PROCESS FOR METHANE CONVERSI ON FI ELD [ 0001] This
di scl osure relates to a process for nethane
w@omvaeasion. | n particular, this disclosure rePE/@S2000007563
a process for natural gas conversion. BACKGROUND
[ 0002] Aromatic hydrocarbon(s), particularly benzene,
tol uene, ethyl benzene and xyl enes, are inportant
commodity chemicals in the petrochem cal industry.
Currently, aromatics are nnsjlfrequently produced from
petrol eum based feedstocks by a variety of processes,
i ncluding catalytic reformng and catal ytic cracking.
However, as the world su.ol|es of petrol eum f eedst ocks
decrease, thRROCESS EOR METHANE CONVERSION nat i ve
sources of aromatic hydrocarbon(s). [0003] One
pﬁﬁéta'e al ternative source of aronmatic hydrocarbon(s)
[ -hane which is the major constituent of natura
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alkanes contained in natural gas directly to higher hydrocarbon(s), such as

aromatics, is an attractive method. of upgrading 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



exanple, U S. Patent No. 5, 336,825 discloses a
two-step process for the oxidativeconversion of
woredonazs1t o gasol i ne range hydrocarbon(s) conpPCEHUSIP07/007563
aromati ¢ hydrocarbon(s). In the first step, nmethane is
converted to ethylene and m nor anmobunts of C3 and 4
olefins in the presence of free oxygen using a rare
earth nmetal pronoted al kaline earth netal oxide
catalyst at a tenperature betyeen 500 0C and 10000C.
The et hyl ene and hi gher olefins formed in the first
step are then converted to gasoline range liquid
hydr ocar over cidic solid c
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composition comprising an aluminosilicate 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, a pressure less than 10 atmospheres absolute
(1000 kPa-a) and a gas hourly space velocity of 400 to 7,500 hr™'.



and phosphorus-contai ning al um na at conversion

condi ti ons which include a tenperature of 550 0Cto
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(1000 kPa-a) and a gas hourly space velocity of 400 to

7,500 hr 1.[0010] Moreover, U S. Patent Nos. 6,239, 057

and 6, 426, 442 di scl ose a process for produci ng hi gher
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[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 requires high

temperature operation to achieve high conversion;



(a) the process is endotherm c which requires high
energy input; (b) the process is thernodynam cally

wo povrtizd11 whi ch requi res hi gh tenperature operBCT/O8200T007563
achi eve high conversion;(c) the process requires
significant amount of make-up heat to conpensate the
energy requirenent of the endothermc reaction and to
mai ntai n the high tenperature required for high
conversion; (d) the process rgquires effective heat
transfer and effective contact of Iight hydrocarbon(s)
Wth the catalyst are required to achi eve high )
conversion of nethane; (e) the process generate cokﬁ
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connected in series, the process conprising:
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reactor systema catalytic particulate material; )

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.

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;

) providing to said reactor system a catalytic particulate material,

(c) moving the bulk of said catalytic particulate matertal 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 2 moving bed fashion; and



(c) nmoving the bulk of said catalytic particulate
material fromsaid first reaction zone to said second

WO e@ctizadm zone and novi ng the bul k of said hydPODES1OTI007563
feedstock from said second reaction zone to said first
reaction zone; (d) maintaining said reaction zones in
a noving bed fashion; and(e) operating each of said
reacti on zones under reaction conditions sufficient to
convert at |east a portion ofgsaid nethane to a first
ef fl uent havi ng said hi gher hydrocarbon(s). [0015]
Addi tionally, the process further conprises: (f)
rennvin% at least a portion of said catalytic .
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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.
[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;
(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;



(c) nmoving the bulk of said catalytic particulate
material fromsaid first reaction zone to said second

WO e@ctizadm zone and novi ng the bul k of said hydPODES1OTI007563
feedstock from said second reaction zone to said first
reaction zone; (d) maintaining said reaction zones in
a noving bed fashion; (e) nmaintaining said reaction
zones with a superficial gas velocity within a range
froma mnimum fluidization velocity (Urf) to a
velocity required for maintaining a solid bed void
fraction below 95 vol.% (f) operating each of said

reactlon zones under reaction conditions sufficient ta
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cat al y c pa ate mat er | a regenerati ng )
carflicienbiescor(viet 4tdaast mgpartion eﬁsmdampmam tmadirstt ¢f8uent having
re ed catal vti articulate material and/ or at | east
asﬁgwgﬁﬁ%ﬁogﬂég?(ggener ated catalytic particulate
mat eri @) t orémbenpeait deast @ pdrtibe asft sad® saialyaicdpdgliculate material
recycli t .least .a portion of the heated catalytic
p%ﬁ%ﬂf&?% %%%F?Sa to said reaction zones. [0020]
Conven UONt | Yedenbfhting Qe RakEd podionwTthé r@nsvédedtalgtic particulate
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[0021] Conveniently sald regenerating conditions comprise a regeneration gas

comprising oxygen. Conveniently said regenerating gas further contains carbon
dioxide and/or nitrogen such that the oxygen concentration of said regenerating
gas is from 2 wt.% to 10 wt.%.
[0022] In another aspect, this disclosure resides in a process for manufacturing
a:romatic‘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 to said second reaction zone and moving the bulk of said

hydrocarbon feedstock from said second reaction zone to said first reaction zone;



(b) providing to said reactor systema catal ytic

particulate material; (c) noving the bulk of said
w@amahyasic particul ate material from said firsePCT/US2007/007563

reacti on zone to said second reaction zone and novi ng

the bul k of said hydrocarbon feedstock from said

second reaction zone to said first reaction zone; (d)

mai ntai ni ng said reaction zones with a superficial gas

velocity within a range from#a_.m ni mum fl ui di zati on

velocity (Unf) to a velocity required for naintaining

a solid bed void fraction below 95 vol.% (e)

operating each said regction zone under reactio i
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[ 8jacttomy@ifSent |y, said catal ytic particul ate
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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.%.



reacti on zone(s). [0029] Conveniently, said reaction
zones are operated at a superficial gas velocity of at

wo e@3t126B101 tines of the mninmum fluidizati on PEr/O8100Y007563
(Unf). [0030] Conveniently, said reaction zones are
operated at a superficial gas velocity of |ess than
the velocity required for nmaintaining a solid bed void
fraction bel ow 95 vol.%[0031] Conveniently, the step
(a) further conprises supplyiglg to said reactor system
a non-catalytic particulate material. [0032]
Conveniently, the mass ratio of the total flowate of
said particulate material (catalytic particulate
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inorganic support.

[0037] In one embodiment, 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.

[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, H;, H;0, or C>+ hydrocarbon(s).



reaction zone at a tenperature of 6000C to 8000C
before entering said first reaction zone.

w@ewanisent | y, the sum of the tenperature diffRCEOIS®OT07563
said catalytic particulate material across said first
reaction zone and the tenperature difference of said
catal ytic particulate nmaterial across said second
reaction zone is at |east 1000C. [0039] Conveniently,
sai d hydrocarbon feedstock fuyrther conprises at |east
one O C2, CO H2, H20, or *+ hydrocarbon(s).[0040]
In other enbodi nents of this disclosure, at |east a
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Definitions [0043] Al patents, patent applications,
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present di scl osure and for all jurisdictions in which

uch incorporati on [ S pernmi tted. [0044] When nuneri cal
I Detailed; Desexiptiom Of The Embodiments | inits are 1isted
hPefihilionsaNges from any lower limt to any upper limt
are contenplated. [0045] As used in this
sH@éB} i ca‘bnfmtemm epatent ppplcationsotert Ptmedurf:% RIiEHY jdecuments,

n b f
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rea ena?gtt,]%av ngnd; Bgf eas?&gsndz&%gs bﬁl vﬁ?!:}? ltﬂ:ﬁ ' incorporation is

rrpd:rentlbde e.g., ethane, ethylene, propane,

[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



propyl ene, benzene, toluene, xylenes, naphthal ene,
and/ or net hyl naphthal ene. [0047] As used herein the
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contai ning one or nore aromatic ring(s). Exanples of
aromati ¢ hydrocarbons are benzene, tol uene,
et hyl benzene, xyl enes (para-xyl ene, neta-xylene, and
ort hoxyl ene), napht hal ene, and net hyl napht hal ene.
[0048] As used herein the tefg."noving bed" neans a
zone or vessel wherein particulates contact with gas
floms such that the superficial gas velocity (U
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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.

