
PRODUCTION QF AROMATIC HYDROCARBONS FROM METHANE Field
[0001] This invention relates to a process for
producing aromatic hydrocarbons from methane and, in
particular, from natural gas. Background [0002]
Aromatic hydrocarbons, particularly benzene, toluene,
ethylbenzene and xylenes, are important commodity
chemicals in the petrochemical industry. Currently,
aromatics are mostly frequently produced from
petroleum-based feedstocks by a variety of processes,
including catalytic reforming and catalytic cracking.
However, as the world supplies of petroleum feedstocks
decrease, there is a growing need to find alternative
sources of aromatic hydrocarbons. [0003] One possible
alternative source of aromatic hydrocarbons is
methane, which is the major constituent of natural gas
and biogas. World reserves of natural gas are
constantly being upgraded and more natural gas is
currently being discovered than oil. Because of the
problems associated with transportation of large
volumes of natural gas, most of the natural gas
produced along with oil, particularly at remote
places, is flared and wasted. Hence the conversion of
alkanes contained in natural gas directly to higher
hydrocarbons, such as aromatics, is a particularly
attractive method of upgrading natural gas, providing
the attendant technical difficulties can be overcome.
[0004] A large majority of the processes for
converting methane to liquid hydrocarbons involve
first conversion of the methane to synthesis gas, a
blend of H2 and CO. Production of synthesis gas is
capital and energy intensive; therefore routes that do
not require synthesis gas generation are preferred.
[0005] A number of alternative processes have been
proposed for directly converting methane to higher
hydrocarbons. One such process involves catalytic
oxidative coupling of methane to olefins followed by
the catalytic conversion of the olefins to liquid
hydrocarbons, including aromatic hydrocarbons. For
example, U.S. Patent No. 5,336,825 discloses a
two-step process for the oxidativeconversion of
methane to gasoline range hydrocarbons comprising
aromatic hydrocarbons. In the first step, methane is
converted to ethylene and minor amounts of C3 and C4
olefins in the presence of free oxygen using a rare
earth metal promoted alkaline earth metal oxide
catalyst at a temperature between 500C and 1000C. The
ethylene and higher olefins formed in the first step
are then converted to gasoline range liquid
hydrocarbons over an acidic solid catalyst containing
a high silica pentasil zeolite. [0006] However, these
oxidative coupling methods suffer from the problems
that they involve highly exothermic and potentially
hazardous methane combustion reactions and that they
generate large quantities of environmentally sensitive
carbon oxides. [0007] Dehydroaromatization of methane
via high-temperature reductive coupling has also been
proposed as a route for upgrading methane into higher
hydrocarbons, particularly ethylene, benzene and
naphthalene. Thus, for example, U.S. Patent No.
4,727,206 discloses a process for producing liquids
rich in aromatic hydrocarbons by contacting methane at
a temperature between 6000C and 800C in the absence of
oxygen with a catalyst 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. [0008] 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 percent hydrogen
and 50 mole percent methane, into a reaction zone
having at least one bed of solid catalyst comprising
ZSM-5 and phosphorous-containing alumina at conversion
conditions which include a temperature of 550C to
75O0C, a pressure less than 10 atmospheres absolute
(1000 kPaa) and a gas hourly space velocity of 400 to
7,500 hr 1 . The product effluent is said to include
methane, hydrogen, at least 3 mole % C2 hydrocarbons
and at least 5 mole % C6 -C8 aromatic hydrocarbons.
After condensation to remove the C4+ fraction,
cryogenic techniques are proposed to separate the
hydrogen and light hydrocarbons (methane, ethane,
ethylene, etc.) in the product effluent.[0009] U.S.
Patent Nos. 6,239,057 and 6,426,442 disclose a process
for producing higher carbon number hydrocarbons, e.g.,
benzene, from low carbon number hydrocarbons, such as
methane, by contacting the latter with a catalyst
comprising a porous support, such as ZSM-5, which has
dispersed thereon rhenium and a promoter metal such as
iron, cobalt, vanadium, manganese, molybdenum,
tungsten or a mixture thereof. The addition of CO or
CO2 to the feed is said to increase the yield of
benzene and the stability of the catalyst. [0010]
However, existing proposals for the
dehydroaromatization of methane frequently have low
selectivity to aromatics and may require co-feeding of
expensive additives to improve the aromatics
selectivity. Moreover, any reductive coupling process
generates large quantities of hydrogen and so, for
economic viability, requires a route for effective
utilization of the hydrogen by product. Since natural
gas fields are frequently at remote locations,
effective hydrogen utilization can present a
substantial challenge. [0011] Another problem involved
in the use reductive coupling to upgrade methane to
higher hydrocarbons is that significant heat must be
supplied to reaction. Thus not only is the process is
highly endothermic, but also the reaction is
thermodynamically limited. Thus the cooling effect
caused by the reaction lowers the reaction temperature
sufficiently to greatly reduce the reaction rate and
total thermodynamic conversion if make-up heat is not
provided in some manner. Various methods have been
proposed for supplying heat to the aromatization of
methane, but to date none of the proposed methods have
proved entirely satisfactory. [0012] For example, one
known method of providing the heat of reaction to a
methane aromatization process is the use of a
heat-exchange fluid flowing through the reaction zone,
which provides indirect heat to the catalyst in the
reaction zone. However, this method of heat exchange
tends to be inefficient and causes disruption of
catalyst flow in non-fixed bed reactors. [0013] It is
also known to supply heat to a reaction to a methane
aromatization process by using more than one reaction
zone in sequence, in combination with reheating the
reactants between the reaction zones. In
thisinterstage reheating, the reactor effluent from a
first bed of catalyst is heated to the desired inlet
temperature of a second, downstream bed of catalyst.
[0014] One method of interstage reheating includes the
use of indirect heat 



exchange, in which the effluent from an upstream
reaction zone is passed through a heat exchanger
before being fed to a subsequent reaction zone. The
high temperature fluid employed in this indirect heat
exchange method may be high temperature steam,
combustion gases, a high temperature process stream or
any other readily available high temperature fluid.
This method of interstage heating does not dilute the
reactants but does impose some pressure drop in the
system and can expose the reactants to undesirably
high temperatures. [0015] For example, Russian Patent
No. 2,135,441 discloses a process for converting
methane to heavier hydrocarbons, in which the methane
is mixed with at least 5wt% of a C + hydrocarbon, such
as benzene, and then contacted with a catalyst
comprising metallic platinum having a degree of
oxidation greater than zero at a methane partial
pressure of at least 0.05 MPa and a temperature of at
least 44O0C. The process is conducted in a multi-stage
reactor system using interstage reheating by indirect
heat exchange. Hydrogen generated in the process may
be contacted with oxides of carbon to generate
additional methane that, after removal of the
co-produced water, can be added to the methane feed.
The products of the methane conversion are a C2-C4
gaseous phase and a C5+ liquid phase but, according
the Examples, there is little (less than 5wt%) or no
net increase in aromatic rings as compared with the
feed. [0016] Another method of interstage heating is
the oxidative reheat method that involves the
admixture of a controlled amount of oxygen into the
reactants and the selective oxidation of hydrogen
generated in the aromatization process. The oxidation
is accomplished in the presence of a catalyst that
selectively promotes the oxidation of hydrogen as
compared to the destructive combustion or oxidation of
the more valuable feed and product hydrocarbons.
However, the reaction generates steam that can be
detrimental to the aromatization catalyst and can
react with methane to form hydrogen and carbon
monoxide. Moreover, by using a second selective
oxidation catalyst, this method suffers from added
complexity and cost.[0017] An alternative approach to
supplying heat of reaction to the reductive coupling
process makes use of the fact that the catalyst
generates coke as the aromatization reaction proceeds.
This coke gradually deactivates the catalyst and hence
the catalyst must be repeatedly regenerated to remove
the coke and reactivate the catalyst. The
regeneration, which involves contacting the catalyst
with an oxygen-containing gas, is highly exothermic
and hence can be used as a source of sensible heat to
the overall process. Such a process is disclosed in
International Patent Publication No WO 03/000826, in
which a dehydroaromatization catalyst is circulated
between a reactor system and a regenerator system,
where the catalyst is contacted with different
regeneration gases, including O2, H2, and H2O, at
different times to regenerate different portions of
catalyst. The percentage of catalyst contacting each
regeneration gas is controlled to maintain the reactor
system and regeneration system under a heat balance
regime. The reactor system includes a fluidized bed of
catalyst in a riser reactor, and the regeneration
system includes a second fluidized bed of catalyst
maintained in a bubbling bed reactor. [0018] However,
processes that use the catalyst regeneration step to
supply reaction heat suffer from the problem that the
catalyst needs to be heated well above the target
reaction temperature in the regeneration process,
which leads to accelerated catalyst degradation and
hence reduced catalyst life. Moreover, to maintain
heat balance, the process requires a high selectivity
to coke rather than to the desired aromatic products.
