» PROCESS FOR METHANE CONVERSI ON FI ELD [0001] This di sclosure rel ates
to a pro®ass0oaessnet hane conversion. In particul ar, thisctusshhasese:
relates to a process for natural gas conversion. BACKGROUND
[ 0002] Aromati ¢ hydrocarbon(s), particularly benzene, tol uene,
et hyl benzene and xyl enes, are inportant commodity chemcals in the
petrochem cal industry. Currently, aromatics are nost frequently
produced from petrol eum based feedstoc by a variety of processes,

i ncluding catalytic reform ng and catalytic cracking. However, as the
wor |l d supplies of petroleum feedstocks decrease, there is a grow ng
need to find alternative sources of aromatic hydrocarbon(s).

[ 0003] One possi bl e al t EFRACIESS EOR METHANBDCONVERIION ar bon(s) is
nmet hane, which is the najor constituent of natural gas and bi ogas.
Wrl d reser f natural gas are constantly being upgraded and nore
nat ural gas—= urrently being discovered than oil. Because of the
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gas, nost of the natural gas produced al ong w oil, particularly at
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renote pl adwgicula, W%%@O%G%@'é@dapm m@u@ésmgwewm al kanes
contained in natural gas directly to higher hydrocarbon(s), such as
aromatics, is an attractive nethod, of upgrading natural gas,

provi di ng BACKGREOUMND technical difficulties can be overcone.
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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 hydrocarbon(s), such as
( - aromatics, is an attractive method. of upgréding natural gas, providing the
attendant technical difficulties can be overcome.
[0004) A large majority of the processes currently proposed for converting
methane to liquid hydrocarbon(s) involve initial conversion of the methane to
synthesis gas, a blend of H; and CO. However, production of synthesis gas is
capital and energy intensive and hence routes that do not require synthesis gas
generation are preferred.
[0005] A number of alternative processes have been proposed for directly
converting methane to higher hydrocarbon(s). One such process involves catalytic
oxidative coupling of methane to olefins followed by the catalytic conversion of
- the olefins to liquid hydrocarbon(s), including aromatic hydrocarbon(s). For
example, U.S. Patent No. 5,336,825 discloses a two-step process for the oxidative



.+ - 2+- conversion of nethane to gasoline range hydrocarbon(s)
conpri si mgoaewsmagsic hydrocarbon(s). In the first step, pethRI®7067563
converted to ethylene and m nor anmounts of C3 and C4 olefins in the
presence of free oxygen using a rare earth netal pronoted al kaline
earth netal oxide catalyst at a tenperature between 500C and 1000C.
The et hyl ene and higher olefins formed in the first step are then
converted to gasoline range |iquid hydrgcarbon(s) over an acidic

solid catal yst containing a high silica“pentasil zeolite.
[ 0006] However, oxidative coupling nethods suffer fromthe probl ens

t hat they
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temperature, such as 600°C to 1000°C. Frequently, the catalytically active species
of the metal is the zero valent elemental form or a carbide or oxycarbide.
{0008} For example, U.S. Patent No. 4,727,206 discloses a process for

" producing liquids rich in aromatic hydrocarbon(s) by contacting methane at a

temperature between 600°C and 800°C in the absence of oxygen with a catalyst
composition comprising an a]mninosilicﬁte having a silica to alumina molar ratio
of at least 5:1, said 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. .

[0009] In addition, 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 0.5 mole% hydrogen and 50 mole% methane, into a
reaction zone having at least one bed of solid catalyst comprising ZSM-5, gallium
and phosphorus-containing alumina at conversion conditions which include a
temperature of 550°C to 750°C, 2 pressure less than 10 atmospheres absolute
(1000 kPa-a) and a gas hourly space velocity of 400 to 7,500 hr™'.



[ 0010] Mor eover, U. S. Patent Nos. 6,239,057 and 6, 426, 442 di scl ose a
process VoD 2¢070desal ng hi gher carbon nunber hydrocar bon( 8CT/UR2@7/007563
benzene, from | ow carbon nunber hydrocarbon(s), such as nethane, by
contacting the latter with a catal yst conprising a porous support,
such as ZSM 5, which has dispersed thereon rheniumand a pronoter
metal such as iron, cobalt, vanadium manganese, nolybdenum tungsten
or a mxture thereof. After irrpregnatigtr,a_of the support with the -
rheni um and pronoter netal, the catalyst is activated by treatnment
wi th hydrogen and/or methane at a tenperature of about 100C to about
800C for a tine of about 0.5 hr. to about 100 hr. The addition of CO
or 2 to tHOIQht haMorgaver [UsS.s Brignt dNosacp.838.857 handy 6426442 disploseea
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unit is adapted to select the percentage so as Intatn

react or syseedisaaif todgakesethe meld gEbanrengaink the stability bétlervatalysegi ne.
Heat is pr bl y from I eratar syst 10.the
react or sygpg%ﬂby a\ﬁbgﬁg%%%%ofa[@atg:&;stﬁ%ﬁgo ﬁﬁ/&%’er{%ﬂlﬁgum No
successf ul 2065/008353bdisolose edsystany and ougthodidot oirgulaking eathiyshbétween a
hydr ocar bonsacte. %'[se ar O‘?%t Cc CcO oungﬁs }gn. a Icom*rer cjal scale
requires t FSCEEY TIIE 2BY 2AREMSEHOTLTYseR) 4 Gircwlabng Fatafyst wstem fgbdes a
Exanpl es ofreaqensysesth, £ fpeh@ra@esyatem, and a distribhfion WHR. PROFRASDT sFstem
endot herm ¢ E/m ch requires high energy input; b) the process
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conversi onyof S MRLAANEHF catalyst contacting each regeneration gas. Thus, the distribution
( unit is adapted to select the percentage so as to maintain the reactor system and
regeneration system under a heat balance regime. Heat is preferably transferred
from the regenerator system to the reactor system by an exchange of catalyst.
[0012] However, the successful application of reductive coupling to produce
higher hydrocarbons, e.g., aromatic compounds, on a commercial scale requires
the solution of a.number of serious technical challenges. Examples of technical
challenges are;
(@ the process is endothermic which requires high energy input;
(b)  the process is thermodynamically limited, which requireés high
temperature operation to achieve high conversion;



(e) the process generates coke and/or catalyst coking at high

t enper at w@200¢/id68tthe process may use feedstocks cont ai nedWQu$iad7/007563
hydr ocarbons in addition to nethane, which feedstocks nay increase
coking of the catalyst used in the process; and (g)to reduce problens
related to catalyst attrition, it is desirable to nmininize the
circulation rate and other nechanical stresses on the catal yst.
100131Accordingly, there is a need to devel op a process for
converting methane to hi gher hydrocarboh(s), which provides high
efficiency for heat transfer, adequate hydrocarbon/catal yst )
contacting, inProved process conditions to maximze selectivity to
desired hi gher h{gdr octheb@mesesse . rgquiresr significant carponnt do€ ) makeup cheat to

m ni m zi ng ' apd .inim zing of required.catalyst . .
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system a hydr ocar bon feedstock containing nethane; (b)

provi di ng tMeHaRG reactor systema catalytic particulate material;

(c) noving the K OfheS t ' [ e rial. fr i d

first reaction t}gjrle toesgr%egﬁc%égé;a?%a%??%n%ﬁie &h S’ér:‘r\tn\‘/:lgircl'(f:ftg’t %g] %%hk

o/f,ﬁ sai d hydroperaosi f eedst ock from said second reaction zone to said
(f I rst reaction Z(?)r?e; the process may use feedstocks containing C,; hydrocarbons in

addition to methane, which feedstocks may increase coking of the catalyst used in

the process; and

(g) to reduce problems related to catalyst attrition, it is desirable to
minimize the circulation rate and other mechanical stresses on the catalyst.
[0013] Accordingly, there is a need to develop a process for converting
methane to higher hydrocarbon(s), which provides high efficiency for heat
transfer, adequate hydrocarbon/catalyst contacting, improved process conditions
to maximize selectivity to desired higher hydrocarbons, e.g., aromatic
compound(s), while minimizing coke formation, and minimizing of required

catalyst circulation rates.

C - SUMMARY

[0014) In one aspect, the present disclosure resides in a process for converting
methane to higher hydrocarbon(s) including aromatic hydrocarbon(s) in a reactor
system comprising at least first and second reaction zones connected in series, the
process comprising:

(a) providing to said reactor system a hydrocarbon feedstock
containing methane;

(b}  providing to said reactor system a catalytic particulate material;

©) moving the bulk of said catalytic particulate material from said first
reaction zome to said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first reaction zone;

(d) maintaining said reaction zones in a moving bed fashion; and



(d) "mai ntaining said reaction zones in a noving bed fashion; and - 5
- weroapessaali ng each of said reaction zones undeﬁ»@mgggdmms@
conditions sufficient to convert at |least a portion of said nethane
to a first effluent having said higher hydrocarbon(s).

[ 0015] Addi tionally, the process further conprises: ()
renoving at |east a portion of said catal ytic particulate materi al
fromsaid reaction zones; and regenerating at |east a

portion of the renoved catalytic parti t I‘ate mat eri al under
regenerating conditions. [0016] Conveniently, the process further
conprises: .01)recycling at |least a portion of the regenerated

catal yti c partic(d)at eoparating alach @faaidi réatich | 2dnes QRder re{aﬁﬂéﬂkbﬁdlﬁﬁﬁs
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said higher hydrocarbon(s).
[0015] Additionally, the process further comprises:
(63) removing at least a portion of said catalytic particulate material
from said reaction zones; and
() regenerating at least a portion of the removed catalytic particulate
material under regenerating conditions.
( - {0016] Conveniently, the process further comprises:
(h) recycling at least a portion of the regenerated catalytic particulate
material to said reaction zones.
[0017} In one embodiment, the process further comprises:
(63) removing at least a portion of said catalytic particulate material
from said reaction zones; and
(2 heating at least a portion of the removed catalytic particulate
material to a temperature at least 825°C.
[0018] Conveniently, the process further comprises:
(h) recycling at least a portion of the heated catalytic particulate
. material to said reaction zones.
Y [0019] In a further aspect, the invention resides in a process for converting
( methane to higher hydrocarbon(s) including aromatic hydrocarbon{s) in a reactor
system comprising at least first and second reaction zones connected in series, the
process comprising:
(a) providing to said reactor system a hydrocarbon feedstock
containing methane; ‘
(b)  providing to said reactor system a catalytic particulate material;
(©) moving the bulk of said catalytic particulate material from said first
reaction zone to said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first reaction zone;

(d) maintaining said reaction zones in a moving bed fashion;



+ fromsaid reaction zones; and (g)heating at |east a portion of the
renoved omdabortikesiparticul ate material to a tenperat ur epatuksmshorses
825C. [0018] Conveniently, the process further conprises: (h)
recycling at least a portion of the heated catalytic particul ate
material to said reaction zones. [0019]1n a further aspect, the
I nvention resides in a process for converting nethane to hi gher
hydr ocar bon(s) including aromatic hydr éarbon(s) In a reactor system
conprising at least first and second reatti on zones connected in

series, the process conpri sing: (a) providing to said reactor
system a hydrocarbon feedstock containi ng net hane; (b)
providing to saitJCﬁ)rkeaFiaimtaﬁm;j' eai‘ldareaaiaii gohes lﬁﬁﬁht hcaube:t&m%m%aeriréibmty
c) novin u of . said cata articul at terial fromsaid

§. 3st r eagtWHﬁl“z%F?@gF pdizabion yelogiiy PraYSIRF eI
of said hydfo?fﬁfdim&ge@sat@séa\td"@maafdrpbea@@@s%l%ctIOn zone to said
first reaction zgne; (d) maintaining said reaction zones in a

nmovi ng bed fashi operating each of said reaction zones under reaction conditions

sufficient to convert at least a portion of said methane to a first effluent having
said higher hydrocarbon(s); ,

(2) removing at least a portion of said catalytic particulate material
from said reaction zone(s); |
C . (h) regenerating at least a portion of the removed catalytic particulate

material under regenerating conditions;

(i) . heating at least a portion of the removed catalytic particulate
material and/or at least a portion of the regenerated catalytic particulate material to
a temperature at Jeast 825°C; and

()] recycling at least a portion of the heated catalytic particulate
material to said reaction zones. A
[0020] Conveniently said regenerating conditions include a temperature from
400°C to 750°C, such as from 550°C to 650°C.
[0021] Conveniently said regenerating conditions comprise a regeneration gas
comprising oxygen. Convenieht]y said regenerating gas further contains carbon

. dioxide and/or nitrogen such that the oxygen concentration of said regenerating
C - gas is from 2 wt.% to 10 wt.%.

[0022) In another aspect, this disclosure resides in a process for manufacturing
aromatic_hydrocarbon(s) from methane in a reactor system comprising at least
first and second reaction zones connected in series, the process comprising:

(@) providing to said reactor system a hydrocarbon feedstock
containing methane;

(b) providing to said reactor system a catalytic particulate material;

{c}  moving the bulk of said catalytic particulate material from said first
reaction zone to said second reaction zone and moving the bulk of said

hydrocarbon feedstock from said second reaction zone to said first reaction zone;
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(e) maintaining said reaction zones with a superfici al

gas vel ogyd Yoodhbdad @ range froma mnimum fluidizati O”Pé’ff)USEdo%(rlsss
(Um) to a velocity required for maintaining a solid bed vo

fraction bel ow 95 vol . % (f) operating each of said reactlon

zones under
portion of

reaction conditions sufficient to convert at | east a
said nethane to a first effluent having said higher

hydr ocar bon(s) ; (g) renmoving at_|l east a portion of said
catalytic particulate material from saT d-reaction zone(s);

(h) regenerating at |east a portion of the renoved catal ytic
particul ate material under regenerating conditions; (1)

heating at

| east (d) po ma’intainiﬁg s4&id reactiotectones alitht hcsupalﬁcia’l ugest eelocity

mat eri al and/lpr at por.ti onof..t he regener d cat tic
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said reacti

on zones. . . . ) ..
(e) operating each said reaction zone under reaction conditions

sufficient to convert at least a portion of said methane to a first effluent having

said arormatic hydrocarbon(s); and '
63 recovering said aromatic hydrocarbon(s).

[0023] Generally the reaction conditions of each reaction zone are sufficient to

convert at least 5 wt.% of said methane to higher hydrocarbon(s) across the

combined reaction zones. In one embodirnent, the reaction conditions of each

reaction zone are sufficient to convert at least 5 wt.% of said methane to aromatic

hydrocarbon(s) across the combined reaction zones.

- [0024] In another embodiment, the aromatic hydrocarbon(s) includes benzene.

[0025) Conveniently, the process further compﬁses at least one additional
reaction zone.

[0026] Conveniently, the process further comprises separating unreacted
methane from said bigher hydrocarbon(s) and recycling said unreacted methane to
said reaction zones.

{0027} Conveniently, said first effluent comprises hydrogen and the process
further comprises (i) separating at least part of said hydrogen from said first
effluent or (ii) reacting at least part of said hydrogen from said first effluent with
oxygen-containing specie(s) to produce a second effluent having a reduced
hydrogen content compared with said first effluent. Optionally, the process
comprises recycling said second effluent to step (a).

[0028] Conveniently, said catalytic particulate material moves downwardly in
said reaction zone(s) and said hydrocarbon feedstock moves upwardly in said
reaction zone(s).

[0029] Conveniently, said reaction zones are operated at a superficial gas
velocity of at least 1.01 times of the minimum fluidization velocity (Ums).

{0030]) Conveniently, said reaction zones are operated at a superficial gas
velocity of less than the velocity required for maintaining a solid bed void fraction
below 95 vol %.



[ 0020] Conveniently said regenerating conditions include a tenperature
from 400&@® 0007324811 such as from 550C to 650C. [0021] Conyeniugpdohpozas d
regenerating conditions conprise a regeneration gas conpri sing
oxygen. Conveniently said regenerating gas further contains carbon
di oxi de and/or nitrogen such that the oxygen concentration of said
regenerating gas is from2 wt%to 10 wt.% [0022]1n another aspect,
‘this disclosure resides in a process fog manufacturing aromatic
. hydrocarbon(s) fromnethane in a react®f system conprising at |east
first and second reactiron zones connected in series, the process
conpri si ng: (a) providing to said reactor system a hydrocarbon
f eedst ock ci98BH ni fepnvenieatly, the step (a) firtherrcowipdisey supplyag do saidatastor

systema c {] ard t.cul at terial (c) noving the bul k
of said cat eﬁ“%%‘g%i{ab&#ﬁ%ﬁcﬁg‘%m%@#rom said first reaction zone
to said sec[Oﬂm]r eacﬂdmreniéﬁﬂg the Gname\riatlg dffthe hotak fiotvratei of audipaticalaen
f eedst ock from sa econd r act | og%é qe to said first reaction zone;
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portion of ane t aird aronma
h%drocar bon(@)reaetntb recovering said aromatic hydrocar bon(s).

( [0034] In one aspect of the abovementioned embodiments, said reaction

conditions in each reaction zone are non-oxidizing conditions.

. [0035) In another aspect of the abovementioned embodiments, the reaction
conditions in each reaction zone include a temperature of 400°C to 1200°C, a
pressure of 1 kPa-a to 1000 kPa-a, and a weight hourly space velocity of 0.01 hr’
to 1000 hr.

[0036] In one aspect of the abovementioned embodiments, said catalytic

particulate material is a dehydrocyclization catalyst. In one embodiment, said

catalytic particulate material comprises a metal or compound thereof on an
inorganic support.

[0037] In one embodiment, said catalytic particulate material comprises at
o least one of molybdenum, tungsten, rhenium, a molybdenum compound, a
(, - tungsten compound, a zinc compound, and a rhenium compound on ZSM-5, silica

or an aluminum oxide. _

[0038) In one embodiment, said catalytic particulate material enters said

second reaction zone at a temperature of 800°C to 1200°C and exits said second
reaction zone at a temperature of 600°C to 800°C before entering said first
reaction zone. Conveniently, the sum of the temperature difference of said
catalytfc particulate material across said first reaction zone and the temperature
difference of said catalytic particulate material across said second reaction zone is
at least 100°C.

[0039] Conveniently, said hydrocarbon feedstock further comprises at least

one of CO;, CO, Hz, H;0, or Cy+ hydrocarbon(s).



[ 0023] General ly the reaction conditions of each reaction zone are
suffici ewmo2007/t8Blert at |east 5 w. % of sai d net hane tmcTugHhero7s63
hydr ocar bon(s) across the conbi ned reaction zones. In one enbodi nent,
the reaction conditions of each reaction zone are sufficient to
convert at least 5 w.% of said nethane to aromatic hydrocarbon(s)
across the conbined reaction zones. [0024]1n another enbodi nent, the
aromati ¢ hydrocarbon(s) includes benzene. [0025] Conveniently, the
process further conprises at | east oné-“additional reaction zone.

[ 0026] Conveniently, the process further conprises separating
unreacted net hane from sai d hi gher hydrocarbon(s) and recycling said
unr eact ed @@4{ne im csladrdembmiimbmn ab ties difchi3hn] @mrlamiaapﬁﬂﬁ,on sfisald

first efflyent o ydrogen and t rocesf gr ri se
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ef fl uent omwit h)'drbg&ﬁahﬂfbr ah dlledsfingdagént ab psad&efwdémefdm Siglér
first effl W .t h oxygen-contai ning specie(s) to produce a second
ef fl uent h &Wﬁ OP$duced hydrogen content conpared with said first
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effluent to step (a). [0028] Conveniently, said catalytic particu ate

material mivasthedaoming detailed dgsatintionc figers, anstappehdedrrlaimsi d
hydr ocarbon feedstock noves upwardly in said reaction zone(s).
[ 0029] Convenl ent I Y. sal d reacti on zones are oper at ed at a superficial
gas vel oci BrieffDes Hox ) imgs of the mnlrrumflwdlzatlon
(at el SCISL%eE kﬁﬂé&él [ nggu.l' C?r}\slean 1g£rtanybf 2 proces §35! LOR, P hefan %)?ugant ed
hydrocarbon(s) according to one embodiment of the invention.

Detailed Description Of The Embodiments

Definitions
[0043] All patents, patent applications, test procedures, priority documents,
articles, publications, manuals, and other documents cited herein are fully
incorporated by reference to the extent such disclosure is not inconsistent with the
present disclosure and for all jurisdictions in which such incorporation is
permitted.
[0044] When numerical lower limits and numerical upper limits are listed
/ herein, ranges from any lower limit to any upper limit are contemplated.

( - [0045] As used in this specification, the term “framework type” is used in the
sense described in, for example, the “Atlas of Zeolite Framework Types,” 2001.
[0046) As wused herein the term “higher hydrocarbon(s)” means
hydrocarbon(s) having more than one carbon atom per molecule, oxygenate
having at least one carbon atom per molecule, e.g., ethane, ethylene, propane,
propylene, benzene, toluene, xylenes, naphthalene, and/or methyl naphthalene.
[0047} As used herein the term “aromatic hydrocarbon(s)” means molecule(s)
containing one or more aromatic ring(s). Examples of aromatic hydrocarbons are
benzene, toluene, ethylbenzene, xylenes (para-xylene, meta-xylene, and ortho-
xylene), naphthalene, and methyl naphthalene.
[0048] As used herein the term “moving bed” means a zone or vessel wherein

particulates contact with gas flows such that the superficial gas velocity (U) is



- velocity of less than the velocity required for nmaintaining a solid
bed voi d Woaeobi/meshel ow 95 vol . % - 8 - [0031] Conveni efidygs2bifosdcsP
(a) further conprises supplying to said reactor system a

non-catal ytic particulate material. [0032] Conveniently, the nmass
ratio of the total flowate of said particulate material (catalytic
particul ate material plus any non-catalytic particulate material) to
the flowate of said hydrocarbon feedstgck is from1:1 to 100:1, such
as fromb5:1 to 25:1. [0033] Conveni ently,” Said reactor zones are
contained within one or nore cold wall reactors. [0034]1n one aspect
of the abovenentioned enbodi nents, said reaction conditions in each
reacti on zohelow gherorelaniiyd resjuingd c forddilatesphasd @adarhhtic aoavéng ash eckd

R N pEETE A S
kPa-a to 1000yskRaertionally elavei gt 83U %I&%S(l@g‘;ﬁ) VE| Meving-teld Rabtbr tRlay
1000 operate under several flow regimes including:

(a) settling- or moving packed-bed regime, wherein the superficial gas
velocity is less than the minimum fluidization velocity (Un), U < Uy

{b) bubbling regime, wherein the superficial gas velocity is more than
the minimum fluidization velocity (Uyy) and less than the minimum bubbling
( - velocity (Umb), Unr< U < Umy;

() slugging regime, wherein the superficial gas velocity is more than
the minimum bubbling velocity (Umy) and less than the minimum bubbling
velocity (Uc), Unp < U < Uy

()] transition to and turbulent fluidization regime, wherein the
superficial gas velocity is more than the minimum velocity (U,) and less than the
minimum transport velocity (Uy), U, <U < Uy: and '

- . (e) fast-fluidization regime, wherein the superficial gas velocity is
more than the minimum transport velocity (Uy), U > Uy.
[0049] These different flow regimes have been described in, for example,
Chapter 3 of “Fluidization Engineering,” D. Kunii and O. Levenspiel, 2™ Edition,
s Butterworth-Heinema:rm, Boston, 1991 and Chapter 6 of “Chemical Process
(- Equipment,” S. M. Walas, Butterworth-Heinemann, Boston, 1990, the entirety of
which are incorporated by reference.
[0050] As used herein the term *“settling bed” means a zone or vessel wherein
particulates contact with gas flows such that the superficial gas velocity (U) is
below the minimum velocity required to fluidize the solid particles, the minimum
fluidization velocity (Ugy), U < Upy, in at least a portion of the reaction zone,
and/or operating at a velocity higher than the minimum fluidization velocity while
maintaining a gradient in gas and/or solid property (such as, temperature, gas or
solid composition, etc.) axially up the reactor bed by using reactor internals to
minimize gas-solid back-mixing. Description of the minimum fluidization
velocity is given in, for example, Chapter 3 of “Fluidization Enginecering,” D.

