂ@@%ﬁ%ﬂé&%@%@ AEREUgeHEd Uy seTips With aofumaseess of

Dossi bl'y met noobrce ltyigd YEaed dnesdRE roatRRs, 38 B “Hhiif Bt Bed A e e
hydrogen-ri ch,qegk Jﬁ:ﬁzt&%rﬁs% QhdggoRfthé eaMthdriiehyiRstyelidarin ¢o1AbA NY

reactor 33. In the reductive coupl |ng reactor 33, nethahe is
dehydrocycl i zedthﬁreptrtod@ée hydrogen and aromati c conpounds, such as benzene

and napht hal e Reactipons 2 and .3 abovg as. wel.l b 006/ 068800
PCT/ US2005/ 04%9’3&%35 pﬁB&g evetsg shifbreater, Q?FQO%HI?’\&%HBXWV}%%&?% Ls a
result of ReackiffiSyith et nclalBRK Canrlyid Mdhanc2ixP ks B Hork GBEL 07 S 32
are connect ed I'n series wt far néc éc\Eel ng provi eg et ween successive
eactors 33 tcreahm:twba]omphrh@ réaetnt 343, tbh;a'odntescarbm neonpridat andehylvogdn bimder goes
"

t he endot herm c dehydr cy zatlon reaction in_the reactors, 33. QOlZO] I n
the reverse SHP? Opg Wedl@ﬁleg@epﬁﬁ?méh?@éﬁ%ﬂ@ém t9eacts
wi t h net hane,

reductive coup y%@%%@%%%gw%ﬁ gnggr%}{c}ﬁalﬁr{oefr# e an (%een by
reacti ons suchoaplilefationd3 Fare&b]ﬂylatede&%Idirfgltueaictibn@mdhm Rﬁaﬁdmr? ®29is then
fed to an al k)él ation reactor 34 where benzene and napht hal ene produced in

t he reductive @ Q%pl ing reactor 33 are al kylated according to reactions such
as Reactions Tobpnd  2bog. RARK? o e ShlbY SMabs OF & 3! grudivagt o 34
is fed to a s ven extraction t oner aromat ¢ cohpounds are

di ssol ved and gx@asitsh fower B5ackdroniad aroffitic Iompbendy drbealyssalved aﬁ@@m@do Into a
benzene-contai ning fraction 37,
fractionator(s) 36 where they are separated into a benzene-containing fraction 37,

a naphthalene-containing fraction 38, a solvent fraction 39, a toluene-containing
fraction 41 and a.C; fraction 42. The toluene-containing fraction 41 is either
recycled to the alkylation reactor 34 or removed as product, while the Cg fraction
42 is fed to a crystallizer 43 where the p-xylene isomer is removed from the
remainder of the Cy fraction by either crystallization or sorption technology. The
solvent fraction 39 is recycled to the extraction tower 35.

[00122} | The overhead from the extraction tower 35 (comprising hydrogen,
carbon monoxide, ethane, ethylene and unreacted methane) is passed partly as a
recycle stream 45 to a methanation reactor 44 and partly‘as slip streams 46, 47 to
furnaces 48, 49 for providing heat to the reductive coupling reactor 33 and the
reverse shift reactor 32, respectively. In the methanation reactor 44, carbon
dioxide, carbon monoxide and hydrogen in the recycle stream 45 react to increase
the methane concentration of the recycle stream and produce water as a by-
product, An additional gas stream 50 containing CO, and possibly methane may
also be fed to reactor 44 to accomplish greater conversion of the recycle hydrogen.
It will be appreciated that at least one of the gas stream 31 and 50 contains

methane and may be a natural gas stream.



a napht hal ene-containing fraction 38, a solvent fraction 39, a

tol uene-containing fraction 41 and a C8 fraction 42. The tol uene-contai ni ng
fraction 41 is either recycled to the alkylation reactor 34 or renoved as
product, wWHYQ 206983888 fraction 42 is fed to a crystallizBFTAS2NEIIS2E he