[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 (Ums), U < Uyy, 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 intemals to
minimize gas-solid back-mixing. Description of the minimum fluidization
velocity is given in, for example, Chapter 3 of “Fluidization Engineering,” D.

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



particul ates contact with gas flows such that the
superficial gas velocity (U) is below the m nimum
waetoea2dsyl required to fluidize the solid partiPCEES200T1@7563

m ni mum f | ui di zati on velocity (LW, U< Unf, in at

| east a portion of the reaction zone, and/or operating

at a velocity higher than the m ninum fl uidi zation
velocity while maintaining a gradient in gas and/or

solid property (such as, tenggrature, gas or solid
conposition, etc.) axially up the reactor bed by using
reactor i nternal s to mnimze gas-solid back-m xing.
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e as t e particul ates or gas cascades from one
fmthﬁrm ng bed to anot her. [0054] As used herein the
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and pneumatic conveying fluidization regimes are described in, for example,
Chapter 3 of “Fluidization Engineering,” D. Kunii and O. 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



and pneumatic conveying fluidization reginmes are
described in, for exanple, Chapter 3 of "Fluidization
weegrnasti ng, " D. Kunii and O Levenspiel, 2ndPE&dUs$100T1007563
But t erwort h- Hei nemann, Boston, 1991 and Chapter 6 of
"Chem cal Process Equipnent," S. M Wl as,
But t er wor t h- Hei nemann, Boston, 1990, the entirety of
whi ch are incorporated by reference. [0055] As used
herein the term"inverse tenpgrature profile" neans
that a reactor system having a hydrocarbon gas inlet
tenperature | ower than the hydrocarbon gas outl et
tenperature -that is the inverse of the tenperature
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pressure containment for the process; whereby a temperature gradient occurs
across the insulating material so that the metallic shell is at a substaritially 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 requiréd for stoichiometric

oxidation of the methane in the feed.



(0058J As used herein the term"cold wall reactor" or

"cold wall vessel" neans a reactor or a vessel
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mat eri al between the catal yst of the process and the

metallic shell which acts as a pressure contai nnent
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across the insulating material so that the netallic
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the tenperature of the contained material. [0059] As .
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maydreged-. Such carbon and/ or hydrocarbon speci es may
be internmediates to the formation of the desired

hi gher hydrocarbon(s), e.g., aromatic conpound(s). The
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) LB AL Bl 0 g, e
chydrocarbond(s), leez. .cdremetit comgowyi€s), by nomtacting a feedstock containing
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
1 second series-connected reaction zones. Conveniently, each reacﬁon zone is
operated in fluidized bed regime in which the superficial gas velocity exceeds the
minimum fluidization velocity (Upns) but is less than the velocity required for
maintaining a solid bed void fraction below 95 vol.%.
[0063] During the methane aromatization reaction, coke tends to build up on
the particdlate 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
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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



[ 0064] The dehydrocyclization reaction is endothermc
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further portion of the catalyst fromthe reaction
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parts per millTon Wel g ppm, for exanpl e I ess

t ¢rafeedomtppbe presait im thel methandistreain, whetpas, darcexaoiple, where the
methane stream is derived from natural gas containing carbon dioxide. Other
sources of carbon dioxide may include flue gases, LNG plants, hydrogen plants,
ammonia plants, glycol plants and phthalic anhydride plants.
[0070] In one embodiment, the feed to the dehydrocyclization step contains
carbon dioxide and comprises 90 to 99.9 mol%, such as 97 to 99 mol%, methane_
and 0.1 to 10 mol%, such as 1 to 3 mol%, CO,. In another embodiment, the feed
to the dehydrocyclization step contains carbon monoxide and comprises 80 to 99.9
mol%, such as 94 to 99 mol%, methane and 0.1 to 20 mol%, such as 1 to 6 mol%,
CO. In a further embodiment, the feed to the dehydrocyclization step contains
steam and comprises 90 to 99.9 mol%, such as 97 to 99 mol%, methane and 0.1 to
10 mol%, such as 1 to S mol%, steam. In yet a further embodiment, the feed to
the dehydrocyclization step contains hydrogen and comprises 80 to 99.9 mol%,



nitrogen and sul fur conpounds. [0069] In addition to

nmet hane, the feed to the dehydrocyclization step may
w@onrazaiat | east one of hydrogen, water, carbp@I/US2007/007563

nonoxi de and carbon dioxide in order to assist in coke

mtigation. These additives can be introduced as

separate co-feeds or can be present in the nethane

stream such as, for exanple, where the nethane stream

is derived fromnatural gas_ggntaining carbon dioxide.

O her sources of carbon dioxide may include flue

gases, LNG plants, hydrogen plants, ammonia pl ants,

gl ycol plants and phthalic anhydride plants. [0070] In
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ShfRogént ai ns carbon di oxi de and conprises 90 to 99.9

mol % such as 97 to 99 nol % nethane and 0.1 to 10 .
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néfh%ﬂg?“¥ﬂﬂﬂﬁhing aromati ¢ hydrocarbon(s). Such
hi gher hydrocarbon(s) can be recycled fromthe

hédro en rejection step, added as separate co-feeds or
cBebystropydization n t he met hane stream such as, for
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Dehydr ocy€H,zat i on > C,H, +2H, (Reaction 1)
6CH, - Ce¢Hs + 9H, (Reaction 2)
10CH, > C0Hs + 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; + CHa — 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



[0072] In the dehydrocyclization step of the present

process, the nethane containing feedstock is contacted
wowrah/1z8dehydr ocycl i zati on cat al yst under condP€T/08207/007563

normal Iy non-oxidi zing conditions and preferably

reduci ng conditions, effective to convert the nethane

to hi gher hydrocarbon(s), including benzene and

napht hal ene. The princi pal net reactions involved are

as follows: 2CH4 " C2H4 + 2H3,(Reaction 1) 6CH4 < C H6

+ 9H2 (Reaction 2) 10CH4 (r) gIOHS + 16H2 (Reaction 3)

[ 0073] Carbon nonoxi de and/or di oxide that may be

present in the feed i nproves catal yst actiyity and
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f PR FERAE SPFH'Sher hydr ocar bon(s), generally to

a[mmil C dWiAbRC amban ( SdmpadatPardri GHE achtilysO hRM@eNalcium,
[ 0075] . Any dehydrocyclization catal yst effective to

CERSRGSIUMbaTTS YHHIR-JARhARAN c sandRm, Gegumy, titapaum, zirconium,
PRLARRRL, RARSASH;, AbbRAYIRNGARGA! trymille, GROIGh¥HumM hingsten,

i ncl ude a et al conponent part|cularly a transition
nErpgangpe, ébm@nnaov,ﬁeﬂ@gm sabalh thodinga iridiug, piskel; palladium,

h
CSERD' R Yeoldfiplr i AT BARN, o8icRl” g Eharh fp Mhdiym, i,
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n@l%x%lent\% Hmp Sr B ﬁa g;ﬂt olhg(ge, %S‘é}?%é’ﬁhd'eél c%l'b?ggsﬂlﬂlides and/or

rmor as a car
phospthes, and may be employed alone or in combination. Platinum and osmium

can also be used as one of the metal component but, in general, are not preferred.

[0077] The inorganic support may be either amorphous or crystalline and in
particular may be an oxide, carbide or nitride of boron, aluminum, silicon,
phosphorous, titanium, scandium, chromium, vanadium, magnesium, manganese,
iron, zinc, gallium, germanium, yttrium, zirconium, niobium, molybdenum,
indium, tin, barium, lanthanum, hafnium, cerium, tantalum, tungsten, or other
transuranium elements. In addition, the support may be a porous material, 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.