[0019] There is therefore a need for an improved
process for supplying heat of reaction to the
aromatization of methane. Summary [0020] hi one
aspect, the present invention resides in a process for
converting methane to higher hydrocarbons including
aromatic hydrocarbons, the process comprising: (a)
contacting a feed containing methane with a
dehydrocyclization catalyst in a reaction zone under
conditions effective to convert said methane to
aromatic hydrocarbons;(b) transferring a first portion
of said catalyst from the reaction zone to a heating
zone; (c) heating the first catalyst portion in the
heating zone by contacting the catalyst with hot
combustion gases generated by burning a supplemental
source of fuel; and (d) returning the heated first
catalyst portion to the reaction zone. [0021]
Conveniently, said first catalyst portion is contacted
directly with said source of fuel in said heating (c).
Alternatively, said source of fuel is burned in a
combustion zone separate from said heating zone and
the combustion gases generated in the combustion zone
are fed to the heating zone. [0022] Conveniently, said
supplemental source of fuel comprises a hydrocarbon
and/or hydrogen. [0023] Where the supplemental source
of fuel comprises a hydrocarbon, the hydrocarbon is
preferably methane and said supplemental source of
fuel preferably comprises part of the feed contacted
in (a). Conveniently, the hydrocarbon fuel is burned
in an oxygen-lean atmosphere to produce synthesis gas
and the synthesis gas is conveniently used to generate
additional hydrocarbon product and/or fuel. [0024]
Where the supplemental source of fuel comprises
hydrogen, said fuel comprises hydrogen generated as a
by-product of said contacting (a). [0025]
Conveniently, said heating zone is elongated and heat
is applied to said first catalyst portion at a
plurality of locations spaced along the length of the
heating zone. In one embodiment, substantially all of
the supplemental fuel is supplied to one end of the
heating zone and oxygen-containing gas is supplied
incrementally to said heating zone at said plurality
of spaced locations. In another embodiment,
substantially all of the oxygen-containing gas is
supplied to one end of the heating zone and the
supplemental fuel is supplied incrementally to said
heating zone at said plurality of spaced locations. In
a further embodiment, said hot combustion gases are
generated in a combustion zone separate from said
heating zone and are supplied to said plurality of
spaced locations. [0026] Preferably, the process
further includes transferring a second portion of the
catalyst to a regeneration zone separate from said
heating zone andcontacting said second catalyst
portion with a regeneration gas in said regeneration
zone to remove at least part of the coke generated by
said contacting (a). [0027] Conveniently, the
temperature of the regeneration zone is at or 



below the temperature of the reaction zone. [0028] In
a further aspect, the invention resides in a process
for converting methane to higher hydrocarbons
including aromatic hydrocarbons, the process
comprising: (a) contacting a feed containing methane
with a dehydrocyclization catalyst in a reaction zone
under conditions effective to convert said methane to
aromatic hydrocarbons; (b) transferring a first
portion of said catalyst from the reaction zone to a
heating zone; (c) heating the first catalyst portion
in the heating zone by direct contact of the catalyst
with hot combustion gases generated by burning a
supplemental source of fuel; (d) returning the heated
first catalyst portion to the reaction zone; (e)
transferring a second portion of said catalyst from
the reaction zone to a regeneration zone separate from
said heating zone; (f) contacting said second catalyst
portion with a regeneration gas in said regeneration
zone under conditions effective to at least partially
remove coke from said second catalyst portion; and (g)
returning the regenerated second catalyst portion to
the reaction zone. [0029] Conveniently, said
transferring (b) and (e) and said returning (d) and
(g) are effected continuously. [0030] Conveniently,
said reaction zone comprises a vertically-disposed,
settling bed reactor wherein said feed enters the
reactor at or near the base of the reactor and the
heated first catalyst portion and the regenerated
second catalyst portion are returned to the reactor at
or near the top of the reactor. Conveniently,said
first and second catalyst portions are removed in (b)
from at or near the base of the reactor. Conveniently,
said aromatic hydrocarbons are recovered from the
reactor at or near the top of the reactor. [0031] As
used herein, the term "dehydrocyclization catalyst" is
intended to include not only the active component(s)
of the catalyst but also any inert solids which may be
present in addition to the active component(s) to
enhance the physical properties of the catalyst and/or
to aid heat transfer. Brief Description of the
Drawings [0032] Figure 1 is a diagram of a
dehydrocyclization reactor and catalyst reheater
according to a first embodiment of the invention.
[0033] Figure 2 is a diagram of a dehydrocyclization
reactor with a catalyst reheater and a catalyst
regenerator according to a second embodiment of the
invention. [0034] Figure 3 is a diagram of a multiple
fluid bed dehydrocyclization reactor according to a
third embodiment of the invention. [0035] Figure 4 is
a diagram of a catalyst lift apparatus for use with
the risers employed in the first, second and third
embodiments of the invention. [0036] Figure 5 compares
the temperature profile of the flue gas with the
temperature profiles at different radial positions
within a catalyst particle having a diameter of 3650
mm when heated in a riser with all the heat being
supplied by burning fuel at the bottom of the riser.
[0037] Figure 6 compares the temperature profile of
the flue gas with the temperature profiles at
different radial positions within a catalyst particle
having a diameter of 3650 mm when heated in a riser
with the heat being supplied by burning fuel at spaced
positions along the length of the riser. Detailed
Description Of The Embodiments [0038] As used 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;and/or organic compound(s) comprising at
least one carbon atom and at least one non-hydrogen
atom, e.g., methanol, ethanol, methylamine, and/or
ethylamine. [0039] As used herein the term "aromatic
hydrocarbon(s)" means molecules containing one or more
aromatic rings. Examples of aromatic hydrocarbons are
benzene, toluene, xylenes, naphthalene, and
methylnaphthalenes. [0040] As used herein the term
"moving bed" reactor means a zone or vessel with
contacting of solids and gas flows such that the
superficial gas velocity (U) is below the velocity
required for dilute-phase pneumatic conveying of solid
particles in order to maintain a solids bed with void
fraction below 95%. A moving-bed reactor may operate
under several flow regimes including settlingor moving
packed-bed regime (U < Umf), bubbling regime (Umf < U
< Umb), slugging regime (Umb < U < Uc), transition to
and turbulent fluidization regime (Uc < U < Utr), and
fast-fluidization regime (U > Ub) . These different
fluidization regimes have been described in, for
example, Kunii, D., Levenspiel, O., Chapter 3 of
Fluidization Engineering, 2nd Edition,
Butterworth-Heinemann, Boston, 1991 and Walas, S.M.,
Chapter 6 of Chemical Process Equipment, Butterworth-
Heinemann, Boston, 1990. [0041] 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 (Umf), U < Umf, 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
Engineering," D. Kunii and O. Levenspiel, 2nd 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. [0042] As used
herein the term "fluidized bed" reactor means a zone
or vessel with contacting of solids and gas flows such
that the superficial gasvelocity (U) is sufficient to
fluidize solid particles (i.e., above the minimum
fluidization velocity Umf) and is below the velocity
required for dilute-phase pneumatic conveying of solid
particles in order to maintain a solids bed with void
fraction below 95%. As used herein the term "cascaded
fluid-beds" means a series arrangement of individual
fluid-beds such that there can be a gradient in gas
and/or solid property (such as, temperature, gas or
solid composition, pressure etc.) as the solid or gas
cascades from one fluid-bed to another. Locus of
minimum fluidization velocity is given in, for
example, the Kunii and Walas 



publications noted above. [0043] As used herein the
term "riser" reactor means a zone or vessel (such as,
vertical cylindrical pipe) used for net upwards
transport of solids in fastfluidization or pneumatic
conveying fluidization regimes. Fast fluidization and
pneumatic conveying fluidization regimes are
characterized by superficial gas velocities (U)
greater than the transport velocity (Utr) . Fast
fluidization and pneumatic conveying fluidization
regimes are also described in the Kunii and Walas
publications noted above. [0044] The present invention
provides a process for producing aromatic hydrocarbons
by contacting a feedstock containing methane,
typically together with H2, CO and/or CO2, with a
dehydrocyclization catalyst in a reaction zone under
conditions effective to convert the methane to
aromatic hydrocarbons and hydrogen. As discussed
above, the dehydrocyclization reaction is endothermic
and the present invention provides a method for
supplying heat to the reaction by withdrawing a
portion of the catalyst from the reaction zone,
heating the catalyst portion in a heating zone with
hot combustion gases generated by burning a
supplemental source of fuel and then returning the
heated catalyst portion to the reaction zone. [0045]
In addition, the invention 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 [0046] Any
methane-containing feedstock can be used in the
process of the invention but in general the present
process is intended for use with a natural gas
feedstock. Other suitable methane-containing
feedstocks include those obtained from sources such as
coal beds, landfills, agricultural or municipal waste
fermentation, and/or refinery gas streams. [0047]
Methane-containing feedstocks, such as natural gas,
typically contain carbon dioxide and ethane in
addition to methane. Ethane and other aliphatic
hydrocarbons that may be present in the feed can of
course be converted to desired aromatics products in
the dehydrocyclization step hi addition, as will be
discussed below, carbon dioxide can also be converted
to useful aromatics products either directly in the
dehydrocyclization step or indirectly through
conversion to methane and/or ethane in the hydrogen
rejection step. [0048] Nitrogen and/or sulfur
impurities are also typically present in
methane-containing streams may be removed, or reduced
to low levels, prior to use of the streams in the
process of the invention. In an embodiment, the feed
to the dehydrocyclization step contains less than 100
ppm, for example less than 10 ppm, such as less than 1
ppm each of nitrogen and sulfur compounds. [0049] In
addition to methane, the feed to the
dehydrocyclization step may contain at least one of
hydrogen, water, carbon monoxide and carbon dioxide in
order to assist in coke mitigation. These additives
can be introduced as separate co-feeds or can be
present in the methane stream, such as, for example,
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. [0050] In one embodiment, the feed
to the dehydrocyclization step contains carbon dioxide
and comprises about 90 to about 99.9 mol%, such as
about 97 to about 99 mol%, methane and about 0.1 to
about 10 mol%, such as about 1 to about 3 mol%, CO2.