Kunii and O. Levenspiel, 2me Edition, Butterworth-Heinemann, Boston, 1991 and



+ [0036] I n one aspect of the abovenenti oned enbodi nents, said catal ytic
particul ¥@200at12681hl i s a dehydrocyclization catal yst. POTWS207/007563
enbodi nent, said catalytic particulate material conprises a netal or
conmpound t hereof on an inorganic support. [0037]1n one enbodi nent,
said catalytic particulate naterial conprises at |east one of
nol ybdenum tungsten, rhenium a nol ybdenum conpound, a tungsten
conpound, a zinc conpound, and a rheni_yp_compound on ZSM5, silica or
an al um num oxi de. [0038]1n one enbodi nent, said catal ytic
particulate material enters said second reaction zone at a
tenperature_of 800C to |1200C and exits said second reaction zone at a

t enper at ur ChAPtEOEC of o “Gheraicab RypeessnEanipmens ai & My sWalaga duttsnworihe.
conveni ent | yeinkiens 18BsBin, 1560, AR RL S ILE L' iflfiBoAted R) desdical V! 1 ©
acrdéss Said first t'he

particul ate material reactiron zohe an
t enper at ur f0851F er eAw asaf hemin tha tteriny t“flnidizing i ed!l’ aneansas ezoinal oraeesssk

said second jeactio one is at legast ,100C. 0 Convepi.ently, .said
hydr ocar bon™ “é&%ﬁ"é@%z‘?*ﬁ? f’ﬂ’étf’&c &8 wéts“f%g'?? %é“ﬁ@%“dﬁb%’z,
3_20, | or CZ"(U)Yidlrsﬁﬂ?diémrtésﬂuigiize SS%Cid HaBitddy ; h_diﬁ.,%ﬁ% ﬂedThﬂﬁibh-m : ;fﬁidiizatiﬁlﬁi S
i sclosure, at .least a pqrtion of said higher hydrocarbon(s), such as
benzene andf%ote!Hr ! et f“&‘PH?che rBgnydgeity §°‘l.’-'é"3€ftg’6 ‘iﬂ‘%t?rphi'ﬁ?r.r PRfaymatic

and/ or an Q:Iokﬁié}ﬁﬁ% 09 s8¢ PhrticReshinOsidELoPmABItAiN 3t dofids Bed With Pb@hRction

hydr ocar bon(s) . é 041] These and other facets of the present

P

di scl osur e BélaY BOBEESHe apparent fromthe fol | owing detail ed
(d SCri pti ofop$2)0ur &s 384 ABRENIRE fehfdl! “scade moving beds” means a series

arrangement of individual moving beds as the particulates or gas cascades from
one 'moving bed to another.
[0053] As used herein the term “cascade fhiidizing beds” means a series
arrangement of individual fluidizing beds such that there can be a gradient in gas
and/or solid property (such as, temperature, gas or particulates composition,
pressure etc.) as the particulates or gas cascades from one fluidizing bed to
another.
[0054] As used herein the term “riser” means a zone or vessel (such as,
vertical cylindrical pipe) used for net upwards transport of particulates in fast-
fluidization or pneumatic conveying fluidization regimes. Fast fluidization and
pneumatic conveying fluidization regimes are characterized by superficial gas
(_ . velocities (U) greater than the minimum transport velocity (Uy). Fast fluidization
and pneumatic conveying fluidization regimes are described in, for example,
Chapter 3 of “Fluidization Engineering,” D. Kunii and Q. Levenspiel, 2™ Edition,
Butterworth-Heinemann, Boston, 1991 and Chapter 6 of “Chemical Process
Equipment,” S. M. Walas, Butterworth-Heinemann, Boston, 1990, the entirety of
which are incorporated by reference.
[0055] As used herein the term “inverse temperature profile” means that a
reactor system having a hydrocarbon gas inlet temperature lower than the
hydrocarbon gas outlet temperature — that is the inverse of the temperature profile
naturally achieved for an endothermic reaction. _
[0056] As used herein the term “‘catalytic particulate material” means a

refractory material that causes an increase in the reaction rate of the feed to the



+ Brief Description of the Drawings [0042]Figure 1 is a diagramof a

process fap 2609RY&¥1 1 ng met hane to hi gher hydrocarbon(s) Jgtel
one enbodi nent of the invention. Detailed Description d‘)é#@g sk

Enbodi ments Definitions [0043] All patents, patent applications, test
procedures, priority docunents, articles, publications, manuals, and
ot her docunents cited herein are fully incorporated by reference to
the extent such disclosure is not inconsistent wwth the present

di scl osure and for all jurisdictions h2which such incorporation is
permtted. [0044] When nunerical lower limts and nunerical upper
limts are |listed herein, ranges fromany lower |[imt to any upper

limt are camiredBtodued. at [tmﬂré]:é&% coAdifiond) THe! cat hdrtiGhte® atdrid® n{a%r" m

"framework type" is used in the sense described in, for exanple, th

"Atlas of Zebninagiglajgewitheutijrdes or bedhornd pmmeymawg@mﬁmmawey,
term "hi gheg J%Qr&a%omsﬁ%, omﬂasm&x%ﬁﬁ@ﬁtz%mﬁ ¥R ifiekid e

one carbon at per oxygenat e having at (T ORE C&
at om per nuhepattelese Pgefprabimmcq;armlbg/hmrﬂ apuhqimtm,llymphﬂyttaé isBape. The

perene. LSlE: o oA PP 00RO 0o EVALLy AR ISR

mol ecul e( s)adjusting the thermal conductivity, the density, the heat capacity, and/or the

attrition resistance of the catalytic particulate material to secure a desired catalyst

P performance.

( [0057] As used herein the term “non-catalytic particulate material” means a
‘particulate material which is not a catalytic particulate material. The non-catalytic
particulate material may comprise a refractory inorganic material that does not
cause an increase in the reaction rate of the feed to the desired products at the
process conditions. The non-catalytic particulate material may be used as a
material to transport energy (heat) into the system and/or to fill space as required
providing the required hydrodynamic environment. The non-catalytic particulate
material may form particulates without binder or be bound by an inorganic binder
such as clay, silica, alumina, zirconia, or other metal oxide may be used to help
maintain the physical integrity of the particles. Preferably the particles are of a
substantially spherical shape.

( : [0058] As used herein the term “cold wall reactor” or “cold wall vessel”
means a reactor or a vessel constructed with one or more layers of insulating
material between the catalyst of the process and the metallic shell which acts as a
pressure containment for the process; whereby a temperature gradient occurs
across the insulating material so that the metallic shell is at a substaﬁtially lower
temperature, such as more than 50°C, for example more than 100°C, such as more
than 300°C, and optionally more than 600°C, than the temperature of the
contained material.

[0059] As used herein the term “non-oxidizing conditions” means conditions
wherein oxidizing agents (such as, O,, NO, and metal oxides which can release
oxygen to oxidize methane to CO,) are present at less than 5%, such as at less
then 1%, and typcally at less than 0.1%, of the amount require;l for stoichiometric

oxidation of the methane in the feed.



. containing one or nore aromatic ring(s). Exanples of aromatic

hydr ocar momocangsshenzene, tol uene, ethyl benzene, Xxyl enepecrmus2007/007563
(par a-xyl ene, neta-xylene, and orthoxyl ene), naphthal ene, and net hyl
napht hal ene. [0048] As used herein the term "novi ng bed" nmeans a zone
or vessel wherein particulates contact with gas flows such that the
superficial gas velocity (U is - 10 - below the velocity required
for dilute-phase pneumatic conveying of solid particles in order to
maintain a solids bed with void fractidd-bel ow about 95 vol . % (U95%) ,
optionally bel ow about 85 vol.% (Us). A noving-bed reactor may
operate under several flow regines including: (a) settling- or
novi ng pac k[EB@GO}ed B3y i“supplerhental sourbe oﬂfpel”f lscma#ntgﬂrat tsd sourcy fuel is

| h f d
bubbl | ng. r DRI EPBaNE Faf oo PaerRt ang Shonl | cnety Tt rrplen e
t he m ni nungdnketsteli aaﬂmatm Q@hby-p(ré&uc’t bf the dehRE6cycliaatidrRadticn. mum

bubbl.ing vel ocity (U. U< U < L(C) slugging regine,
wherein t hef 36%” AS 'éﬁedg'}fgﬂvéll%ém ‘fasbwnag gRRERNS Wrﬂqﬂﬂ?@t under

bubbl i ng V%Q%h&‘uﬁﬁs th el &eﬁﬁﬁeﬂt?ﬂﬁet&ﬁ BPAUIAEOR ot

velocity (U.), linb transition to an ent
fluidizati (mtaﬂﬁg? metal@hm @ervatametusmwlmeuaateg@ls&me |aommc}az¢¢stmrtg an

than the lii rgﬂemﬂ Bﬂg{cf iX g%éc%a%ﬂ&l&?%ﬁ t D88s G Ee oM ThE %Mhng

velocity (

g

] gas can also partly coke active catalytic sites of the catalyst. Such active catalytic

(_ : sites comprise catalytic metal and/or other active sites capable of catalyzing the
desired reaction. The carburizing gas may also deposii a quantity of carbon and/or

hydrocarbon species on the catalytic particulate material. Such carbon and/or

hydrocarbon species may be intermediates to the formation of the desired higher

hydrocarbon(s), e.gz., arématic compound(s). The carburiziné gas may comprise

hydrocarbons, H;, CO, CO;, and any combination thereof, such that the

carburizing gas contains a source of both the element carbon and the element

hydrogen.

Introduction

[0062] The present disclosure provides a process for producing higher
T hydrocarbon(s), e.g., aromatic compound(s), by contacting a feedstock containing
( h methane, typically together with H,, CO and/or CO,, with a particulate
dehydrocyclization catalyst flowing countercurrent to the gaseous feedstock under
conditions effective 'to convert the' methane to higher hydrocarbon(s) and
hydrogen in a cascade moving bed reactor system comprising at least first and
» + second series-connected reaction zones. Conveniently, each reaction zone is
operated in fluidized bed regime in which the superficial gas velocity exceeds the
minimum fluidization velocity (Upg) but is less than the velocity required for

maintaining a solid bed void fraction below 95 vol.%.
{0063] During the methane aromatization rgai:tion, coke tends to build up on
the particulate dehydrocyclization catalyst and hence a portion of the particulate
dehydrocyclization catalyst may be periodically regenerated in a regeneration

zone, which is separate from the reaction zone and is normally operated under



(e) fast-fluidization reginme, wherein the superficial gas velocity is
nor e t harwoheors2esiaum transport velocity (U,,), U> [ 0048CThe3607/007563
different flow regi nes have been described in, for exanple, Chapter
3 of "Fluidization Engineering,” D. Kunii and 0. Levenspiel, 2"

Edi tion, Butterworth-Hei nemann, Boston, 1991 and Chapter 6 of

"Chem cal Process Equipnent," S. M Walas, Butterworth-Hei nemann,
Boston, 1990, the entirety of which are jncorporated by reference.

[ 0050] As used herein the term"settli ﬁé jed" neans a zone or vessel
wherein particul ates contact with gas flows such that the superfici al
gas velocity (U) is belowthe mninumvelocity required to fluidize
the solid pexidizing senditiensyiUnidenrthé loxidizingtdonditionk dnithy régdneration 1dte,

in at | east ort i on.of Lhe n n and/ o erati at a
Vel oci ty i Gk S Bl SR (el o ot e By o v o i eyt
Mai nt ai ni noteadg tabe adverstly GlecRAf ittier B3/ ¢dihv9isﬁﬁxe6£ HMefmentah nitdal or metal
t enperat ure, g@gﬁ solid conpositjon, etc axi al Iécup t he reactor
bed by usi n¢f™ pB the catalystde oxide #LWIHFHFEEES%@"‘MP hgcrlentivg pites on
Descri pti ongnef cathiystYi Ab&Binklyi fi 2Aki eRAbYEhRAL (o bR Praktht 'ptPe deEQF the
exanpl e, Chapter of "Fluidization Engineering,” D. "Kunii

Levenspi el ,regprpratad cptahyst i) trarsfored to Héfi‘iﬁbﬁhtmamt EZORE 861)99118 &om the

Chapter 6 | RBr
COePLET . Wean B e ol 6 eI e, ekl B oyt i
i ncor por at exniactedewish emacburjzDi5gisiet atcepetatireilessithan ﬂ-grtmberht"rd i threg

bed" neans ’qu ei articul a con ct Wt as
(--f 'ows such lfta?ﬁ %%E"s%gtfﬁ% ? Ji"é'pg %alaflés} Ve ﬁ01€ﬁ1 f‘ffm fr?$e&e?t]i]f) ne.
fluidize sd[‘heduparotﬂ thbee:pé.iataecataabb\teatimtmdmmlmvfrd thed camthétowvith the
velocity Ubi,) and is blow Clt or dil ute-phase
pneunat i c &?ﬁ\k}m S’ aﬁi?fi/%“f)égf’ t‘B’i‘ f"cgé’;Yfﬁlcﬁf‘Yi‘frﬁ"H 02'6?‘?@5
bed with vmxeuésr@%e ﬁégeh&hfw cabdyst bR&ito d2808e biRidd TR thd Eb@btal fafmifr M
"cascade novi ng ns a series_ arrangenent of individual noving

beds as thé'{ arpmatics selegueity PS e gatabysty i Mgreeuer. 28y by—
anot her. [ QR&8lohg mﬁdwqryawgehh?eh&@m' 6@ e bl flbZédiRade

nmeans a series arrangenent of vi dual fluidizing beds such t
there can KS8rbamgngdRasHEan be gaBoveddfrom @quaulw drsatmsnt (zone Nﬂﬂl@u‘! bemg

terrperatur%mmdqhﬂpg{etéfﬁ%,ﬁﬁm%%ﬁ pressure etc.) as the

particul ates or gas cascades IZI ng bed to another.
[ 0054] As ud@@bdier eilhe t dehydegayrlizationr 'tczmaam sisa endothernric varst ahe ( presént
as,

disclosure also provides a method for supplying heat to the reaction by
withdrawing a further portion of the catalyst from the reaction zone, heating the
further catalyst portion in a heating zone with hot combustion gases generated by
( burning a supplemental source of fuel and then renuning‘ the heated catalyst
portion to the reaction zone. The heated catalyst portion is preferably fed to the
catalyst treatment zone for contact with the carburizing gas before being returned
to the reaction zone.

[0065] In addition, this disclosure provides a process for utilizing the
hydrogen generated as a by-product of the dehydrocyclization reaction and in
particular to a process for converting at least part of the hydrogen to higher value
products.

Feedstock
[0066] Any methane-containing feedstock can be used in the process of this

disclosure but in general the present process is intended for use with a natural gas



vertical cylindrical pipe) used for net upwards transport of
particul ave2oomzésast - f | ui di zation or pneumatic conveyi ngcihishehAdskPn
regi mes. Fast fluidization and pneumati c conveying fluidization
regines are characterized by superficial gas velocities (U) greater
than the mnimumtransport velocity (Ub). Fast fluidization and
pneumati ¢ conveying fluidization reginmes are described in, for
exanpl e, Chapter 3 of "Fluidization Engineering,”" D. Kunii and O.
Levenspiel, rd Edition, Butterworth-Hei rl'?-e'mann, Bost on, 1991 and
Chapter 6 of "Chemi cal Process Equipnent,” S. M Wil as,
But t erwort h- Hei nemann, Boston, 1990, the entirety of which are
i ncor por at efbestocks f @then sritatl® Ok Shate-containing rfeedstdcke italnde tHose ebsined
tenperaturegprofile” neans_that eagct syst em havi ng a hydrocar bon
gas inl et ¢ BRI FRPTFS ﬁugﬁeﬁ’s tcﬂ%]n%f"#eaﬁ?gﬁgﬁaf“%‘f?]%‘ﬁ’é 8‘8?’1‘%‘%’&’31 waste
terrperaturefmnéﬁtaﬁoﬂ,&nﬁm@réﬁlmﬁ&sﬁeaﬁﬁ.e tenperature profile

ermc reaction. [0056] As used herein

naturally aﬁ)Bi ved for an endot } !
the term"c Qﬁ/t i ME@FP?‘EQHW&MP@W syabp pss naturad £as, dypicyllyraentaing|
that causescabod RS Snd Rilahe ihSRREAR 1d Heinde ?@%ate%%y{’@é‘t Qfiphatic’ 2

- desired products at the process conditions. T
parti cul at ehydiegashands) thay mayrbe presentcin theefeedi aahmft cdvrsedbe convered to

bound by angd L.c. Di 1Sl um zi.reqni a,
or ‘ot her mysfelditahicd ghoilont e BanSasBbveibiiont Rep dn oG, i b
E%rt i cl es. discupsadabelpw, hearlor tdictids canealed ke sobvetrtzdt ioabsful plhamatio!
ape. The e nt.ai p _addi t.ional. conponents.to provide
(usef ui funﬁﬁ%ﬁncgé:g;f/tﬁg%ﬁrgﬁ?%dnt & ?%g%yc Bﬁﬁ&cﬁﬁ%? n 'rns"hﬂethg‘f"cg}?,
the heat cajpaversipn tambtitmetahd/onethans irothe hgdtapen peectivh stdpe cat al yti c
parti cul atgl erial. to secure ﬁ’BﬁESi red cat Iést .%«i‘lryforrran,ce.
[0057] As ud2tPler o Nitrpgen andforsu %%!{f&reﬁtar%g]ﬁ hipraliy presepbindpethpne-
neans a pardohtitling etré@hemagibeweineled, oriteductd s eh Mevels, pRibl td- HicAS Lihe
material. The non-catalytic particulate material may conprise a

ref ract ory SRy i BenRiCessabl Hirainvgptiannbt apaembodimentyctheddeed ita thie
reaction r Qfe%&%cﬁdlﬁaﬁ@r?%tépp cbﬁ‘@ﬁﬂ?%f qgarprﬂféuﬁéﬁi Per H‘H@li&{ %ge%i' t
I I al “may d as"a

condi tions. e non-catalytic particulate mate e us
material t dWippams for example dgss(theatl) winpm.tsushsassiessnthand/ ertppimo dath lof

sSpace as rg.g)(irg rgl\ﬁnq&#g: requi red hydrodynam c environnent.
The non-cata ﬁ"’?g"gért I cu tgélgﬁ%t erial may form particul ates w t hout
bi nder or 1@06%%undibygddition o mysthare, ithe fed ®uthle dehydloayclizatibn GBp may

al um na, zi i a,1.00 h tal oxjde be used tq hel intain
t he physi cgf’ﬁr%h %glf’ j t;?%%fo ?{ g%&gﬁ Tvg*e&s?a@'éfrﬁ’flg af’ﬁé’”%&ﬁtcgea’? €Mre
of a subst anierab laysistpinevoke ahitightigre . THeS® a8difives sarbd aitRidicddss s&atite
"cold wall r&\?%%or" 053 "col dt.vvibl vessel" neans_a reactor or a vessel
(const ruct e §OHFTN °5/787 BF PREFR ‘R iY@ Pethppesieamettch @snilf sxqmplepwheiedhe
the catal ysietitiet dteeafi @C dedveln ol Qatiedlagds' Sorfthifinlg Wb dithdide. 3GuRr
pressure contai n‘gtent forgi[o%tr% process; whereby a tenperature gradient -

occurs acr SXWCEs f ¢azhop may dnqlude Hue gpses, LNG plants) hydrogeipplantsg
at a subst amironid mah@yc\gpc&l%imﬁg ﬁi@ﬁlﬁhalﬁmézggggﬁfaﬁ t han 50C, for
: ~an

exanpl e nore than 100 such as nore than optionally nore

t han 600C, [Q08h t H@ encnerebediment, she ferd tootheadalydrosmelization stepOBBEins

used herei Al AN [y I.tol- OIS ondit i 0
Wherei n oxE 4P dloRidD aROGHEL 3099 999 il itk HRAIS bbb Aibenc .,
rel ease oxgakd lito 16xhol’s.cuck o i te 3tmol26)AG;.c Iipameirtentiodirgas, thedsed %

amount v oot FEReRFS e R R pfhon R rordE Rad remhfes 0o Re

f eed. 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 30 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%,



- 13 - [0060] By "suppl emental source of fuel"™ is meant that the
source fyad 2doS1RYsi cal ly separate fromthe catal yst angc-PeR5:7087563
not, for exanple, coke generated on the catal yst as a by-product o?
t he dehydrocyclization reaction. [0061]As used herein the term
"carburizing gas" means any gas that, under the conditions in a
catal yst treatnment zone, can convert at |east a portion of the
catalytic netal (s) in the catalytic particulate material from an
oxi di zed state to an elenental form td%a .carbidic species, or to-a
| ess oxidized form The carburizing gas can also partly coke active
catalytic sites of the catalyst. Such active catalytic sites conprise
catal yti c nmthlas®@8t®09900hbEs, ARtlane Hdl® t6aTRR %Y suclaallyfd 50mbive,
desired regction. The carburizing gas nmay al so deposit a quantity of
car bon and/ ﬂ“ﬁ?ﬂrocarbon species on the catalytic particul ate

maierial . Suppucar g AR/ 81 d SROBANARGS | e T Dol EeCHERLeS

to the formati on of the desired higher” hydrocarbon(s), e.g., aro

conpoung( s hydmearbonf)uthan imethgess inalpdingnprorstic hyirecasban(s)s ,Sueh higipsr
cont ai s a YSERARCAR, Oh HUCLEGhea HGH, IS hydeiaf HBHIGE | Sihed as

hydr ogen. Isaparateuotfeeds pOEGLbd peespnteainché nehitlsmectieam, paaivas) disr éxample,
process for_.produci ng hi gher hydrocarbon(s).,,e.g., aro i C

P onpound( sy ey aapTeserl th e Srederh High HgrrBlIRe i rm,
t oget her withdhiifogédraledionr st&g RypivdllyNinaluda lohk GiflgairBmatics and/or paraffins
‘déhydrocycli g}&i n catal yst, fl ow ng countercurrent to the gaseous

f eéedst ock &Hé e%tﬁrhﬁ"f’f&) redapyinately R of fessofiraras 1 oF flesspfar pleyd or
hi gher hydigsarfsialy 3N0orYIdsP0aFbdM AtoRRS CiflegdRyAINOtHRe et asd Othe
system conprising at |east first and second series-connected reaction
zones. Con@ghydspgyclization pep containgless Hhan; % v Yor weh @S 1gsst than & whee. g
regi me in Wi ahdaidegbanpgr ficial gas velocity exceeds the m ni num
fluidization velocity ) but is less than the velocity required for
mai ntaining a solid bed void fraction below 95 vol.% [0063]Di ni ng

t he nmet’han ' ' reaction, coke tends to build up on the
parti cul at ébeggﬁ%&g%(ﬁgat ion catal yst and hence a portion of the
parti cul at @0¥fhydrimcited delptdracyctiastidny step nefy tHeepresent qehocess) the methane

regenerated in a regeperation zone,. whi.ch is separate.fromth
reaciion zSHENLHE ﬁgecﬁgqp%aﬁ f"Bﬁ“@feé‘t §vdh'hr"i’d hjdiB&)cizstion CHast under

conditions, normally non-oxidizing conditions and preferably reducing conditions,

effective to convert the methane to higher hydrocarbon(s), including benzene and

naphthalene. The principal net reactions involved are as follows:

T 2CH, — C,H +2H> (Reaction 1)
6CH, - CsHs + 9H, (Reaction 2)
10CH, > CioHg + 16H; (Reaction 3)

[0073] Carbon monoxide and/or dioxide that may be present in the feed

improves catalyst activity and stability by facilitating reactions such as:

CO: + coke - 2CO (Reaction 4)
but negatively impacts equilibrium by allowing competing net reactions, such as;
CO; + CH, - CO + 2H; (Reaction 5).

[0074] Suitable conditions for the dehydrocyclization step include a
temperature of 400°C to 1200°C, such as 500°C to 975°C, for example 600°C to
950°C,-a pressure of 1 kPa-a to 1000 kPa-a, such as 10 to 500 kPa-a, for example
50 kPa-a to 200 kPa-a and a weight hourly space velocity of 0.01 to 1000 hr”,
such as 0.1 to 500 hr', for example 1 to 20 hr'. Conveniently, the



- 14 - oxidizing conditions. Under the oxidizing conditions in the
regener afyigWp#R0en coke is burnt fromthe catalyst but @it/ g$6073e7%3
time the activity of the catalyst tends to be adversely affected,

ei ther by conversion of elenental netal or netal carbides on the
catal yst to oxide forns or by generation of coke selective sites on
the catal yst. Accordingly, in one enbodi nent of the present process,
the regenerated catalyst is transferred to a catal yst treatnent zone
separate fromthe reaction zone and thyregeneration zone, where the
regenerated catalyst is contacted with a carburizing gas at a
tenperature | ess than the tenperature in the reaction zone, but
gener al | y @eladrocydlization biep tie aaiuatedria rion-dxidizinggenditons o Genently, fee
use of the separat catal St. trea nt zone._.al | t he caont act. w
'he car bur GHGORHLIZBaoh ALl SORULoT At SBRETL FORER Sk oM o
conver si on 6 exERiAE 70%t.9L Sudtasd At€lea AONRE. 99, Tok Saindly t 1BaACK2 W%, and

car bi de species or the elemental formas well as enhanci ng.the

aromati cs Sefleas ﬁt\lﬁsy 13wtdhcofthe 34391?!"3 in/Bheclsedstockdn }“%VF)PWBE"FPW@IQC h
as hydroge {@grggm?% #2&085?5 f h%em o he

carburi zi ng gas can-b e “catal yst treat rrent zone
Wi t hout beil#d75¢ ombiAmad d@hydmottmza;idd wetmiystrcﬁmtllwe toezonvesh methane to

[ 0064] The de racycli zat| n t

i scl osur e ST, sae ol B D Preah ARbEY, Bhrerly ok el I

by wi t hdr awdhadena fme'tilm:rmnimreht, (partniularbea mhahyn tmétaloon ¢dmpmmdcthemf

Zone, heating the further c & ftl eat I ng.zone

Conbust i on ok SR dueacy Ctrmav. 6 mtebedioRooess if SEe! i,

?Rd th hen (r]I airéuit Bgweteo1eatad 206% adu)tﬁtas bemeleﬁrl %Qnﬁ he % aacweight abtne
e heated catal orti t he cata

Featmont SRyt BRneralv he Mot sl b wgtﬁ@ae%‘fla Lémtﬂgfm

returned t@rhd®ciBafidpetiegone. [0065]1n add| tion, this di scl osure

provi des a &’Pcess for utilizing the hydrogen generated as
by- product [@A76f he Seitahle o&etali z"&ﬂl’(?ﬁefﬂéaé.?‘l' oﬂ‘earﬁi‘tql)‘ﬁtpa’l“tltl%l saleing, o

process f%@g@&{&ﬂ b?%xﬁt aﬁtx fdnuff, sERRINIEQARR diQnili REtotiahi e

products st ock 066 Any et hane- ¢ontai ni ng f eedst ock can be
used in t hbafpiwmnesenadiughi mObntgn,l dgua@rbuphmnngenemlybtih@np; dumgsten,

process is éﬁ
Qt her sui ta‘ta%%nbgg’ﬂrg%g%nﬁaf ni-ng a&; tot }gﬁlﬁﬁ%’llﬂl t hose g’%glgéﬁhmd
from sour ces;:;mx,chlm, gohlL ziredsluninamﬂtf, igallBym,agjlicany | genmnamivgy, indiming it |

vvastefer |on or refiner
[9067] Nt AR b8y Enedat O 35heh HE R Bormponests sy bomresentin
contain Caéiéﬁféndil @mﬂeraadnahltwmpdmdaokimhla@mﬁdbsmbmg nifrides aad/end

ot her aliphati drocarb t hat . may he sent in the feed can of
Conr se. be. BBPPBIAEPR aE F FERICIER AL T3 COMGEERop Pt a5d osrh

-déhydr ocycLiZakd B uSddR orlebfaitinkia0Bompsnetit blit, e gelicfd 46 a6t frefepwd.
carbon di oxi de can al so be converted to useful aromatics pr.oduct s

ei ther dir Q877 i nThe,noagaie sernpet maydieorithst apogp quﬁdtrrcé.'eﬁlynt AR iRy h
conver si onpi@cifal HAF 12Ndh WBxidd, "aRBide Nort Rftrid¥ BOB6Mn] Ahifibe) sTEdm,

phosphorous, titanium, scandium, chromium, vanadium, magnesium, manganese,

iron, zinc, gallium, germanium, yttrinm, zirconium, niobium, molybdenum,
indium, tin, barium, lanthanum, hafnium, cerium, tantalum, tungsten, or other
transuranium elements. In addition, the support may be a porous maternal, such as
a microporous crystalline material or a mesoporous material. As used herein the
term “microporous” refers to pores having a diameter of less than 2 nanometers,.
whereas the term “mesoporous” refers to pores having a diameter of from 2 to 50

nanometers.