[0076] Suitable netal conponents for the catalyst
i ncl ude cal ci um rmagnesi um barium yttrium

“Kbammpammn] scandium cerium titanium zirconP@mUS2007/007563
haf ni um vanadi um ni obium tantalum chrom um
nol ybdenum tungsten, nanganese, rhenium iron,
rut henium cobalt, rhodium iridium nickel,
pal I adi um copper, silver, gold, zinc, alunm num
gal lium silicon, germaniumydndium tin, |ead,
bi smut h and transuranlun1neta s. Such netal conponents
may be gresenthln el enental formor as neta
conmpounds, such as oxi des, carhij.des, nitr.ides
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£ilicates,

containing compounds, and/or elements or compounds of Groups 1, 2, 3 and 13 of
the Periodic Table of Elements (IUPAC 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



materials such as MCM 68, EMMI, EMM 2, | TQ 23,

I TQ 24, 1TQ 25, ITQ 26, ETS-2, ETS-10 SAPO 17,
WEABO1381and SAPO- 35. Sui tabl e mesopor ous nat ePCHIUS2007/007563

i ncl ude MCM 41, MCM 48, MCM 50, FSM 16 and SBA- 15.

[0079] Exanples of suitable catal ysts include

nmol ybdenum tungsten, zinc, rhenium and conpounds and

conbi nati ons thereof on ZSM5, silica or alum na.

[0080] The netal conponent cgp_be dispersed on the

I norgani ¢ support by any neans well known in the art

such as co-precipitation, incinpi ent wet ness,
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th&hf\&ﬁdisﬂ'anﬂkn fHemNS about 95%. Typically, the supcrﬁcml gas velocity is

maintained from 1.01 times the minimum fluidization velocity (Ups) 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



countercurrent to the direction of novenent of the

bul k of the dehydrocyclization catalyst. In sone
werodeasent s, the reaction zone conprises a plBCHUB1097/007563

of seriesconnected noving bed reaction zones in which

particul ate catal yst 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

bet ween the reaction zones_hp_the opposite direction.

[0083] In one enbodi nent, each of the noving bed

reaction zones is operated as a fluidizing bed
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exits the reaction zone at a temperature of 750°C to 1100°C, with the total

temperature difference of the hydrocarbon stream across the reaction zones being
at least +100°C. Thus the temperature profile for the reactor system is an inverse
temperature profile; that is the reactor system has a hydrocarbon gas inlet reaction
temperature lower that the hydrocarbon gas outlet reaction temperature — the
inverse of the temperature profile naturally achieved for an endothermic reaction.

[0088] The major components of the effluent from the dehydrocyclization step
are hydrogen, benzene, naphthalene, carbon monoxide, ethylene, and unreacted

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



90 wt.% of the non-catalytic particul ate materi al have

particle size from0.01 mmto 10 mm such as from 0. 05
woneora2681nm and for exanple fromO0.1 nmto 0.BCHIS2007/007563

[0085] In sonme enbodi nents, the mass ratio of the

flowate of the catalytic particulate material plus

any non-catalytic particulate material over the

flowate of the hydrocarbon feedstock is from1l:1 to

100:1, such as from5:1 to 60,1, for exanple from9:1
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atmosphere inhibits oxidation of metal carbides present in the dehydrocyclization
catalyst and minimizes the average stearn partial pressure thereby reducing
catalyst hydrothermal aging.
[0092] Alternatively, a suitable supplemental fuel source is hydrogen and, in
particular, part of the hydrogen generated as a by-product of the aromatization
reaction.
[0093] Conveniently, said first catalyst portion is contacted directly with the
burning source of fuel in the heating zone. Alternatively, the source of fuel is

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



conponents can be submtted to an al kyl ation step,
before or after product recovery, to produce higher

wo adoge26sat eri al s, such as xyl enes. Catal yst ReP@€HUB2997/007563

[ 00901 he dehydrocyclization reaction is endothermc

and in order to supply heat to the reaction, a first
portion of the catalyst nay be withdrawn fromthe
reacti on zone, either on an intermttent, or nore
preferably, a continuous bagb?u and transferred to a
separate heating zone, where tThe first catal yst

portion is heated by direct contact with hot

conbusti on gases generated by burning a suppl enent al
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ecsibistiol gakesaiene@ted 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 a moving bed of said catalyst.

[0098] Typically, the first catalyst portion is at a temperature of 500°C to
900°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



zone, wWith heat being applied to first catal yst
portion at a plurality of |ocations spaced al ong the

wo engtibesof t he heating zone. In this way, the PEHUS2007/007563
input to the first catalyst portion can be distributed
along the length of the heating zone thereby
m nim zing catal yst surface tenperatures and internal
gradi ents. [0095] Were the first catalyst portion is
heated by direct contact w thsthe burning source of
fuel in the heating zone, gradual heating of the
catal yst can be achi eved by suppl yi ng substantially
al |l of the suppl enment fuel to the inlet e
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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 O; but preferably contains
less O, than air, such as less than 10 wt.% O, 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



[0099] Prior to being reintroduced into the reaction
zone(s) and, preferably after passage through the
wheaviizggirone, the first catal yst portion nay PEI/US2007/007563

subjected to one or nore stripping steps to at | east
partially renove (a) coke or heavy hydrocarbon(s) that
may have been produced on the surface of the catal yst
and/or (b) water or oxygen that may have been adsorbed
by the catal yst. Stripping tg,enove coke or heavy
hydr ocarbon(s) is conveniently effected by contacting
the first catalyst portion with steam hydrogen and/ or
CO , whereas strippi nﬂbto renoye wat er or _oxy i
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[00104] In addition to removing coke on the catalyst, the oxygen-containing
gas in the regeneration zone tends to react with the metal on the catalyst, thereby
converting the metal from the elemental or carbidic species desired for the
dehydroaromatization reaction to less active oxide species. Moreover, and
particularly where the support is a zeolite, the regeneration step may produce
active sites on the surface of the catalyst support that favor coke deposition. Thus,
before being returned to the reaction zone, the regenerated catalyst is transferred
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



[00102] The regeneration zone may be a reactor
operated as a fluidizing bed, an ebul ating bed, a
w@edorhizasgn bed, a riser reactor or a conbi nati oPCT/US2007/007563
thereof. In practice, the regenerati on zone my
include a plurality of reactors, such as a plurality
of riser reactors connected in parallel. The
regeneration zone should be operated at the m ni mum
tenperature required to renoy S the required amount of
coke at the design residence“tine and in particul ar
the tenperature should not exceed the point at which
netal oxide volatilization occurs or the catalyst
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returned to the reaction zone to contact the methane feed. In one practical
embodiment, the dehydrocyclization step is conducted in a plurality of fluidizing
bed reactors connected in series, with the feedstock entering the first reactor in the
series and the heated first catalyst portion and the regenerated second catalyst
portion being returned to the final reactor in the series. The hydrocarbon stream
and catalyst particulate stream are then conveyed counter current to one another
through the series of reactors. Conveniently, said first and second catalyst portions
are removed from the first reactor.
[00108] In yet a 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



et hane, propane, butane, isobutene, benzene and
napht hal ene. In sone cases, thecarburizing gas may
wabk®o/1zasmt ai n at | east one of CO2, CO H2, H CPemuS2007/007563
ot her diluents. Mreover, it nmay be desirable to
contact the regenerated catal yst sequentially with a
plurality of different hydrocarbon(s), each
hydr ocar bon bei ng sel ected from et hane, et hane,
propane, butane, isobutene, Bgnzene and napht hal ene.
[00105] The catal yst treatnment zone may be operated as
a fluidizing bed reactor, ebulating bed reactor
settling bed reactor, riser reactor or circu
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[00111] Typically, as described below, the hydrogen rejection step will
generate hydrocarbon(s), in which case, after separation of the co-produced water,
at least portion of the hydrocarbon(s) are conveniently recycled to the
dehydrocyclization step. For example, where the hydrocarbon(s) produced in the
hydrogen rejection step comprise paraffins and olefins, the portion recycled to the
dehydrocyclization step conveniently comprises, paraffins or olefins with 6 or less
carbon atoms, such as 5 or less carbon atoms, for example 4 or less carbon atoms