hi another embodiment, the feed to the
dehydrocyclization step contains carbon monoxide and
comprises about 80 to about 99.9 mol%, such as about
94 to about 99 mol%, methane and about 0.1 to about 20
mol%, such as about 1 to about 6 mol%, CO. In a
further embodiment,the feed to the dehydrocyclization
step contains steam and comprises about 90 to about
99.9 mol%, such as about 97 to about 99 mol%, methane
and about 0.1 to about 10 mol% such as about 1 to
about 5 mol%, steam. In yet a further embodiment, the
feed to the dehydrocyclization step contains hydrogen
and comprises about 80 to about 99.9 mol%, such as
about 95 to about 99 mol%, methane and about 0.1 to
about 20 mol%, such as about 1 to about 5 mol%,
hydrogen. [0051] The feed to the dehydrocyclization
step can also contain higher hydrocarbons than
methane, including aromatic hydrocarbons. Such higher
hydrocarbons can be recycled from the hydrogen
rejection step, added as separate co-feeds or can be
present in the methane stream, such as, for example,
when ethane is present in a natural gas feed. Higher
hydrocarbons recycled from the hydrogen rejection step
typically include one-ring aromatics and/or paraffins
and olefins having predominately 6 or less, such as 5
or less, for example 4 or less, typically 3 or less
carbon atoms. In general, the feed to the
dehydrocyclization step contains less than 5 wt%, such
as less than 3 wt%, of C + hydrocarbons.
Dehydrocyclization [0052] In the dehydrocyclization
step of the present process, the methane containing
feedstock is contacted with a dehydrocyclization
catalyst under conditions, normally non-oxidizing
conditions and preferably reducing conditions,
effective to convert the methane to higher
hydrocarbons, including benzene and naphthalene. The
principal net reactions involved are as follows: 2CH4
(r) C2H4 + 2H2 (Reaction 1) 6CH4 (r) C6H6 + 9H2
(Reaction 2) 10CH4 C10H8 + 16H2 (Reaction 3) [0053]
Carbon monoxide and/or dioxide that may be present in
the feed improves catalyst activity and stability by
facilitating reactions such as: CO2 + coke 2CO
(Reaction 4) but negatively impacts equilibrium by
allowing competing net reactions, such as; CO + CHA
-(r) CO + 2HO (Reaction 5 .[0054] Suitable conditions
for the dehydrocyclization step include a temperature
of about 400C to about 12000C, such as about 5000C to
about 975C, for example about 6000C to about 95O0C, a
pressure of about 1 kPa to about 1000 kPa, such as
about 10 to about 500 IcPa, for example about 50 kPa
to about 200 kPa and a weight hourly space velocity of
about 0.01 to about 1000 hr 1, such as about 0.1 to
about 500 hr 1 , for example about 1 to about 20 hr 1
. Conveniently, the dehydrocyclization step is
conducted in the absence of O2. [0055] Any
dehydrocyclization catalyst effective to convert
methane to aromatics can be used in the present
process, although generally the catalyst will include
a metal component, particularly a transition metal or
compound thereof, on an inorganic support.
Conveniently, the metal component is present in an
amount between about 0.1 % and about 20 %, such as
between about 1 % and 



about 10 %, by weight of the total catalyst.
Generally, the metal will be present in the catalyst
in the form of a carbide. [0056] Suitable metal
components for the catalyst include calcium,
magnesium, barium, yttrium, lanthanum, scandium,
cerium, titanium, zirconium, hafnium, vanadium,
niobium, tantalum, chromium, molybdenum, tungsten,
manganese, rhenium, iron, ruthenium, cobalt, rhodium,
iridium, nickel, palladium, copper, silver, gold,
zinc, aluminum, gallium, silicon, germanium, indium,
tin, lead, bismuth and transuranium metals. Such metal
components may be present in elemental form or as
metal compounds, such as oxides, carbides, nitrides
and/or phosphides, and may be employed alone or in
combination. Platinum and osmium can also be used as
one of the metal component but, in general, are not
preferred. [0057] 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.
[0058] Suitable microporous crystalline materials
include silicates, aluminosilicates, titanosilicates,
titanoaluminosilicates, aluminophosphates,
metallophosphates, metalloaluminophosphates,
silicoaluminophosphates or their mixtures. Such
microporous crystalline materials include materials
having the framework types MFI (e.g., ZSM-5, TS-I,
TS-2 and silicalite), MEL (e.g., ZSM- 11), MTW (e.g.,
ZSM-12), TON (e.g., ZSM-22), MTT (e.g., ZSM-23), FER
(e.g., ZSM-35), MFS (e.g., ZSM-57), MWW (e.g., MCM-22,
PSH-3, SSZ-25, ERB-I, ITQ-I, ITQ-2, MCM-36, MCM-49 and
MCM-56), IWR (e.g., ITQ-24), KFI (e.g., ZK-5), *BEA
(e.g., zeolite beta), ITH (e.g., ITQ-13), MOR (e.g.,
mordenite), FAU (e.g., zeolites X, Y, ultrastabilized
Y and dealuminized Y), LTL (e.g., zeolite L), IWW
(e.g, ITQ-22), VFI (e.g., VPI-5), AEL (e.g., SAPO-Il),
AFI (e.g., ALPO-5) and AFO (SAPO-41), as well as
materials such as MCM-68, EMM-I, EMM-2, ITQ-23,
ITQ-24, ITQ-25, ITQ-26, ETS-2, ETS-IO, ETAS-IO,
ETGS-IO, SAPO-17, SAPO-34 and SAPO-35. Suitable
mesoporous materials include MCM-41, MCM-48, MCM-50,
FSM-16 and SBA-15. [0059] Examples of preferred
catalysts include molybdenum, tungsten, rhenium and
compounds and combinations thereof on ZSM-5, silica or
alumina. [0060] The metal component can be dispersed
on the inorganic support by any means well known in
the art such as co-precipitation, incipient wetness,
evaporation, impregnation, spray-drying, sol-gel,
ion-exchange, chemical vapor deposition, diffusion and
physical mixing. In addition, the inorganic support
can be modified by known methods, such as, for
example, steaming, acid washing, caustic washing
and/or treatment with silicon-containing compounds,
phosphoruscontaining compounds, and/or elements or
compounds of Groups 1, 2, 3 and 13 of the Periodic
Table of Elements. Such modifications can be used to
alter the surface activity of the support and hinder
or enhance access to any internal pore structure of
the support. [0061] The dehydrocyclization step is
conducted by contacting the methane-containing
feedstock with the dehydrocyclization catalyst in one
or more fixed bed, moving bed or fluidized bed
reaction zones. Generally, the feedstock is contacted
in the or each reaction zone with a moving bed of
dehydrocyclizationcatalyst, wherein the feedstock
flows countercurrent to the direction of movement of
the dehydrocyclization catalyst. In one embodiment,
the reaction zone comprises a settling bed reactor, by
which is meant a vertically disposed reactor in which
particulate catalyst enters at or near the top of the
reactor and flows under gravity to form a catalyst
bed, while the feed enters the reactor at or near the
base of the reactor and flows upwardly through the
catalyst bed. In an alternative embodiment, the
reaction zone comprises a plurality of
series-connected fluidized bed reactors 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. [0062] The
dehydrocyclization reaction is endothermic and in
order to supply heat to the reaction, a first portion
of the catalyst is withdrawn from the reaction zone,
either on an intermittent, or more preferably, a
continuous basis, and transferred to a separate
heating zone, where the first catalyst portion is
heated by direct contact with hot combustion gases
generated by burning a supplemental source of fuel.
The heated first catalyst portion is then returned to
the reaction zone. [0063] By "supplemental source of
fuel" is meant that the source fuel is physically
separate from the catalyst and hence is not, for
example, coke generated on the catalyst as a
by-product of the dehydrocyclization reaction.
Typically, the supplemental source of fuel comprises a
hydrocarbon, such as methane, and in particular a
suitable fuel source is the natural gas used as the
feedstock to the process. Conveniently, an oxygen-lean
atmosphere 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 additional hydrocarbon
product and/or fuel. In addition, the use of an
oxygen-lean atmosphere inhibits oxidation of metal
carbides present in the dehydrocyclization catalyst
and minimizes the average steam partial pressure
thereby reducing catalyst hydrothermal aging. [0064]
Alternatively, a suitable supplemental fuel source is
hydrogen and, in particular, part of the hydrogen
generated as a by-product of the aromatization
reaction.[0065] Conveniently, said first catalyst
portion is contacted directly with the burning 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 gases generated
in the combustion zone are fed to the heating zone to
heat the first catalyst portion. [0066] In one
practical embodiment, the heating zone is elongated
and the first catalyst portion is passed through the
heating zone from an inlet at or adjacent one end of
the heating zone to an outlet at or adjacent the other
end of the heating zone, with heat being applied to
first catalyst portion at a plurality of locations
spaced along the length of the heating zone hi this
way, the heat input to the first catalyst portion can
be distributed along the length of the heating zone
thereby minimizing catalyst surface temperatures and
internal gradients. 