p- xyl ene isomer is renoved fromthe ren$%nder of the C8 fraction by either
crystallization or sorption technol ogy. e solvent fraction 39 is recycled
to the extraction tower 35. [00122] The overhead fromthe extraction tower
35 (conprising hydrogen, carbon nonoxide, ethane, ethylene and unreacted
met hane) is ppAQd] part Iy agflaentr STy Sier ARthaditicno rénctiet Mariatfe@nor gact or
44 and partly as_slip streans 46, 47 to furnaces 48, 49 for providing heat
to the reduct Pendensmi2i ngerecwaiens3 spremnyedhand thew shesemaning effgwawrfe@z,

respectively., In the nethanatiop reactor 44 arbon di oxid ar ban

nonoxi de and Fﬂ/ﬁf“’og‘éﬂa".& n‘{gawzleﬁ;ee@]fc‘iegmg{abggrﬁff © rezfi‘é‘i“‘ £ r?’ﬁec(fgggﬁe g‘f’ﬂ%

met hane conceﬁggsea{cpmeggdugﬁ@eé@@m feapior@3m and produce water as a by-
product. An additional gas stream 50 contai ning CO2 and possi bly nethane nmay

al so be fed t 00184kt or Béfarungoownipl Fighredh, éntagprocssnwé asthod eatmpleenfitbeycl e
hydrogen. 1t.wl]. be reciated th at least, o of the gas.stream 31 and
oo s inbiention e Bt pagal g ssaE & PUHO o sERaR TR0

PCT/ US2005/ 04 I Bl t E@éaﬂ@ td act or
44 is fed to gé%égﬁgn‘i’g? %g%mﬁg-gt%%{ggﬁggég@@g%\%d, 2 83 rotf) the

remai ni ng ef f bfftueht 64 fibara réductine chuplingaeactor 6hele thibeximplpehateves, thé t he
effluent is raised before_ being . B passed to the reductive coupling reactor

33. 100124] Rekhent oy figpyibe gedichiye sovplingreactpy 6¢ esimtigilyropladrtg conrdanse e of

the inventio - | Al ) S | 3 d reverse
shift reactor Qu%%ﬁggégﬁ%g% %m@#lﬁlgﬂ atﬂ %%—%%né%@gcs%{eﬁg[@fmq1%%{1%6%@%{@586@ de
stream 63 frof thelensf bltuesicond benfite ant atiphthaléfe-COMRINIMYst@AC EPbefpe | N

this exanple, however, the effluent 64 fromthe reductive coupling reactor
65 is initial Fnegbpitesidestpambde out a first benzene and

Cacona bonsenlOURH napn EhEETLetEe AR kil 6 <RRLOREF in % MRRGER o7 e

si de stream 6gsacle@O#iip Imdtharie® %@uﬁéé arbbi friororalet &id BFdrogéd BOreshtions de in
the natural gas is _reacted with nethane to produce carbon nonoxi de and
hydr ogen by r 8updt #oReaction 5 above. The effluent from the reactor 62 and the first and

second benzene and naphthalene-containing streams 66, 67 are then fed to an
alkylation reactor 68 where benzene and naphthalene in the streams 66, 67 are
alkylated according to reactions such as Reactions 7 to 9 above. If desired, part of
the side stream 63 can be combined with the effluent from reactor 62 and/or the
natural gas stream 61 to adjust the H,/CO/CO; ratio of the feed to the alkylation
reactor 68 and/or the reverse shift reactor62.

[00126] The effluent 70 from the alkylation reactor 68 is the combined with
the portion of the effluent 64 remaining after condensation of the streams 66, 67
and removal of the side stream 63 and the resulting combined stream 69 is fed to a
solvent exiraction tower 71. The aromatic compounds are dissolved out of the
combined stream 69 in the tower 71 and are the passed as stream 76 to
fractionator(s) (not shown) for separation into a benzene-containing fraction, a
toluene-containing fraction, a Cy fraction, a naphthalene-containing fraction and a
solvent fraction. These fractions can then be handled in the same way as in the
second example.