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



[00108] In yet a further enbodi nent, the regeneration

or catal yst coke stripping may be effected utilizing
why@rogmsn cont ai ni ng gas. The regenerati on conPCT/USNG7/007563

when utilizing hydrogen conprise a tenperature from

6000C to 10000C; such asfrom 7000C to 9500C, for

exanpl e from 8000C to 9000C. Cenerally the hydrogen
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quantities of methane or other _hydrocarbons; and
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than 10 nol % for exanple less than 2 nol %
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second effluent stream. The hydrogen rejection step to produce methane or ethane
is conveniently effected in the presence of a bifunctional catalyst comprising a
metal component, particularly a transition metal or compound thereof, on an
inorganic support. Suitable metal components comprise copper, iron, vanadium,
chromium, zinc, gallium, nickel, cobalt, molybdenum, ruthenium, rhodium,
palladium, silver, rhenium, tungsten, iridium, platinum, gold, gallium and
combinations and compounds thereof. The inorganic support may be an
amorphous material, such as silica, alumina or silica-alumina, or like those listed
for the dehydroaromatization catalyst. In addition, the inorganic support may be a
crystalline material, such as a microporous or mesoporous crystalline material.

Suitable porous crystalline materials include the aluminosilicates,



dehydrocyclization step conveniently conpri ses,
paraffins or olefins with 6 or |ess carbon atons, such
w@2009126811 ess carbon atons, for exanple 4 or |BEHUS2007/007563
carbon atons or 3 or |ess carbon atons. Were, the
hydr ocar bon(s) produced in the hydrogenrejection step
conprise aromatics, the portion recycled to the
dehydrocycli zati on step conveniently conprises single
ring aromatic species. Methaggtion/Ethanation [00112]
In sonme enbodi nents the hydrdgen rejection step
conprises reaction of at |east part of the hydrogen in
the dehydrocyclization_effluent with carbon di oxide to
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Fischer-Tropsch Process
[00117] In additional embodiments the hydrogen rejection step comprises
reaction of at least part of the hydrogen in the dehydrocyclization effluent with
carbon monoxide according to the Fischer-Tropsch process to produce C; to Cs
paraffins and olefins.
[00118] The Fischer-Tropsch process is well known in the art, see for example,
U.S. Pat. Nos. 5,348,982 and 5,545,674 incorporated herein by reference. The
process typically involves the reaction of hydrogen and carbon monoxide in a
molar ratio of 0.5:1 to 4:1, 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 VIII, non-noble



anor phous material, such as silica, alumna or
silica-alumna, or |like those listed for the
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dehydrocycli zati on catal yst. %?00115] The hydr ogen
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conducted over a wi de range of conditions including a
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methane-containing feed and generated as a by-product in the dehydrocyclization
step. If required, additional carbon monoxide can be generated by feeding carbon
dioxide contained, for example, in natural gas, to a shift catalyst whereby carbon
monoxide is produced by the reverse water gas shift reaction:
CO, +H, - CO+H,0 (Reaction 8)
and by the following reaction:
CH4;+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
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temperatures and pressures. Smtable temperatures are in the range of from 150°C
to 450°C, such as from 175°C to 350°C, for example from 200°C to 300°C.
Suitable pressures are in the range of from 1,500 kPa to 12,500 kPa, such as from
2,000 kPa to 10,000 kPa, for example 2,500 kPa to 7,500 kPa. Gas hourly space
velocities vary depending upon the type of process that is used, but generally the

gas hourly space velocity of flow of gas through the catalyst bed is in the range of
from 50 hr! to 50,000 hr’', such as from 250 hr™' to 25,000 hr”, for example from
500 hr! to 10,000 hr'. This exothermic reaction may be carried out in either
fixed or fluidized beds, including multiple catalyst beds with heat removal
between beds. In addition, the lead bed(s) may be operated at higher temperatures



and by the follow ng reaction: CH4 + H20 CO + 3H2

Al cohol Synthesis [00122] In a further enbodi nent the
why@rogsn rej ecti on step conprises reaction of PEt/US®a%007563

part of the hydrogen in the dehydrocyclization

effluent with carbon nonoxi de to produce G to C3

al cohol's, and particularly methanol. Theproduction of

net hanol and ot her oxygenates from synthesis gas is

al so wel Il known and is descrilgd in, for exanple, in

U S. Patent Nos. 6,1 14,279; 6,054, 497; 5,767, 039;

5, 045, 520; 5, 254,520; 5,610,202; 4,666,945, 4,455, 394;

4,565, 803; 5,385,949, the descriptions of which are

|F&d??i%¥‘ﬁee&“ﬁé‘f’er"rﬁcsoymfle¥hér EHt deds5hireay |Be, oppigted at lower

S¥ é?ﬁﬂl:‘?ﬁhx% @ FaRiTRize afi‘n%bﬁk‘ r§ighl 0 of hydrogen
to cgr bon OXIZ CO§ﬂ > |en lt he range of from

(H

ol®1251 o Dite tesuffprtf medml |and40neothqng§mmafeﬁ orAn2be sold as a
1 o] e r n
byl g 108 B PR e GO GERed T e
t de@&mwamfstdzmm lsnghgamlue[ podegs, sTlhh asacwhlnyStor wae be used

e o TP 467 (B2 SroBRSn AT PR Fryofiy fSene and

gbmp@ldﬁem&&bﬂ@r@én 6Dfedianobtol olefins Blarmell-kﬁo'aﬂ ,process and is,

Pg{ﬁ#pq]&aa n})gfrnrpn o‘ﬁﬁ? f%t%ﬂ‘dl\l%h?% g:ln mco aorl]'gtseg herein by
Ceemg@ﬁt@ntly, the catalyst is a copper based catal yst,

such as in the formof copper oxide, optionally in the
presence of an oxide of at |east one el enent sel ected
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k'ff.‘s. %gt%gt o.f §,3§?),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, thallium 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
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sel ective hydrogen conbustion is carried out in the
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Group 3, and at least one metal from Groups 4-15 of the
Periodic Table of the Elements; and
v) 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).
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a catal yst systemconprising (1) at |east one solid
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EzsVED3)s MES\{e.g., ZSM-57) and FER (e.g., ZSM-35) and ZSM-48, as well as
large pore zeolites (i.e, those having a Constraint Index of less than 2) such as
materials having the framework types BEA (e.g., zeolite beta), FAU (e.g., ZSM-3,
ZSM-20, zeolites X, Y, ultrastabilized Y and dealuminized Y), MOR (e.g.,
mordenite), MAZ (e.g., ZSM-4), MEI (e.g., ZSM-18) and MWW (e.g., MCM-22,
PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2, MCM-36, MCM-49 and MCM-56).
[00133] In one embodiment of the present process, benzene is recovered from
the dehydrocyclization effluent and then alkylated with an olefin, such as ethylene
produced as a by-product of a hydrogen rejection step employing
ethanation/methanation. Typical conditions for carrying out the vapor phase
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
WHSV based on ethylene of from 0.5 to 2.0 hr'! and a mole ratio of benzene to
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dimethylbutane of about 0.1-15 sec-] when measured at a temperature of 120°C
and a 2,2 dimethylbutane pressure of 60 torr (8kPa-a). Such a process is selective
to the production of para-xylene and is described in, for example, US Patent No.
6,504,272, incorporated herein by reference. Where the methanol is used to
alkylate naphthalene, this is conveniently effected in the presence of a catalyst
comprising ZSM-5, MCM-22, PSH-3, SSZ-25, ERB-1, ITQ-1, ITQ-2, ITQ-13,
MCM-36, MCM-49 or MCM-56. Such a process can be used to selectively
produce 2,6-dimethylnaphthalene and is described in, for example, US Patent Nos.
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