[ 0068) Ni trogen and/or sulfur inpurities are also typically present in
met hane- WQRAE(1A¢51Y streams may be renoved, or reduced PETIUSRBOTEYEHS,
prior to use of the streans in the process of the invention. In an
enbodi ment, the feed to the dehydrocyclization step contains |ess
than 100 parts per mllion by weight (wmppm, for exanple | ess than
10 wt ppm such as less than 1 wtppm each of nitrogen and sul fur
conpounds. [0069] In addition to nethapngg.the feed to the
dehydrocyclization step may contain at |east one of hydrogen, water,
car bon nonoxi de and carbon dioxide in order to assist in coke

mtigation. These additives_can be introgr}ced as sgrgar at ﬁgco-f. eds_or
can be predBR78)i n Syablgr HERIORYIPRS m CT¥giRNG 5 MRlgpAlS, 5 © wWidFE®Ene

met hane st reamd Siifiatel v edifahodlibaty" 2l alGRopRENpAAEENT MefaNephdtpRatgle.
O her sources (ﬂp%lg?%%’n d?ox?gcpel may i ncl udesﬁ(lsgge gases, LNGﬂE)I ant.s,

hydr ogen plsilitoalunzinnplsisphateson heirghixbues. Sugh mictaperops chgiallinematsHalisde
| ants. [0Q7Q] !l . ' kAt
O e A e B S A )
97 to 99 nMU¥L (e.hZSM-ADY MTW t(e.2l,0Z5%ki-12), IOM (ag. 1IZ3M-2)ndMTT (e
| th ' , th deh | i ' t
cont a1 ne c A D MRBR (EEn rh oIy M G285 MPN R M2
]539 mﬁl % nbrrqisimd_ B,eSSZIiSEERfH-D,dﬁQ)-IIP Eﬁ@zs Eﬁtdzmsal Ifd_tm-@oé:%_ MOBA-56), VR
urt her enbodinent, the feed tg the rocyclization st c S
steam and d&8prilQ24hKFb{(asg; @%P’O@Eguéﬁ'ag‘é‘fe 5’5‘@9?@ @%m@@hg
dnd 0.1 to MORTEY., Siherite)] RAUS (EB] %ee@AK, ) whtasabflised YT and
(,enbodi nment, the Yeed to the dehydrpqﬁz)l i zation ste 03}‘[%1) ) hﬁg en
and conpr i slesluggniged 39, §Tho(eg., zeolite L), LYW, (515-’9‘3‘(19%2()9 {]"%’ i‘g ne
and 0.1 to ;E@Lr@?% s?#?il%@g AF1 @e ?s Rt BD-3)YHLAFO (EAPOLAT)@sl well &0

t he dehydrocyclYZatiron s can alf$o contai n higher hydrocar bon(sg

t han net haneaterials lsuch agMGMeGR, EMN-dr BVBIRD, ATE)23, $6Q24 T§R:25, 1TQ-
hydr ocar bo C r f g rOQMPB.-4E] |

added as s?&?f’%’t ?E%‘ﬁ’e%?@?‘d’ca??? %r?eé%ﬁté)i n tELSg ﬁg{tﬂﬁeﬁgt ggor%s
suth as, f ghaterislsictudeMEM el hMEVE-48, MEDEAO, FSMd 6rad SBA-1das f eed.
Hi gher hydro bon(s) recycl ed om t he hyd en rehectio .
typically f %ﬁ@mf’feﬁg” FHhle caalyRy) ‘é?f“ggr’%? ﬁ%%nq%d&ggget%?nzsmc
havi ng pr eqpedinRlBld\othpRimdLast combihatishsshareof @EESME-§)rsilécazmalignidaor

| ess, typically 3 or |ess carbon atons..In nertgl, t he.feed tg, t he
dehydr ocyc|If98fi onT§P§bet%1&9F§1°ﬁ§nq‘@§$et%r%s\ﬁP. )% InoIRAMC,IRPRL by, ARY
3 wt. % of {3ihsudlOkAEWA NS the DEBYSICACHE | dozpvetipitaliét) 7 Bicipiedth evetness,

dehydrocyclization step of the present process, the nethape .
cont ai ni ng evepeistion KMmeESHonc SRIGYWIYIREa Slgflhdionrerehanss, chemical XpRAL;

under Condi&ehg{iﬁm Lo #;h%nagﬁy%miﬁiﬁg. Ot dn0 e ARFeRIChPPBR! din

‘educi ng con I ons, ective'to convert the nethane to higher

¢1ydr ocar borbestnpdified| byd ke amethods, such aspior sXamaple, steaming; iagid Waghipgt

reactions icgl\.l/%cv“ergshxa geari'%i?mJc @éaltrméﬁt' 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 (TUPAC 2005). Such modifications can be used to
alter the surface activity of the support and hinder or enhance access to any
internal pore structure of the support.
[0081] In some embodiments, the catalytic particulate material may further
comprise non-catalytic particulate material. The non-catalytic particulate material
may be used as a material to transport energy (heat) into the system and/or to fill
space as required providing the required hydrodynamic environment. The non-
catalytic particulate material may form particulates without binder or be bound by

an inorganic binder such as clay, silica, alumina, zirconia, or other metal oxide



2CH4C2114 + 2112(Reaction 1) 6Cl Ls?C6116 + 9H2( Reaction 2)

' OCHE' 4- witi1/826811L6H2( Reacti on 3) [0073] Car bon nonoxi deCEUOSH007/007563

di oxi de that nmay be present in the feed inproves catal yst activity
and stability by facilitating reactions such as: CO2 +
coke2CO(Reaction 4) but negatively inpacts equilibriumby allow ng
conpeting net reactions, such as; CO2 + Cl1144-0CO + 2H2(Reaction 5).
10074) Suitable conditions for the dehygrocyclization step include a
temierature of 400C to 1200C, such as 500C to 975C, for exanple 600C
to 950C, a pressure of 1 kPa-a to 1000 IcPa-a, such as 10 to 500

| cPa-a, for exanple 50 1cPa-a to 200 kPa-a and a wei ght hourly space
vel ocity ofmy bq usesl tedwip mmntmg dephysicg! integsity 0f the partisles. Pesfarmblithe
to 20 . ot

conduct ed :bn non- %\J)?I zﬁﬁsém%%%%slpflgﬁémg@r%r a#@%és%ﬁgﬁme h§n-catalyt1 ©
dehydr ocyclpartitilaie mntanall ane lown slirfacenarea rsilicay Afuminanceramicsp anck istlican

| east 5 wt. 9%, .for exarrple 7 Ww.% such as at least 10 w.% for

exanpl e at PRI 12 wt. % and such as at |east 15 wt.% of the

met hane i n (oog2)f eed&bmky&a itizhten Biep 19 candRShy caRBeti hy héthane-
aromati c hydrocar bon(sgﬂ; I’tIQU| arly to benzene. [00751Any

dehydr ocycicPetapg feedstork syith, thepariiylate cbzs(i‘wmhza%%aﬁél%maa matorcs

can be usegyitgmt b&naﬁﬁﬁg fﬁvopbpfﬁﬁﬁé sefibd- B&uﬁbteaeﬁsoﬁabl ted Peachiéd %ﬁé&

wil | |ncludearreta onent, particularly a transition netal or

ggrrpound t Ksnesly, o earfemcganﬁccgmﬁw in oeavherrﬁmqny ZOPHe“ﬁ%'t he

onponent  Iggy 5’8&&& agt UNty, 0, 0 a
(bet ween 1 %?angs %&1 a of lﬁ eﬁfgﬁgl b(i:lggt/a nera ﬁowlél

metal will coentpreument toj the ﬂhectt;mdl rystcmtmt ett‘émebnlhlof fly dnhordm&sclwatlon
carbide s p%ﬁt'afﬁt. In some embodiments, the reaction zone comprises a plurality of series-

connected moving bed reaction zones in which particulate catalyst is cascaded in
one direction from one reaction zone to the next adjacent reaction zone in the
series, while the feed is passed through and between the reaction zones in the
opposite direction.
[0083} In one embodiment, each of the moving bed reaction zones is operated
as a fluidizing bed reaction zone, that is with the superficial gas velocity (U) being
sufficient to fluidize the solid catalys.t and non-catalyst particles. In particular, the
superficial gas velocity is above the minimum fluidization velocity Uy of the
.- solid catalyst and non-catalyst particles but below the velocity required for dilute-
(-- o phase pneumatic conveying of said solid particles in order to maintain a solids bed
with void fraction below about 95%. Typically, t];le superficial gas velocity is
maintained from 1.01 times the minimum fluidization velocity (Ums) to 0.99 times
the velocity required for maintaining a solid bed void fraction below 95 vol.%.
The actual numeric value of the superficial velocity will be a function of the
average diameter of the particles, the reactor operating temperature, the reactor
operating pressure, and the feed composition. For example, for 70 micron
particles in a reactor feeding pure methane and operated at 800°C and 20 psia (138
kPa), the acceptable range of superficial velocities would be from greater than
about 1.3 meters per second to less than about 2.3 meters per second. For example
for 500 micron particles in a reactor feeding pure methane and operated at 800°C
and 50 psia (345 kPa), the acceptable range of superficial velocities would be



[ 0076] Sui t abl e netal conponents for the catal yst include calcium
magnesi uMO HA7IIRIE yttri um | ant hanum scandi um ceri urBCEUS2807/7563
zirconium hafitium vanadium niobium tantalum chrom um

nol ybdenum tungsten, nanganese, rhenium iron, ruthenium cobalt,
rhodium iridium nickel, palladium copper, silver, gold, zinc,

alum num gallium silicon, germanium indium tin, |ead, bisnmuth and
transurani um netals. Such nmetal conpoggnts may be present in

el enental formor as netal conpounds, such as oxides, carbides,
nitrides and/ or phosphi des, and nmay be enpl oyed al one or in

conmbi nation. Platinumand osm um can al so be usegvgs one Sf t he net al

corrponent fmmgwaﬁergféﬁ@raaput a&ﬁénﬁg{s BT SPeMdc9. lepthan 2bopt 8.0 FBFIEHPE
support I niaéﬁge&sﬂdar may
be an OXI car é"%&[‘a’? nit a%g%dgﬁwias%%tmmhgl i con,

phosphor 01[8084]| t ai wﬂncrsaahuﬂlmmtsc twhenéin nthe \rgagtimL Apnesngecapampted as

nmanganese, i al | erma i.£.GO
0B um  HEAGBE Gee i i, P, el o chy BbdeBalye,
tantal um gaHRGHe hatéial tlaban ai/éxags patiolelsizeefrome®0% mrh o d0anmi such ashe

support may be a_ porous materi such a r opor,o crystal line

mat eri al @S & isud rﬁﬁbé“ﬁaﬁm @ G"’H{TP; L@éﬂ’#‘ 1 sotnd
" m cropor %?oodﬁﬂéﬁﬁ Sat(18as 9D &9 RDH thE catalytia PRIl e :ﬂa@éiﬁl tah@or at least

nanomet ers, whereas the term "nesoporous" refers to pores hayi ?q

g‘:(arret er 410 Wt.Ynefthe goseatalytisnpartiulate matgrial have pagiclyiee flom 0

croporo ﬁEﬂ'f Ghi toNClnflGndifb} ERdrRSle from 0.1 mm to 0.6
Calum nosiqﬁl l%éﬁé@ﬁt% %om ?E:)gt es, al um nophosphat esene%n;ll | ophosphat es
, Si|i coalmmi nophosphat es or their m xtures. Such m croporous
crystalli terigals !Hgﬁ” WrARRWAhK chidBRe MN
(e.q. ﬁﬁg@nd g’? I cal It L‘ @E fh"’%&sn%ﬁqgfg'mﬁrrwe ZSM 12)
TON (e. g patiMiRE matévial ples. apy, noBSital gic paEtfulgts. tgatenzlsrwsgye flgymate of

170%% noieavusER RS SHEREASERD Nl AT 3k S I g 807, for

ZK-5), S%xﬁ&p&ﬁoﬁ@almesbet a), 1111 (e 9 I TQ 13), MR (e 9
nordeni te), FAU (e g., zeo é‘ X, ultr. ast abi Li ed Y, and all
deahuni ni Z8886}) | Iyjsome gmbodimsnts, éa‘f_t) re Eeng s ‘1“?6“2‘5 c\?H v
(e.g., VPle2tor. o) of tRé\Rhetdilik, shefl at(l@va&r ,tepﬁbEiﬁhﬁé thaid theAbidcess
(SAPO41) as well as materials such as MCM 68, EMM 1, ENM 2 I‘I;%g&
HQ 24, | TQemperapure)roduces i gost E'fssh%essmwef‘m"&%fmmﬁ%ﬁp

Suitabl e ke IRRECYRL apwzla@ggtenﬂsiw%w@/&éofmé&t ridelttaigy. FSM 16

and SBA-1 sul tabl e catal ysts_include nol bdenum
t ungst en, [ﬁﬂ&'l:] rlihmvameaﬂ!i tho nptalytid pasiculate mstenial Feipes theeas 69?13

ZSWS, i |1 Gaeiefbithidio 8&8‘2@%&% {5 BYitsRERARABh 26 a1

n the |norgan| support any neans nown in the art such as
>0- pr eci pmfasomc mnBDQ‘IQnmthetlmegeta! empmm ofifferange cofnshe satalytic

spray-dryi ch r

ot fust on BRGCRS esrieh Bftsf e RAdDn AEEEL ARy ot RAGL10GE0 IRy, the
be modi fi q@mahsmmenhmp reastion asne 4t tespamgphre, of SO0 NFI0°kband

washi ng, cayst washi ng and/or treatnment il W
corrpougds eXat§ ’é‘ﬁh@?‘f&o’b ﬂ?%man&“&?ﬁ%{i’na%%wa/ ri@ﬁ“%%@gﬁg@ ttal
conpounds  einpeFaite Hifferedce Sfﬁﬂdnya&cafbohfh&cﬁlﬁraombsahé'mb&omﬁoﬁsénmg s

(1 UPAC 2005) Such nodi fications can ?&!’é‘lo alter the .surface
activity oft Wé‘*%%ﬁbr?h‘é’n@eﬁ?lﬁﬁgf‘m&?l’ & ERAGOX syemmyiS ap YTse,

pore stru (ﬁireyf'@ﬁﬁuﬁﬁi)fstﬁ)e F&Q&k&ﬁeﬁm adijarsharFmt gas iilBEreaction
catalytic particulate material may fufrther correrlse non- Catalgra‘l%!fe
y

parti cul attempstaturealower Hbatnthe- bydracarben: gas outlel reaciondempergur
d t /
used as gp@gge“ RlheltOm pEARTEBldnE H&Lgagxg(aﬂﬁ&%d £ BB S GEACRRE OF

requi require ydr odynam ¢
[0088] The major components of the eﬁ'luent from the dehydrocychzatwn step

are hydrogen, benzene, naphthalene, carbon monoxide, ethylene, and unreacted

methane. Typically, the effluent contains at least 5 wt.%, such as at least 10 wi.%,



- 19 - my be used to help maintain the physical integrity of the
particl esvoBrsfiessabl y the particles are of a substanti aptyuspieossed
shape. Exanpl es of suitable non-catalytic particulate material are

| ow surface area silica, alum na, ceramcs, and silicon carbide.

[ 00821The dehydrocyclization step is conducted by contacting the

met hane- containing feedstock with the particul ate dehydrocyclization
catalyst in a reactor system conprising.two or nore series-connected
novi ng bed reaction zones. Cenerally, “t“Ne feedstock is contacted in
each reaction zone with the dehydrocyclization catal yst, wherein the
bul k of the feedstock flows countercurrent to the direction of
novenment of for Mam;tlwatol‘easthw de Xy, dprefeyatily zatleash 30 avtedoy siore laroraatierings
enbodi nment s gﬁf%%€0tion zone conprises a plurality of

series- conH@ ing bed reaction zones in which particul ate
catal yst i sfoo8sxadexhel rbepaendli sttt haphthdlens ofe 'Raf! tRBvarede foint g
next adj ac I i e series, while the feed i s _passed

ept reactjon zone in t
t hr ough anﬁ%@@%@éﬂ”@ﬁ@n PionfoF Framnle, by csobyswb soxtraction deliowed by
10083] I n - ong RhAin R weRACR Wil Bd\BsORYe6E] Qﬁdatrllﬁﬁg %fﬂﬁé%@%rdnﬁauc

operated as a fluidizing bed reaction zone,
super fi ci alcogwnmo%m e (sypntied go suf ralkylation steps Ibﬂfomm after piduck

cat al yst ar}gcm b d{ﬁ%&h%@“ﬁhgﬁatéﬂ%] g{’%ﬂon%ﬁ OCt he superfici al

gas velocity |s ity Und- of the
sol id catal yst and non-cat al yst particles but below the velocity

reqU|red f se pneumatic conveying of said solid particles
L| n order tg%%iyﬁtjkfﬂggh%l ids bed with void fraction bel ow about 95%

Tﬁpl cally, [O?Qiﬂ]supﬁhéldehydrogﬁﬂnznﬁbmﬁaatﬁon & ¢tiiofHeiiteshdf xhﬁmiér tlﬁjsupplﬁes
the m ni nu zatlon ve Ur to 0.99 tines e velocity
required f TI’r§1 bﬁ'lS pd%% %gli)"?jc‘l‘tf"é’é'tfr@ﬁ e Bpmyjhie
The act ual r&ﬁﬁiﬁhlﬂbnvaélﬂ&rﬁfn fuk) entehietent, O dhoré Préferdbly, ' bonthiRods basis,
function of the er‘g?e di amstgr of the particles, the reactor
operat i ng t“‘@hﬁ‘@F‘% 0 3 FRPArYy F‘L‘H“gﬁﬁ’é‘ﬁa‘ﬂ’ﬁﬁ thy Bt catalystnoatiomis Heated
conposi ti otby diftkt ot viith héX cofdiktibh gﬁse@%éﬁ{fﬁ%)} IEllrﬂl(dfe?ﬁ{?%fe)mcntﬂ

f eedi ng pure nmet hane and operated at 800C and 20 psia

accept abl e spuRgof dhels Iherhqatadafirsy cpialyst perionois| thew eethrnsdh tgrtbatreactiohan
about 1.3 r;g]%&(s per second to | ess than about 2.3 neters per second.
For exanple for 500 mcron particles in a reactor feeding pure

met hane and0@%i¢r at 'é'wiaallsa(lhesapﬂeﬁ'@ntak isqur¢8 4% flelRaymprides aalm:bmaah&:ﬁ

range of s r veI cities - re t

about 4.6 %) e%gsl%per §ec§ o' s d ﬁ"ﬁtgﬁlegﬁﬁldougeésﬂﬁ%rg% ‘é%g&ﬁd

Gener ;al ly, ﬂzmet‘eeslsmkf tecithe g&sﬁeljmwemmﬂy,g raﬁabﬁyge?]ltléﬂl JatmoSphere 15

met er/ second. 4 r enbodi n, t he re y40)
(are oper at & ’gé"ﬁ?d% ﬁezﬁﬁ%’%eﬁ%‘e %%@EEEF‘QH& ell?é’ﬂr?‘?aﬁllﬂ“a BE?

and/ or anyﬁmrtafaa;tsabysi-ﬂcﬁ: prodhédUdyatiRsiiadas! whichnas théh 8Y akaDi gﬁﬁhh@' e

S|zefrom0ﬁg %I:Wﬁ mm sych as, fromO0.05. "Mmto 1 nm and

exanpl e fr 880 ’f‘i?aﬂ"’@ Repdluat god/gr el In addinon; E!wua?c’ffeagtcyw-lﬁen%

of the cat ainydspRer@dhhibRY bAIdALSRLE el AANAQ pradent SRl &ﬂy&lfocy{e}ﬁfmwe

non- cat al ytlc partlcul ate material have partlcle size fromO

10 nm sucfRiaysy apd mimmizes, the avemge shrant pertial aprsssaus (thereby 1r6ﬂrmmg>

0.6 nmm [ 008x1ii mmq ts, the mass ratio of the flowate of
the catalytic particul ate erlal pl us any non-catal ytic particul ate

mat eri al ol092] he Altematavaly,of Sull@lhylmpdmamdrﬁ%Ma)xsldmdsoganmndlﬂ
to 100:1, fﬂﬁpul% Jaitog}' %éh&&g& %Enérgt[ad %).éan-gy-proc{uc{n o? ﬁ}e arom;ﬁzat'lon

reaction.

[0093] Conveniently, said first catalyst portion is contacted directly with the
buming source of fuel in the heating zone. Alternatively, the source of fuel is

burned in a combustion zone separate from said heating zone and the combustion



[ 0086] I n sone enbodi nents, each reaction zone is located in a cold
wal | reacw0r20070p681at i on of the netallic shell at |ower pemBL@ALTVITBG
than the process tenperature reduces the cost of the vessel by
reduci ng the required thickness of the vessel wall as well as
potentially enabling use of |ower cost netal all oy.