[00127] The overhead from the extraction tower 71 (comprising hydrogen,

carbon monoxide, ethane, ethylene and unreacted methane) 1s passed partly as a



such as Reaction 5 above. The effluent fromthe reactor 62 and the first and
second benzene and napht hal ene-contai ning streans 66, 67 are then fed to an

al kyl ati on where benzene and naphthal ene in th 66, 67
are al kyl a@ggﬁgﬁg@g?@i ng to reactions such as Reactions 7?'?%&@?@%@\4/3@93 | f
desired, part of the side stream 63 can f5e conbined with the effluent from
reactor 62 and/or the natural gas stream 61 to adjust the H2/CO CQ2 ratio

of the feed to the alkylation reactor 68 and/or the reverse shift
reactor62. (001261 The effluent 70 fromthe al kylation reactor 68 is the

conbi ned Wit h retyobe pRédm 00 tofa hbdardtidnuendio673 nadpaniyng Akl sreagoMlengat i on
of the streans 66, 67 and renoval_ of the side stream 63 _and the resulting
conbi ned st r edtTRge i(Botfshgwn) fog suppiyiighbeat ke thectedustivesipapling reagtae 68y dhmt i ¢

conpounds are (] VA t ophi: tr i tower..71 and
are the passec}gggr?e@aflgg?ﬁ?%éa%ﬁkga%%i %ﬁ%@%%@ %on?ﬁ&ﬁoggc}%a?mﬁghg c?lgerég’p%‘Fat I on
into a benzenges@id air8im 075 ket it®MAncroaset Bk UABBARD BoRIchiritbn| bAGd Ritycid Cs

fracti on, a naphthal ene-containing fraction and a solvent fraction. These

fracti ons can sti¢em ad Heradwasdwater t dte as byrpradagl. asAnnadditéonat egas refreama il e.
00127] Th df t.h t ' t 7 I SJ hyd ,

Car bon. monox! FOATRAR 2 BHAFERY b batEe e el o3 G Al tBE 11y s

a WO 2006/ 068?&@@6&4@?@&56@&@%@0@%&?@&% | ?Pﬁtem?e?ﬁ front theméh giﬁ}t ion

reactor 73 and partly as fuel stream 7 urnace (not shown

suppl yi ng heatretaort 78 weftdctoi ¥ €ondenski Mg, mdwot wratdsis femovedyeamietheanthti on
reactor 73, carbon.di oxjde,, rbon noxi de and hydrogen in the recycle
stream 72 reacTFmPHmilglEé]'é‘ﬁ S&ﬁé"ﬁ%ﬁ%ﬁﬁ@"@&ﬁ grrég%rrﬁif the recycle stream
and ,produce fi28S 2 DYrPH Shn 0 qﬂ,@i tHeO e &l 2 G0 I ni ng
C2 and poss\il\gihy nﬁt hane may a sonbe #e toer eag? %3 %@ﬁ;&gg%lr?gﬁig’ﬁﬁ
great er convermsfepencefio tHecfolieemg Bxamplissogen. The effluent fromthe

met hanation reactor 73 is fed to a condenser 74, where water is renoved,
and then the remaining effluent is fed to the reductive coupling reactor

65. [001281 Tfﬁxa{lﬁﬁferit ion will now be nore particularly described with
reference to the I'owm ng Exanpl es. Exanple 1 [001291 In a practi cal

enbodi ment of [pbE2d]i r st Bxappdccal embediinemest @nfirst example of the invention
shown in Figure 1, the feed 11 is a natural gas stream containing 30.5wt% carbon
dioxide, The reactor 14 contains a Cw/Zn catalyst and is operated at a temperature
of about 300°C and a pressure of 300 psia (2070 kPa). The reductive coupling
reactor 13 contains a MoZSM-5 catalyst and is operated at a temperature of about
900°C and a pressure of 50 kPa. The aromatic products separated by the
fractionator(s) 24 comprise 90 wi% of benzene and 10 wi% of a néphthalene—
( containing heavy fraction.
[00130] 100 kg of the benzene produced is combined with 92 kg of syngas
{composed on 81 kg of CO, 11 kg of Hy) and fed to an alkylation reactor
containing a supported Cr:03/ZnO catalyst mixed with a silicon-selectivated
PZSM-5 catalyst and operated at a temperature of about 500°C and a pressure of
400 psia (2760 kPa). The alkylation effluent is separated to remove a Cz product
stream comprising 136 kg of xylene having a para-concentration in excess of 90%
and then the Cg-depleted effluent is separated into a benzene, toluene and (heavy
Cgt) stream, which is recycled to the alkylation reactor and a lights stream
comprising 45 kg water, 2 kg CO; and 9 kg of Cs-. The Cs- component can be

separated from the lights stream and recycled to the reductive coupling reactor 13,