[0067] Where the first catalyst portion is heated by
direct contact with the burning source of fuel in the
heating zone, gradual heating of the catalyst can be
achieved by supplying substantially all of the
supplemental fuel to the inlet end of the heating zone
and then supplying the oxygen-containing gas
incrementally to said heating zone at said plurality
of spaced locations along the length of heating zone.
Alternatively, substantially all of the
oxygen-containing gas required to burn said
supplemental fuel can be supplied to the inlet end of
the heating zone and the supplemental fuel supplied
incrementally to the heating zone at said plurality of
spaced locations. [0068] 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. [0069] In one embodiment, 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.
Alternatively, said heating zone can include a moving
bed of said catalyst. [0070] Typically, the first
catalyst portion is at a temperature of about 500C to
about 900C on entering the heating zone and is at a
temperature of about 800C to about 1000C on leaving
the heating zone. The hot combustiongases are
typically at a temperature of less than 1300C,
preferably less than HOO0C, more preferably less than
10000C, for example at a temperature in the range of
about 8000C to less than 10000C. Typically, the
heating zone will be operated at pressures between 10
and 100 psia (69 and 690 kPa), more preferably between
15 and 60 psia (103 and 414 kPa). Typically, the
average residence time of catalyst particles in the
heating zone will be between 0.1 and 100 seconds, more
preferably between 1 and 10 seconds. [0071] Prior to
being reintroduced into the reaction zone and,
preferably after passage through the heating zone, the
first catalyst portion may be subjected to one or more
stripping steps to at least partially remove (a) coke
or heavy hydrocarbons that may have been produced on
the surface of the catalyst and/or (b) water or oxygen
that may have been adsorbed by the catalyst. Stripping
to remove coke or heavy hydrocarbons is conveniently
effected by contacting the first catalyst portion with
steam, hydrogen and/or CO2, whereas stripping to
remove water or oxygen is conveniently effected by
contacting the first catalyst portion with methane,
CO2 or hydrogen. [0072] In addition, since the
reheating step may tend to oxidize catalytically
active metal species, particularly metal carbides,
contained by the first catalyst portion, the reheated
catalyst is preferably subjected to a carburizing step
prior to being reintroduced into the reaction zone.
Conveniently, the carburization step is effected by
contacting the first catalyst portion with H2, and CO,
CO2, and/or a hydrocarbon, such as methane, ethane, or
propane, and can be conducted simultaneously with or
separately from the water/oxygen stripping step.
[0073] 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 is withdrawn from the reaction zone,
either on an intermittent, or more preferably, 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 O2 but preferably contains less O2 than air,
such as less than 10 wt% O2, most preferably less than
5% O2. The transporting gas may contain CO2 and/or H2
to gasify a portion of the coke from the second
catalyst portion, but preferably is substantially free
of H2Oand is at a low temperature (typically less than
200C) so that the catalyst stream does not oxidize and
heat up above the target temperature of the
regeneration zone. [0074] In the regeneration zone,
the second catalyst portion is contacted with an
oxygen-containing gas under conditions to at least
partially remove the coke on the catalyst and thereby
regenerate the catalyst. The regeneration gas
preferably contains less O2 than air, such as less
than 10 wt%, more preferably less than 5 wt%, O2, and
is preferably substantially free OfH2O. The
regeneration gas may also contain CO2 to gasify a
portion of the coke from the second catalyst portion.
Convenient sources of the regeneration gas are an O2
depleted, N2 enriched stream from an air separation
unit and a high CO2 reject stream from industrial or
natural gas processing to which air or O has been
added to achieve the target O2 concentration.
Typically the regeneration gas is circulated between
the regeneration zone and treatment zone, where the
used regeneration gas is cooled to condense out excess
water, make-up oxygen-containing gas (preferably air)
is added to maintain the target O2 concentration and a
portion is purged to maintain constant pressure.
Typically the regeneration zone will be operated at
pressures between 10 and 100 psia (69 and 690 kPa),
more preferably between 15 and 60 psia (103 and 414
kPa). [0075] The regeneration zone may be a reactor
operated as a fluidized bed, an ebulating bed, a
settling bed, a riser reactor or a combination
thereof. In practice, the regeneration zone may
include a plurality of reactors, such as a plurality
of riser reactors connected in parallel. The
regeneration zone should be operated at the minimum
temperature required to remove the required amount of
coke at the design residence time and in particular
the temperature should not exceed the point at which
metal oxide volatilization occurs or the catalyst
substrate undergoes rapid deterioration. Generally,
the temperature in the regeneration zone is less than
the temperature of the reaction zone and typically
regeneration zone temperature is from about 4000C to
about 7000C, such as from about 550C to about 650C.
Catalyst residence time in the regeneration zone also
should be minimized to reduce catalyst aging rate and
maximize percent of time the catalyst spends in the
reactor doing useful work. Typically, the
averageresidence time of catalyst particles in the
regeneration zone will be between 0.1 and 100 minutes,
more preferably between 1 and 20 minutes. [0076] After
leaving the regeneration zone, the second catalyst
portion is returned to the reaction zone, although it
may be desirable to contact the regenerated second
catalyst portion with methane to at least partially
remove adsorbed water and/or oxygen therefrom before
the regenerated catalyst is reintroduced into the
reaction zone. In addition, it may be desirable to
subject the regenerated second catalyst portion to a
carburization step by contacting with H2, and CO, CO2,
and/or a hydrocarbon, such as methane, ethane, or
propane, prior to reintroducing the regenerated
catalyst into the reaction zone. Water/oxygen
stripping and carburization of the regenerated
catalyst may be effected in a single step or as
separate steps. 



[0077] Conveniently, the ratio of the weight of the
first catalyst portion transferred in a given time to
the heating zone to the weight of second catalyst
portion transferred in the same time to the
regeneration zone is in the range of about 5:1 to
about 100:1, preferably about 10:1 to about 20:1.
[0078] In one practical embodiment, the
dehydrocyclization step is conducted in a
vertically-disposed, settling bed reactor with the
feedstock entering the reactor at or near its base and
the heated first catalyst portion and the regenerated
second catalyst portion being returned to the reactor
at or near the top of the reactor. Conveniently, said
first and second catalyst portions are removed from at
or near the base of the reactor and the process
effluent is recovered from at or near the top of the
reactor. [0079] In an alternative embodiment, the
dehydrocyclization step is conducted in a plurality of
fiuidized 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. Conveniently, said first and
second catalyst portions are removed from the first
reactor. [0080] 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 atleast 10 wt%, for example at
least 20 wt%, preferably at least 30 wt%, more
aromatic rings than the feed. [0081] The benzene and
naphthalene are then recovered from the
dehydrocyclization effluent, for example, by solvent
extraction followed by fractionation. However, as will
be discussed below, at least part of these aromatic
components can be submitted to an alkylation step,
before or after product recovery, to produce higher
value materials, such as xylenes. Hydrogen Management
[0082] Since hydrogen is a major component of the
dehydrocyclization effluent, after recovery of the
aromatic products, the effluent is subjected to a
hydrogen rejection step to reduce the hydrogen content
of the effluent before the unreacted methane is
recycled to the dehydrocyclization step and to
maximize feed utilization. Typically the hydrogen
rejection step comprises reacting at least part of the
hydrogen in the dehydrocyclization effluent with an
oxygen-containing species, preferably CO and/or CO2,
to produce water and a second effluent stream having a
reduced hydrogen content compared with the first
(dehydrocyclization) effluent stream. Suitable
hydrogen rejection processes are described below and
in our copending PCT Application No. PCT/US2005/044042
(Attorney Docket No. 2004B154), filed on December 2,
2005. [0083] Conveniently, the hydrogen rejection step
includes (i) methanation and/or emanation, (ii) a
Fischer-Tropsch process, (iii) synthesis of C1 to C3
alcohols, particularly methanol, and other oxygenates,
(iv) synthesis of light olefins, paraffins and/or
aromatics by way of a methanol or dimethyl ether
intermediate and/or (v) selective hydrogen combustion.
These steps may be employed sequentially to gain the
greatest benefit; for example Fischer-Tropsch may
first be employed to yield a C2+ enriched stream
followed by methanation to achieve high conversion of
the H2. [0084] Typically, as described below, the
hydrogen rejection step will generate hydrocarbons, in
which case, after separation of the co-produced water,
at least portion of the hydrocarbons are conveniently
recycled to the dehydrocyclization step. For example,
where the hydrocarbons produced in thehydrogen
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 hydrocarbons produced in the
hydrogen rejection step comprise aromatics, the
portion recycled to the dehydrocyclization step
conveniently comprises single ring aromatic species.