PSH 3, SSz-25, ERB-I, ITQI, 1TQ2, MM 36, MCM 49 and

MCM 56) . [00133] In one enbodi nent of the present
w@e@eass]11 benzene is recovered fromthe PCT/US2007/007563

dehydrocyclization effluent and then al kylated with an

ol efin, such as ethyl ene produced as a by-product of a

hydr ogen rejection step enpl oyi ng

et hanati on/ met hanati on. Typical conditions for

carrying out the vapor phasg3§kaIation of benzene

with ethylene include a tenpérature of from 650 to

9000F (343 to 482C), a pressure of atnospheric to 3000

pi%aygloo to 20,800 k;&é, a WHSV based on et hyl ene of
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fepnsitionrpeial or pesuppyuRch 8h For Nbi(r dneorpplumingysilicaqy titania,
%ﬁg@éﬁﬁe&\%he# BONMRidRy inBRaf atthanEﬁéﬁﬁle ¢! R908S -to 1200°C,

n additi onal enbodi nents o the(fresent

push a8 600hts I afor eyamplert00N te@50knand ppressure of 1 kPa to
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dG sy bowrtyy space atelapitiesfthay emty depepdiog mpenttbé tygeeof process used,
l.enes hal ene

t hyl napht nd/
R B RRy St o R e om af 75 rougpythe catalyst bed
Lisénl thieranigl Y 30ehrd a0 56080 tirhj suchsais@5oMatliter5,600 hr™', more for
ef fected i nh._prese of catalyst conprising a zeolite,
TP, %9%% é?e‘z)e‘&%i e beta, |TQ 13, MCM 22, NCM 49,
90140), aADN dffluediSHon? the tiwterst, skifiMedbtor adad Aol BES fed to an
h.has been nodi.fi ed by steam ng so as to have

| C
kP fessiiaBEERng gndst sSBfiigenJp His S GHoR Gl 35 the
OfollowingStecéumhen neasured at a tenperature of 1200C

CO +2H; - CH;0H (Reaction 9)
CH;OH+CgHg — toluene + H,O (Reaction 10)
2CH;0H + C¢Hg — 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 hr'. 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.



and a 2,2 dinethyl butane pressure of 60 torr (8kPa-a).

Such a process is selective to the production of
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Patent No. 6,504, 272, incorporated herein by
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napht hal ene, this is conveniently effected in the

presence of a catal yst conprising ZSM5, MM 22,

PSH-3, SSZ-25, ERB-1, 1TQ 1, 5,TQ 2, 1TQ 13, MM 36,

MCM 49 or MCM56. Such a process can be used to

sel ectively produce 2, 6-di met hyl napht hal ene and is

descri bed in, for exagg US Patent Nos. 4, 795, 847
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shift reactor can then be fed to an

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.



al kyl ati on reactor operating under conditions to cause
reactions such as the following to occur: CO + 2H2
WERBOHRG@React i on 9) CH3OH + C6H6 t ol uene + H2QPCT/US2007/007563

(Reaction 10) 2CH3OH + C H6 xyl enes + 2H20 (Reacti on

11) [00141] Suitable conditions for such an al kyl ati on
reactor would include a tenperature of 100 to 7000C, a
pressure of 1 to 300 at nospheres (100 to 30, 000 kPa),

and a WHSV for the aromatic_fwdrocarbon of 0.01 to 100

hr 1. A suitable catalyst would 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
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wwalh) sash @k abons,s00si(7990lB550dFa) ahéd WISH of Ocidtoc§@ hr',

and whj ch cg@{d ot herw se cause catal yst deactivation.
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o0oi«€r t Am tbémetiee hydrogenatlon process involves low pressure

hydrocracking of the naphthalene component to produce alkylbenzenes over a
catalyst such as sulfided NVYW 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 hrl.

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

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

[00149] Referring 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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U500 ong ks Brnary RALI B e ots sn e embodiments
i discussed it thik dpplieatiorbgo nef represerd.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
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operating conditions for |ow pressure hydrocracking
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5400C), such as 500 to 7000F (260 to 3700C), a
pressure of 50 to 2,000 psig (445 to 13890 kPa), such
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cal cination at 5000C for 6 hours in flowing air.
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Icult to obtain accurate experinen

t medeling erdaulations dissnssed belpay.dt iscasaraed that the methanefeed to the
S ' t PRQLL /. ' o
SRR A L B0 OB AN B A HP R e

t he
Omyinal Tded raePMBmethand offi 198dkilngrathe pemhowuwas 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

properties used in the calculations.



t her nrodynam cal | y obt ai nabl e conversion of nethane to

benzene and hydrogen (i.e the reaction set was
w@ostiz@ihed to just the reaction of nethane tPChESHETIENTS63

pl us hydrogen so that there were no other products

such as coke, naphthal ene, ethylene, etc) at a given

tenperature and 138 kPa-a (20 psia) pressure. The

experinmental and nodeling results are shown in Table

1.[00154] It is understood that different catalyst

conpositions, the use of co-feeds (CO, CO HO H

2, ethane, propane, etc), different operating

pressures, and/or dlfferent space veI00|t|es may

change the sel ectivi 1 L nbers but

t hat exact—tevet—of—nprovenent

dermljg?tf“)ﬂ‘f@d’“lfr{?qeﬁ‘é"yor esent pi ocesgg%v chHsHFe. the

di r eqtitaigelHeangupasigiment s obtalned hgezt he fomgrss wil |

still T addi o to 1

appr ?‘a'vﬂﬂﬁ’f'ﬁ‘gr&"ggc"ﬂwbas. s far th Ermdel ﬁ“'é"K

cal cytatlyameediabbifissiegd bel ow, |it 226 emSungeh®shat t he

t he heated to
The " TERAvE ek sy a0 o 11 B0 Pedeoa o

nomi nal feed rate of methane of 100 Ki l ogranms per hour
was used. It was also used as a basis that the )
cl0ab§kt Buppbwedodalinghef vasicus ge@é@r cadigumtiony.seqmations were

a1 S 2ISAL SO EATRS! BURBOAEL o Yomomsn

t equatinng fmethevabou&tem of datapolints; thaclatar prstsovhere H, was included

f I A
B bl R D O SABUeY f f BAP Hrppions
t bistained and thecRiUvalest droshiveat bélowe: feed from 6000C to

8000C as well as provide 100% of the energy required
for the endothermc reactions. For sinplicity, it is

asag{mel (1. bmmbesmwﬂgﬁ h@mloc@mmom@vyn +
thermal diffusiv urface enissivity remain

cbﬁa%%oé)ﬁf) 0ﬂ9§77%1q4 ‘r@ﬁéﬂ‘b‘"ﬂ”’”%ﬁ%o%ﬂe physi cal

CRPYsY333898ksgahel yst properties used in the
cal cul ations. Tabl e 2: Mdel Paraneters Catal yst

Part i cRgBmenQPi?%lQﬁﬁéboﬁeéﬂﬁﬂnCat al yst Heat Capacity
162 JL m K

§9c k?stt Igegrg%ngﬁﬁgg?—@ﬁPWZ gé X %bS;dstOX}gEgl al yst
SC&Zb?é’é6®ﬁ6§§|49B10§1) . BR2-9U$468]4 15883EA0T rodel i ng of

2 nfigurations, equations were

ogt g{?%bé;gbs %ET%ETN Sel coke , and C O VBL by
obt ai nRﬁ@ketfe919995a4opssgmaﬁr@u