shown in Figure 1, the feed 11 is a natural gas stream containing 30.5wm %
carbon dioxide. The reactor 14 contains a Cu/Zn catalyst and is operated at

a tenpera out 300C and a pressure of 300 psis P he
reductive @?B‘?“?Jn"ﬁ%r eactor 13 contains a MbZSM 5 cat al y%@éﬁé&f@lgﬁgr at ed

at a tenperature of about 900C and a prgssure of 50 kPa. The aromatic
products separated by the fractionator(s) 24 conprise 90 wt % of benzene and
10 vt % of a napht hal ene- contai ni ng heavy fraction. [00130] 100 kg of the
benzene produced is conbined with 92 kg of syngas (conposed on 81 kg of CQ
11 kg of H2) Ewmnple?@ to an al kyl ati on reactor containing a supported

Cr 203/ ZnO cat i xed with il -sel ecti PZSM 5 cat al yst d
oper at ed at A0V Ter at CASTBRIC 4B 3EPouA 0 KerHiObE BeweB Prosbeehan the 2760
| cPa). The agé&*ﬁ%?%@ﬁ%ﬂégﬂ& 1SisTeRBLRh SAal fod lg‘g@f[’ﬁeﬁmﬁ aBi P LY Pyy,SLr eam
conprising 1 g of X € havi ng a para-concenttation 1n excess o 90%

and then the Hd-fdé¢mpd &t elkybitioh westtori conReey asBidonRtiectivapRZZSM,5 élyane and
(heavy Cs+) stream which is recycled to the al kylation reactor and a

li ghts st reardtd@psmtedatgtenperagraaf about 30K arba arsswe R 1 bpsigd177 ki C5-

t f the Lights st l.ed, t a.th
Cedborve codBh ngTRRREEF0 i e S Buetotu By Bb iR B AR S0 T Bcanpi
2 1001311 Exaimpfigtidn 'emué@m@%mlat@mo vk a @J%rb%cét%g%gf%mﬂﬁﬁﬁg'%é kign the

g

reductive coupling reactor 13 is conbined wt met hanol and 1 kg
of H2 and fef xytengrhagingyd pardeaneapdretion incexeess off Ho and ithendbe Csdepletedv at ed

PZSM 5 cat al nd operated at.a tenmperature aboyt..501 C and,a. pressure
of 11 psig (y u?&éf-segaﬁﬁeé wsavb‘aqzegggt.oh{ene é‘ﬁ@%&ew;%@es%ﬁmd?” rﬁgn nol ar
ratio of 1.8.redfifed R thy 2l @RnebdditOnY o BohieRadaal &sinﬁ%iﬁ%es@kg vatéramlr oduct

stream conprisi'ng 136 kg "of xylene having a para-concentration in excess of
90% and t hen ikkgef Gepl Agan, the Cf ermponet, cag dpsepdratdd ifronothe lightsstman t ol uene

and (heavy C8+), stream whigh is recycled tg the alkylation reactor and a
lights strearﬂ“é&?ﬁ%"f@itﬂéh%?ﬁﬂﬁlvﬁépﬁﬁ“érfaa&ﬁroﬂs kg of C5-. Again, the C5-
conponent carg g@gar ated fromthe lights stream and recycled to the

n

reductive coupl | reactor 13. Exanple 3 [001321 In a practical enbodi nent
of the second08X32ipl e dh & pmctical embiodiment of the second example of the invention

shown in Figure 2, the feed 11 is a natural gas stream containing 25 wt% carbon
dioxide and is fed only to ﬂle reverse shift reactor 32. The reactor 32 contains a
Ni on titania catalyst and is operated at a temperature of about 900°C and a
pressure of 400 psia (2,760 kPa). The alkylation reactor 13 comprises a supported
Cr;04/Zn0 catalyst mixed with a stlicon-selectivated PZSM-5 catalyst and 1is
operated at a temperature of about 500°C and a pressure of 400 psia (2760 kPa).
The aromatic products generated comprise 38 wi% of benzene and 10 wt% of a
néphthalene, 48 wt% of p-xylene and 4 wt% of mixed xylenes.