Methanation/Ethanation [0085] In one embodiment the
hydrogen rejection step comprises reaction of at least
part of the hydrogen in the dehydrocyclization
effluent with carbon dioxide to produce methane and/or
ethane according to the following net reactions: CO2 +
4H2 (r) CH4 + 2H2O (Reaction 6) 2CO2 + 7H2 C2H6 + 4H2O
(Reaction 7) [0086] The carbon dioxide employed is
conveniently part of a natural gas stream and
preferably the same natural gas stream used as the
feed to the dehydrocyclization step. Where the carbon
dioxide is part of a methanecontaining stream, the
CO2:CH4 of the stream is conveniently maintained
between about 1:1 and about 0.1:1. Mixing of the
carbon dioxide-containing stream and the
dehydrocyclization effluent is conveniently achieved
by supplying the gaseous feeds to the inlet of a jet
ejector. [0087] The hydrogen rejection step to produce
methane or ethane normally employs a H2:CO molar ratio
close to the stoichiometric proportions required for
the desired Reaction 6 or Reaction 7, although small
variations can be made in the stoichiometric ratio if
it is desired to produce a CO2-containing or H -
containing 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 bean
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, alurninophosphates and
silicoaluminophosphates listed above for the
dehydrocyclization catalyst. [0088] The hydrogen
rejection step to produce methane and/or ethane can be
conducted over a wide range of conditions including a
temperature of about 1000C to about 9000C, such as
about 15O0C to about 5000C, for example about 2000C to
about 4000C , a pressure of about 200 kPa to about
20,000 kPa, such as about 500 to about 5000 kPa and a
weight hourly space velocity of about 0.1 to about
10,000 hr 1, such as about 1 to about 1,000 hr 1 . CO2
conversion levels are typically between 20 and 100%
and preferably greater than 90%, such as greater than
99%. This exothermic reaction may be carried out in
multiple catalyst beds 



with heat removal between beds hi addition, the lead
bed(s) may be operated at higher temperatures to
maximize kinetic rates and the tail beds(s) may be
operated at lower temperatures to maximize
thermodynamic conversion. [0089] The main products of
the reaction are water and, depending on the H2:CO2
molar ratio, methane, ethane and higher alkanes,
together with some unsaturated C and higher
hydrocarbons. In addition, some partial hydrogenation
of the carbon dioxide to carbon monoxide is preferred.
After removal of the water, the methane, carbon
monoxide, any unreacted carbon dioxide and higher
hydrocarbons can be fed directly to the
dehydrocyclization step to generate additional
aromatic products. Fischer-Tropsch Process [0090] In
another embodiment the hydrogen rejection step
comprises reaction of at least part of the hydrogen in
the dehydrocyclization effluent with carbon monoxide
according to the Fischer-Tropsch process to produce C2
to C5 paraffins and olefins. [0091] 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 byreference. The process typically
involves the reaction of hydrogen and carbon monoxide
in a molar ratio of about 0.5:1 to about 4:1,
preferably about 1.5:1 to about 2.5:1, at a
temperature of about 175C to about 400C, preferably
about 180C to about 2400C and a pressure of about 1 to
about 100 bar (100 to 10,000 kPa), preferably about 10
to about 40 bar (1,000 to 4,000 KPa), in the presence
of a Fischer-Tropsch catalyst, generally a supported
or unsupported Group VIII, nonnoble metal, e.g., Fe,
Ni, Ru, Co, with or without a promoter, e.g.
ruthenium, rhenium, hafnium, zirconium, titanium.
Supports, when used, can be refractory metal oxides
such as Group IVB, i.e., titania, zirconia, or silica,
alumina, or silicaalumina. In one embodiment, the
catalyst comprises a non-shifting catalyst, e.g.,
cobalt or ruthenium, preferably cobalt, with rhenium
or zirconium as a promoter, preferably cobalt and
rhenium supported on silica or titania, preferably
titania. [0092] In another embodiment, the hydrocarbon
synthesis catalyst comprises a metal, such as Cu,
Cu/Zn or Cr/Zn, on the ZSM-5 and the process is
operated to generate significant quantities of
single-ring aromatic hydrocarbons. An example of such
a process is described in Study of Physical Mixtures
ofCr O - ZnO and ZSM-5 Catalysts for the
Transformation of Syngas into Liquid Hydrocarbons by
Jose Erena; Ind. Eng. Chem Res. 1998, 37, 1211-1219,
incorporated herein by reference. [0093] The
Fischer-Tropsch liquids, i.e., C5 +, are recovered and
light gases, e.g., unreacted hydrogen and CO, C1 to C3
or C4 and water are separated from the heavier
hydrocarbons. The heavier hydrocarbons can then be
recovered as products or fed to the dehydrocyclization
step to generate additional aromatic products. [0094]
The carbon monoxide required for the Fischer-Tropsch
reaction can be provided wholly or partly by the
carbon monoxide present in or cofed with the
methane-containing feed and generated as a by-product
in the dehydrocyclization step. If required,
additional carbon monoxide can be generated by feeding
carbon dioxide contained, for example, in natural gas,
to a shift catalyst whereby carbon monoxide is
produced by the reverse water gas shift reaction: CO2
+ H2 <(r) CO + H2O (Reaction 8)and by the following
reaction: CH4 + H2O CO + 3H2 Alcohol Synthesis [0095]
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 C1 to C3 alcohols, and particularly
methanol. The production of methanol and other
oxygenates from synthesis gas is also wellknown and is
described in, for example, in U.S. Patent Nos.
6,114,279; 6,054,497; 5,767,039; 5,045,520; 5,254,520;
5,610,202; 4,666,945; 4,455,394; 4,565,803; 5,385,949,
the descriptions of which are incorporated herein by
reference. Typically, the synthesis gas employed has a
molar ratio of hydrogen (H2) to carbon oxides (CO +
CO2) in the range of from about 0.5:1 to about 20:1,
preferably in the range of from about 2:1 to about
10:1, with carbon dioxide optionally being present in
an amount of not greater than 50% by weight, based on
total weight of the syngas. [0096] The catalyst used
in the methanol synthesis process generally includes
an oxide of at least one element selected from the
group consisting of copper, silver, zinc, boron,
magnesium, aluminum, vanadium, chromium, manganese,
gallium, palladium, osmium and zirconium.
Conveniently, the catalyst is a copper based catalyst,
such as in the form of copper oxide, optionally in the
presence of an oxide of at least one element selected
from silver, zinc, boron, magnesium, aluminum,
vanadium, chromium, manganese, gallium, palladium,
osmium and zirconium. Conveniently, the catalyst
contains copper oxide and an oxide of at least one
element selected from zinc, magnesium, aluminum,
chromium, and zirconium hi one embodiment, the
methanol synthesis catalyst is selected from the group
consisting of: copper oxides, zinc oxides and aluminum
oxides. More preferably, the catalyst contains oxides
of copper and zinc. [0097] The methanol synthesis
process can be conducted over a wide range of
temperatures and pressures. Suitable temperatures are
in the range of from about 15O0C to about 45O0C, such
as from about 175C to about 35O0C, forexample from
about 2000C to about 3000C. Suitable pressures are in
the range of from about 1,500 kPa to about 12,500 kPa,
such as from about 2,000 kPa to about 10,000 kPa, for
example 2,500 kPa to about 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 about 50 hr 1 to about 50,000 such
as from about 250 hr4 to about 25,000 hr 1, more
preferably from about 500 hr 1 to about 10,000 hr 1 .
This exothermic reaction may be carried out in either
fixed or fluidized beds, including multiple catalyst
beds with heat removal between beds hi addition, the
lead bed(s) may be operated at higher temperatures to
maximize kinetic rates and the tail beds(s) may be
operated at lower temperatures to maximize
thermodynamic conversion. [0098] The resultant
methanol and/or other oxygenates can be sold as a
separate product, can be used to alkylate the
aromatics generated in the dehydrocyclization step to
higher value products, such as xylenes, or can be used
as a feedstock for the production of lower olefins,
particularly ethylene and 



propylene. The conversion of methanol to olefins is a
well-known process and is, for example, described in
U.S. Patent No. 4,499,327, incorporated herein by
reference. Selective Hydrogen Combustion [0099] In yet
another embodiment, the hydrogen rejection step
comprises selective hydrogen combustion, which is a
process in which hydrogen in a mixed stream is reacted
with oxygen to form water or steam without
substantially reacting hydrocarbons in the stream with
oxygen to form carbon monoxide, carbon dioxide, and/or
oxygenated hydrocarbons. Generally, selective hydrogen
combustion is carried out in the presence of an
oxygen-containing solid material, such as a mixed
metal oxide, that will release a portion of the bound
oxygen to the hydrogen. [00100] One suitable selective
hydrogen combustion process is described in U.S.
Patent No. 5,430,210, incorporated herein by
reference, and comprises contacting at reactive
conditions a first stream comprising hydrocarbon
andhydrogen and a second stream comprising oxygen with
separate surfaces of a membrane impervious to
non-oxygen containing gases, wherein said membrane
comprises a metal oxide selective for hydrogen
combustion, and recovering selective hydrogen
combustion product. The metal oxide is typically a
mixed metal oxide of bismuth, indium, antimony,
thallium and/or zinc. [00101] U.S. Patent No.