[ 0087] Conveniently, the catalytic particulate material enters the
reaction zone at a tenperature of 800C2%o 1200C and exits the
reacti on zone at a tenperature of 500C*0 800C, with the total
tenperature difference of the catalytic particulate nmaterial across
the reaction zones being at |east -100C. Generally, the hydrocarbon
f eed ent er sgises gerpagted antheaombastion tanemee fid todhohediingGohe tEBAEC st
exits the reacti,on zone at a tenperature of 750C to 1100C, with the
t ot al terrpe?%@ﬁ?tém erence of the hydr ocar bon stream across the
rﬁact i on zopoesgpei Hgo&hpkmﬂdﬂlﬁﬂﬁneﬂihﬂﬁﬂeﬁﬁigﬁiﬁtﬁf_ | k @fon @cea_aﬂd'tﬂﬁeﬁ&or
the reactor systemis an inverse tenperature profile; that is the
react or sys‘f@%ﬂ"ﬁé@@%?&%r‘ﬁ'&‘}g@g‘? heatiag zope Foman st aberadincent engker
that the hyghdospiHOReatiag Z04E 16lan et LOBr h&ABST 3ht! bher chll B fithY Bt
the tenperature profile paturally achieved Tfor an endothemic

reaction. Zpes¥ithnkeatbeme aphisddedirst ealystepastion gk atplevality of locations
dehydrocycl d ' .
ronoxi do. PR anE WAL JPHlN AEE R0 e AR M ol ity PR M
g}g nt ai ns atcatadusitpastion canpeglisttibuted alorigothet lefigthvaf e heatig zond thereby
“‘ekanple at | . 9 [ : ..% nore aromatic
(r—r I'ngs t han Wée%?%%ﬁ%&%%%%& gﬁ(g?nﬁéaraﬁpga\gﬁxgﬂ%. are then
recover ed f095]t he Whérgcthe disstl catalystoportibh |is dehtedfloy ditectnjoneact bwith the
sol vent extraction foll ractionation. wever ,..as W Il be
di scussed DBTBWS S&Fﬁeeﬁ%%e h?ﬂl’"r%@é’eag’@aﬁ nga%ﬁﬁgﬂéen?aéalgﬁr?aﬂé’e
submi tted tahivedbyeupplyingsubjtemialiefnsfahe supplemental AlR) the Sslevaidof
to produce tgl her val ue erials,, such as xyl enes, Catal yst
Reheating [ ﬁgﬁtmzmﬁ ShPRIXIsJhe ey Eet-eontaping, grst Etemeataliy £oi n
order to supid Nedinglzoh® at biid pRASHty VT spaceldl lbéz%id?ﬁ Ao the ledghf o £ ReAIKS

may be withdrawn fromthe reacti on zone, either on an intermttent,
or nore pr éoBg-hitgmativelpiubsiantiailydlofdhe grveen-containing gas reguired epbumt e

neat N9 20fid WhBIadiif chil'cih 16 Abicalto RRY QT HMRER Ao Yol Aife

contact with hot conbustion gases generate urning a sup
source of fsupplemenial ffeel tsupplieds iwcrementdllysto therhicating zend atesaid phualitydbft o

the reacti (}Ba&aqgéations.
[0096] Where the first catalyst portion is heated by direct contact with hot

combustion gases generated in a separate combustion zone, gradual heating of the
( - catalyst can be achieved by supplying the hot combustion gases to said plurality of
spaced locations along the length of heating zone.
[0097] In some embodiments, the heating zone is a riser and said first catalyst
portion is passed upwardly through the riser during the reheating step. In practice,
the heating zone may include a plurality of risers connected in parallel.
Altemati\;ely, said heating zone can include a2 moving bed of said catalyst.
[00698] Typically, the first catalyst portion is at a temperature of 500°C to
S00°C on entering the heating zone and is at a temperature of 800°C to 1000°C on
leaving the heating zone. The hot combustion gases are typically at a temperature
of less than 1300°C, preferably less than 1100°C, more preferably less than
1000°C, for example at a temperature in the range of 800°C to less than 1000°C.
Typically, the heating zone will be operated at pressures between 10 and 100 psia



[ 0091] Typi cal |y, the supplenental source of fuel conprises a

hydr ocar BY?2003{18¢81hs net hane, and in particul ar a suit abCeUS2EN7/007563
source is the natural gas used as the feedstock to the process.
Conveni ently, an oxygen-|lean atnosphere is maintained in the heating
zone so that burning the hydrocarbon fuel to heat the first catalyst
portion produces synthesis gas, which can then be used to generate
addi ti onal hydrocarbon product and/or f4el. In addition, the use of
an oxygen-| ean atnosphere inhibits oxidation of metal carbides .
present in the dehydrocyclization catal yst and m nim zes the average

steam parti al égsure t hereby reducing catal yst hydrothermal agin
[0092] Al't er(ﬁatarié kPa-a), oz prefes ably beivegends andefo psin103 and ‘Hfld&’@gs

and, in parﬂgﬁ ﬁ" thaoﬂeﬁ'a re%ﬁ@n 99?9& ﬁ'ﬁags hté tug%?&fé%}lpf

the aromati Z reacti o 0093 nveni e t sa|
portion is hﬁcbﬂhaeqre@l@mdeléJOIsycqndshnoﬂt@r@rabﬂylgeMm dendflOfsm:lndsn t he
e of .fuel din a

heat i { th

combust on 9998 oDk i e reirSieed ot SR iR PR ook BEPBRY
-22 - gasesafigepassagechrough tie. Mﬁbgjséne; theZ BRE cREFsf §itibR nidyehe ibidcha
zone to hea*t the first catalyst portio [0094] I n one ractlcal
enbodi ment ,CtHE HelIRF O r@g StePs| 9%y {gé%} pathaliy, Eemoyes {2) ¢okeqex beavy

portion is l@ﬁ&&%@@%ﬁinﬁﬁﬁa%ehﬁﬂo&%& oﬁlrtﬁmsﬁ@aderﬂﬁﬁe 84tal3%t and/or

adj acent one end of the heating zone to an outlet at or adjacCent the

other end &P W@rr%a?’ﬂfﬂ&nz‘@%mawllaﬁe thesn agearhed By he catalysts $tripping to
(cét al yst peshbedcéte &r Eéé%&&&cﬂoﬂ(%%ﬂ@én&ﬁﬁct@%cﬁhpgﬁ chiictify fen

-of the heating zone. In th way, the heat input i rst

catal yst pdirst eatalyst ppetion st pigame ba(ﬂmﬁgﬂtimﬂfqreﬁ@zh wiferqals esttipping rtg
zone 't her ebym G vt % ';yéan@ménpg%ﬁe%{m%f&if&&ﬁ%wg ﬁteéd(gﬁ&stc t

gradients. [0095]Wiere the first catalyst portion 1s
contact w thqwﬁhmﬂthngSSQQ@ehwogml in the heating zone, gradual

B of Ot he 0IROF 2. Bl adA bihfe B Hefikng Mo AR At RKdHT Bl Biraliy g
t hen suppl wcting nicml mppges;—mntlﬂmrly mietglacarbides, edontdined yytme FinétCoatalyst
of “heat | ngpoBie. ik EhPaied Prabdt BamBREN rubtged i 3 sibpigng sep prot to
oxygen- Conbaihglréﬁtrﬂdﬁcddeﬂﬁb mehaamn%acath @Arb&ﬁﬁkmﬁ%{kp%

supplied to_the inlet end of the heating zone_an "the suppl enent al

fuel suppl EEEctrth oY sopfacHng the Sirst ratalyss poriiery with Ha, angi @OpCohamd/gr af

spaced | oc&{dr@Bfbon, such as methane, ethane, or propane, and can be conducted

simuitaneously with or separately from the water/oxygen stripping step.
7 Preferably, carburization of the reheated catalyst is effected in the catalyst
( = treatment zone discussed in detail below.

Catalyst Regeneration

[00101] As well as being endothermic, the dehydrocyclization reaction tends to
deposit coke on the catalyst and hence, to maintain the activity of the
dehydrocyclization catalyst, a second portion of the catalyst may be withdrawn
from the reaction zone, either on an intermittent, or a continuous basis, and
transferred to a separate regeneration zone. The gas used to transport the second
catalyst portion to the regeneration zone may contain Q, but preferably contains
less O, than air, such as less than 10 wt.% Oz, most preferably less than 5% O,.
The transporting gas may contain CO; and/or H; to gasify a portion of the coke
from the second catalyst portion, but preferably is substantially free of H,O and is



(

(’di scussed iHY

[ 0096] Where the first catalyst portion is heated by direct contact

w th hot worzberizésam gases generated in a separate conmbulcrak8@W87363
gradual heating of the catal yst can be achi eved by supplying the hot
conbustion gases to said plurality of spaced | ocations along the

| ength of heating zone. [0097]In sone enbodi nents, the heating zone
Is ariser and said first catalyst portion is passed upwardly through
the riser during the reheating step. In_practice, the heating zone
may include a plurality of risers conn‘e%‘?'ed in parallel.
Alternatively, said heating zone can include a noving bed of said
catal yst. 100981Typically, the first catalyst portion is at a

t enper at ur eabé 1&806nperaf e (ypicatiyptiessi thgn 200°Clesat thay theasatal pstGtriesmadoes
tenperature_of 800C to.1000C.aon l.eaving the heati zone. The hot
conbust | on' Bacedizy ahd pEtpabgVe (e iteRisimbieralid ot & Betermion 200
preferably [60892] haThelrgBheratiti LondBALbER Eéﬁcidi‘%ﬁeiatbﬂrhsm@zir%%ed, an
exanpl e at enperature j.n the range of 800C to | ess than 1000C.

Typi cal | y, g‘l’itga%?%@ sg bheds |2 miger spRstariar @ epmbination thersof o In/pragticey
d 100 PSi e fepdirati 090.1KP2 5 tyeen:
an PSI & reggrﬁmn&ﬁgorﬁnﬁil ?%)Q lﬁ&r)e;‘pﬁ%lgﬁapy 8{' 5 fofd, 30LY 20Q s#@girl}é%gf

and 60 psia (103 and 414 [cPa-a). avérage re
ti me of cat Higrgeagiensidonneged in parallple Fhiemggensrationi 2dne sbotidt eceperated at

[0009] Pri or EEapiRnteBeR A FediRe 5ehobe The ish SBRERLof ot e

g ef erabl y désigr regsidenagdima nnddh gandcilaathengmpersturetshould nott exvebd st
ortion may_he, subj.ected.to.pne.qr.npre stripping steps.to at |.east
Dt oty vesioy VR bt B e10RE0F ofdm B e faBhal Sypsfat e e
produced onraphitdeeribationoGenbaligaitel ienipepdtalieoin () repéxicedtion” zéne) eless
that may haye been adsorbed hy.the catal yst. Sirippi to renpve coke
or heavy hy c@FbmpsﬂfatF? 82n@§nfe@ﬁ??’§/ %T"Feﬁ‘!ctd ali)g,{pwnt Rene
first catalifipeireiisfroht J00CeRNT7OORC] REBMNsARIMO5505C to BHET(E A atalyst
stripping to renmove water, or oxygen is conveniently effected by

cont act i ng ‘ieﬁ‘é‘e‘?‘ier tmectn 315 seeepration rrafet Hsorshpeldebe aupimized yar wdurr
[00100] I n @gfidtiagihe Bid\aR &Qﬁn{iﬁé‘ﬁ&%bﬁl%ﬁﬁ:ﬁ@ tal 30 EpédnQs %}gﬂ:‘ réfctor
cularly car bi des,

catal ytically active netal species, particul et a
cont ai ned o usafink works afwvpically, gag avayege resislenethtioieayf catalpdt ysiticles in

preferably | - £0,a..Cak | Z1 t i ein

rei ntroduce E% &%ghr %aéai-gt %ﬁlﬁzeloﬁ%atgg&ﬁnd\?gnﬁ%gnﬁoy% tgs *c‘gﬂs)B%Prefs?P%

step i s ef fhetwvesh bnd2hmamitesng the first catal yst portion with 112,

and CO /ory a _hydrocapbon,. su as t ha hane, . or .

pr opane, Cﬁ&”i@ﬂ bg"%ﬁ%ﬁ%‘?’éd{h& rate Bﬁglbﬁé’i’? ' Pﬂ%{‘.ﬁ catalyst portiogm

the wat er/ axangferredtinizgiveg thike o tHy Réatinglione 16 ahd Weigtlof @Rcétd Ediflyst

reheat ed cat al.yst |§ efdgi%c[hed in the catal yst treatment zone
pRsIRTON, e SRue Pote iRdye FegcarrRtem Eorels Ip therange of ad

bei ng endottbaooilgprefdisblgaldytfcomycl i zati on reaction tends to deposit
coke on-the §at al yst and hence, to maintain the activity of the

dehydr ocyc/IPOLM) o In aditigr to remoxme eoksoen ith, calplysty dhe Ak uESPstontaipinge

wi t hdr awn fgg@m {HGreb AREA R ot Bnd Aot BE: viith 212 hEALPE e GRltystOtheftby
continuous basis, and transferred to a separate regeneratil O% Zone.

The gas us&anyeting dhe guetel dram sthe oelementiah oy searbidia spasiasodesingd for the
regenerat i | t f b NS 2 than
e such Senf@BroRlaRg Tellufy, B 1cB! Selhf bataf IPALES MAESKY s
The t r anspeartticntarkyawheseytheosupport EGR zewlitto theH2gtmeration Stgp ampyp iprodueeof

et one Laflve {5 S IRE QR BORE AR Rpor thar M ShRE adpasiion. Thus,

before being returned to the reaction zone, the regenerated catalyst is transferred

(Dt

to a catalyst treatment zone separate from the regeneration zone, the heating zone
and the reaction zone, where the regenerated catalyst is contacted with a
carburizing gas containing at least one hydrocarbon selected from methane,

ethane, propane, butane, isobutene, benzene and naphthalene. In some cases, the



- 24 - at a lowtenperature (typically Iess than 200C) so that the
cat al yst worermees not oxidi ze and heat up above the tPergmso07/007563
tenperature of the regeneration zone. [00102] The regeneration zone
may be a reactor operated as a fluidizing bed, an ebul ati ng bed, a
settling bed, a riser reactor or a conbination thereof. In practice,
the regeneration zone may include a plurality of reactors, such as a
plurality of riser reactors connected iy parallel. The regeneration
zone shoul d be operated at the m ni num4’e€nperature required to renove
the required amount of coke at the design residence tine and in
particul ar the tenperature should not exceed the point at which netal
oxi de vol at ¢drbudzingrgas anay glsorconitain aatledsy she SO, aCO, HidE8hQoerl othpr d
deterioratiQn. al | the tenperature jn the regenerati zone | s
lese t han t MBS HPRTATFt U TPHaok dissin b senianty O SrAFRa eataist
regener at i OgeqaertfallyoviiR adptifadity 6f Aiffenert M)drdcarboRly; esetdydascaftion Beil C
to 650C. Catalyst residence tine in the regeneration zone al so should
be ni ni mi ze¥flected EemBe Testhaney sethang, ngropane dnvangs xispPutens, o PerzgRe ofnd
time the caj epePends in the reactor doing useful work. Typically,
the average residence tine of catalyst particles in the regeneration
zone W || bi#0B@SMeckhe) catabystl treainenit reanesmaypbe qpersted ab| 3/ flupdizingebed)
and 20 min : nj il ' {
fhe first asrapyshuihndbba M bed (OGS Breal B RE Bser
z ’c%ne t 0 t hereagtoghlin ofic peafemel esdbatiynsint ptivet cabadystr tnerdinentr 2che congses e
time to the eneration zqne is in.the range of 5:1 to 100.1, .

(pref er abl y SEHRE B8 3pAcior AdTpstyelh tirsehteb el A fgIRE B finglfe
cat al yst, tihddiziygiest reactbawithigtegad bafilet e prevrgst taekimiafhgzaraplimtitsof O
react wth fthe. et

. | .on the catalyst, thereby conyerting.the neta
T the o g Bed TEaiR oo ovi HE SERITREY CayS? beig Sdciled

dehydr oar ortitwest adjlcent a€dctdts. InOanlyeS&nt) Gohtset X ihdeatdlst itRatmdde Zoay & ,
and particul arly where thegzgﬁport is a zeolite, the regeneration

step may prigeititated, by panging dhatdhe regenemated gatalyst apd dhe carhnniaing gas, How

that favor jgekgosifnfifdctibAdlin shiitGatalPRitRbEn&RIzBFe.r €t Urned to the
reaction zone, the regenerated catalyst is transferred to a catal yst

treat ment A8BH&epFionsemersmlysis it awanke prefeonbledhat the resanertedheptalyste
and the re - QN . i
@Safrb&i‘lszﬂﬂ?auy%%a%zéd‘@ltﬁ %&@{lﬁg@%ﬁgﬁg %éﬁ%@gl‘% gt‘r}]ﬂ;{e eEéﬁlg

with a carburizing gas-contalning at Te cte
f r om et harmstakedmapenenp odphe eatalyst aoier to shd carbnozatinenstepielt amay also be

VS S B LR SRS TR 0

Mor eover, istripraff dry exxess edrben ttiat anay have béea depgeitet o dib caalpit)ist the

sequenti al | y ,w I,hﬁa tI urality of different hydrocarbon(s), each
hydr ocar bo %G LLF &Rt ed from net hane, et hane, propane, butane,

i sobut eneEJ [oelw&}neﬁgml lﬁﬂﬁ?lghﬁ%ﬁeﬁﬂawgﬁ%@%ni%e%bﬂﬂ?’ﬁhﬂy@ﬁgﬁgﬁﬁt is
Zonhe n’ay e operate as a urdl zin ed: reacto , enul.atln e .
onct or) eyt b Teshtion; zone 1o FoRtgt ths mcthine: Mo, he; pastical

reactor. | renbo@ifReR] te hyerse9aliziash stdplie cond@ietbin 4 PRIAAING B RAditing
conpri ses bed reactqr. Al the cafal yst

ettlin Al t ernatively, .
tr eat ment i@ﬁéﬁa&mg?%wg 13;SABPe viifh g el c{seaterlégé%ﬁrswe@ﬁor in the

internal bagfitesnd hdhemed rRAGHalFipitioR ard Bk UbpdrckMe®sedonti &HitA| 49
bed reactors in series with the regener ated catal yst bei ng cascaded

bet ween adjpagtion beiegaetymed torthe fipabyesator in dhe seriesi Fhe hydogapy stream
treatment chga%ﬁ{afysft ?J%Md;ﬁa%é Stledny afif {12 Eolide é&aéouhkbg.&ﬁ% ' @leCthother
na t u Irec

catal yst a e carburizing gas t1ow in opposite ions in said
cat al yst t tiroughkthe scoreof reacot) ConFerienthywvaiddfirst ansdtsecond catadyst ipertions

preferable _that the.reggnetate talyst portion is initially
cont act ed va\fet'%nﬁ’vﬁfr-orl’?gﬁefg {léegcngg o partially or fully reduce the

[00208] In yeta further embodiment, the regeneration or catalyst coke stripping
may be effected utilizing hydrogen containing gas. The regeneration conditions

when utilizing hydrogen comprise a temperature from 600°C to 1000°C; such as



Hydr ogen Managenent [00109] Since hydrogen is a major conponent of

t he dehydWoegevizssiti on ef fl uent, after recovery of the ®CormRees007563
products, the effluent is subjected to a hydrogen rejection step to
reduce the hydrogen content of the effluent before the unreacted

met hane is recycled to the dehydrocyclization step and to maxi m ze
feed utilization. Typically the hydrogen rejection step conprises
reacting at |east part of the hydrogeqisthe dehydrocycli zation
effluent with an oxygen-contai ni ng species, preferably CO and/or CC2,
to produce water and a second effluent stream having a reduced
hydrogen content conpared with the first (dehydrocyclization)

ef fl uent st fleENT0Q 6o RF0°Cofey sxaraplel fiom BRG0P ER Gasjesllyi the hydrogen

i ncl udes (i :?Eﬁuﬂ%‘ i d hanat | o [ . Fi schep,- Tropsc
process, (il):? Sy %“Lé%go%? é(%%:%ﬁt@ g‘rcc%%?éflu%na??‘[elsc?sﬁcglr ﬁerhgﬁJé’f,
and ot her ohydrecarbens; andviypically hestainsofess ithgn 20 radltdyssuchadsaleks dan 10
and/ or aromatifs.by wa f mephanpl. or dimethyl ether internediate
and/ or (V) g@ﬁé’cﬁ%&“ﬁ‘é&%ﬁéﬁ%%ﬁbﬂé#mc ¥se steps nmay 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 | oned by ¥ETeBeRYIADABEMERL i eve hi gh conversion of the 112.

[00111] Typjopsbdy. Siacslayardgerdisogl t IR Y88y
wi |l gener alt e hy%r oca‘; bon(s)é,éﬁi lr? m%orcggggyﬂ;ﬂ??sﬁigﬁg%l on cg?g{t?%ne

co- pr oduced*fHderts aftgr reconery phthe evmsticimedysisirtbe ofBesmt sy sublected to a
( clnveni ent 'Hycfr@ﬁeﬁcﬂeféigb sidptadelyds e mghfo%,g 'oBhtefit GPthe Hiudt BIRIE the
foduced in the g | step

wher e the hydrocarbon(s rogen rejection
conpri se pawueddters methang| lsfreercled te theodelivdnogyslyationdstém anfldo maximize

dehydrocycl § ks e I o] L, Ses raffins or. olefins
it th 6 or - St e R A B S drb o GPAERCORE Srerd Ciriaed Focling o lealt
exanmpl e 4 qpart efithe hydingen in trealchyddcyclization effarehowith taagkygsiiesmaininge

compri o6 arBRtienRetely £ endior YO pabriies Yo dadneror) el st s
st ep converhaeiig ¥ redvwdpd hydfogeh Rgh@nt chifpatd WHtH theSMEE %cg:ﬁﬁdrocycﬁzaﬁon)

Met hanat i ogéfgt hanation [00112] In sonme enbodi ments t ydr ogen
rej ection C SFP#Pses reaction of at |east part of the hydrogen in

the dehydr gommzatioﬁneﬁaﬁthyleﬂﬁ& NdrBoenFdjSetiontl Sh qﬁclh@esoh?%&ﬁanaﬁ
met hane and/ qQr et hane according to the follow ng net reactions: C&l

+4H2CHA + ZPS(r rethanation, €) acdiiEcherFopsnlic procass] ADReathesim of \Cif 60143
The carbon 4giof%isd 6 eI AN SndiRardod N 46D R xx,[g%hegf ) @gﬁtﬂgﬁl; gt
ed as eteed to

stream and preferably the sanme natural gas stteam'u
t he dehydr odsfinisi pardfbns sindfor atmatics thy wayboh adinethadel os dimethybfether

nmet hane- co i ni S X t he ,str.eamd s conveniently
rmai nt ai nedq{ti)tgit’{v}\%dg%ea ocg%m{‘:')tlgglné abogé':%;&:%mwtsé? 'g)ré?set ﬁ‘&i’%é?%ﬁfe
di oxi de- comirgployedseguendiablyatodzain éhedplepdstobsnekit;zfr ieramplef Fisehizr-Tropsch
conveni ent | hj eved L yin he .gasgqus f ) the. inl et of
2 Tet e oot 18 B Eiobe 8 Reeld e e BB Rem flighe byl meeton
met hane or achibeskighebnedsipnefeolls a 112: CO2 nolar ratio close to the
st oi chi onet x| roportions required for the desired Reactjon 6 or
React i on 7?[6(?;&1‘30[{ KPIEREY- 23 5 ‘?‘glné’e[‘&ﬁ the ﬁﬁ’é@’ﬁeﬂ feigstion step will
st oi chi onelgehdratediytifodafbons)] $ WEich ca, hRerNepidfi6n 8f ko ROlAdA et
112- cont ai ni 2[% second effluent stream The hydrogen rejection stgg to

produce mefhdfgstoporionynd the Jduidpesrkan(sly ass f eanveriently t tesyeled stondthe of
pauce CORYE . I
a bitincti Qaﬁtdrfé%kﬁhﬂtﬁin ﬁﬁ;ﬁ?dr%xﬁﬁg%, Vet W on(%ﬁ%r%g%gfi% the &

transition nmetal “or conpo t here on a gani c

Sui t abl e mhyémogenmientiontstepcenmprisspacaifipe and plefins, the pexdionrecychdotoi then
i nc, 1] i . hgni di.
N S e ST .

carbon atoms, such as 5 or less carbon atoms, for example 4 or Iess carbon atoms

or 3 or less carbon atoms. Where, the hydrocarbon(s) produced in the hydrogen



(

- 28 - al um nophosphates and silicoal um nophosphates |isted above for
t he dehyavoegorhizesati on catal yst. 1001151 The hydrogen rgiggkiatoeised
to produce nethane and/or ethane can be conducted over a w de range
of conditions including a tenperature of 100C to 900C, such as 150C
to 500C, for exanple 200C to 400C., a pressure of 200 IcPa to 20, 000
kPa, such as 500 to 5000 IcPa and a wei ght hourly space velocity of
0.1 to 10,000 hi', such as 1 to 1,000 hj, . CO2 conversion levels are
typically between 20 and 100% and convéniently greater than 90% such
as greater than 99% This exotherm c reaction nmay be carried out in
mul tiple catal yst beds with heat renoval between beds. In addition,
the | ead be@{esHonsiepneomipriscarertaties, Hheypertion gegysicd: torthe debydrasyalization

Ki netic rat ggm, ' $4('§ er d at | ower

t enper at ur e%éqo rre?&fé%ﬂ%%b{nﬁggm y%gm éagogﬁé\}gcr?l%%%' 1001161 The main
products of the reaction are water and, depending on the H2: CO2 nol ar
rati o, net et ha and hi gher al kalies, together wth sone
unsat ur at e ansgon ﬂ’@l“aH%_rocar bon(s). In addition, sone partial
hydrogenat ijgo10d] t 18 seaieh@fbsHidh@ahé By8RIpRR PejeRitAUES chpRE&S @abifih
After renoval of the water, the nethane, carbon nonoxide, any

unreact ed fr¥oladi gt ok thinbydrpgerin MyaiAduiraanlizationasfTiyents with carbon
directly t Qibiite IRNHAbRCY Clictiht OfhdsLRtlRe ISREFALE t@dﬁid% ;fgfligdﬁig]g net

aromatic products. Fischer-Tropsch Process [0011/1"In a
enbodi ment FS34@NBY dr ogen rej ection step conprises reaction of at

I€ast part of the Rysrpggp in the de%ﬁ)%q%%i zati orthLéti#eé}t with

-car bon nonoxi de according to the Fisc

sch process to - produce
C2 to C5 paraffins26€%-ofdiins. «[ 00CeHi +RIECF schen(Reacjmmc?) process

is well kn it r .S, _.Paf . S.» 5,348.,982
and 5, 545, gf?@ﬁco?g%?‘%%"é‘s ﬁg)rx Saclfénergléiaoggé gf’ (f#élg?mﬁé’ B!?\'Igcogsas hf‘%?lc%afsl y
i nvol ves t Isteamagnd gmefsfably dhe gemeanaturdrdas nstreamoxisete ak ntha feedl ab the
ratio of 0.5.1.t0 4:1. such 1.5:1 to 2.5.1,. at a_tenperature of
175G to. aodevashylizatontes, Fheisne saron dipadiiaPartof ampGa g priaining
(100 to 10ste4in) thealO,:C8; bfake dfedn® istébriveniehtly Rdththined befkch @BaNt 1:1N
t he presence of a FischerTropsch catal yst, generally_a supported or

u_nsupport_e&n‘ér st \W-111. Nhxingoaf dhe - oay on fiipxife-centgining-cstrepgn apg, theo,
W th or W yeRtroydizaid effluefit Gs GBH%WCH%&'%W?% ® gasgous
efract ory a

zirconium titanium _ Supports, when used, can be
oxi des sucleeds tethsplet 9Bz gt efectort j t ani a, zirconia, or silica,

alumna, o i1l4k Ca lh?hlq% lp: i I C I hses
a non-shi fg?‘ﬁlh!:atg%s , .e%.rejeg@ a {EBS@ lF'r(;[:‘é cgnlﬁ%%aﬁ%tsoggé?%elx&%ai@ :
cobal t, wi emptoysda HerfC6): molacmatioslosestoghp stoivhicanetrie pppoirtidrsyrequibal for

and rheniu L4 [ ia, ral.ly titania, .
Fo0110] 1 nois RRPAELAR, Gt kekih 7 Llch ool BEiAliods b W lote intpo
conpri ses stombiahetrisuatio iSit i desiielizn prodiSe/aZ60,@ontining SMEG-conthinihig
process is d to generate significant quantities of single-ring
aromatic h§,‘%§§§§r %er?%g &:%ﬁﬁgm “o’FJ%ﬁ%‘hS‘gP%? preguee P?ﬂlfé‘gé’?ﬁ ®in
St udyf of memmf 'ciévtlyteﬂ'ee&ddh tﬁeaﬁe?sgncezgﬁaaﬁﬁlgzm cb@ﬁl?dt)b%hﬁarfsﬁfg d he
Transformati 0 ngas_ i nt i qui dydrocarbon(s y Jose Erena;
| nd. Eng. W&R\%@%fgéé’ar@ﬁa’k&%i% ,ninﬁﬁfﬁ}r%gﬁ%‘éﬁ“?ért@@ﬁofn an
ref er ence. inbBkhhed kuppvet. Sutable 'mdtaDBsaBondné bépride: ppefardh, 7va%£(ﬁ}[1m, 3
o}

recovered and | ight gases, e.g., tuu-eacted hydrogen and. co, .
or Cs and SHPBYWE, Zitt gallinme Rirksh taebalbe salyhdenyms qutheapinms phodiva,

h [ h rod
o dayal ey HiSen HSahE" (XRalRr araih, PRAAL bR, i Ry

t he dehydrocycli zat|i on’step to er at ona
[00121] Theombinpidensnendx compeansi thetedfor Théeinbigenice sufipapsmhy r bacdi on

can be proy . OF ity by 2 carbon nonoxi de ,oresent..in. or
cofed wit hﬁ?ﬁ%ﬂﬁgﬁlg@éﬁoﬁ aia% F}r% %lg%' aangr ﬁgﬁae?'a Ehatd lﬂmg@s’sﬁrl&ﬁ%t