[00133] ‘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 the present invention.



shown in Figure 2, the feed 11 is a natural gas stream containing 25 wt%
carbon dioxide and is fed only to the reverse shift reactor 32. The reactor
32 contains a N on titania catalyst and is operated at a tenperature of
about 900C and a pressure of 400 psia3®, 760 kPa). The al kyl ati on reactor
13 conprises a supported Cr203/2Zn0O catalyst mxed with a
silicon-selectivated PZSM5 catalyst and is operated at a tenperature of
about 500C and a pressure of 400 psia (2760 kPa). The aronatic products
generated conprise 38 wm % of benzene and 10 wt % of a napht hal ene, 48 wt % of
p- xyl ene andClgims % of mi xed xyl enes. [00133] Wiile the present invention has
been described and illustrated by reference to particular enbodi nents,
those of ordinary skill in the art will appreciate that -the invention

| ends itselfqto varigahi @é@ RV t gat el this
reason, then1,' ‘r,ef’gr éﬂggeg 03% %gﬁma gbsoﬁﬁgﬁéﬁ g e ap%%%yedgmc'ﬁgqcrm for
pur poses of mrmarbohsgme}wo'cesecgmpﬁsingf the present invention. 39 dains
1. A process for converting nmethane to alkylated aromatic hydrocarbons, the

grﬁcgss colrr_pri si §) (agonsaptingti Ay deeded C@@iﬂiﬁingi ng"ﬁﬂiaf@e withh @ |
ot hano o SEVaRPReATdE oatEl JRRRY, boriiiond (GHrdVE, 16 SRR lsalf
conpri sing %ewt&wbm&bmmeémh;démwodﬁ@ o firétasffluedt dtrebAnst a

portion of said aroratic hydrocarbon romsaid first effluent streamwth
an al kyl at i reprapyising anoatic hiydracapinns and dydrogen; o al kyl ate sai d aromatic

hyd b d d | kyl i hy. havi | kyl
ol de chai ns than 3 d Seraneing Bt ibeta atian o S, SERARE oY ana.
(a) reactinGrgih $f1airsP®ifudtt é,t&&rﬁm&?%ﬂamﬂgg%gejtggﬁeﬁééhmﬁaﬁs stream

Wi th an oxygen-containing species to produce uent stream
havi ng a r ecffestivetaralipate saidcaromatipbydndcarhon and produce ancalkviated stream

one of [, raBmats AICEBEON navRg Hioge 6N gide (bl Btan SP AroMAlier ci
sai d feed | hydfdcarBBhPridh to the alkylating; and,
(c) reacting at least part of the hydrogen from said first effluent
stream with an oxygen-containing species to produce a second effluent
stream having a reduced hydrogen content compared with said first
effluent stream.

2. The process of claim 1 wherein said feed in (a) also contains at
least one of Ha, H20, CO and CO..

3. The process of claim 1 or claim 2 wherein said feed in (a) contains
less than 5 wt% of C3+ hydrocarbons.

4, The process of any preceding claim wherein sald conditions in (a)
are non-oxidizing conditions.

5. The process of any preceding claim wherein said conditions in (a)
include a temperature of about 400°C to about 1200°C, a pressure about
1 kPa to about 1000 kPa and a weight hourly space velocity of about 0.01
to about 1000 hr™.



| ess than 5 wt % of C3+ hydrocarbons. 4. The process of any preceding claim
wherein said conditions in (a) are non-oxidizing conditions. 5. The process
of any preceding claimwherein said conditions in (a) include a tenperature
of about 400C to about 1200C, a pressure about 1 kPa to about 1000 kPa and
a wei ght hourly space velocity of about @ 01 to about 1000 hr'. 40 6. The
process of any one of the preceding clai wherein said dehydrocyclization
catal yst conprises a netal or conpound thereof on an inorganic support. 7.
The process of any one of the preceding clainms wherein said

dehydrocycki zat The qabetyst of naty) onenpfi thes ptecedingt claimsf whetaithdsaidm
tungsten, rhenium a nol ybdenum conpound, a tungsten conpound, and a

r heni um coﬁ’ﬁamf@chﬂﬂiz@gWSFa@ﬁt céomprisas A lmetab Bfogpmpound theseph Gkesd of
any one Ofg#ﬂﬁ@ﬁéﬁﬁg&b§? clainms wherein said first effluent stream

conpri ses nore aromatic rings than said feed. 9. The process
of any one of the preceding clains wherein said al kylating agent conprises

ethylene. 10. T process of . claim9 wherein at |east part sajd ethylene is
produced i k saﬁ'geccﬂﬁ’ﬁ%‘f’? ngf (apy ene ’Pﬁeﬁ}ﬁ OE@@@%B\Q a‘ﬁ?‘"@ﬁew prein a8 1 to