5,527,979, incorporated herein by reference, describes
a process for the net catalytic oxidative
dehydrogenation of alkanes to produce alkenes. The
process involves simultaneous equilibrium
dehydrogenation of alkanes to alkenes and the
selective combustion of the hydrogen formed to drive
the equilibrium dehydrogenation reaction further to
the product alkenes. In particular, the alkane feed is
dehydrogenated over an equilibrium dehydrogenation
catalyst in a first reactor, and the effluent from the
first reactor, along with oxygen, is then passed into
a second reactor containing a metal oxide catalyst
which serves to selectively catalyze the combustion of
hydrogen. The equilibrium dehydrogenation catalyst may
comprise platinum and the selective metal oxide
combustion catalyst may contain bismuth, antimony,
indium, zinc, thallium, lead and tellurium or a
mixture thereof. [00102] U.S. Patent Application
Publication No. 2004/0152586, published August 5, 2004
and incorporated herein by reference, describes a
process for reducing the hydrogen content of the
effluent from a cracking reactor. The process employs
a catalyst system comprising (1) at least one solid
acid cracking component and (2) at least one
metal-based selective hydrogen combustion component
consisting essentially of (a) a metal combination
selected from the group consisting of: i) at least one
metal from Group 3 and at least one metal from Groups
4-15 of the Periodic Table of the Elements; ii) 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; iii) at least one metal from Groups 1-2, at
least one metal from Group 3, and at least one metal
from Groups 4-15 of the Periodic Table of the
Elements; andiv) 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. [00103] The selective hydrogen
combustion reaction of the present invention is
generally conducted at a temperature in the range of
from about 3000C. to about 850C. and a pressure in the
range of from about 1 atm to about 20 atm (100 to 2000
fcPa). Aromatic Product Recovery/Treatment [00104] The
major products of the dehydrocyclization step are
benzene and naphthalene. These products can be
separated from the dehydrocyclization effluent,
typically by solvent extraction followed by
fractionation, and then sold directly as commodity
chemicals. Alternatively, some or all of the benzene
and/or naphthalene can be alkylated to produce, for
example, toluene, xylenes and alkyl naphthalenes
and/or can be subjected to hydrogenation to produce,
for example, cyclohexane, cyclohexene,
dihydronaphthalene (benzylcyclohexene),
tetrahydronaphthalene (tetralin), hexahydronaphthalene
(dicyclohexene), octahydronaphthalene and/or
decahydronaphthalene (decalin). Suitable alkylation
and hydrogenation processes are described below and in
more detail in our copending PCT Application Nos.
PCT/US2005/043523, (Attorney Docket No. 2004B156),
filed on December 2, 2005 and PCT/US2005/044038,
(Attorney Docket No. 2004B155), filed on December 2,
2005. Aromatics Alkylation [00105] Alkylation of
aromatic compounds such as benzene and naphthalene is
well known in the art and typically involves reaction
of an olefin, alcohol of alkyl halide with the
aromatic species in the gas or liquid phase in the
presence of an acid catalyst. Suitable acid catalysts
include medium pore zeolites (i.e., those having a
Constraint Index of 2-12 as defined in U.S. Patent No.
4,016,218), including materials having the framework
types MFI (e.g., ZSM-5 and silicalite), MEL (e.g.,
ZSM-Il), MTW (e.g., ZSM-12), TON (e.g., ZSM-22),MTT
(e.g., ZSM-23), MFS (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-1 8) and MWW (e.g., MCM-22, PSH-3, SSZ-25, ERB-I,
ITQ-I, ITQ-2, MCM-36, MCM-49 and MCM-56). [00106] 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 about 650
to 9000F (343 to 4820C), a pressure of about
atmospheric to about 3000 psig (100 to 20,800 kPa), a
WHSV based on ethylene of from about 0.5 to about 2.0
hr 1 and a mole ratio of benzene to ethylene of from
1:1 to 30:1. Liquid phase alkylation of benzene with
ethylene may be carried out at a temperature between
300 and 6500F (150 to 3400C), a pressure up to about
3000 psig (20,800 kPa), a WHSV based on ethylene of
from about 0.1 to about 20 hr 1 and a mole ratio of
benzene to ethylene offrom l:l to 30:l. [00107]
Preferably, the benzene ethylation is conducted under
at least 



partial liquid phase conditions using a catalyst
comprising at least one of zeolite beta, zeolite Y,
MCM-22, PSH-3, SSZ-25, ERB-I, ITQ-I, ITQ-2, ITQ-13,
ZSM-5 MCM-36, MCM-49 and MCM-56. [00108] The benzene
ethylation can be conducted at the site of the
dehydrocyclization/hydrogen rejection process or the
benzene can be shipped to another location for
conversion to ethylbenzene. The resultant ethylbenzene
can then be sold, used as a precursor in, for example,
the production of styrene or isomerized by methods
well known in the art to mixed xylenes. [00109] Li
another embodiment of the present process, the
alkylating agent is methanol or dimethylether (DME)
and is used to alkylate benzene and/or naphthalene
recovered from the dehydrocyclization effluent to
produce toluene, xylenes, methylnaphthalenes and/or
dimethylnaphthalenes. Where the methanol or DME is
used to alkylate benzene, this is conveniently
effected in presence ofcatalyst comprising a zeolite,
such as ZSM-5, zeolite beta, ITQ-13, MCM-22, MCM-49,
ZSM-Il, ZSM-12, ZSM-22, ZSM-23, ZSM-35, and ZSM-48,
which has been modified by steaming so as to have a
Diffusion Parameter for 2,2 dimethylbutane of about
0.1-15 se when measured at a temperature of 1200C and
a 2,2 dimethylbutane pressure of 60 torr (8kPa). Such
a process is selective to the production of
para-xylene and is described in, for example, US
Patent No. 6,504,272, incorporated herein by
reference. Where the methanol 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-I, ITQ-I, 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.
[00110] 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 partly be generated in situ by adding a carbon
dioxide-containing feed gas, such as a natural gas
stream, to part or all of the effluent from the
dehydrocyclization step. In particular, the
dehydrocyclization effluent, prior to any separation
of the aromatic components, can be fed to a reverse
shift reactor and reacted with the carbon
dioxide-containing feed under conditions to increase
the carbon monoxide content of the effluent by
reactions, such as Reactions 5 and 8 above. [00111] In
addition, methane and CO2 and/or steam may be fed to a
reverse shift reactor to generate syngas which can
then be mixed with a portion of the dehydrocyclization
effluent to adjust the H2/CO/CO 2 ratios as required
for the alkylation step. [00112] 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 about 5000C to
about 12000C, such as about 6000C to about 10000C, for
example about 7000C to about 9500C and a pressure of
about 1 IcPa to about 10,000 kPa, such as about 2,000
kPa to about 10,000 kPa, for example about 3000 kPa to
about 5,000 kPa. Gas hourly space velocities may vary
depending upon the type of process used, but
generallythe gas hourly space velocity of flow of gas
through the catalyst bed is in the range of about 50
hr 1 to about 50,000 hr 1, such as about 250 hr 1 to
about 25,000 hr 1, more preferably about 500 hr 1 to
about 10,000 hr 1 . [00113] 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 + 2H2 (r) CH3OH
(Reaction 9) CH3OH + C6H6 (r) toluene +2H2O (Reaction
10) 2CH3OH + C6H6 (r) xylenes + 2H2O (Reaction 11)
[00114] Suitable conditions for such an alkylation
reactor would include a temperature of about 100 to
about 7000C, a pressure of about 1 to about 300
atmospheres (100 to 30,000 kPa), and a WHSV for the
aromatic hydrocarbon of about 0.01 to about 100 hr 1 .
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. [00115]
Preferably, where the alkylation catalyst includes a
molecular sieve, the latter is modified to change its
diffusion characteristics such that the predominant
xylene isomer produced by Reaction 11 is paraxylene.
Suitable means of diffusion modification include
steaming and ex-situ or in-situ deposition of silicon
compounds, coke, metal oxides, such as MgO, 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.
[00116] 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 C8 fraction and a
heavy fraction containing naphthalene and alkylated
naphthalenes. The C8 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 anisomerization 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 unit for the
preparation of additional p-xylene. Aromatics
Hydrogenation [00117] 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
(benzylcyclohexeiie), 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. [00118] 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 about 300 to about 1,0000F (150 to
54O0C), such as about 500 to about 7000F (260 to
3700C), a pressure of about 50 to about 2,000 psig
(445 to 13890 kPa), such as about 100 to about 500
psig (790 to 3550 kPa) and a WHSV of about 0.5 to
about 50 hr 1, such as about 2 to about 10 hr 1.