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,



and by the followng reaction: CH4 + H20 ++ CO + 3H2 Al cohol

Synt hesi sWpQ0a22p8iin a further enbodi nent the hydrogen mperaskér?mesEcsP
conprises reaction of at |east part of the hydrogen in the
dehydrocyclization effluent with carbon nonoxide to produce Cl to C3
al cohols, and particularly nethanol. The -30- production of nethanol
and ot her oxygenates fromsynthesis 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, ; 4,666, 945; 4, 455, 394,
4,565, 803; 5,385,949, the descriptions of which are incorporated
here| n by reference. Typically, the synthesis gas enpl oyed has a

mol ar rat i oakymihgphosplsates Hard t osiicnabuminophakphate€O listédO pbove t ifer r ahge

of from05 r nylntherange of from2:1 to 10:1,
wi th carbon é&gx? ﬁgh%%’t(’%cﬁgq%ﬁy bei ng present in an anmount of not

great er thaf0oa®sp bymhgirbged)@&ﬁoﬂ Btdptogirodiedhéthie htPoSatRSiRSean be

[00123] The c st use n the t hanol synthesis process generally
i ncl udes an® %%tuaﬁsgd%"eaﬁ ‘Héi& epnditions inglugingcy temparaturreo g 1 UTE to
consi sting 960°CYBXAN as FSdW,efo’SWCCforté% le TRBLES! 40PCaly :#fbﬁgf@onOO

vanadi um chrom u manganese, gallium palladium osniu
zi rconi um PO kRa, suehas, (hwsﬁlooll@a@ndwﬁeghblmmb spateaveletity of

such as in ¢ R, 1@ dHChrCARAELs qxqo (PB%I o%l dvgmg&eleggﬁsegée?lggn an
oxi de of at [east one elenment se d from i ver ZI nc
pégne5| um  teterrémdthand abG9%6 ang cohvmmm grmgahmsﬁ,‘%gaidhl afgreater than
| I adi um [rconi u eni en t he

copper oxi d®$ g‘ﬂ%‘sﬁg&%ﬁ e ol % o?eagt 0%5'%4 éw:e m %PLF %%ﬁ&’&ﬁ?
magnesi um lelatireinmval bctlmeanbudn Iamddmmcmelleunbdd(b)mjebﬁﬁwﬁbmnﬁhcr
t he met hangl hesis _cata inbeS. S€ ect r con5|st| ng
of : copperqox grai‘uteszi :fé?“ ?ﬁﬁ‘?ﬂiﬂﬁ Olgge%isﬁ/g‘? ted 3
t he catal ysbwem&hﬁ:eﬂﬂumxtdﬁﬁxihﬁlzeﬂmbdﬁﬂﬂuébﬂﬁve&@ﬂlm] The ”Et hanoI
synt hesi s %@fﬁi n be, conguct Leﬂ(},é.gver a W de range of tenperatures
and pressur 5 TBaineprodpcts e gpactiop ﬁrﬁé”#tﬁfng'éd dlependipg pyodet o
450C, such BsCOb afivlar 351id,Om3fife, éﬂh@&ﬁ@%@é‘:ﬁﬁ&%&%@&?%ﬁ sprge

a a,

Sui tabl e pressures are in the range of from to 12,500
such as fr owsatutiss Grand bigher b@@oqaﬂapn(#)oh addition, some paviak brdrogemtion 0

P oo U BB Gk loA5 hioBA i HoK AR BN YRR (LS P refager,

process that Is used, but genera pace ve
fl ow of gadha Hnethaie, t bagbent aﬂoyexmb,eanysumnaatbtk caab:ge dibxifte o:m:ﬁ(h:@er

to 50,000 S..f.r le fr

500 hi’ 'ﬂ%:og%%%ﬁ?sﬁ a%'hﬁésnfégo#%&a%w tﬁ%g‘%ﬁ}"b’ﬂcﬂvaﬁ@ 5€?Pr eﬁe%fﬁtei n
ei t her f| x @dditiondll apprdatieprodacks, i ncl udi ng nultiple catal yst beds with
heat renoval between beds. In addition, the | ead bed(s) may be
‘operated at higher tenperatures - 31 - to maxinize kinetic rates and

the tail b(ﬁhbm)—-mydePmessat ed at |ower tenperatures to naxim ze
t her nodynam nver si.on. The resul tant methanol and/or other
oxygenat es r&@rﬁg ’S‘OPGS n Bb’a‘ieé“ﬁ) e Jutrosen hreectigrestep Fomprises
al | cyl ate rdaetion ofat st ﬁﬁ@@f&h@ﬁ?{d@g&ﬁ"% dﬂw&i{ya?d@cld@iohcemﬁé:ﬁw
hi gher val ue Broducts such_as xylenes, -or can be used as a feedstock

for the prGHHERTRANOXIdY Bsperding &9 %F!S%ﬁrﬁremoarmryc@s 19 Ipseducar{é to Cs

propyl ene. pdlaeiaaMYISERN of nethanol to olefins is a well-known
process and is  for exanple, described in US Patent No. 4,499,327,
i ncor por at £¥1 A8 ei 'Hlﬂlsglaqr&rgm 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, such as 1.5:1 to 2.5:1, at a temperature of 175°C to
400°C, such as 180°C to 240°C and a pressure of 1 to 100 bar (100 to 10,000
.kPa), such as 10 to 40 bar (1,000 to 4,000 kPa), in the presence of a Fischer-
Tropsch catalyst, generally a supported or unsupported Group VI, non-noble




Sel ective Hydrogen Conmbustion [001261 In yet additional enbodinents,
t he hydr sgmpoorapeset i on step conprises sel ective hydr ogeRrCTAURE0%007568
which is a process in which hydrogen in a m xed streamis reacted

wi th oxygen to formwater or steamw thout substantially reacting
hydrocarbon(s) in the streamw th oxygen to form carbon nonoxi de,
car bon di oxi de, and/or oxygenated hydrocarbon(s). Cenerally,

sel ective hydrogen conbustion is cardeci out in the presence of an
oxygen-containing solid material, such 4 a mxed netal oxi de, that
will release a portion of the bound oxygen to the hydrogen. [00127]
One suitable selective hydrogen conbustion process is described in
U. S. Pat ent mblal, &g.4B8, il Ru, iGo; svifooawittioltea pramdser, eq entbemiom, ahehium,

conprises contacting at reactive cgnditjons a hydrocarbon e t.ock
conpri si ng g o F ('?H’%daﬁﬂm'geﬁ"%? a“&ﬁbepa %}% &8 b s gf}g el
mat eri al cogAes bwtth 8K YG6hp WH) isgpfiladi® Zneohiac of silican alnmnias aoe silica-
i npervi ous to non-oxygen copntaini ngﬁﬂg'ﬁaes, wher ei n sg}lﬁ:grrenb n?

conpri ses cRlH@ing BEueRY nt the AStfrOTRpEtEeE 8 MOBSPTBRS ARyt =&
recovering &phfdrinitheRinel, R3EEIA 1, QAtYheRiuEL or ZiR@nithh &k a0prbARtdrS

typically a mxed netal oxide of bisnmuth, indium antinony, thallium
and/ or zi ncespg@ialipeqbals agd rienivmy supportes! opsilioy or titapidpgensralbelifamar i n

by referenc scrb 0GEIhdi h e i Ldat |
dehydr ogéna P%n of ﬂél %g%@gﬁ%lo pr ocﬁ%@%n%’l E%‘Ee??ﬁ%?bé%o% ssbgﬁvg%i\ﬁllggt
si mul t aneousongmrises 2métakrsuriasiCogenidin @rCuZnadrktietS Mo and theqgoeass)is

-the sel ective _gompustion_ of . A2

Coqui 11 br 1 riPEgRs it SenltEnt HEARRER of BB abllakE hdfocarbont).
In - 32 - Afekampleaf sutthepmicksris déspeibed sn Sevy df Bhyesiad! dixoarey of r20; -
equi li brium,dehydro ion catalyst, in,a first.rea r. and the, .
ef fl uent f Wt%@";fgﬁ@g r@éﬁ@‘gf,f%l 6%%@%6’%,0 i ‘g’”{gﬂénmﬁ%s.'gﬂ'd
into a secoRpdroe@dbAls) AN TadeNiFi¢hay 18! Enpgo)XTlten (Résal 1998, BT| (1213A2V8S
to selectively catalyze the conbustion of hydrogen. The equilibrium
dehydr ogena‘PF‘ETﬁ°@&dalT°§§’Pbﬂﬂ'9‘%EW‘Fﬁri se platinumand the selective

met al  oxi dejpgPIFus tTine FiscMeATYSPschBuidNi.ai, T; %, ard/tdtoverd iafB Mght gases,
indium zinc, thallium lead and telluriumor a m xture thereof.
[00129] U. S-g-Punepstechhpimogen arthCOY¢hite £33 &5iCaend watouarg sspasaisd from the

publ i shed gt erlbndid ThOORLDRE AL RRARIGHD B 6 REByeen s

descri bes a proc ucing the h ntent of the effluent
from a cragkedurts endedro thedehydroeylizatiph siep to genemity additionak gyomatic
conpri sing acq% | east one solid acid cracking conponent and (2) at
| east one A< Vbased sel ective hydr ogen conbusti on conponent

consi sti ng [0832]t i dlhk warkion(mynoxideteghired fidyi tha FisohersEdopsthogtadtiooneantbe

group consisting,of. i) at |east one tal from Goup 3 and l.east
o Rer ol BRI Stiolty Fipasty By BB A Tnohbfilk PReR i & Cosfl it e,
t | east ongetheicdortining@eedipsd gerldvated ak lachyRprodoctiin tHabéleydpbeyclieation
El ements, and | east one.nefal, fromat. ] east one o 0 .1, 2,
End 4 of ¢ rEETel) regte AARTiongl Carhen BogRKide an b BeBgated FctRding caftiop
G oups 1- 2,g;atidk easthined Sfofek@hplel @MhAK:Al [as, toahifd cataBRS vheftby atbadn

from Goups 4-15 of the Periodic Table of the Elenents; and iv)two or
more net al PrQRdads prguced by the reyerse pratsrggs ShRIEIKIORE t he El enents

and (b) at |east one @b, Pgygen apd sgd wH,oMer ei n tReadton Hast one
of oxygen and sulfur is chemically bound both within and between the
met al s. and by the following reaction:

CHy+H,O CO + 3H,

Alcohol Synthesis
[00122] 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



[ 00130] The sel ective hydrogen conbustion reaction of the present

di scl osurgpheoraessgf al |y conducted at a tenperature in tperiRR@eoe563
from 300C to 850C and a pressure in the range of froml atmto 20 atm
(100 to 20001cPa-a). - 33 - Aromatic Product Recovery/ Treat nent
(00131) The major products of the dehydrocyclization step are benzene
and napht hal ene. These products can be separated fromthe
dehydrocyclization effluent, typically y sol vent extraction foll owed
by fractionation, and then sol d directPY~as comodity chem cal s.
Alternatively, sone or all of the benzene and/or naphthal ene can be
allcylated to produce, for exanple, toluene, xylenes and al kyl

napht hal engsrodiistion of mﬂhms abql axitee coxygeintes ﬁ@anaymhesis gaplivdisoewell-or

exanpl e, cycl ohex ne dlhydr
(benzylcycl%W%%&ﬁﬁ@&SdF§¥ﬁ§a Vg etamRle, ‘EﬁgE?€ %114279 6,054,497,

hexahydr Onasﬂﬁé'}ﬁ@i@@ 04s |5201y slzghgmns)slmawmwmm hed, 39143 2565 803;
decahydronlghtha ene (dec Aromati cs Alkylatlon [0 32]

Al kyl ati on $8%9‘%9mﬂ1€c dé%ﬂﬂﬁ’beﬁﬁj@fswbwha@r%éﬁ‘i@'ﬁ@%ﬂﬁ'd hezeih t by, refgeence.
wel | known %&pﬁ,ﬁé gﬁﬁgélﬁ thaﬁaénkaﬁl@é?lvﬂﬁé’ﬁsmbﬁﬁ%hﬁ’ rbfolfxytﬁ@géﬂ @m)n:o

al cohol or omati c species In
| i quid phaszarbom 0%ide(@Oeh €92 fin the wavpel of framh s5:1 tslaoshmrefeabhdm the

Conat Vi . PR P8 21D eB30R, Kih chibbo finfiap JARRRNY Belitipsest ip an

i n]cl ud: ng ;mﬁcﬁrdtafﬁoﬁmatagméowl@rmmhk Wsﬂv(m of théSiyngasand
silicalite
(Fom 22y mivoiB, " i salnl uicgia $F mptkeiolymbal piobiss ooty Snetudes

ZSM 35) antnZShidd Bf 2 Jext lohe aderh@it Gelepedeframothiet @suyh iconsistingos£cbyper,ng

a Constraint Index of |less than 2) such as matersi al havlng t he
framewor k tSHYES BEH barog. nuﬁﬁﬁ?WPeéﬁﬂﬁﬂ“n %@nb TRBRATSES

zeolites X gaMjurd] ﬁdlﬁaiaﬁbldshﬁﬁﬁ aiidac&doﬂaﬁi Qroﬁwauémb Yhe c.-m?st(ae ag:opper

nordenite), MAZ (e ZSM 4) (e.g., ZSM 18) .and MW (

MOM 22, PStiased %zlyag sucém in thpf@;rq of cqupey. OWBBOHW@G pisgerice of
MOM 56). 1GQ1330 p Rt sleclefCH PR, AROOSSn, MRRRNEN, S
recovered fron1tﬁ ocyc | zation effluent and then alkylated

with an ol eaﬂum;nusuc?anaélum, hetiremai,r mdumsasgﬁhw, pﬁB@ﬁmm @bmipm and

condi 1 ons #Es0iF, G RAEAR e WSk UAALLAP Fpep 2l B a BRI N o

W th ethyldamtunelﬂdmwatSdn@eddhunemnd ﬁmgmwﬁﬁa mmnﬁﬁﬂﬁ €Bet3ninm, and

4820C), a pressur e f atnos t g 300 00 Lot 80

WSV baced ot 12 senSRHRSHm Gt Ty mathaRR Salpfts o Sgisrsae?%%edaf?“’m

bFInzeIne to tl'm;‘Ig grohp- c(ﬁl‘shﬁhgmﬁ" (‘prp’éll‘ oxidis, szag oRided andlldammﬂuwhaades More

allcylation o nzene wth et en e carried out at a

tenper at ur @* ﬁ%&ar‘ih%% ‘i%ﬁé"’%@}‘d ZPC%r essure up to
(about 3000 [pe1 ) ( Z%B%d@?@) syzﬁhéélﬁéob@s‘s@dn ®8 cohdudteevera \ifriﬁelim%cbﬂ 0

20 hi' and a nole ratio of benzene to ethylene of from1l:1 éo 30;

[00134] Pr dempaBiures ariprgssysesn Suitpble temperatires 15 ,in the ©age Al Pma150°c

| east part igl 49gr@UiskeHP A Shork ONGPE | BNSSAHE] Tor *xSApR! ESin 2007 t5 BOO AL
| east one of zeolite beta, zeolite Y, MCIWF 22, PS 3, SSz-25, ERB-1,

ITQ 1, | TQSuitableprosures oxg in therangesd. ﬁmiﬁ@’ KRactoNi2:2095kPa, surhes| from e
benzene et hydgf W?CWOMWQQQP&%IQE 005 1087 %%kﬁ% Gas hourly spgce
hydr ogen enze

dehydrocyclTzation rej ection process or t ne can
shi pped t o valusitiesrvanp depandingf mondbnmesoﬁmomséhatys leesk but genprally the

resultant e h r

xanpl o 1 180 BPRE SFRE ERbic oF RoNfo ol B e B i Bk theo F

known in t Heomi50 Hrd ter58,000 ty!,ands as FOMIBR) hi ‘o500 lnfl aforextroplerfent s

of the present ocC he | at ent. i s_nethanol.

i et hy et 50P i) FOiep e® 2R pRoehrife dFertonrimey oo dnipigs 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



di et hyl but ane of about 0.1-15 secA when neasured at a tenperature of
120C andwp ZooZ1thisiet hyl but ane pressure of 60 torr (8l cPeeaps200t00Y563
process is selective to the production of para-xylene and is
described in, for exanple, US Patent No. 6,504,272, incorporated
herein by reference. Were the nethanol is used to allcylate
napht hal ene, this is conveniently effected in the presence of a
catal yst conprising ZSM5, MM 22, PSH 3, SSZ-25, ERB-1, ITQ 1,

I TQ 2, I TQ 13, MM 36, MCM 49 or MM 581 -such a process can be used
to selectively produce 2, 6-clinethyl napht hal ene and is described in,
for exanple, US Patent Nos. 4,795,847 and 5,001, 295, i ncor porated
herei n by ref eisdimize kiM2iic7{atédhand thet b beds(s) Didy ibe opemdteds atirlower

allcylating agent in the process of the invention, it can be provided
as a separ a@@PF@é‘HefB)F‘ﬁﬁgﬂF?Jg@ odynaug copversion ' . 35 . partly be

generat ed i o324l Pohe2fuRSntAmeRiaA6N aﬂ&@i‘idiﬁcrceﬁ%‘gﬂicﬁgzaﬁeﬁéi SORB as a

such as a natural gas stream to part or all of t effluent fromthe

dehydr ocyc| $epavateorpredugs, can barusedutonralkylste thehpeameatics| pEwrated in the
ffluent, pgi : L. !
Fed to o r bl 3o RlionTagl € kiglly Saule ot Ak af SPRART LY San 680

di oxi de- conisahnfeadstéake doru thike proginotion iodnlewen dlefnse padticultarlyc sthtybame and

nonoxi de content of_.the efflue by reactiqns,. suc s Reacti
and 8 abovel?mf’glﬁﬁ%éﬁhcl e fiiine %Ef‘e%&?ﬁgﬁé’ll% ipgpvells cf)‘rj":\;l gfoecg%l %‘adésbe
fed to a refeereaamph,fdesttibeal i U.8. Parat ANe 4199337, whicotpocated thessin ey
-mi’xed with a_portion of the dehydrocyclization effluent to adjust the
(112/ co oo ‘Peg‘tF‘)'F'H?‘ as required for the alkylation step. [00139]
Typically, the reverse shift reactor contains a catalyst conprising a
transition netal on a support, such as Fe, Ni, C, Zn on alum na,
silica or t9elestivge Hygdyeeen Combustio® under conditions including a
tenper at ur elopi2gi00%n Rt Adbal SibaRAeRD e iyatRRA CrictBbn Si¥pIEBIPIEANC
to 950C and a pressure of 1 1cPa to 10,000 kPa, such as 2,000 kPa to
10, 000 kPa, selastive hxdnozen gombusting, pdrch igGPRERSS teaduivlydrogapinp mixed
vel oci ties 8 Yol O Gl 0N d oimh YPRe br RAQGE SFttioh? Sublidhrially
general ly the gas hourly space Vvelocity o ow of gas through the
cat al yst besadting hydrhearbam(gk infthé; Btrben ' withy Zg@0C0 Horm carthem mongSdet o

25,000 hi', I | e 500t 0,000, VI 014 f
fromt heI re%?‘é’gdlgﬁ{df’f %(qadggrc?e’grgeﬂﬁt%d }‘P@}?cﬁrgo?%s&[ ?%ﬁiyaggl% At Wéen
react or opegortbuion ili€drried bai in the présencafSan oXyEhiconmining Bokd nidierial,

followng to occur:, CO + 2H2 4- Reaction 9
g such as a mixed metal oxide, &a%l%léase a port?on ot) the bound oxygen to the

hydrogen.
[00127] One suitable selective hydrogen combustion process is described in
(- o U.S. Patent No. 5,430,210, incorporated herein by reference, and comprises
" contacting at reactive conditions a hydrocarbon feedstock comprising hydrocarbon
and hydrogen and a catalytic particulate material 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, thallinm and/or zinc.
[00128] 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



CH3OH + 6116 toluene + H20 (Reaction 10) 2CH3OH + 6116 -0. xyl enes
+ 21120 (WReacd7neesiil) [00141] Suitable conditions for sue¢Risddh7/607563
al kyl ati on reactor would include a tenperature of 100 to 700C, a
pressure of 1 to 300 at nospheres (100 to 30,000 kPa), and a W-1SV
for the aromatic hydrocarbon of 0.01 to 100 hi'. A suitable catalyst
woul d conprise a nol ecul ar sieve having a constraint index of 1 to
12, such as ZSM 5, typically together with one or netals or netal

oxi des, such as copper, chronium and/ or32zi nc oxi de. - 36 - [001421
Preferably, where the al kylation catalyst includes a nolecul ar sieve,
the latter is nodified to change its diffusion characteristics such
that the prpatdcitagnhe alkhenfeed sodehydfgediteé dviryanR@dlibrium ddhydsogenation
par axyl ene. Suitabl e ans of diffusion nodificatiagn include steam ng
Bnd ex- si { LSBRPER A Breh Bty 193 BP SIPRPEORORL o BRRISTeaeak AIoRE vtk

oxi des, suchxyaenMiCheaNphsid RtOR $edbnd %Jm&&mhﬁgtbﬁd@r@g@%@spf

t he nol ecul ar_ sieve. Al'so preferred is that an actrve neta

i ncor por at eWhichsgryes éo sejpattvgliapatalyes theqombustion obhydragen. Fineeqghiliphium
reactive sp&q;r:'@ € @aqr_l% ' | NN li’ : r .
by- products a %\ﬁ%ﬁ%%&hcou Lﬁﬁg%ﬁ e sgg)ulse ca?ggﬁgg sgigg%ﬁa\}ilaeﬁloor{'de
[ 00143) Thecomihustiontcatatystriayecoatdin pisatritipnantipeariy indivm) ginthihallinen, fledl
to a separat] 2ction i, whi.,ch the aromatic products woul d
initially %%mgggéﬁé%éﬁaf?%ﬂ¥?hﬁmﬁggrogen and ot her | ow nol ecul ar
\A}e,i ght nat angzsl, cmsm?immtwplinaﬁsﬁ! Pﬂﬂicaﬁgﬁ 6! 2004/0THES8®] Grimlikksd
pfoducts co t ractionated_ into_a benzene fraction, a

(tol uene f ra%w,@?%oﬁé P EPRITARY hereir Ry ratersees, d{?s_@?}?ﬂsa? RF9Rgss for
napht hal enerediising tHeytlydceibntantthb8f @B $fuchl Grofila 8/20RME irbactdraThé Pldcess
could then be fed to a crystallization or. _sorption process to .
separ at e t IfERIGYS o ratahskyelsm comprsids: (Wnat deast raneapelid goid gegking

xyl enes ei tdagiponehtd an@ (er%uréhstosné SHethPbAABd | RAFBVE 2R}drOftn| €ORbhSion

generate nore p-xylene, The toluene fraction could ei'thef be renoved
as sal eabl €opmoagRt consisting | aseentigily tof (8) lacypeta] icombinationoelesteds frgmt thea

t ol uene di 5,§pegﬁs§sgggghon unit, and preferably a selective toluene
di sproportionation uni't for the preparation of additional p-xylene.
i) at least one metal from Group 3 angd at least one metal fiom

Groups 4-15 of the Periodic Table of the Elements;
it) at least one metal from Groups 5-15 of the Periodic Table of

the Elements, and at least one metal from at least one of Groups
1, 2, and 4 of the Periodic Table of the Elements;
iif}  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.
[00130] The selective hydrogen combustion reaction of the present disclosure
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-a).