Convgy = (1.91428571428569E-06)T? - (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 O to 1. If it is 1,
there is a perfect correlation in the sample - there is no difference between
the estimated y-value and the actual y-value. At the other extreme, if the
coefficient of determination is 0, the regression equation is not helpful in
predicting a y-value. The version used here is based on an analysis of
variance decomposition as follows:



equations for the above set of data points; the data
poi nts where H was included in the feed were not
w0 p@iaeisdl i n t he cal cul ati ons of the equati onsPCT82007/007563
equati ons obtai ned and the R2 val ues are shown bel ow
Sel bTN (1.81818181818345E-10T 4 -
(5.41010101010501E-07) T 3 + (5.88000000000377E-04)T 2
- (2.78591414141575E-Q )T + 4.97583333333585E+01 R2BTN
= 9. 99810335105254E- 01 Sel colyq _
(-1.85878787878687E-10 T 4 + ?5. 6228080808051 1E-O7)T
3 - (6.21721666666349E-04)T 2 +
(2.99664027 83E—O) =~ 5.33408809523590E+01 R2CoKe
= 9. 9998840665% ; ~Cofv BL (1.91428571428569E-06) T
2 - (1 17149 714 83E3Q3}T + 4.53357142857135E- 01 R2
F’ $ 633E—01 V\hereTlsterrperatureln
degreegn AVt né %\rhpl es R2 |s the coeffl ci ent of

det er NGt ? YB8Res 2 - %)’
y-val ues ranges in val ue rom

therex}s1 relalon' e

- ?&1@5? S5 453 %WPE%@@&M%&*&&*? %Sf}gnswa% h
not ual S %rﬁ‘é‘#%%ﬁlsf‘i’fes“é‘f uATRd, XERLs. thhe ©
coef f i BRfgntis céefficiecnt of deadmmiatnoa for, the ISelpre gwredatiiqm
equat i

i s _not..hel Aa redl
versi o% Gokedy © eeffgleflg fg el ‘ﬁlo rféléhlg%f?" cgrrf"ﬁvlglrl’l ance
dec On'pRgé]_tlt; 00effisichobf detairinatioh for the CdnSE, Gitfelatior he
def | t|on i . That is, t ot um of

< S e 5ot cptignnt® il grialgulite o diehls (i u8hia be
| sbthined Foiwaous GemtatoafigifationWBdY Yieldzee ivas definéd af Selpmy
determ nation fé)r the Sel bTN correl ?{ on,

x Convp integrated over the temperature profile i ‘the reactor system and

Yieldcoke Was defined as Selcoke 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.

Transport or Riser 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:

Selgn = 51%

Selcoke = 40%

Yieldpgn = 12%

Yieldcoke = 8.9%

ATReaction = -50°C (negative 50°C);

ATcatalyst = -50°C (negative 50°C);



R2 Coke is coefficient of determ nation for the

Sel coke correlation, and R2BL is coefficient of
wa@ledoenmismat i on for the COPVBL correl ati on. [ O0ORGB{S2007/007563

These set of equations was used to calculate the

yi el ds that would be obtained for various reactor

configurations where Yielde tNwas defined as Sel TN x

COPVBL integrated over the tenperature profile in the

reactor system and Yiel dcoke gyas defined as Sel coke CO

VBL integrated over the tenperature profile in the

reactor system Wiile it is recognized and shown in

the Table 1, that_the byproduct H inproved the .
r 8herein A Teetieds AGHiRsd asdhe praduct qslet Fepetiomylepweratifg -, the

e fH4pehfpRiat@diat Wkl Al el RattioH dcbuls BN IRERYdréarbdiPproduct
they provided a conservative estimte as to the |eve

ofeaVefths yeastarsystasy) mins the bydiocarhpp desddnig tragtios tsimpgeature

TSRO st Emptrstare RSARLIPEathiFAEPEHCRbA ¥Ecurs whEPdr Hlydrocarbon

Ui l1zing the above equationS for a transport or riser

r Eedieptersihereastorsystiemd; ahekc| i ni ng tenperature with an

[ . era LT t .

o ke RTEE! i efid sl Bpledfoct BFME IR Blal mings the

8 Gntatueof3Rd exiitikg tatglyans per hour (kg/ hr) based on

the nom nal feed rate of nethane of 100 kg/ hr at 600

OC. The followi ng yields and selectivities were

C Rixed|BedREactoe (Bomiparabitéh Sel coke 40% Yi el dBTN = 12% :

Y] ke, =_.8.9% DTacact i = -50. n tive 500C).

OHUSEP | cpertorimeng eARt, of Prycpoisidial SuhEPeR rowpamlYE Fxgmple

| festRéd Reckven pdigerdpadoitianceithed wietddhd ARansFITD ©F alider Ereactor
' ure._at which catalytic

.e., the |l ast tenpera :
5 héfaisbooin dlie died ot F%“’%&’r’éa‘fﬁm thsc SPENhEH sHurepciamabad to be
t BgpliabyQhe BtBia@Bkconfaiifg Sthéanh (SHRCRS RBVinkAthlyst MK used to

reaction tenperature (i.e., the first tenperature_at
WRHRPY Beat 3¢ thejreaction zone), Therefnrs. tha frred hed FRpgion Eeguse that the

f fRthaAP BRGNS sir&Rk 1had 18 e iRMed BNCteM}RIANR much greater than
DTcatai yst is defined as the tenperature of the

sthsplasiaed eutlet| temperaiirg ©1t800°C, thereby resulting in a larger magnitude
AT; that is a AT of -60°C or more negative.

Cascaded Fluid Beds (2 Fluidized Beds)
[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:

Selarn =81%

Selcoke = 13%

Yieldgrn = 18%

Yieldcoke = 2.8%

ATReaction = + 69°C



tenperature of the exiting catal yst Fi xed Bed Reactor

("Conparative ") [00158] Perform ng nodeling of the
weodoenzdsal fi xed bed conparative Exanpl e resul p€dus107/007563

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

nmet hane cont ai ni ng stream (since no novi ng catal yst

was used to supply heat to thg reaction zone).

Therefore, the fixed bed reactor required that the

nmet hane containing stream had to be heated to a

tenperature nuch greater. than the desired outl et

t enper Atlgraysit -14806 Enegeles bR Desul ting in a | arger

magni tude DT; that is a DT of -600C or nore negati ve.

Cascaded Fluid Beds (2 Fluidized Beds) [001 59]

SCasqaded FlnigyBads (3sFlyitdizad BedsFi gure 1; this Exanple is

! fo180f 2HE ald RS Bor chibe CARGAEP HuldibaheBEDP chrbiyst, the

i S neaht at there are or nore reaction stages or

z first bed peasavpeanatediiat (PO rthe sedoadpredavay eperatied hat 753°C and the

particul ate c Vi )

DR G oY Mol Ml AT RFISRLE e e ricBEH 1020

i hg/hhanditheaeidtion rembts wereinpravedf t he cat al yst

rmvemest Ig&;tt;u/e case sinulated for two cascaded

f1ui di 288™eds df cat al yst, the first bed was operated

at 731Sekardiache second bed was operated at 8000C,

the re ired_g?éﬁjyst circulation rate was reduced to

1367 kgﬁﬂpaﬁhﬂ e reaction results were inproved:

Sel Bt NyidddpSeb@ske = 13% Yiel d Bt N= 18% Yi el dcoke =

2. 8% DIReacti on=_+ 690CDTcataiyst = - 119C (negative

1190) . Ataseaded 1H9% d Beds (3 Flui di zed Beds) [00160]

I n theaqase st ybet eskghive {ducey. cascaded fl ui di zed

beds of qu'?ygl yst, tEe gftﬂli rst bgg was operated at 690

0C, the second bed was operated at 753C and the third

b d he catal yst circul ation

- Sictien FREL BLES i e

was reduced to 1 r and the reaction
r 0161k Vi the icage sitnaudiated 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:

Selgtn = 86%

Selcoke = 9%

Yieldgrny = 19%

Yieldcoke = 2.0%

ATRgeaction = +131°C

ATcatalyst = -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:



Sel bTN = 85% Sel Coke 10% Yield = 19% Yi el dc oke =
2. 2% DTRcaction + 110C DTcatai yst = -160C (negative
wasoes1Cascaded Fluid Beds (4 Fluidi zed BedspCT/08062907563
In the case sinulated for four cascaded fluidized beds
of catalyst, the first bed was operated at 669C, the
second bed was operated at 723C, the third bed was
operated at 762C, and the fourth bed was operated at
8000C, the catalyst circulatiygn rate was reduced to
900 kg/ hr and the reaction results were inproved:
Sel 1JTN = 86% Sel coke = 9% Yield bTN = 19% Yi el dc oke
= 2. 0% DTReactji op = +131 0OC DTcatai yst = -1810C
(negat PHe™ B 8THC) . Cascaded Fluid Beds (5 Fl uidized
Beds) gggngZ]go,{,n the case sinmulated for five cascaded
fluidize beds of catal yst, the first bed was operated
at 655&jelddry s2%nd bed was operate at 7030C, the
third Qgéi nas_ %e/{,ated at 737C, the fourth bed was
oper at € call‘f°"76 C and the fifth bed was operated at
800 OCATt=hel4¥Cal yst circulation rate was reduced to

838 kg/ and ok eact j.o Its were inproved: Sel

TN = §0gasm S C BB 1SR 0% Vi el deoke ~ 1 8% DT

= +145C DTcatai yst = -195C (negative 195C). [00163] As
Iauﬁﬁgé atﬁ?sd illi)l}/strtape% g)? %\{ee al éeenﬂgylca%ﬁlesrrorrngrer ?eaa%Eilor? nzole_gsngc ieve
better results, although it will be appreciated that the reaction system investment

will increase with increasing number of zones (or stages). There is optimum

number of zones (or stages) which depends on the economic of the process.

Example 2
[00164] Based on the model predicted advantages for an inverse temperature

profile, a laboratory scale unit was constructed to validate the model results.
While the model was oriented toward operation of the reaction system as a
cascaded fluid bed, the laboratory reactor was a fixed bed of catalyst with an
inverse temperature profile imposed by use of external heaters. In all cases the
experimentally observed conversions fell below the model predicted conversions.
This may be due to laboratory scale experimental artifacts such as bed bypassing
and or/back mixing due to the hydrodynamic regime in which the lab scale
reactors operate.

[00165] Mo/ZSM-5 catalyst was prepared via ball milling of 7.5 wt% Mo (wt%
of metal based on the total weight of the catalyst) as MoO; with NH4,ZSM-5
support (having a Si/Al, ratio of 25) for 2 hr, followed by calcination at 500°C for
5 hr in air. The catalyst was pelletized, crushed, 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 length.

[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



better results, although it will be appreciated that
the reaction systeminvestnent wll increase with

w0 pwraasing nunber of zones (or stages). Ther ePCBEUS2007/007563
opti mum nunber of zones (or stages) which depends on
the econom c of the process. Exanple 2 [00164] Based
on the nodel predicted advantages for an inverse
tenperature profile, a |l aboratory scale unit was
constructed to validate the podel results. Wile the
model was oriented toward opération of the reaction
system as a cascaded fluid bed, the laboratory reactor
was a fixed bed of catalyst with an inverse
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Oh &RESS 896°C Wit 22ftmén. }Ml 1iaTiHen eboRiObick k8 8OOYC (total time

I nert “quartz particles (20-50 nesh) were used as a bed
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regeneration (also
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.



identical for all ten experinents). Each reaction

segnment | asted 20 m nutes at 8000C in 95 vol % CEU/ 5
wooiorizesif eed at 1.4 hr 1 weight-hourly space RPE€r/08100Y007563

(WHSV) based on CH4. Each regeneration segnent

consi sted of swwtching to H, heating to 8500C with a

10 min. hold tinme, then cooling back to 8000C (total

time on H2 of 14 min.). The ten experinents differed

only on their sixth reaction cycle which was run in 95

vol % CH4/5 vol % Ar feed for 4 hours. Conditions for

the sixth cycle L conpare the effects

of catal yst bed]tenpdr gt 4re | g at different space
velociti &. |ngpaft) dqullaq, e ngnts 1 to 5 were run
at WHSV al ugs8lar yj g |bqt ve 2b and 8 hr 1 with
bed bei ng '@egdg N | 2[RIt & saie el i ons at 8000C. In
contrastﬁexcpdﬁgm & @] run over the same
range of WHSV vRTpES DUt W Tpear gradient in bed
ten‘peratq,re’fg“f 5500C fat| the iplet to 8000C at the
pr oduct @ggt i hvlerlsg tlenp rp profile). Table 3
sunmari zgsgtde Fafaj yist| fer nck results for the
ten expef Sesgt s} durf ng |r daq cypl e #6. [00168] The
resul ts iEnorabl PSRRI R} was a cl ear
advant agE' £ of@ it Tyerse tenperature
profile V\hzl\}\c;_g i frpr oved i st cols sel ectivity at
nmost spages\Vel opifijes flof g " pperation tinmes and
conmsteﬁ&ﬁy‘é ciked td prqld eftivity to benzene
over IongeBJe';gtigég a[EheRs Rl | owed for greater
cunul ati ve prodpetHer—tegapat+tsoh to an i sot her mal
bed at ald sSpack Vel deitileg. Tabl p B Exp. # WHSV
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pres&ht §(@ss gr@b{g_s JPeStapsFi on of et hane to
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i mproved opesabj ) tly,| and hi gher| splectivity; i.e.,
| oner cokesmakel | har gr qvilous|y| pf oposed processes,
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tenperature | ower that the process gas outlet reaction

tenperature - inverse of the tenperature profile one
wowewrd2asat ural |y achi eve for an endot hern ¢ r eBCT/US2007/007563

and b) achieving inverse profile by utilizing a series

of noving bed reactors with catal yst novi ng downward

with hot catalyst introduced at top of reactor series

and reduced tenperature catal yst renoved from bottom

of reactor series. Feed is i.ggroduced at bottom of

reactor series and flows countercurrent to catal yst up

the reactor series so that it contacts the hottest

portion of the catalyst at the process gas outlet.

[001 70] Other advantages of the present process

| [O0169E: As)illaattRedli B0 théteXaitiples! ithe présdit Nprotessnenables the

cat al yst exposure to high tenperature for iven
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f m[hera/(mtefpmﬁlembswcmm natlui'qllyl achicge forrap endothekmic reactmn, and
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C edaddoys Withi dfﬁilyst(ld))vﬁg&ldwmagarﬂ heitthbibt estalysaimtodated at top of

be maintajned.in a dro rich enyiron

whRAEHeT r S5l @ad 66%%50 BHFE PHAIYHOEMENGS &0 gggwwf reactor
I SGRRCIFREE K Mmbahded!at bbﬁ))m%fmeﬁﬂtéﬂ agiel and flpahwahtercurrent to
re U|renents and cqki ng_on heat transfer surfaces by

pEBLYE yythg reastarsergssp thabi coptasts thehottesipogtion gﬁ%e&ﬁltalyst at

tﬁ%;ﬂ&ﬁk& gulird for heating the process gas from
react or et tenperatures to outlet tenperatures and
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(f) mtrgating nme
c temiperaranesfby 2 given fpfawsss glaieaﬂgmperagrer@e to the inversed temperature

profile, that is the reactor system has a hydrocarbon gas inlet reaction temperature

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
(C2+) in feed, without substantially increasing in coke formation because of the
inversed temperature profile, which allows 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



(h) inproving energy efficiency (like a counter
current heat exchanger) by reducing catal yst