[00119] Partial hydrogenation to leave one or more
olefnic 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
La2O3-ZnO. Homogeneous noble metal catalyst systems
can also be used. Examples of partial hydrogenation
processes are disclosed in US PatentNos. 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. [00120] 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 about 300 to about 1,0000F (150 to
540C), such as about 500 to about 700F (260 to 37O0C),
a pressure of about 50 to about 2,000 psig (445 to
13890 kPa), such as about 100 to about 500 psig (790
to 3550 kPa) and a WHSV of about 0.5 to about 50 hr 1,
such as about 2 to about 10 hr 1. [00121] Various
non-limiting embodiments of the invention will now be
more particularly described with reference to the
accompanying drawings and the Examples. [00122] Figure
1 illustrates a simplified design of a
dehydrocyclization reactor and a catalyst reheater
according to a first embodiment of the invention. In
this embodiment, the dehydrocyclization reactor
includes a vertically disposed settling bed reactor
11, into which heated catalyst flows through an inlet
12 located adjacent the top of the reactor 1 1 and
from which cooled catalyst flows by way of a valved
outlet 13 located adjacent the base of the reactor 11.
Typically, the heated catalyst enters the reactor 11
at a temperature of about 900C and the cooled catalyst
leaves the reactor at a temperature of about 65QC
[00123] Methane feedstock 14 is introduced into the
reactor 11 adjacent the base of the reactor and
additional methane or methane plus air 15 as
supplemental fuel is used to transport the cooled
catalyst to a catalyst reheater 16. Typically, the
amount of methane used as the supplemental fuel is
about 120 wt% of the amount of methane used as the
feed 14 to the dehydrocyclization process when the
objective is to co-produce synthesis gas. Typically
the amount of methane used as supplemental fuel is
about 65 wt% of the amount of methane used as the feed
14 to the dehydrocyclization process when the
objective is not to co-produce synthesis gas.[00124]
The catalyst reheater 16 is in the form of a
vertically disposed riser, with the cooled catalyst
being transported up through the riser by the methane
fuel and with oxygen being injected into the riser
through a plurality of inlets 17 spaced along the
length of the riser. The oxygen injected into the
reheater 16 causes the methane fuel to burn and
thereby raises the temperature of the catalyst as it
flows through the riser. The amount of oxygen
introduced through each inlet 17 is controlled so as
to maintain an oxygen-lean atmosphere in the riser,
whereby burning of the supplemental fuel and hence
heating of the catalyst occurs gradually as the
catalyst flows up through the riser. This minimizes
exposure of the catalyst to excessively high
temperatures and also results in incomplete oxidation
of the fuel such that the combustion effluent is rich
in carbon monoxide. The combustion effluent exits the
reactor 16 through an outlet 18 and typically
comprises 59wt% H2, 30wt% CO, 8wt% H2O and 3 wt% CO2.
Thus the combustion effluent comprises a convenient
source of synthesis gas which can be used to generate
additional hydrocarbon product and/or fuel. [00125] At
or adjacent the top of the riser 16, the heated
catalyst passes into a catalyst stripper 19, where the
catalyst is contacted with additional methane to
remove water or oxygen that may have been adsorbed by
the catalyst, before the heated catalyst is returned
to the reactor 11 through the inlet 12. Process
effluent, containing aromatic hydrocarbons, is removed
from the reactor 11 by way of an outlet (not shown) at
or near the top of the reactor 11. [00126] A second
embodiment of the invention is shown in Figure 2, in
which a dehydrocyclization reactor is provided with
both a catalyst reheater and a separate catalyst
regenerator. As in the first example, the
dehydrocyclization reactor includes a vertically
disposed settling bed reactor 21, into which heated
catalyst flows through an inlet 22 located adjacent
the top of the reactor 2 1 and from which cooled
catalyst flows by way of first and second outlets 23,
24 respectively located adjacent the base of the
reactor 21. Methane feed 25 is introduced into the
reactor 2 1 adjacent the base thereof. [00127] A first
portion of the cooled catalyst flows under gravity
from the first outlet 23 to the base of a riser
reheater 26, where the catalyst is entrained in a
mixture of air and methane fuel passed into the riser
through a manifold 27. Thecatalyst is transported up
the riser 26 by the air/methane mixture and is heated
during its passage through the riser 26 by combustion
of the methane. The mixture entering the riser 26
through the manifold 27 contains all the fuel required
to heat the catalyst to the required reaction
temperature, but is deficient in oxygen. Additional
air is therefore introduced into the riser 26 through
a plurality of inlets 28 spaced along the length of
the riser (for simplicity only two inlets 28 are
indicated in Figure 2 but in reality the number may be
far greater), whereby heating of the catalyst occurs
gradually as the catalyst flows up through the riser
26. [00128] On exiting the top of the riser 26, the
heated catalyst passes into a separator 29 where the
solid particulate catalyst is separated from the
combustion gases and then passed to an
activator/stripper tower 32. The combustion gases are
then fed to cyclones 3 1 for removal of catalyst fines
before being subjected to heat recovery. Using air as
the combustion medium in the reheater, the combustion
gases typically comprise 67.9wt% N2, 0.2 wt% O2, 1.3
wt% H2, 3.6 wt% CO, 7.9 wt% CO2, and 17.3 wt% H2O.
[00129] A second portion of the cooled catalyst flows
under gravity from the second outlet 24 to the base of
a riser regenerator 33 where the catalyst is entrained
in a stream of oxygen-containing gas and transported
up the riser regenerator. As the second catalyst
portion passes through the regenerator 33 coke
generated on the catalyst in the dehydrocyclization
reactor 2 1 is burned off 



the catalyst thereby heating the catalyst. However,
the regenerator 33 is preferably controlled, for
example by lowering the temperature of the
oxygencontaining gas fed to the regenerator 33, so
that the temperature of the second catalyst portion
exiting the regenerator is less than the temperature
of the second catalyst portion exiting the reactor 21.
Typically, the temperature of the second catalyst
portion exiting the regenerator 33 is about 55O0C
whereas on exiting the reactor 2 1 the second catalyst
portion is at a temperature of about 65O0C. [00130] On
exiting the top of the regenerator 33, the second
catalyst portion passes into a separator 34 where the
solid particulate catalyst separates from the
combustion gasses, which are then fed to the cyclones
31 for removal of catalyst fines. The separated
catalyst particles then flow to the activator/stripper
tower 32.[00131] In the activator/stripper tower 32,
the regenerated catalyst is initially contacted with a
hydrocarbon stream 35, such as methane, ethane or
propane as well as H2 and/or CO flowing upwardly from
lower parts of the vessel, to recarburize the metal on
the catalyst since the regeneration step not only
removes surface coke from the catalyst but also tends
to oxidize catalytically active carbide species on the
metal component of the catalyst. The catalyst is then
contacted with a methane stream 36 to remove water or
oxygen that may have been adsorbed by the catalyst.
The regenerated catalyst is then combined with the
reheated catalyst from the riser 26 and the combined
catalyst is contacted with a hydrogen and/or CO2
stream 37 remove any residual coke or heavy
hydrocarbons. After stripping the catalyst the hot
gasses flow upward to help heat the regenerated
catalyst portion in the recarburization section. The
combined catalyst is then returned to the reactor 2 1
through the inlet 22. Preferably all the gas streams
fed to the vessel are preheated to minimize
temperature losses. While the drawing indicates all
actions in a single vessel, it is understood that for
ease of construction or operation the activities may
be carried out in multiple vessels. [00132] A third
embodiment of the invention is shown in Figure 3, in
which a dehydrocyclization reactor comprises a
plurality, in this case 3, of verticallyspaced,
series-connected fluid bed reactors 4 1 in which hot
catalyst from the stripper 42 of a catalyst reheater
(not shown) enters the uppermost reactor 4 1 and moves
downwardly in counter-current flow to methane which is
introduced through an inlet 43 into the lowermost
reactor 41. Cooled catalyst is removed from the
lowermost reactor 4 1 and sent to the catalyst
reheater. The reheater and regenerator employed with
the fluid bed design of Figure 3 would typically be
the same as those shown in Figure 2. It will, however,
be appreciated that the particle a size of the
catalyst employed with the fluid bed design of Figure
3 would typically be smaller, for example in the range
of about 50 mm to about 500 mm, than the particle size
of the catalyst employed with the settling bed design
of Figures 1 and 2, typically in the range of about
1,000 mm to about 10,000 mm. [00133] Figure 4
illustrates one suitable apparatus for controlling the
flow rate of the catalyst through the risers employed
in the catalyst reheater of Figures 1 and 2 and/or the
catalyst regenerator of Figure 2. The apparatus
includes acatalyst collecting tank 5 1 that
accommodates a bed of cooled/spent catalyst received
from the dehydrocyclization reactor (not shown) by way
of conduits 52. Lift gas either in the form of
oxygen-deficient air for regeneration or a fuel/air
mixture for catalyst reheating is supplied to tank 5 1
by way of a conduit 53 and is divided by valves 54, 55
into a primary gas flow and a secondary gas flow. The
primary gas flow is fed by a conduit 56 to a region of
tank 5 1 directly below the lower end of a riser 57
such that primary lift gas flows up through the riser
57 without passing through any substantial thickness
of the catalyst bed. [00134] The secondary lift gas is
fed by a conduit 58 to a region of the tank 51 spaced
a substantial distance from the lower end of the riser
57 so that the secondary lift gas has to flow through
a substantial thickness of the catalyst bed to reach
the riser. The secondary lift gas pushes the catalyst
particles into the stream of primary lift gas where
they are entrained and lifted up the riser 57. By
controlling the valves 54, 55 to vary the relative
flow rates of the primary and secondary lift gases,
the rate of flow of the catalyst particles through the
riser 57, and hence the flow rate of the catalyst
within the riser 57, can be varied. Generally, the
flow rate of the secondary lift gas is varied between
5 and 15% of the total gas flow. [00135] In the
embodiments shown in the drawings the risers employed
in the catalyst reheater and the catalyst regenerator
have a generally constant internal diameter along the
length of the riser hi some case, however, it may be
desirable to arrange that the internal diameter of the
riser increases from the base to the top of the riser.