Aromatics Hydrogenation [00144] In addition to or instead of the
al kyl ati o¥0 280332683t | east part of the aromati c conponenpgraBdoeorses
dehydrocyclization effluent can be hydrogenated to generate useful
products such as cycl ohexane, cycl ohexene, dihydronaphthal ene
(benzyl cycl ohexene), tetrahydronaphthal ene (tetralin),

hexahydr onapht hal ene (di cycl ohexene), octahydronaphthal ene and/ or
decahydr onapht hal ene (decalin). These B%OdUCtS can be enpl oyed as
fuel s and chenical internediates and, "fn the case of tetralin and
decalin, can be used as the solvent for extracting the aromatic
conponents fromthe dehydrocyclization effluent. - 37 - [00145] The
hydr ogenat i Arematic EnedwitRecoyeryflireamennecessarily, conducted after

separation e matic co ne f.,rrom t he..dehydrocyclization
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psig (445 t j 7 5 cPa)
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typically enploy a catalyst conprising noble netals with ruthenium

being preferred supported on netallic oxides, such as La203-ZnQO
Honpgeneoureaiities Makplatioat al yst systens can al so be used. Exanples

of parti al genation processes are disclosed in US Patent Nos.,
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igure 1, dr awi n ustrates a ified design of a
deﬁydr ocycﬁ"ia%&?{sgﬁ“r“ga‘b? Sramepori bpes %%(Rr%r 759lige Pﬁtg}xzﬁ‘fgj (oeafdMadi cs
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dehydrocycliz tB’lct%ir'] - 38 - reactor includes tw series-connecte

novi ng bed™P MAZ (e gnFSMM-4); MEJKe-8in Z5M 118} and MW (agy MCMs22,
cascaded imﬂ@sgzrgggmlf@,m_ﬁ?@hm {ﬁﬂii— nt
reactor in the series, while the feed is psgégleé t"ﬁ%}% anﬁ'etween
t he react o813 t e opgsehodimentafdhe presemtiprorsas banzens il psaveiddofiom
t hrough any,j i f re or 11 vi.a,line
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~adj acent tmedibzde af &hdymadudr dfl anthydidpenr eejrction 13tepi aermplogingls.
The cataly ent the, base

fl.0 ut _of reactor. 12 vja ap outlet adja
of the reactor l‘ﬁ%%?ﬂ?”ﬁﬁﬂ% 12?1’% ﬁ%ﬂpémfrﬁ"eg"rlmng R &gﬁc"éaw rhese: he
alkylation of benzene with ethylene include a temperature of from 650 to 900°F
(343 to 482°C), a pressure of atmospheric to 3000 psig (100 to 20,800 kPa), a

WHSYV based on ethylene of from 0.5 to 2.0 hr! and a mole ratio of benzene to




[ 00150] One having ordinary skill in the art understands that the
enbodi mewiosxooh/pesased in this application do not represamusdo7/donsss
possi bl e apparatus or process variations enbodi ed by the present

di sclosure. In addition, nmany pieces of equi pnent and apparatus and
certain processing steps nay be needed for industrial, comercial or
even experinmental purposes. Exanples of such equi pnments and appar at us
and processing steps are, but not Iinj§ d to, distillation colums,
fractionation colums, heat exchanges,” punps, valves, pressure
gauges, tenperature gauges, |iquid-vapor separators, feed and product
driers and/or treaters, claﬁ treaters, feed and/or product storage

facilitiesethytahemf foas 1ddo 30d. Jiapid phase allodationofthspzens with pthylene pay
equi pnent , , appar at u ng_steps t [ g r i-ng
The bsencbehTiesg A8 mbaRTx kel 3005 BRRTTsOR SR, 3 piaclie
sone of t haRHRBoRSOTDHsigOROBODNPE), (4 WEISW basedton ethyleheisf frate0.¥ ao 20US
aspects of the invention. It is also note thzit sqne, of the equi prent
my - 39 br @%H@W&POGPW%WWIS’&%EWt Het(’g%&:ess dependi ng on
the condi tygiaqp’ piiRurbRC ARGezeAd Biidkioh e dodlihcivd Naw @Rt padia
[

i ntended t strate the two key benefits of the processg described
herein:  liquid pliasy conditione asingc gatelyskremprising ¢t leastigpe of geelits iistdn

of coke ag ) ﬁ;lﬂgr az‘g‘?hﬂé ’df;%ie_llé%g?@i_zgi mglequpr,oﬁt@s 1ferNy epsM-5

t ol uene, napht ene)". lon in co eléctivity has two fold
benefits: MEMIGEMEME4Iand MEM-FGn and reduction in deactivation

fate of th l ysi. .Reduced, cat al Ci atd,on S
G onvi 1 o350, The ueeens ; eitbufE 4 Tod cg‘tdéiﬁg%%t b HE2 SO of
reduce t hedelkairbofrlizatic/bfdrogacidjationgaeeadss or teabemnene gar baahipped to
transfer lines, and.other associajed. equipments. EXx I 10015

Mo/ ZSM 5 cé?%ﬂs’ﬁfs F%avv%‘f g“p?‘%é’b’ﬁ?é?i‘ gHhy P‘E"é‘ﬁaﬁ% ﬁeSSikg%ﬁr%’ﬂ?lﬁ'Pﬁ’n‘%er‘e ih
hept anol ybgainehé abldl uee 861k pracurdB ASbiBexaniie) the (pradictignaofSitiréhée or

ratio of 28) via incipient wetness, K followed _béddr)éian at 120C for 2
hours and fSomarized bymethodsivell kegyyrint e af AGIXEd KR Sowi ng air. A

nomi nal ,mohmﬁ Uy &ﬁﬁﬁ?}m RinbdiinMts ST (MM prakent prRbs, tRAARMAa6Rg hfiéht
total weight of "the catal yst) was targetqu altft",lou h m nor varl ations
i n nol ybdeir mdthangl ragsdigeetindethar (OMEX ped d® msed 4o o’ﬁ%yléls"t hengene apg{on

Mo/ ZSM 5 l i : I d
and st evedtpa bt B Eret o € UehldiBLdRhidR SREn B pidduce foNERS
Mb/ ZSM 5 ¢ aylehys nsetindnagiehdleneseaidion dimethyinaphthalgneso Whese ethaneliom a

For et hanD MBS a8 8 CHORER S R cybniei el 3h' ESREE e
t enper a]t u ; eﬁageir a)gmp?%gm _.z%lit_é,— Suclt a80ZSMjehy Zeelkite lgeia,g(;mQ-ﬂa, el -2
ot hane) oMzt 2ENETE: AN 29! 23R8, LSNPS aha PRRES. Mt fes
20 psia) pesh ghbdifiedleby Ngeaniifig adcs @spry fhavers Biffisim Paremetee sorirk?2

The reaction effluent was anal yzed ugi ng a mass spectroneter and gas
chr or nat ogdimethylbuthee efrabnut 0.4l Snsachawhen megasaned at ademppaturef\li26Ffe,

napht hal ene, ., h e n gon.co [ r

Geposi 1 onatsh 24 Sy Dl pAESuERITHNRASLPRD, SHEE o fibestls {iRve
does not ved e predidtiom efyari-yylene and ds dyscvibed in, faDexamplet @8 Ratendl Na. a
carbon bal ance.._Addi ti onal .data. were qbtain at fwo_t erature
(7500 and BO0GR7R: (ICKBOIICROEIS B BERa: WhCHo I DR R 950 ©
respect i Vehieyldrd hapitBalené, MafeR @nvehiefify @fReoRli 4f the prevsiey bfrariatdiyst
data were consolidated to two val ues_Seism and Se! oé;a n&gia Sﬁ‘ﬁg} IS
the aver agecmpriging; £3NE5, MM B’&H‘ﬁo%pﬁasﬁ@’&s%& L8y IRt 3 um
of the ol Shcof 36 AEE-Ad) of NAIOMBEY Huch' £30est bah B2 AR 16 Foléefifely

and napht hal éne divi ded by the noles of carbon contained_i n nethane

that react pthduthad,6Sdimetieyhaphthelennand-ig descaibed in, for sxapple, USiPafent Net. ar
4,795,847 and 5,001,295, incorporated herein by reference.
[00137] Where methanol or DME is 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
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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 amy 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 Reactions 5 and 8 above.

[00138] In addition, methane and CO; and/or steam may be fed to a reverse

shift reactor to generate syngas which can then be mixed with a pertion of the

( : dehydrocyclization effluent to adjust the Ho/CO/CO;, ratios as required for the

alkylation step.
[00139] Typically, the reverse shift reactor contains a catalyst comprising a
transition metal on a support, such as Fe, Ni, Cr, Zn on alumina, silica or titania,
and is operated under conditions including a temperature of 500°C to 1200°C,
such as 600°C to 1000°C, for example 700°C to 950°C and a pressure of 1 kPa to
10,000 kPa, such as 2,000 kPa to 10,000 kPa, for example 3000 kPa to 5,000 kPa.
Gas hourly space velocities may vary depending upon the type of process used,
but generally the gas hourly space velocity of flow of gas through the catalyst bed
is in the range of 50 hr to 50,000 hr', such as 250 hr! to 25,000 hr”', more for
example 500 hr™' to 10,000 hr™.

C [00140] 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;OH (Reaction 9)
CH:OH+CgHs — toluene + H,O (Reaction 10)
2CH;0H + CgHg — xylenes + 2H,O (Reaction 11)
[00141] Suitable conditions for such an alkylation reactor would include a
temperature of 100 to 700°C, a pressure of 1 to 300 atmospheres (100 to 30,000
kPa), and a WHSV for the aromatic hydrocarbon of 0.01 to 100 hrl. A suitable
catalyst would comprise a molecular sieve having a constraint index of 1 to 12,
such as ZSM-5, typically together with one or metals or metal oxides, such as

copper, chromium and/or zinc oxide.
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[00142] Preferably, where the alkylation catalyst includes a molecular sieve,
the Ilatter is modified to change its diffusion characteristics such that the
predominant xylene isomer produced by Reaction 11 is paraxylene. Suitabie
means of diffusion modification include steaming and ex-situ or in-situ deposition
of silicon compounds, coke, metal oxides, such as MgQ, and/or P on the surface
or in the pore mouths of the molecular sieve. Also preferred is that an active metal
be incorporated into the molecular sieve so as to saturate more highly reactive
species, such as olefins, which may be generated as by-products and which could
otherwise cause catalyst deactivation.

[00143] The effluent from the alkylation reactor could then be fed to a
separation section in which the aromatic products would initially be separated
from the hydrogen and other low molecular weight materials, conveniently by
solvent extraction. The aromatics products could then be fractionated into a
benzene fraction, a toluene fraction, a Cy fraction and a heavy fraction containing
naphthalene and alkylated naphthalenes. The C; aromatic fraction could then be
fed to a crystallization or sorption process to separate the valuable p-xylene
component and the remaining mixed xylenes either sold as product or fed to an
isomerization loop to generate more p-xylene. The toluene fraction could either be
removed as saleable product, recycled to the alkylation reactor or fed to a toluene
disproportionation unit, and preferably a selective toluene disproportionation mﬁt

for the preparation of additional p-xylene.

Aromatics Hydrogenation

[00144] In addition to or instead of the alkylation step, at least part of the

aromatic components in the dehydrocyclization effluent can be hydrogenated to

generate useful 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 effluent.
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[00145] The hydrogenation is conveniently, but not necessarily, conducted after
separation of the aromatic components from the dehydrocyclization effluent and
conveniently employs part of the hydrogen generated by the dehydrocyclization
reaction. Suitable aromatic hydrogenation processes are well known in the art and
typically employ a catalyst comprising Ni, Pd, Pt, Ni/Mo or sulfided Ni/Mo
supported on alumina or silica support. Suitable operating conditions for the
hydrogenation process 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'.

[00146] Partial hydrogenation to leave one or more olefinic carbon-carbon
bonds in the product may also be desirable so as to produce materials suitable for
polymerization or other downstream chemical conversion. Suitable partial
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 Lay0:-ZnO. Homogeneous noble metal catalyst systems can aiso

be used, Examples of partial hydrogenation processes are disclosed in US Patent
Nos. 4,678,861; 4,734,536; 5,457,251; 5,656,761; 5,969,202; and 5,973,218, the
entire contents of which are incorporated herein by reference.

[00147] 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™.

[00148] This disclosure will now be more particularly described with reference

to the accompanying drawing and the following non-limiting Examples.

[00149] Refermring to Figure 1, the drawing illustrates a simplified design of a
dehydrocyclization reactor system for converting methane to aromatics according

to one embodiment of the invention. In this embodiment, the dehydrocyclization
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reactor includes two series-connected moving bed reactors, 11 and 12, in which
particulate catalyst is cascaded in one direction from one reactor to the next
adjacent reactor in the series, while the feed is passed through and between the
reactors in the opposite direction. The heated -catalyst flows through an inlet
located adjacent the top of the reactor 11 via line 13 and from which cooled
catalyst flows via outlet 14 located adjacent the base of the reactor 11 into the
reactor 12 via inlet 15. The catalyst flows out of reactor 12 via an outlet adjacent
the base of the reactor 12 via line 16. Methane feed 17 is introduced into the
( . reactor 12 adjacent the base thereof via line 17. The product and unreacted
methane flows out of reactor 12 through an outlet adjacent to the top of reactor 12
via outlet 18 and feeds to reactor 11 via an inlet adjacent to the base of thereof via
line 18. The final product is removed from reactor 11 through an outlet adjacent to
the top of the reactor 11 via line 20. Typically, the heated catalyst enters the
reactor 11 at a temperature of about 850°C and the cooled catalyst leaves the
reactor at a temperature of about 600°C. Figure 1 pértrayé the zones being in
separate vessels however the two zones may be located in a single vessel with
appropriate internals to maintain the two zones. One having ordin_ary skill in the
art understands that the reactor system may contain more than two cascade

moving beds, e.g., 3, 4, or 5 series-connected moving beds reactors or zones.

C 7_ [00150] One having ordinary skill in the art understands that the embodiments
discussed in this application do not represent all the possible apparatus or process
variations embodied by the present disclosure. In addition, many pieces of
equipment and apparatus and certain processing steps may be needed for
industrial, commercial or even experimental purposes. Examples of such
equipments and apparatus and processing steps are, but not limited to, distillation
columns, fractionation columns, heat exchanges, pumps, valves, pressure gauges,
temperature gauges, liquid-vapor separators, feed and product driers and/or
treaters, clay treaters, feed and/or product storage facilities, and processes and
steps for process control. While such equipment, apparatus and steps that are not
needed for understanding the essence of the present disclosure are not shown in
the drawings, some of them may be mentioned from time to time to illustrate

various aspects of the invention. It is also noted that some of the equipment may



29% 900 0% 20% 71% 37% [00154J It is understood that different
cat al yst wppmogrdsions, the use of co-feeds (CQ2. CO HXCT/@d307/602563
et hane, propane, etc), different operating pressures, and/or
di fferent space velocities nmay change the selectivity and conversion
nunbers but that, while the exact |evel of inprovenent denonstrated
by the present process may change, the directional inprovenents
obtained by the process will still be _gghieved. In addition, it is to
be appreciated that, as a basis for thé“nodeling cal cul ati ons
di scussed below, it is assuned that the nethane feed to the reactor
was al ways &eheat ed to the sanme tenperature (600C) and in_all cases
a nomi nal fleeplaced at differentplaeeson the Pritess gepensding: on Hbe condions eff the t
was al so uzflgcgsiesa basis that the catal yst supplied to the noving bed
reactor systens was namintained at the sane tenperature (850C). The
quantity of [(003SH ysTher folfowvirgdExampies adedhtentidd ® illaspate dicnwo kesbenefits
cal cul ated f each reactor. configuration; that is the quantity of
cat al yst wa® 'CEPEFS ¢ ¥Ht the hot catal yst provided 100% of
the energy requi(gd tempRAkd tfi6dicalidotiony:6 R uded fictih \WEldokaSand
provi de 100% of ﬁe ene?ﬁ? r%ﬁ?;ﬁd foreﬁg‘e endot h%r%% C reactions.

if (-]

For si npl i cipgsgased produ wreducty Gepzane; todyeng) anchaphthalene).y,

thermal dif v : LSS Vi _ -
ol ow ng TXETctigh Yn 89Ke RICRRF 18716 Sl bnd €PN GORPRET buikidifon and
or oper t i es mededionrindeactivationtaie phike catalystt2 - Table 2: Model
Cgf” aneters  Cat a&b¥5t ﬁg&&deﬁlc%ta%ﬁscﬁxlaﬁég Q'ates which will reduce the attrition

rate of the catalyst as well as reduce the erosion rate of reaction vessels, reactor

internals, transfer lines, and other associated equipments.

Example 1
[00152] Mo/ZSM-5 catalysts were prepared via impregnation of ammonium

heptamolybdate solution onto an NH,ZSM-5 support (having a SI/Al; ratio of 28)
via incipient wetness, followed by drying at 120°C for 2 hours and final
calcination at S00°C for 6 hours in flowing air. A nominal molybdenum loading of
2.7 wt.% (wt.% of metal based on the total weight of the catalyst) was targeted;
although minor variations in molybdenum loadings do not affect the conclusions
C obtained. Each Mo/ZSM-5 catalyst sample (after calcination) was pelletized,
- crushed and sieved to 30-60 mesh particle size. Catalytic testing of the Mo/ZSM-5
catalysts was performed in a quartz reactor packed to form a fixed-bed using
quartz wool supports.
[00153] Catalyst performance for methane dehydrocyclization to benzene was
performed at various temperatures using a 95 wt.%CH,-5 wt.% argon feed {argon
. is used as intemal standard) at a weight-hourly space velocity (based on methane)
of 1.2 hr''. All experimental data were obtained at 138 kPa-a (20 psia) and all
modeling was also performed at the same pressure. The reaction effluent was
analyzed using a mass spectrometer and gas chromatograph to determine the
methane, benzene, toluene, ethylene, naphthalene, hydrogen, and argon
concentrations. The rate of coke deposition on the catalyst (i.e, heavy
carbonaceous deposit which does not volatize from catalyst surface) was



kg/'m8 Catal yst Heat Capacity 1262 J/kg-K Catal yst Ther nal
Conduct i visigy2007/dbey1m K Cat al yst Thermal Diffusivity 226 19&11?652%0%7563
Catal yst Surface Em ssivity 0.85

-40 -

determined via carbon balance. Additional data were obtained at two temperatures
(750°C and SOO°C) with H, added to the feed at 6 mol% and 20 mol%
respectively. For the purposes of these examples the experimental data were
consolidated to two values Selgrw and Selcowe. The Selpry is the average
selectivity on a carbon molar basis as defined by the sum of the moles of carbon in
the product present in benzene, toluene, and naphthalene divided by the moles of
carbon contained in methane that reacted. The Selcgy, is the average selectivity on
a carbon molar basis as defined by the sum of the moles of carbon that remains in
C - the reactor divided by the moles of carbon contained in methane that reacted. The
sum of Selptn and Selccx. does not equal to 100% due to the formation of other
minor products, predominately ethylene. As it is often difficult to obtain accurate
experimental thermodynamic conversion data, commercially available simulation
software (PROII/6.0 Copyright 2003 Invensys Systems Inc.) was utilized to
establish the value Convp. The Convp. is defined as the maximum
thermodynamically obtainable conversion of methane to benzene and hydrogen
(i.e the reaction set was constrained to just the reaction of methane to benzene
plus hydrogen so that there were no other products such as coke, naphthalene,
ethylene, eic) at a given temperature and 138 kPa-a (20 psia) pressure. The

experimental and modeling results are shown in Table 1.



* [00155] To all ow nodeling of various reactor configurations,
equat i onsypenge/ekdiai ned for Seam Sel coke and Convm by QE&RBEja@0ﬁﬁ§t
fit polynom al equations for the above set of data points;
poi nts where H2 was included in the feed were not included in the
cal cul ations of the equations. The equations obtained and the R2
val ues are shown bel ow. Seim = (1.81818181818345E-10)T4 -
(5.41010101010501E-07) T3 + (5.880000000Q0377E-04) T2 - (2.78591414141
575E—01)T + 4.97583333333585E+01 R2BTN4 -9. 99810335105254E- 01 Sel o,
(-1.85878787878687E-10) T4+ (5.6228080808051 1E-07)T -
(6 21721666666349E-04) T2 + (2.99664027416883E-01) T -
5. 33408809523590E+01 R2coke = 9. 99958462971 7E- 01 COnvm =
(1.91428571428569E- @632 (8171428571 4283E-03) T +
433357142857135E- 01| ot =| 926855 ek Selad [WemesT i s

tenperature in degr=é§mEP n Eged ekanpl es, is the codfficient of
det er mi nati on whi chlcorfpar bsMolPh mht ed ar(ﬂgg)&%&j y-vallues, and
ranges in value fromO to fl. If it|is 1, fhere | a per|f ect
correlation in the S agy e Bl CENE ar T f B3 en the
estimated y-val ue ape—the—actdal—ytvalfe. extrene, if

the coefficient of jelﬁépm nat 0%n i b 88% hk 0-3%r okssBbn dquation is not
hel pful in predicting7aoy-\val g% T"legg%rs onoysed figge i s based on an
anal ysis of vari aI’ICE_—C}'g'S'OTT'].TUbb%I on dESJ/ TR s SSESSE

( T 750 6% 89% 3%
800 0% 68% 24% 23%
800 20% 84% 8%
850 0% 45% 46% 29%
900 0% 20% 71% 37%

[00154] It is understood that different catalyst compositions, the use of co-feeds

(CO;, CO, H;O, H,, O, cthane, propane, etc), different operating pressures,

and/or different space velocities may change the selectivity and conversion

numbers but that, while the exact level of improvement demonstrated by the

present process may change, the directional improvements obtained by the process

will still be achieved. In addition, it is to be appreciated that, as a basis for the

( modeling calculations discussed below, it is assumed that the methane feed to the
. reactor was always preheated to the same temperature (600°C) and in all cases a
nominal feed rate of methane of 100 kilograms per hour was used. It was also

used as a basis that the catalyst supplied to the moving bed reactor systems was

maintained at the same temperature (850°C). The quantity of catalyst required to

maintain this temperature was calculated for each reactor configuration; that is the

quantity of catalyst was calculated such that the hot catalyst provided 100% of the

energy required to heat the feed from 600°C to 800°C as well as provide 100% of

the energy required for the endothermic reactions. ‘For simplicity, it is assumed

that the catalyst thermal conductivity, thermal diffusivity and surface emissivity

remain constant. The following Table 2 lists the physical constants and catalyst

propetties used in the calculations.



R2 =1 SSTSST In the above definition, SST = E(Yi - 02, 349R = ath -
027 sisi wobBbs7/126802. That is, SST is the total sum of SHdR{8SH0758361 S
the regression sumof squares, and SSE is the sum of squared errors.
R2EI TN i s coefficient of determ nation for the Sel Bm correl ation,
R2coke is coefficient of determ nation for the Selcoke correlation,
and R2BL is coefficient of determnation for the Convm correlation.
[00156] These set of equations was used to calculate the yields that
woul d be obtained for various reactor ~ 3nf|gurat|ons where Yiel dum
was defined as Sel 504 x ConvEn, integrated over the tenperature
profile in the reactor system and Yi el dcoke was defined as Sel coke x

Convm_ integrated over the teable2:iModel Pdraneetess t he reactor system
Wiile it is regognized-and shown in the Tahle 1_that the byproduct

H2 i nproved t h¢Catapst Fladiclelehsityt i v i ty fof theWdwentilkgmtases, these
equati ons omttf 258 ViTy 1 nproyenen 0 TN ey provided a
conservati ve es ‘?legt @rg\gdyhp level 0 |m1E| pr’mnt"I"F*R the present
process woul d peatalysi@hermallwhetiityor R ser RedA or ( Cotapd at | ve)
[00157] UWtili zi V[fﬁi tions 1 POTT 20T riser
reactor with aﬂﬁﬂ 5 g tenper afu%zg \ a‘qu MR ot

t enper at ure of %ﬂﬁtﬁh@cpﬁwﬁw cat al ypt ciPsdblatign rate to

mai ntain an outTet tenperature of 8UUC was 3ZIT Kilograns per nour
(kg/ hr) based on the nom nal feed rate of nethane of 100 kg/hr at
600C. The frghje¥y Neroy vl $ndtiefing Vrahliott A bor WnBighiRtioh!, Ui sl =

(51% Sel coke =40%
obtained for Selpmn, Selcore , and Conver by obtaining best fit polynomial

ﬂ

equations for the above set of data points; the data points where H; was included
in the feed were not included in the calculations of the equations. The equations
obtained and the R? values are shown below:

Selpry = (1.81818181818345E-10)T* - (5.41010101010501E-07)T> +
(5.88000000000377E-04)T? - (2.78591414141575E-01)T +
4.97583333333585E+01

RZsm = 9.99810335105254E-01
Selcoke = (-1.85878787878687E-10)T* + (5.6228080808051 1 E-07)T? -
(6.21721666666349E-04)T? + (2.99664027416883E-01)T -

C’ - 5.33408809523590E+01

R%coxe = 9.99958406639717E-01
Convpy, = (1.91428571428569E-06)T2 - (1.81714285714283E-03)T +
4.53357142857135E-01

R2p;, = 9.99955208049633E-01

where T is temperature in degrees C,

In all examples R? is the coefficient of determination which compares
estimated and actual y-values, and ranges in value from QO to 1. If it is 1,
there is a perfect correlation in the sample - there is no difference between
the estirnated y-value and the actual y-value. At the other extreme, if the
coefficient of determination is 0, the regression equation is not helpfil in
predicting a y-value. The version used here is based on an analysis of
variance decomposition as follows:



Yi él dsTN = 12% Yi el dcoke = 8.9% AM : atom = -50C (negative 500);

ATcat ai yayo300p26sianegati ve 50C); - 44 - wherei n ATReggriR%0d7507563
defined as the product outlet reaction tenperature (i.e., the |ast
tenperature at which catalytic reaction occurs before the hydrocarbon
product | eaves the reactor system mnus the hydrocarbon feed inlet
reaction tenperature (i.e., the first tenperature at which catal ytic
reacti on occurs when the hydrocarbon feed enters the reactor systen);
and wherein ATcatal yst is defined as t'ﬁé"tenperature of the supplied
catal yst mnus the tenperature of the exiting catal yst Fi xed Bed
React or (Conparative) 1001581 Perform ng nodeling of the potenti al

fi xed bed corrpari#' ve S&irpl e res9fed in even poorer performance
than with the traRspo TFiker tor because in the fixed bed
configuration the entiY#Theat of ction had to be supplied by the
met hane cont ai ni hgthetabeeerd¢finitio®, no novi ng catal yst was used to

supply heat to t reagt+o0n zZang Ther Le, téhe fhixed r eacigor
'reggi ¥ed t hat thga%‘st’h %ﬁﬁisﬁ?ﬁg?tzg‘lﬁ‘ﬁéﬂ)t S;%"_h THih-
tenperature nuch greateft than the desiréd outlet tenperature of 800C,
t her eby resul ti nThatis,a83rds gertotabgim bstirafel, SShigthe egfesfidn @hm-030C or
more negative_ Ceqmostpshd 5SSy id titeslin 6Psduatéddindoesl Beds) [ 001591 Simil ar
to what is showng,en Eigure .1: this Exanple is f 2 cascaded fluid
‘beds. By cascadel Wd?%oeggﬁlghﬁ?ﬁiege n?ﬂ%‘?’erg%%‘r"% WP, ore
reaction stages BPc.dseseflipienedf degeratinatiohffor tetSel gpproraktiogandi t h

particul ate catalyst. noving fr one sta o the next _.and
(hydrocar bon gas h’[ﬁH‘ﬁ&#BﬁPb@%ﬁ%@aWB%gﬁé‘e@ﬁvﬂ?PW%@‘OGFrecti on
opposi te t hppisé] t Mhes@bet! SfdquaBMeWa usedtol datulas thes Vildsahfdwbald Heno

cascaded fluidjz beds of catal yst, the fjrst bed was qperated_ at
731C and thé’t?é‘ BEgui AR &O &‘&3%?“58‘@5‘?5? Yigldape yas F‘E&“@a‘lsﬁ%)w

ci rcul ati onk r@édvp)asitegRAME @ el Thd Ishphatulé pRofllel BE the FedckdNsysith! | 4nd
were inproved: Selani = 81% Sel coke_= 13%
Yieldcoe was defined as Selcgk. x Convpy, integrated over the temperature profile
in the reactor system. While it is recognized and shown in the Table 1, that the
byproduct H; improved the reaction selectivity for the inventive cases, these
equations omitted the selectivity improvement so that they provided a
conservative estimate as to the level of improvement that the present process

would provide.