8 wherein i I ANl ; rg car hon ot de n or a
reaction p?ghg%'?’cg I!azgg'gﬁ. °Wh%’cgggcée°§§‘§% c%gi 'r%@%g %%r%ﬁwpy%@gﬁ part
of said catfmystemneheriem| sa mnﬁdusmﬂnbuompaaﬁd,nﬂ turgeteh Gompolmdydritl a _
hydrogen and/or nethane. 13._ The process of any one of clains 1 to 8 wherein
sai d al kyl shemgmepmpounchap ZSN-S, sllicasnen alumineim gxidet hyl ether. 14. The
process of any one of the preceding clains wherein said aromatic

hydr ocar bon conpri ses benzene and said contacting (b) produces toluene

and/ or xyBenes Thélprotéss dhanpromeasftheipreceding elaimstvisereiresaidi firgt efflaents
wherein said aromati ¢ hydrocar bgn conpri ses n,tht hal ene anéj said al kyl ating
produces Stream comprises at least Swi% more aromatic rings than said feed.

9. The process of any one of the preceding claims wherein said alkylating
agent comprises ethylens.

10.  The process of claim 9 wherein at least part said ethylene is produced in
said contacting (a).

11.  The process of any one of claims 1 10 8 wherein said aikylating agent
comprises carbon monoxide and hydrogen or a reaction product thereof.

12.  The process of claim 11 wherein at least part of said carbon monoxide is
produced by reacting carbon dioxide with hydrogen and/or methane.

13. The process of any one of claims 1 fo 8 wherein said alkylating agent
comprises methanol and/or dimethyl ether.

14. The process of any one of the preceding cilaims wherein said aromatic
hydrocarbon comprises benzene and said contacting (b) produces toluene and/or
xylenes.



met hyi napht hal enes and/ or di met hyl napht hal enes. 16. The process of claim15
wherei n said oxygen-containing species in (c) conprises carbon dioxide or

carbon nonoxi de. 17. The process of claim 16 wherein said carbon dioxide is
i ntroduced to the process as part of a natural gas stream 18. The process
of claim 17 wherein said natural gas stream al so contains at |east part of
the methane in the feed in (a). 19. The @focess of any one of claims 15 to

18 wherein said second effluent stream conprises water and net hane, ethane

or a mxturégbof Thehpmeesn®df aiyhone.ofdAbe piecedingcelaimeiwltdreimsiid arnehatic
addi ti onal | ﬁb&orrpri sing remgving water from said second effluent stream

and recycl i ydracartonst GRUPPNSAs t neaphihalene ad@dor sald haakkylating sdreducesond

ef fl uent st ' ' process of any one of clains
15 to 18 whQfemﬁfg%@ﬁh%“%gﬁ’ﬂ@@m&e?@'}‘ﬁﬁw%ﬁ%es one or nore of C2 to Cs
paraffins and ol efins, single-ring aromatic hydrocarbons and C, to C3

| cohol's. 22,, Th f. ¢lai m_15 wh i id i,ng includ
ool 5 g TR ORRass A i s RAnsh ey 2y Geh Eantding' SACECh: (o

comprises carbon dioxide or carbon monoxide.

17.  The process of claim 16 wherein said carbon dioxide is introduced to the
process as part of a natural gas stream.

18.  The process of claim 17 wherein said natural gas stream also contains at
ieast part of the methane in the feed in (a).

19.  The process of any one of claims 15 to 18 wherein said second effluent
stream comprises water and methane, ethane or a mixture of methane and
ethane.

20. The process of claim 19 and additionally comprising removing water from
sald second effluent stream; and recycling at least part of the methane and/or
ethane from said second effluent stream to said contacting (a).

21.  The process of any one of claims 15 to 18 wherein second effluent stream
comprises one or more of C; to Cs paraffins and olefins, single-ring aromatic
hydrocarbons and C4 to C; alcohols.

22, The process of claim 15 wherein said reacting includes selective hydrogen
combustion.