W@ roocnkasti on requirenments thereby reduci ng si zeCDUS2007/007563
associ ated hardware and catalyst attrition; and/or (i)
m ni m zing product entertainnment with exiting
catal yst. [00171] While the illustrative enbodi nents
of this disclosure have been described with
particularity, it will be unggrstood t hat vari ous
other nodifications will be apparent to and can be
readily made by those skilled in the art w thout
departing fromthe spirit and scope of this invention.
Acasired H%‘l heating the processngasnfrem repgiort iniet demperaues f outlet
ClefpRatdHep S theh et ‘Ekqﬁ?reh' frt e EickiEmE FeRYiSAs BV direct
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treat ecg)as ediing eitelystscanhienewsty tyyoffdebeatalystidgingd i n t he
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SEBTRRME @YK series, the process
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second reaction zone to said first reaction zone;
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un er reaction CO Itions sufficient to convert at
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at least one further reaction zone connected in series
wth said first and second reaction zones. The process
w@goochzismed in claiml1l or claim2, wherein saiPCTUSBDIN007563
ef fl uent conprises hydrogen and the process further
conprises (i) separating at |east part of said
hydrogen fromsaid first effluent or (ii) reacting at
| east part of said hydrogen fromsaid first effluent
wi t h oxygen- cont ai ni ng speC|§ gs) to produce a second
ef fl uent having a reduced hydrogen content conpared
wWth said first effluent. The process as clained in
claim3 and further conprising recycling said second
eELAIMS t0 (a). The process as clained in any
preceding claim wherein said reaction zones are
operated at a superficial gas velocity of at |east
1§ﬂﬂ£ﬂhﬂ£s the m ni mum f1l ui di zati on velocity (Unf).
The process as clained in any preceding claim wherein

idrega ‘Qﬁghgn d qga;

vgl oci tgy?%(# g%eg(gn ﬁ%n t e%s{e ocli %d;/nh? aﬁl dgdf"ﬁi()% )YReluding
mai nt amnaglcdl)slmclacbdmés) incai ttattonsystem dosiprisingsatlehst First and
The pr sg.as,.cl ai ned RLECE wherein

(y FUPERES rifn Poles CobfbsrihinBef &S B Hofesl ePhpHB5ET e

a non- At al ptavidipgr to csdidit eeatmiresysitm TBhehydiometsm afeedstock
clainmed in cl |m7 V\{glerei n the mass ratio of the

total fl ovvrﬁ? aipnemEhabel i cul ate material (catal ytic

parti CCH)at e providing &d sad t&c@ﬁyydﬁérﬁ-ac‘o%ta@tidﬂamculate material;
parti cg})ate material) to the flowate of said

hydr oc#Pbon™Mo¥angsthe ORIk of spidatal g particylate najgriafrom said first

100: 1. The RIREES SomStodaii §8REnd Peadfivn RERC A ABvilzahdbulk of
wherein said reaction conditions of each reaction zone

are non- oxi &igibrgrocareenieelstock frm spigsssendsrsagtion 7ang to said

in any preceggiiRghchibRizoae; Wherein said reaction
condi ti ons of each reaction zone include a tenperature

of abo() 409@@tm@nmre§qm0@nealrp¢ moymeded ffashin; and

| \55?0; ﬁy of g%outé)% %ggﬁ%mf F% Dot g%toﬁﬁ@%r'le% "ﬁ%ﬁg&'dmc’ns

process as eufficiati to womveyt gir lbastda pgrtainaehsaidimaethane to a first
said catal ygftﬁlent comprising said higher hydrocarbon(s).

2 The process as claimed 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 as claimed in claim 1 or claim 2, 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.

4 The process as claimed in claim 3 and further comprising recycling said

second effluent to (a).



particul ate material conprises at |east one of

nol ybdenum tungsten, rhenium a nol ybdenum conpound,
wa@2aangsten conpound, a zinc conpound, and a rPERnUS2IN7/007563

conmpound on ZSM5, silica or an al um num oxi de. The

process as clainmed in any preceding claim wherein

said catalytic particulate material enters said second

reaction zone at a tenperature of about 800 OC to

about 12000C and exits said_ggcond reaction zone at a

tenperature of about 600 OC to about 800 OC before

entering said first reaction zone. The process as

claimed in any preceding claim wherein the sumof the

tenperature difference of said catalytic particul ate

Nt er i fhe PrERES a8 Al inl arlye Brlcbdifg ZQMfh, ARRerki€said reaction

tenperature difference of said cat aFytl c particul ate

mat er | Zines @rogperated it desuperdiciad 288 velocity od at deast 1/08 diypes the

1000C. . ?,yggl in any preceding claim

wher ei‘ﬁ@gﬁ“@ﬁg@%&‘gﬁgg‘h@‘ e d%f?'ock further conprises

at | east one of CC'2, CO H2, H2O, or C2+

dr oc on( s .praces ' - . . .
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catal ytic particulate material under regenerating
conditjons; and (h). recycling at | east .a portion of

The’ chBh ey Sablaiged in A% PissedRe. waich, ey Lo firther
r eact Ogorfipides Bupplieng) t® GaRIS réaStoR | SYistetl d Aos-kadalptik Sparticulate
wherein said regeneration conditions conprise a

t enper BetsFdl-f r om about 400 OC to about 7500C and a
regenerati on gas conprising oxygen. The process as
clainmed in claim16, wherein said regeneration gas

f&r t heFhe prrRogPh8s claimed igicaimdé wherest the masyEatios of the total
that t gwggf : ' ' LSRG j

is fr oirin a o%??g&%%o%{}%[ a %%?a%a%t%&nﬂrhe pr%?iedéésmz}\gﬂl% any
cl ai mexbri-eatalytic rpaticulath enateriald dodtheeflewrataitafgseid hydrocarbon

condi t f.‘egﬁlgctock is from about 1:1 to about 100:1.

9 The process as claimed in any preceding claim, wherein said reaction

conditions of each reaction zone are non-oxidizing conditions.

10 The process as claimed in any preceding claim, 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''.

11 The process as claimed in any preceding claim, 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.



conprise a tenperature from about 8000C to about

12000C and a regeneration gas conprising hydrogen. The
w@e@eassias clained in any preceding claim anpCT/U$1008007563

conprising: (i) renobving at |least a portion of said

catalytic particulate material from said reactor

system G heating at | east a portion of the renobved

catalytic particulate material to a tenperature at

| east 825C; and (k) recyclingszat |least a portion of

the heated catalytic particulate material to said

reactor system The process as clained in any

preced g claim erei.n said cat tic i cul at. i
i or 1 TP srossetias Rmston. ShaRraopTtAE Wherpn S catalytic

requi rﬁﬂ'tlf:ﬁ’l&te( fhterial EnteFO§HS Sedhd GeadtivhUzdne AN temperature of

precedi ng claim wherein the reactor systemincludes a

cat al yahout R9QGC g ahont i18P0°Grand exits saidnsegprd #pashAn zone at a
[ eedst Aoipcddid! of ABLACEG0-E2 14! aBBLABYGCC HERKS lefitiriBCsaid first
rraterla In said first reaction zone and a cat al yst

di sengegctep panet i on, where said first effluent

di sengages fromcontact with said catalytic

particul ate material in the final reaction zone, and
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14 The process as claimed in any preceding claim, wherein said hydrocarbon

feedstock further comprises at least one of CO,, CO, H;, H,0O, or Cx+
hydrocarbon(s).

15 The process as claimed in any preceding claim, and further comprising:
® removing at least a portion of said catalytic particulate material
from said reactor system; and
(2 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.

16 The process as claimed in claim 15, wherein said regeneration conditions
comprise a temperature from about 400°C to about 750°C and a

regeneration gas comprising oxygen.

17 The process as claimed in claim 16, wherein said regeneration gas further
contains carbon dioxide and/or nitrogen such that the oxygen
concentration of said regeneration gas is from about 2 wt.% to about 10

wt.%.
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The process as claimed in claim 15, wherein said regeneration conditions
comprise a temperature from about 800°C to about 1200°C and a

regeneration gas comprising hydrogen.

The process as claimed in any preceding claim, and further comprising:

(i) removing at least a portion of said catalytic particulate material
from said reactor system;

G) heating at least a portion of the removed catalytic particulate
material to a temperature at least 825°C; and

X recycling at least a portion of the heated catalytic particulate

material to said reactor system.

The process as claimed in any preceding claim, wherein said catalytic

particulate material provides greater than 50% of the heat required for (e).

The process as claimed in any preceding claim, 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 the 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.