C \ Transport or Rise:r.Reactor (Comparative)

[00157] Utilizing the above equations for a transport or riser reactor with
adiabatic declining temperature with an inlet temperature of 850°C the required
catalyst circulation rate to maintain an outlet temperature of 800°C was 3211
kilograms per hour (kg/hr) based on the nominal feed rate of methane of 100 kg/hr
at 600°C. The following yields and selectivities were calculated:

Selpm = 51%

Selcoke = 40%

Yieldsy = 12%

Yieldcoke = 8.9%

ATReaction = -50°C (negative 50°C);

ATcautyst = -50°C (negative 50°C);



Yield am = 18% Yi el dcokc = 2-8% ATReact i on = - 45 - ATcanyst = -119C
(negati veyd i&hzssepscaded Fl uid Beds (3 Fluidized Beds)PC%%ﬁ%g{]ﬂk(i}h
al'yst, e

the case sinulated for three cascaded fl uidized beds of cat

first bed was operated at 690C, the second bed was operated at 753C
and the third bed was operated at 800C, the catalyst circulation rate
was reduced to 1020 kg/hr and the reaction results were inproved:

Sei sn? = 85% Sel coke = 10% Yi el dBm =19% Yi el dcoke = 2. 2% ATRa, ctir",

= +110C ATcataysi = -160C (negative 16&&) .

wherein ATgeaciicn is defined as the product outlet reaction temperature (i.e., the
last temperature at which catalytic reaction occurs before the hydrocarbon product
leaves the reactor system) minus the hydrocarbon feed inlet reaction temperature
(i.e., the first temperature at which catalytic reaction occurs when the hydrocarbon
feed enters the reactor system); and

wherein ATcualyst is defined as the temperature of the supplied catalyst minus the
temperature of the exiting catalyst

( ) Fixed Bed Reactor (Comparative)
[00158] Performing modeling of the potential fixed bed comparative Example

resulted in even poorer performance than with the transport or riser reactor
because in the fixed bed configuration the entire heat of reaction had to be
supplied by the methane containing stream (since no moving catalyst was used to
supply heat to the reaction zone). Therefore, the fixed bed reactor required that the
methane containing stream had to be heated to a temperature much greater than
the desired outlet temperature of 800°C, thereby resulting in a larger magnitude
AT; that is a AT of -60°C or more negative.

Cascaded Fluid Beds (2 Fluidized Beds)
C’ - {00159] Similar to what is shown in Figure 1; this Example is for 2 cascaded
- fluid beds. By cascaded fluid beds it is meant that there are 2 or more reaction
stages or zones operating at different temperatures with particulate catalyst
moving from one stage to the next and hydrocarbon gas moving from one stage to
the next in the direction opposite that of the catalyst movement. In the case
simulated for two cascaded fluidized beds of catalyst, the first bed was operated at
731°C and the second bed was operated at 800°C; the required catalyst circulation
rate was reduced to 1367 kg/hr and the reaction results were improved:
Selern=81%
Seleoks = 13%
Yieldgmy = 18%
Yieldeoke = 2.8%
ATReaction = + 69°C



" Cascaded Fluid Beds (4 Fluidized Beds) (00161) In the case sinulated

for four wesoewded1il ui di zed beds of catalyst, the first ppeAisYRS/007563
operated at 669C, the second bed was operated at 723C, the third bed
was operated at 762C, and the fourth bed was operated at 800C, the
catalyst circulation rate was reduced to 900 kg/ hr and the reaction
results were inproved: Selam = 86% Sel coke = 9% Yi el ds-TN = 19%

Yi el de = 2. 0% ATReaction = +131C aTeat 5yst = -181C (negative 181C).
Cascaded Fluid Beds (5 Fluidized Beds) T00162] In the case simulated
for five cascaded fl uidized beds of catalyst, the first bed was
operated at 655C, the second bed was operate at 703C, the third bed
was operated at ATeuysi=hel 198U (négatieell 1¥C)operated at 767C, and the
fifth bed was operated at 800C, the catalyst circulation rate was
reduced to 838 kg/hr and the reaction results were inproved: - 46 -

Seim = 87%Ca&aded FlnidBeds (3 Fluidized Beds)
[60160] In the case simulated for three cascaded fluidized beds of catalyst, the
first bed was operated at 690°C, the second bed was operated at 753°C and the
third bed was operated at 800°C, the catalyst circulation rate was reduced to 1020
kg/hr and the reaction results were improved:
Selprn = 85%
C Selcoke = 10%
Yieldgm = 19%
Yieldcoke = 2.2%
ATReaction = +110°C
ATcaalyss = -160°C (negative 160°C).

Cascaded Flnid Beds (4 Fluidized Beds)
[00161] In the case simulated for four cascaded fluidized beds of catalyst, the
first bed was operated at 669°C, the second bed was operated at 723°C, the third
bed was operated at 762°C, and the fourth bed was operated at 800°C, the catalyst
circulation rate was reduced to 900 kg/hr and the reaction results were improved:
(—‘ Selgty = 86%
B Seleoke = 9%

Yieldgy =19%

Yieldcoye = 2.0%

ATgreaction =+131°C

ATcatayst = -181°C (negative 181°C).

Cascaded Fluid Beds (5 Fluidized Beds)

[00162] In the case simulated for five cascaded fluidized beds of catalyst, the
first bed was operated at 655°C, the second bed was operate at 703°C, the third
bed was operated at 737°C, the fourth bed was operated at 767°C, and the fifth
bed was operated at 800°C, the catalyst circulation rate was reduced to 838 kg/hr

and the reaction results were improved:



" Yi el dErn4= 20% Yi el dca. = 1.8% AT = +145C ATc, atai yst = -195C
(negati vava9a@1268100163] As illustrated by the above expopusmo0ses
reaction zones achieve better results, although it wll be
appreciated that the reaction systeminvestnent will increase with
i ncreasi ng nunber of zones (or stages). There is optinmm nunber of
zones (or stages) which depends on the econom c of the process.
Exanple 2 [00164] Based on the nodel @redi cted advant ages for an
inverse tenperature profile, a |aboratdry scale unit was constructed
to validate the nodel results. Wiile the nodel was oriented toward
operation of the reaction systemas a cascaded fluid bed, the
| aboratory react SBelsmas 83% i xed bed of catalyst with an inverse
t enperature prof$ ed by use of external heaters. In all cases
t he experi nent al 'f/lc‘ﬁbrsgg?/ed conversions fell bel ow the nodel
predi cted conver YisMsn =20% nay be due to | aboratory scale
experi nent al art'ﬁg&;ﬁ il:%h as bed bypassing and or/back m xi ng due
to the hydrodyna %n which the lab scale reactors oper at e.
[ 00165] Mo/ ZSM SAqact.a{%*‘yt was prepared via ball mlling of 7.5 wt% M
(Wm % of netal based on the total weight of the catalyst) as Mb03 with
NEZSM 5 support fhewivad -349%i0 @egativer 195°6). 25) for 2 hr, followed by
calcination at 500C for 5 hr in air. The catal yst was peI |l etized,
crushed, and sieved to 20-40 nmesh particle size. Catalytic testing of
éhe Mb/ ZSM Botéi]al yst 1lma-atpdrtﬁso|thmdbow exdmples] rhert rpaatidry zomcaahleve
W th an innger, :ila er.of bed, | bout .18 .cm
Guart s par nrebSRTE, A el WHERS afbrafiton S8t e RpcB Hhord EfRepmii
beds were tidl améem;lh hncrpma@a}msat af yohepdof slages)c Thber isnsjtinmne
dehydrocycliz enzene pger med, usi n 95 vol % CH4/ 5
Vol Y6 A1 ety S porka oL SRESAB i foRp s i the Sedppritc o HARIPRS. Al
experinmental reaction data was obt ai ned at 20 psia (138 IcPa-a). The
reaction effluent was anal yzed using a nmass spectroneter to determ ne
pr oduct corlexample ong [ 00167] Ten separate catal yst performance
experi ment opes4} C HAGME bR Ghd %od%PB%idt&PdeahEhg@ls lfor© XD G PR e fhpiRure
catal yst was activated by heating in 15 CH4/ 80 vol %H2/§ vol %
Ar at 5C nipiofils, gobbomtryhwsale not fas gmsmlﬁtedm waligate thel medeldresylts.
aging the “,Eﬁfa
i denti cal ?‘gﬁl k %Fé tﬂé\eﬁ‘iégx‘g%ér:}l’%ﬁt%g G ﬁbéégg?{%n&gg%@ 'F'ggs??éz*lsz
m nut es at cag@ded fhd bed) ﬁbeddbbﬁtqrplr%mr wag G ﬁkedlbddmfoaalmntwiﬂnanl y

I t VHS d Cl1 h
cons: st e oF T (ERAIREP PO TR B 50 A GRRIE e, AT s e
tinme, then e&pa’amagabﬁbhsdr@etﬁ&ﬁﬁe(simis&bll beltsy the Ithélfprétﬁctﬁil Bonversibigs.

ts diff d t h t
(1an i 55 VPSAERAP S IP IR P BL PO os RIS SFBH FEFHE PRLPRATE

sixth cycl endesbask| midieg due wotheahnirbmaniit aefimein aatiah tbé 1ML dcale
t enperature aLi):rofl le at different space velocities. In particular,

experi ment §° WQIEOBERE: o run at WHSV val ues varying between 0.25 and 8
hi! with bggoiss) noMzZSMES chtaBkiWadBlepared $id bANMiiEhg 3096 wd%lMo vrt;/:\;/

contrast, experl ITEI’]tS 6 to 10 were_ run over the sane range of

val ues but ohimstalbasedof thy: iataleweighh of dhe P@#b@'r’)a%?@cbf with o SMRhR
feed inlet st @ b 4 $i7AD Srﬂqjt:ﬁsf 253%1' Thr(fomﬂ?ﬁ& Wgtcgf&]ﬁﬁl@ﬁld{ 90(%°C for

profile). sunmmari ze e catal yst per nce results tor the
ten experi ﬁghmg aify Tha gatalyst wiap pellgfiged, cngshed, and sieved to 20-40 mesh particle

size. Catalytic testing of the Mo/ZSM-5 catalyst was performed in a fixed bed
quartz reactor with an inner diameter of 7 mm and a bed length of about 18 cm.
Inert quartz particles (20-50 mesh) were used as a bed diluent so that all beds were
the same Iength.

[00166] Catalyst performance for methane dehydrocyclization to benzene was
performed using a 95 vol% CH./5 vol% Ar feed (argon was used as an internal




" [00168] The results in Table 3 show that there was a cl ear advantage
for oper o ng7/de8iy an i nverse tenperature profile whi chpdPBERYREH7563

I nst ant aneous selectivity at nost space velocities for shorter
operation tines and consistently acted to prolong selectivity to
benzene over |onger operation tinmes. This allowed for greater

cunul ative production in conparison to an isothennal bed at all space
velocities. -48- - 49 - [00169) As illustrated by the exanples; the
present process enabl es the conversi on?bf met hane to hi gher

hydr ocar bons, e.g., aromatic conpounds, at reduced

agi ng/ mechani cal -attrition catal yst | osses, inproved operability, and

hi gher sel e@umy All. xperimener rexotien aaisewast bswaingd Q¥ i20Usdiy (PI®RPEEY
processes, erfor m ng reaction in a series of react I on

zones wit h TAIR FsagoR é"%]%%e\”%‘-‘t dralypedusing; aymass specometes: gy detoamiag,

W th a progesfuct Bbflentr8@lsi On tenperature lower that the process gas
outlet reaction tenperature - inverse of the tenperature profile one

woul d nat ul@#67] acRee\ssparate eaialysidperfomrange rexpenimonts weng conducted) for
achi evi ng | | o
reactors w ca%a’tfyfsg{m?rgxl ng kmﬂll\%a“rr;%l%tt%ﬁéhgﬁv%%?gp 3&1:%?9%%5816/
at top of (&M&mvo%ﬂz&va%mmw@ﬂnmmmd hm:llag)fet 30 enimy €This
from bottom of, aclor seri.es. S.intro at _hottom
oot o & oRa8 Pl BY Bk iR B i S CPY LSt SR R anf P dion gl
@erl es so ﬁdmhc:lut foraill amt &iﬁeﬁﬁwﬁ&bt asdchmaéticmn?e«gfnehhmscat 20 ysihugs at he
rocess ga e er a ta of t resent rocess
I ncl ude: Bofe %Sé‘&’? éﬁf{a % {Wg?%]?tfggﬁli I’weﬁé\ﬁl P’? lopity
exposure t pWHSIN) bAR ShATHY. CE4A reertirtRih @Emeﬂﬁ&nguieh%f stvﬁféﬁﬁfgatblliz,
due to the mversedterrperature proflle Is the reactor system

has a hydr beatingdn &FACivithea 10 mint hold wmwoeheg padieto $005€ (tcne! time
hydr ocar bo BnQﬁsofolullxhﬁ{ TR teh QRp&EHBRE %iﬂ&!r@d onily }‘n%&? sBth }&ﬁﬂon cycle

tenperature profile one woul d natural achieve Tor an_endothermc

reaction; Wwhich waggn imR$ vpl¥e r(éﬁdél"@l:%l&ﬂ fepd donit BoursonGenditions fadhe o
the inversgdyd anpe efecladb are the effeétg bt f%\ﬁtcﬂeﬁq?rﬁ %Eﬂn\% Pﬁu(i)illﬁ

fiexibilities, “such as nore rea | Ve Speci es
subst anti akd gaﬁermt epaienglacitiecsoHn pfanmdaan expehiaratssietoof wene nimatWVEISY

t t fil h all gLact

oo ef | cokIEnaras eyt 05" Snd "F S SR A BERE HERT 8t isothgrmel o
to be mai nt:@‘ldi@@hs it 800Y0! elnhysHREE lexpeiiests \d fd)[m&ﬁtre i iceBr Bedsiess
(oY h¥ni m 2gg of ST wilice St vl i SO0 L G RBRHES Of 65 Pl
surfaces biheedinétts SO0 htthe pRRMCPOM et Qﬁ'@fn@é wm;fbrﬁ&%mﬁ&@ Yorgbletsne

eat
6 summarizes the catalyst performance results for the ten experiments during

reaction cycle #6.

[00168] The results in Table 3 show that there was a clear advantage for
operating with an inverse temperature profile which improved instantaneous
selectivity at most space velocities for shorter operation times and consistently
acted to prolong selectivity to benzene over longer operation times. This allowed
for greater cumulative production in comparison to an isothermal bed at all space

velocities.



- 50 - required for heating the process gas fromreactor inlet tenperatures
to outlet tenperatures and the heat required for the endotherm c reactions
by dire ing the process gas with hot cat al ystpeyids i

nmet al | uﬁ@yﬁ)@?ﬁ%}é (g) adding catal yst conti m}’&}@éfb%&’g%?set

cat al yst agi ng; (h) inproving energy efficiency (like a counter
current heat exchanger) by reducing-ggtal yst circul ation requirenents

t her eby reducing size of associ ated hardware and catal yst attrition; and/or
(i) mnimzing product entertainnent with exiting catalyst. [00171] Wile

the illustrative enbodi nents of this disclosure have been described with
particularity, it will be understood that various other nodifications wll
be apparent to and can lye-reagrtyym * t hose skilled in the art w thout
departing fromthe spirijt lajd{s¢opelo ig invention. Accordingly, it is
not i ntended that-ﬁt he, elof {hg tlgi ppended hereto be limted to the
exanpl es and descgi pt§ sqt [forghih ifn out rather that the clains be
construed as enco 11 éh £ gfof patentabl e novel ty which
reside in the pre5d¢ntm il AL all features which would be
treated as equival ents tjhdréo yfthops Kij led in the art to which this
di scl osure pertaips. "g?, - AlMp L. pprljodess for converti ng net hane to
hi gher hydrocarbog@)gi udi mgtajofm}ilc thyjdrocarbon(s) in a reactor system
conprising at |eagtgf@rqt fafdi{secpngl feladtijon zones connected in series, the
process conpri si r@:§@§) priovi di pgjtp s i d rleactor system a hydrocarbon
f eedst ock cont ai n@n’@ﬁett&ﬁ;;ﬁ_ SIRIBI\A | to said reactor systema
catal ytic parti clraw & mgegaig 2212 =2|2ie|e
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(c) nmoving the bulk of said catalytic particulate material from said
first rewgrioonzsene to said second reaction zone and nmpJTAGS2bEROREEK
of said hydrocarbon feedstock fromsaid second reaction zone to said
first reaction zone in the direction opposite that of said catalytic
particul ate material nmovenent; (d) maintaining said reaction zones in
a noving bed fashion; and (e) operating each of said reaction zones
under reaction conditions sufficient 'Eggconvert at least a portion of
said nethane to a first effluent conprising said higher
hydrocarbon(s); further characterized in that the catalytic

particul ate material enters the reaction zone at a tenperature of
about 800C to about 1200C and exits the reaction zone at a

i 1 Fer ance 101 6Re &, HRlelod B e, Prisopciit B, ERSehtpRioetd BAHAL 8
zones bei ngonaversioassf wieliife 3. Highep hydwsarbonsi ¢.g0 dromatiaicomboundgrazi n
connect ad (THLHR | SEnGRRIAIFA-HHOR. SHIEVSo ARt ( BIRIOY G CRERBEIY e

process regj sé1Bctiifk e, Lowdh Goké ialRe th&PPRYIoBEINDresuiad BidcBsbes, by
unreacted nethane fromsaid first effluent” and récycling said |
unr eact ed met ha® t o peafosmingsreactinn WbAssties of gaction] zomefewith Allcinyerse

recited int&hgérye#}e fesitﬂaﬁﬂddfriza{&ar e SR CR 'é&smgﬂ&&gﬁ&
and the process further conprises (1) separating at least part o
ai.d hydr ogunpdratyrg loavey that itha profeys gas outiet readtionrtempenamye ainvessexef therr t

of said hy gr&- | ' ) - L1
speci e(s) ?éo %r 0('1‘&'r alfegéé%o%éjﬁlg%]?ﬁ%;el!# aﬁlﬁéﬂr%p%l%r%%g%é%? %e%#%ﬂgﬂéﬁnd
cont ent conpar e®)wi t lachiziviigf invstseepridfile ity ublizifigea pedeesyd mewingetied n
claim4 and furthe rising recycli i,d.second.effluent. to .
G A R oteabltd 8 SRR Bolhe! SRR tibe SSARAT sRidIER bt b, bP)
oper at ed ateagtegUpearidsi midakdgrd tumbeaatiry catlyat rdnfaet florf bottonest fehetor
m ni mum f 1 ui di Z}Li n velqcit 5@6 roFess recited,in claiml, wherein
Sai d react FOIES, dired 15 nirodipadathptioln of teactor pories and fiow cqugtersyrest to
| ess than thelyehptelrtadi®iierieesh L it¥BhRtBIthE Réitedt féttibA oPafk catileht at

0

fraction bel ow 95 vol . %
the process gas outlet.

0%

[00170] Other advantages of the present process include:

(@) extending catalyst life by minimizing catalyst exposure to hiéh
temperature for 2 given process outlet temperature due to the inversed temperature
profile, that is the reactor system has a hydrocarbon gas inlet reaction temaperature

C o lower that the hydrocarbon gas outlet reaction temperature - inverse of the
temperature profile one would naturally achieve for an endothermic reaction;

(b) maximizing selectivity and/or conversion due to the inversed
temperature profile;

(©) providing operating flexibilities, such as more reactive species
(Cs1) in feed, without substantially increasing in coke formation because of the
inversed temperature profile, which aillows the feed to contact the cooler/coked
catalyst first;

(@) enabling the hottest catalyst to be maintained in a more hydrogen
rich environment, which reduces coking rate on the hot and/or freshly regenerated
catalyst;

(e) minimizing feed preheat requirements and coking on heat transfer

surfaces by providing greater than 50%; preferable about 100% of the heat



" 8. The process recited in claimi1, wherein (a) further conprises
suppl yi ngvéd @03abed11 eact or system a non-catal yti c parti CRCRU2007/007563
material. 9. The process recited in claim8, wherein the nass ratio
of the total flowate of said particulate material (catalytic
particul ate material plus any non-catalytic particulate material) to
the flowate of said hydrocarbon feedstock is fromabout 1:1 to about
100:1. 10. The process recited in claim1, wherein said reactor zones
are contained within one or nore cold-wlll reactors. 11. The process
recited in claim1, wherein said reaction conditions of each reaction
zone are non-oxidizing conditions. - 53 - 12.The process recited in
claim1, whetgeired $or Heatirgctheoprocessdpss 6om edackmcinlet dampeaturdd ke outlet

i ncl ude a te erature f abgut 400C o, about 0C, ,a re.ssure of
about 1 kPaFEPFREEY A R‘F‘a"?&l“‘ dfex gvﬂ%%rmw haes Ryedyert y
of about O0.Qhtdeeh mﬁb%gw%hlmbam% The process recited in claim
1, wherein said reactl on conditions of each reaction zone are
sufficient to co(ﬂ/ertﬂ%‘llgqﬁéaﬁe@htfsvaﬂsu% 5 wt.%of said nethane to

said aromatic hy, a%fpﬁ,gé AN L O Zones.

14. The process r te é%a?&r‘%%ﬁnwr e’Fn saélaggaéﬁal?%fa%l ¢ particul ate

. material conpri s@f} a nmrawngrenagymﬁﬁadmyr{dakeafcoumeamrrm hgztreixchanger) .

support, erei,n .sai d catal yt.i arti.cu | .co es at

enbt one o TaRo B AR Brkefeh Faibent maRhS Fofisufitates b ftafed,

t ungst en cdipdwae and catahet aedgolyadd/oand a rheni um conpound on ZSM 5,
num oxi de. 15.The process recited in aim1,

silica or an al uj
wher ei n sai d hyo&%car’ﬁ‘ﬂﬂml’@%@wt?‘ﬁ'ﬁﬂ%’?@dﬁﬂ??’?g@gﬁﬁa‘{y@ast one of
Cx2, CO, Hzoot9. whi(2«hé VitlaseaivioBmbpdiments of this disclosure have been

described with particularity, it will be understood that various other modifications

will be apparent to and can be readily made by those skilled in the art without
departing from the spirit and scope of this invention. Accordingly, it is not
intended that the scope of the claims appended hereto be limited to the examples
and descriptions set forth herein but rather that the claims be construed as
encompassing all the features of patentable novelty which reside in the present
disclosure, including all features which would be treated as equivalents thereof by
those skilled in the art to which this disclosure pertains.



16. The process recited in claim1, further conprising: renoving at

| east a portion of said catalytic particulate material fromsaid
reactor system and (g) regenerating at |east a portion of the
renoved catal ytic particulate material under regenerating conditions;
and (h) recycling at least a portion_gf_the regenerated catalytic
particulate material to said reactor system 17.The process recited
in claim16, wherein said regeneration conditions conprise a
tenperature from about 400C to about 750C and a regeneration gas
conpri si ngLAXMSen. -54- 18. The process recited in claim17, wherein
sai d regeneration gas further contains carbon dioxide and/ or nitrogen
such that the oxygen concentration of said regeneration gas is from
about 2 wi.. % tA padxesst fakCGontverfing hithbhe tg hiphers Bydrecarbands)i incladiag rrduatic
wherei n said regene at%gn condij ti ons conpr.i.se

tenperature from.,
about 800C t o HHBGEPPBGHE &AL SEFNEP Paﬁgggéﬂa&t fr 31 ﬁ*"rfj‘”l‘f{x’&?‘?}{j’&n.
20. The processzoﬁ@scdohﬁsbtédﬁn@bﬁésmhé?aracegstcbﬁ@rigiagpri sing: (f) renoving

at least a portion of said catalytic particulate nmaterial fromsaid
reactor syst erf providing to said reactor system a hydrocarbon feedstock containing
methane;

(b) providing to said reactor system a catalytic particulate material;

(c) moving the bulk of said catalytic particulate material from said first
reaction zone to said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first
reaction zone in the direction opposite that of said catalytic particulate
material movement;

) maintaining said reaction zones in a moving bed fashion; and

(e) operating each of said reaction zones under reaction conditions sufficient
to convert at least a portion of said methane to a first effluent comprising
said higher hydrocarbon(s);
further characterized in that the catalytic particulate material enters the
reaction zone at a temperature of about §00°C to about 1200°C and exits
the reaction zone at a temperature of about 500°C to about 800°C, with the

total temperature difference of the catalytic particulate material across the

reaction zones being at least -100°C.

2, The process recited in claim 1, wherein said reactor system comprises at least one

further reaction zone connected in series with said first and second reaction zones.

3. The process recited in claim 1, and further comprising separating unreacted
methane from said first effluent and recycling said unreacted methane to said

reaction zones.



(g) heating at least a portion of the renoved catal ytic particul ate
material to a tenperature at |east 825C, and (h) recycling at |east a
portion of the heated catalytic particulate material to said reactor
system 21.A process for converting nethane to hi gher hydrocarbon(s)
i ncludi ng aromati c hydrocarbon(s) in a,reactor system conpri si ng at
| east first and second reaction zones %6nnected in series, the
process conprising: (a) providing to said reactor systema

hydr ocar bon feedst ock containing nethane; (b) providing to said
react or sdist erite pradess secitel ipatdindy Wateimsidfiisadf{lue eomprises Aydrogen and
catal ytic partjcul ate erial provides greater than 50% of .the heat
equired for (15 PEe NRURermBentl REGr0E A sk Y of B Broeth Hoe
material fromsanl first efffifent 8A(H)i @ctiagNe 180t fat df S€d Hydrdgen Gdnd Baid A&
and noving the bul k of said hydrocarbon feedstgck fromsajd second
reaction zone Sfueshwath; xygen-FRIUpIRing $PHHE): toragdussanesend; ¢fuayibgving a

reaction ZPneﬁe&Re@hﬂﬂﬁg%%dﬁéh@&ﬁ&ﬁ&@@ﬁ@&@iﬁmté@pan(e)Operating each
said reaction zone undef reaction conditions sufficient to convert at

| east a portion of said nethane to a first effluent having said

hi gher hydrocagbon(s); further characterized in that the.catalytic
particul ate matlrFT o e L Lofyeling gid sgpond
about 800C to Hpast 1o1@P0C and exits the reaction zone at a
tenperature of about 500C to about 800C, with the total tenperature
difference of the catalytic particulate material across the reaction

zones bei 49 atTﬂc‘é;?rﬁ&esé 1086a i QCIai;ﬁh?, RhAEGSSid RRkdS zddds %éa-b?érgt@d at a
wherein said reactor systemconprises at |east one %urther eacti on
zone connect eduperfisiel gassvalwdity ofaat deafi 1.81 tianed tisemomaiumefhwitizammonz vabesty

(Umf) .

7. The process recited in claim 1, wherein said reaction zones are operated at a
superficial gas velocity of less than the velocity required for maintaining a solid

bed void fraction below 95 vol.%.

8. The process recited in claim 1, wherein (a) further comprises supplying to said

reactor system a non-catalytic particulate material.

9. The process recited in claim 8, wherein the mass ratio of the total flowrate of said
particulate material (catalytic particulate material plus any non-catalytic
particulate material) to the flowrate of said hydrocarbon feedstock is from about

1:1 to about 100:1,

10.  The process recited in claim 1, wherein said reactor zones are contained within

one or more cold wall reactors.

11.  The process recited in claim 1, wherein said reaction conditions of each reaction

zone are non-oxidizing conditions.



23. The process recited in claim?21, and further conprising
separating unreacted nmethane fromsaid first effluent and recycling
sai d unreacted nethane to said reaction zones. 24. The process
recited in claim2l, wherein said first effluent conprises hydrogen
and the process further conprises (i) sgeparating at |east part of
said hydrogen fromsaid first effluent or (ii) reacting at |east part
of said hydrogen fromsaid first effluent with oxygen-contai ni ng
specie(s) to produce a second effluent having a reduced hydrogen

cont ent cbhparBe mbtdss saited in clsim &f Whereintsaid2Bactibh eopditaesssl eaelciehetibni n

claim 21, wherein.s reaction es are a su erf| |a
gas velocity ozronﬁfncf‘ﬁig teqIpFFIuFg ‘fzdr‘%go tf‘t%b h(é?(ﬁ%‘?flﬁmof A RFFSHEG o outl
velocity (U). 12%-a thhdofdf DIDBIPalLehd @6hcight BbdiyRpdde vM&ﬁfy&iﬂhbﬁﬂ'(ﬂOl hr
reaction zones are operated at a superficial gas velocity of |ess

than the vel odPehoytd§0® ked for maintaining a solid bed void fraction
below 95 vol . % - 56 - 27. The process recited in claim2l, wherein
said catalytic particulate naterial conprises at |east one of

nol ybdenulB. t ultgsirecess edeitad inglaitn mrp\blyéaaﬁrsmmmwﬁip@uamtmstdmg&t Rhction

conpound, a zinc co nd, and a rheniumco n silica or
an al unmi num oxdoge arggl%yﬂelﬁr%ccéggerf Btrle%ﬁ\fgﬁafpﬁg "ﬁef?h"éﬁé‘ tBothang e said
hydr ocar bon('s)arbstdiedAct aPoRE hérbssHIERARRAIOBAbN 1-Bnd. T €act or system

conprising at least first and second reaction zones connected in
series, the process conprising: (a) prOV|d|ng to said reactor system

2o ocaon eRabRR.RIS) TR TR0, G B ChiRetfe it n

of said catal Woir@rieéy & nttd] adrecoiiotiid @lerdof @i aﬁlaindrgfahics@pp@@o&h@an z@ide
to said second reaction zone and noving the bul k of sal hydr ocar bon
f eedst ock fr orfelhitle RERGHAS realeRal SMPEE H deashione 1o maelybdsaimy Gssiehe;
(d) maintaini egidhdy FeAkiAn 45N ndRY| BRfdd! PSR Cnpdfl, and
mai nt ai ning sard reacti on zones W a superficial gas vel OCIty in

t he range from mhemumemponnd dnuZSle%xtsumor/ei duningny exdd.) to the

vel ocity required for maintaining a solid bed void fraction bel ow 95
vol . % (Ooperating each of said reaction zones under reaction

condi ti ongs, suffHeCpr@béss recited in claim 1, wherein said hydrocarbon feedstock further

comprises at least one of CO,, CO, Hj, H,0O, or C;+ hydrocarbon(s).

16.  The process recited in claim 1, further comprising:
63)] removing at least a portion of said catalytic particulate material from said
reactor system; and
(g)  regenerating at least a portion of the removed catalytic particulate material
under regenerating conditions; and
(h) recycling at least a portion of the regenerated catalytic particulate material

to said reactor system.

17.  The process recited in claim 16, wherein said regeneration conditions comprise a
temperature from about 400°C to about 750°C and a regeneration gas comprising

OXygen.



to convert at least a portion of said methane to a first effluent
havi ng sai d hi gher hydrocarbon(s); (g) renoving at |east a portion of
said catalytic particulate material fromsaid reaction zone(s); (h)
regenerating at |least a portion of the renoved catal ytic particul ate
mat eri al under regenerating conditionsg,including a tenperature of
from about 450C to about 750C; heati ﬁé at least a portion of the
renoved catal ytic particulate nmaterial and/or at |east a portion of
the regenerated catalytic particulate material to a tenperature at

| east 825[8. arthe proéeds redited ax philimnly, sthetegnstid segenerbiiongaof futthe dvatinesd
catal ytic partigul ate terjal to said.reaction zones; fin-ther .
charact eri zed ﬁaﬁbqflhgltoxr%ea%dé raF{;I[Og%n et :?IHEI th? Xt rcf”&‘fenﬁ?ltfoélr of 1spid
reaction zone rafendrdtioh By iatfivheatdlit 2hOUW toBBOE 10avtakout 1200C and exits
the reaction zone at a tenperature of about 500C to about 800C, with
the total tenperature difference of the catalytic particul ate
material apro eF;HSce{s??e%}técgﬂl c\jﬁ&e%, RsHeRSh 86 !r%?l?éraﬁoko‘%%diﬁ%gs corise a
process récited i'n clarm 23, erern sai d reactor sys‘iem conpri‘ses at
| east one furtth@peramactfron awoe §9ACert aboutn 12@°Ceandv 4 hreganethtibh r gds
and second reaction. zones. 30. The process recited in claim28, and
further conpricﬁ’m?&s’élgg'ﬁﬁ%f’%g unreacted met hane fromsaid first

ef fl uent and recycling said unreacted nethane to said reaction zones.
31. The process recited in claim28, wherein said first effluent
conpr i ses2thy dridgemossiretitel ipichaed s fuirthet dverprismgpr i ses (i) separating
at least part of said hydrogen fromsaid.fitrst.effluen .
reacting at Ie( st 65?1 Vl}é a{s)%f‘s aﬁfﬁ%%lg(gfnsa r%‘?ﬁ ystf'fl pd"rtﬁur?ast% mggep F’fufggr’l s\a/‘\llldt h
oxygen-cont ai ni ng spReireysymi o produce a second effluent having a
reduced hydrogen cqntent conpared w said first effluent. 32. The
process reci tga)i P%ﬂgrﬁtg%agpw‘\%‘?‘@il ﬁ%g’ﬁirﬁnﬁ‘ﬁpﬁa e Ragicratq malegal to a
material conprises ghpdgasdat 08 PhoDnbdenum tungsten, rhenium a
mol ybdenum conpound, ‘a tungsten conpound, a zinc conpound, and a

r heni um conpouht oneShag at kpstiacporen ahthgl heated watabxic particgite mptsrial to
process recited in ¢l.ali erein said superficial gas velocity is
mai nt ai ned from 1. (f%dfffa{r?te%%yﬁém'm ni mum fl ui di zation velocity (Unf) to
0.99 times the velocity required for maintaining a solid bed void

fraction bel ow 95 vol % . . . :
fl. A process foroconverting methane to higher hydrocarbon(s) including aromatic

hydrocarbon(s) in a reactor system comprising at least first and second reaction

zones connected in series, the process comprising:

(a) providing to said reactor system a hydrocarbon feedstock containing
methane;

{b)  providing to said reactor system a catalytic particulate material; wherein
said catalytic particulate material provides greater than 50% of the heat
required for (e);

(c) moving the bulk of said catalytic particulate material from said first
reaction zone to said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first
reaction zone;

(d) maintaining said reaction zones in a moving bed fashion; and



- 58 - 34. The process recited in claim28, wherein said superficial
gas velocity is maintained at greater than 1 neter/second. 35. The
process recited in claim28, wherein (b) further conprises supplying
to said reactor systema non-catalytic particulate material. 36. The
process recited in claim35, wherein _t:he mass ratio of the total
flowate of said particulate materi al ?catalytic particul ate materi al
pl us any non-catalytic particulate material) to the flowate of said
hydrocarbon feedstock is fromabout 5:1 to about 25:1. 37. The
process recitédd i n aerking 28ch ¢ reschon zong yndarerettpncennditions seffiofentetac h

reaction zone incl r : t '
pressure of about ;&%ﬁ@ éﬁﬁgﬁaﬁﬁlgqgﬁgﬁﬁ%@gﬁggﬁg fgrsﬁlea@g%%t ]lﬁglglgl Sf}l%
space vel ocity of didgher h@drOdarben(d); t o about 1000 hfl. 38. A process

f facturi tic hyd f t.h [ t
AR s I s S I R R

in series, the proGessiof @6 hiSd Rehpefatre BF SHHutlBO®C @ b8k 2008C LAd exits
system a hydrocar bon feedstock contai ni ng nmet hane; oviding to

.

sai d reactor systeﬁhfareé%ttoawwétqot&mpp@wfa@@bﬁﬁwpi’%_qab(ogg 8ORSG wigh thee
bul k-of said catal Xbtaf tehfBELahirt hﬁfe?em%?fﬂe%taiﬁﬁgﬂaﬁﬁhgté nbEhial JRASE "
t ul'k of sal

zone to said second reaction zone and novi ng

hydr ocar bon f eedst oedctibn eones deidgstleastdl (08@ct i on zone to said first
reaction zone, wherein said catalytic particulate material enters
sai d second reaction zone at a tenperature of about 800C to about

1200C andyexi t'ﬁwéﬁb&ﬁ ecaed iX eRGh PANWESRR Atd RalBIPRIR Yb8pHdes APl
600C to about 800C with the total teg?erature di fference o? t he

catal yti c par tangfihes rpgction izane eanmeefed irheeriee avéthiseid Hshandotsioonyl reaction

| east -100C;, - 29 - (d) maintaining said reaction zones with a
.. ZONES. A . . L. R .
superficial gas vélocity within a range fromthe m ni num fl ui di zati on

velocity (11) to the velocity required for naintaining a solid bed
void fraction below 95 vol.% (e) operating each said reaction zone
under rea® i onFheoPr@ress draiteduins ¢laimedd, apl @Bﬁ%ﬁ?ma{lsméégmar%tmgowwwdof

sai d methane to.f ki 5t &id RHEYRDAY RO r&hitheP L RhichrBy HAGAE RS ;

and
reaction zones.

24.  The process recited in claim 21, wherein said first effluent comprises hydrogen
and the process further comprises (i) separating at least part of said hydrogen
from said first effluent or (ii) reacting at least part of said hydrogen from said first
effluent with oxygen-containing specie(s) to produce a second effluent having a

reduced hydrogen content compared with said first effluent.

25.  The process recited in claim 21, wherein said reaction zones are operated at a

superficial gas velocity of at least 1.01 times of the minimum fluidization velocity

(Unns)-

26.  The process recited in claim 21, wherein said reaction zones are operated at a
superficial gas velocity of less than the velocity required for maintaining a solid
bed void fraction below 95 vol.%.



(f) recovering said aromati c hydrocarbon(s). 39. The process recited
in claim38, wherein said reactor system conprises at |east one
further reaction zone connected in series with said first and second
reaction zones. 40. The process recited in claim38, and further
conprising separating unreacted methagg_fromsaid first effluent and
recycling said unreacted nethane to sald reaction zones. 41. The
process recited in claiml, wherein said first effluent conprises
hydr ogen and the process further conprises (i) separating at |east
part of s&i-d hiker Bipeessf iesieds an cFlﬁfllFlrr%T whereige paid gatalytic) paredete ngatarial
| east part of o) t e

oxygen- cont ai ncl%n g{)%gf g%gf Otfn(E) %@rgrg)ﬁ g@%&@eglg%%}w u‘g&r}—t’ al{l/?lﬂkédegum
reduced hydr ogmmpounrd‘, @rttngstanrampdund, amr&auodlpbunds taneé b thanéimd codoundiva
process reci tm% L:L}a' m 381 wherein,said range is maintained from
1.01 times of P ER AT P vel ocity (U, f) to 0.99 tinmes
of the velocity required for maintaining a solid bed void fraction
bel ow 95 vol . % 43. The process of claim 38, and further conprising
cont act i n&-at A easressafgssonyating medung teuhighat hydrpgadbanéairineindisg avinedtica
feed contai n| t u [.or
Singl o i g anSANer pORGhILE PR e BEBANTh o A S ALk IRy
38, and furt hesonesorpnécsddng sexmtﬂletp'rdtgssa:bmh)ﬁaﬁg a portion of said

aromati c hydr ocar bon Wi th, Iat| ent to uce a_product
havi ng xyl ene((®) ‘%‘9‘1)118%?& rea?,t agl%’df‘%?ﬂ’@ e"‘dg@ e‘l‘H’é““ﬁ)‘chess

recited in claim 38netidper ein said fi rst ef fl uent conprises hydrogen
and the process further conprises (i) separating at |east part of

sai d hydrogen (PY ompseniding o spid xepetprgyatemay catalytic Hﬂéta‘@iﬁtm@la@tlall; east part
of said hydro S I n n
specie(s) to gr oduggcwﬁég}geo%‘éﬁ( #’ ?%gn#gﬁhaw atrﬁclﬁ%t)é Iga h?ilh éa[l]cg first
cont ent conpared eredatlemlzdnef for stid eécbhdjeﬂsabtlolﬂﬁoneTéaﬂ xpomng$lsa btﬂkldf agidi n

claimd45 further c rls recycling said second eff t
Co step () a7 ATbeabe? GriER, Fuet T ageBEn SHEOT 2O dec ity
a reactor system hqygcﬂgng(gne} east a first reactl on zone and a f mal

reaction zone connected in series, the process conprising: (a)
providing to 48} d mesimteigIgsidresstian Aoues e amesiebeddshivak cont ai ni ng

met hane; (b) REEVI QlAGaitheSBldhes RRE L0tes SR £MpRRB BhoNdisith i e GatlRt ©

mat eri al ;
from the minimum fluidization velocity (Une) to the velocity required for

maintaining a solid bed void fraction below 95 vol.%;

() operating each of said reaction zones under reaction conditions sufficient
to convert at least a portion of said methane to a first effluent having said
higher hydrocarbon(s);

(g)  removing at least a portion of said catalytic particulate material from said
reaction zone(s);

(h)  regenerating at least a portion of the removed catalytic particulate material
under regenerating conditions including a temperature of from about
450°C to about 750°C;

0] heating at least a portion of the removed catalytic particulate material
and/or at least a portion of the regenerated catalytic particulate material to

a temperature at least 825°C; and



(c) nmoving the bulk of said catalytic particulate material from said
first reaction zone to said second reaction zone and noving the bul k
of said hydrocarbon feedstock fromsaid second reaction zone to said
first reaction zone and wherein the nass ratio of the flowate of the
catalytic particulate material over g?g_flommate of the hydrocarbon
feedstock is fromabout 1:1 to about 0:1; (d) maintaining said
reaction zones with a superficial gas velocity wwth a range fromthe
m ni mum f | ui di zati on velocity (Unf) to the velocity required for

mai nt ai ni ng a ®ol i detysting of Wastreapartiom obtiedwadd catelytivgpattBplatrematerinlgto
each said reactioniﬁﬁm:mﬁggg_mﬁeaction conditions sufficient to
convert at |east a portion Of Said nethane to said benzene; and -61
- (1)recovering saifdrthenherneteribed ichthat divacasaditér padehlatn rhdiadal tdheers the

catalytic particulate .material enters the reagtion zone at .
Femper at ur o of  abodFAHBDERLHABRPILBEbEr dint SU Cotorest EROTE ap sefie
at a tenperature ofih@Ratton28Eat DreABOHRurdSHBouVItPC 18 chP8EPC, with the
tenperature difference of the catalytic particulate naterial across

the reaction zones totél isgraratyre dfferenpg gfthe sgtalyik papicylatesmaterneli aceags the
claim47, wherein %@%ﬁgﬁ%ﬁﬁ%%&né%?%ﬁﬂlﬁﬁmﬁriSes at | east one further
cte S

reacti on zone conne I'n seri etween said first and fi nal
reaction zones. 49. The process recited in claima47, further
conprisigﬁ*ste s of separating unreacted nmethane from said benzene
and recycdt ng i possse stcited ihElrim A8, WhBersly 1 raelor Systes RuBPrisss at jeag

process recit &gl Pridr3LABidd zoNESRERed E?se[i%@%tﬁrsaﬁlyﬁ%@éﬂdi REbHORScthn

catal yst engagi ng portion, ere sald hydrocarbon feedstock first
contacts saidzatsal ytic particulate material in said first reaction
zone and a catal yst di sengaging portion, where said first effluent
di sengages fromcontact with said catalytic particulate material in

sai d finad,reael HBc&ONBsitedNid WUNET 08 Nadd QurtheFREMPHHUAE sBfa@dtinkCurRfacteai d
reactor systemis maintained such that the difference between the .

t enper at ure ofmethang fremseidefirst géifenhand Feyelingasajd unrpcied gmeghang to said
portion and the tenperature of said hydrocarbon feedstock at the
catal yst engaging portion is at |east +10C

31.  The process recited in claim 28, wherein said first effluent comprises hydrogen
and the process further comprises (i) separating at least part of said hydrogen
from said first effluent or (ii) reacting at least part of said hydrogen from said first
effluent with oxygen-containing specie(s) to produce a second effluent having a

reduced hydrogen content compared with said first effluent.

32.  The process recited in claim 28, wherein said catalytic particulate material
comprises at least one of molybdenum, tungsten, rhenium, a molybdenum
compound, a tungsten compound, a zinc compound, and a rhenium compound on

ZSM-5, silica or an aluminum oxide.

33.  The process recited in claim 28, wherein said superficial gas velocity is
maintained from 1.01 times the minimum fluidization velocity (Uns) to 0.99 times

the velocity required for maintaining a solid bed void fraction below 95 vol.%.



34.

35.

36.

37.

38,

-58.-

The process recited in claim 28, wherein said superficial gas velocity is

maintained at greater than 1 meter/second.

The process recited in claim 28, wherein (b) further comprises supplying to said

reactor system a non-catalytic particulate material.

The process recited in claim 35, wherein the mass ratio of the total flowrate of
said particulate material (catalytic particulate material plus any non-catalytic
particulate material) to the flowrate of said hydrocarbon feedstock is from about

5:1 to about 25:1.

The process recited in claim 28, wherein said reaction conditions of each reaction
zone include a temperature of about 400°C to about 1200°C, a pressure of about 1
kPa-a to about 1000 kPa-a, and a weight hourly space velocity of about 0.01 hr!
to about 1000 hr™.

A process for manufacturing aromatic hydrocarbon(s) from methane in a reactor
system comprising at least first and second reaction zones connected in series, the
process comprising:

(a) providing to said reactor system a hydrocarbon feedstock containing
methane;

(b)  providing to said reactor system a catalytic particulate material;

(c) moving the bulk of said catalytic particulate material from said first
reaction zone fo said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first
reaction zone, wherein said catalytic particulate material enters said
second reaction zone at a temperature of about 800°C to about 1200°C and
exits said second reaction zone at a temperature of about 600°C to about
800°C with the total temperature difference of the catalytic particulate

material across the reaction zone being at least -100°C,;
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(d) maintaining said reaction zones with a superficial gas velocity within a
range from the minimum fluidization velocity (Uyg to the velocity
required for maintaining a solid bed void fraction below 95 vol.%;

(e) operating each said reaction zone under reaction conditions sufficient to
convert at least a portion of said methane to a first effluent having said
aromatic hydrocarbon(s); and

(f) recovering said aromatic hydrocarbon(s).

The process recited in claim 38, wherein said reactor system comprises at least
one further reaction zone connected in series with said first and second reaction

ZOnes.

The process recited in claim 38, and further comprising separating unreacted
methane from said first effluent and recycling said unreacted methane to said

reaction zones.

The process recited in claim 1, wherein said first effluent comprises hydrogen and
the process further comprises (i) separating at least part of said hydrogen from
said first effluent or (ii) reacting at least part of said hydrogen from said first
effluent with oxygen-containing specie(s) to produce a second effluent having a

reduced hydrogen content compared with said first effluent.

The process recited in claim 38, wherein said range is maintained from 1.01 times
of the minimum fluidization velocity (Umg) to 0.99 times of the velocity required

for maintaining a solid bed void fraction below 95 vol.%.

The process of claim 38, and further comprising contacting at least a portion of
said aromatic hydrocarbon(s) with a feed containing hydrogen to produce a

product having saturates and/or single ring aromatic hydrocarbon(s).
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The process of claim 38, and further comprising contacting at least a portion of
said aromatic hydrocarbon(s) with an alkylating agent to produce a product

having xylene(s), ethylbenzene, cumene, or toluene.

The process recited in claim 38, wherein said first effluent comprises hydrogen
and the process further comprises (i) separating at least part of said hydrogen
from said first effluent or (i1) reacting at least part of said hydrogen from said first
effluent with oxygen-containing specie(s) to produce a second effluent having a

reduced hydrogen content compared with said first effluent.

The process recited in claim 45 further comprising a step of recycling said second

effluent to step (a).

A process for manufacturing benzene from methane in a reactor system having at
least a first reaction zone and a final reaction zone connected in series, the process
comprising:

(2  providing to said reactor system a hydrocarbon feedstock containing
methane;

(b)  providing to said reactor system a catalytic particulate material;

(c) moving the bulk of said catalytic particulate material from said first
reaction zone to said second reaction zone and moving the bulk of said
hydrocarbon feedstock from said second reaction zone to said first
reaction zone and wherein the mass ratio of the flowrate of the catalytic
particulate material over the flowrate of the hydrocarbon feedstock is from
about 1:1 to about 100:1;

(d)  maintaining said reaction zones with a superficial gas velocity with a
range from the minimum fluidization velocity (Ums) to the velocity
required for maintaining a solid bed void fraction below 95 vol.%;

(e) operating each said reaction zone under reaction conditions sufficient to

convert at least a portion of said methane to said benzene; and
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® recovering said benzene;
further characterized in that the catalytic particulate material enters the
reaction zone at a temperature of about 800°C to about 1200°C and exits
the reaction zone at a temperature of about 500°C to about 800°C, with the
total temperature difference of the catalytic particulate material across the

reaction zones being at least -100°C,

The process recited in claim 47, wherein said reactor system comprises at least
one further reaction zone connected in series between said first and final reaction

Zones,

The process recited in claim 47, further comprising steps of separating unreacted
methane from said benzene and recycling said unreacted methane to said reaction

Zonces.

The process recited in claim 47, wherein the reactor system includes a catalyst
engaging portion, where said hydrocarbon feedstock first contacts said catalytic
particulate material in said first reaction zone and a catalyst disengaging portion,
where said first effluent disengages from contact with said catalytic particulate
material in said final reaction zone, and wherein the temperature profile of said
reactor system is maintained such that the difference between the temperature of
said first effluent at the catalyst disengaging portion and the temperature of said
hydrocarbon feedstock at the catalyst engaging portion is at least +10°C.