[00136] Although not shown in the drawings, it is
desirable to use "waste heat" from other parts of the
process to preheat the methane (both as the feedstock
to be converted to aromatics and as the fuel for the
catalyst reheater), preferably up to about 600C and to
preheat the oxygen-containing feed to the catalyst
reheater to the maximum available temperature. Example
1: Spatial and Time-Dependence of Catalyst Temperature
Profile in Reheater[00137] Internal (spatial)
temperature profile within a catalyst particle and its
dependence on time axially up the riser was calculated
for two cases: (A) when all the air required for
methane oxidation is added at riser bottom (i.e., at
catalyst residence time in riser of zero), and (B)
when the air feed is axially distributed along the
riser (either at discrete catalyst residence time
intervals as would be practically possible or
"continuous" air injection points at infinitesimal
time intervals (or riser lengths) to simulate
theoretical, best-case performance). The methodology
for calculating the time-dependent, temperature
profile within the catalyst particle (assumed to be a
sphere) T(r, t) involved numerically solving the
simplified heat transfer equation for unsteady-state,
1-dimensional heat transfer with no homogenous
reaction coupled with convective and radiative
heat-transfer boundary condition at the particle
surface: where r is the radial distance from the
sphere center, t is the catalyst residence time in
riser, D is the thermal diffusivity, k is the catalyst
thermal conductivity, h is the convective
heat-transfer coefficient, Tsurface and Tflue ar e the
catalyst surface temperature (at r -R) and the bulk
flue gas temperature (at r " R), respectively, s is
the Stefan-Boltzmann constant, and e is the catalyst
surface emissivity. For simplicity, we have assumed
that the catalyst thermal conductivity, thermal
diffusivity and surface emissivity remain constant.
The convective heat-transfer coefficient was
calculated using flue gas properties at riser top and
bottom conditions using Geankoplis correlation for
isolated sphere in gas flow. Since the difference in
heat-transfer coefficients was < 20%, an average value
was used throughout the riser. The following Table 1
lists the physical constants and 



catalyst properties used in the model.Table 1: Model
Parameters [00138] In addition to heat-transfer
calculations, the overall energy balance between
catalyst particle and flue gas needs to be satisfied:
Hout - Hin + DHrxn x + Qcat = 0 where Hout and H n are
the flue gas enthalpies at inlet and outlet conditions
(for each time increment), DHrxn is the enthalpy
change due to reaction of x moles of methane, and Qcat
is the heat transferred to the catalyst during the
time increment. The enthalpy of gas mixtures was
calculated using: H-H298 (kJ/mol) =At +Bt2/2 + Ct3/3
+Dt4/4 -Et +F - H (where t=T(K)/1000) where A to H are
heat capacity constants for a particular species. The
energy balance equation allows calculation of the flue
gas temperature axially up the riser. [00139] The
heat-transfer partial differential equation was
numerically solved using explicit, finite-difference
method:METHODS AND SYSTEMS FORACTIVE NON-INTRUSIVE
INSPECTION AND VERIFICATION OF CARGO AND GOODS
REFERENCE TO RELATED APPLICATIONS This application
claims the right of priority to U.S. Provisional
Application No. 60/734,915, filed November 9, 2005,
which is hereby incorporated herein by reference.
BACKGROUND OF THE INVENTION Field of the Invention
This invention relates to systems and methods for the
use of active non-intrusive in spection technology for
the verification of cargo and/or goods. Background
Information Manufactured goods, raw materials,
equipment, provisions, supplies, and a variety of
other items are routinely shipped throughout the world
by land, air, sea, and even space. Often such items
are shipped in sealed containers, such as cargo
containers. The need for effective means of
identifying and/or verifying the contents of such
containers is of importance to any concern, whether
government or private commerce, that transports or
handles them. For example:  Customs and law
enforcement may wish to detect and interdict
contraband, drugs, and terror threats such as
explosives or nuclear material.  Recipients of
merchandise may wish to verify that the correct goods
are being delivered.  Shippers may wish to ensure
goods are transported and stored safely and cor
rectly.  Producers and buyers may wish to make certain
that received goods are what they are supposed to be
and not counterfeit. Other instances in which
identification and verification of goods may be
paramount will be readily recognized by those skilled
in the art. Yet such identification and verifica tion
may present difficulties that are cost-prohibitive or
impractical due to various factors, such as:
Verification of contents by manual inspection may be
cost-prohibitive and intro duce impracticable delays
in the shipment of goods.  Verification by destructive
techniques that require unpacking or destruction of
the container may not be practicable.  Containers may
be tamper-proof or otherwise difficult or cumbersome
to open.  The goods for which verification is desired
may be buried deep within a con tainer or are
otherwise difficult to reach.  The environment may be
dangerous or otherwise unsuitable for human inspec
tion. In the above scenarios, as well as others that
will be recognized by those skilled in the art,
non-destructive and non-intrusive means of
identification and/or verification of the contents of
a container may be desirable. In any flow of goods,
there is generally a supply chain that may include an
origin (e.g., a producer, manufacturer, shipper, or
the like); a transit route (which may include packing,
shipping, forwarding, temporary storage, receiving,
etc.); and an end point marked by the acceptance of
delivery by a recipient, such as a customs inspection
site, a purchaser, or an end-user. Non-intrusive means
for identification of goods may be useful at multiple
points along this supply chain. Currently, for reasons
such as those listed above, there may be no
practicable way to ascertain the origin, quality, and
other characteristics of goods at multiple points in a
supply chain. Further, in many cases visual
inspections or other current methods of analysis may
not be able to distinguish between genuine and
counterfeit goods. SUMMARY OF THE INVENTION We have
developed systems and methods for non-intrusive
identification and/or verification of shipped goods
that do not require opening the container, package,
enclosure, wrapping, or other enclosing material. The
systems and methods described herein may in crease the
security of a supply chain without adding
impracticably to the cost or time of transactions
involving the shipment of goods. An advantage of the
systems and methods we have developed is that they may
allow parties in a supply chain to ensure that they
are shipping and/or receiving genuine and correct
goods. Further, the systems and methods disclosed may
make it possible to do sowithout opening containers or
enclosures, which could impracticably delay the flow
of goods and increase transaction cost and time. The
systems and methods described herein also may allow
parties in the supply chain to be certain that there
has been no tampering with or any change to the
contents and condition of the goods in the container.
The systems and methods described herein employ an
elemental signature that can identify or provide
details of the contents in the container. As discussed
further below, this elemental signature may be
inherent to the container and/or its contents, or it
may be applied or added to the container or its
contents during manufacture, upon packing, or at a
later point in the supply chain. In some situations,
it may be desirable to have enough information for a
party in the supply chain to certify that the shipment
is genuine and not modified in any way, without
disclosing the contents of the container to that
party. For example, such verification with out
disclosure of the contents might be advantageous in
military, diplomatic, or other confi dential or
sensitive situations. For these cases, as discussed
further below, an elemental signature may be used that
validates the provenance of the container and/or its
contents without necessarily being descriptive of the
contents or allowing identification of the con tents.
Such an elemental signature may be used to identify
the container and its contents as a whole, without
specific descriptors. A system employing such
elemental signatures may provide a rapid and efficient
way to be certain that the shipment has arrived as
intended, and has not been changed or tampered with.
In an exemplary embodiment, an elemental signature of
a cargo container or its con tents may be measured at
a first point in a supply chain. The elemental
signature may be digitally encoded and transmitted to
a later point in the supply chain. When the container 



arrives at the later point, the elemental signature
may be measured again and compared to the elemental
signature measured at the first point. Thus the
invention may provide a way to verify that the
container's contents have not been tampered with or
otherwise altered in transit. In another exemplary
embodiment, an expected elemental signature may be pre
dicted based upon the elemental or isotopic
composition of the container and its contents, and/or
upon the spatial distribution of those contents within
the container. For example, the predicted elemental
signature may be computed based upon a shipping
manifest or other listing of the container's contents.
At any point in a supply chain, the elemental
signatureof the container and its contents may be
measured and compared against the expected ele mental
signature. In this way, the contents of the container
may b e verified non-intrusively. In another exemplary
embodiment, a "tag material" may b e introduced to the
ship ping container and/or its contents at the point
of manufacture, packing, or other point in the supply
chain. Such tag material may b e selected to uniquely
identify the point of origin or the manufacturer or
supplier of the goods. At any later point in the
supply chain, an ele mental signature of the tag
material may b e measured, thus verifying the origin
or manufac turer or supplier identified by the tag
material. In still another exemplary embodiment,
multiple tag materials may b e disposed in the
container such that a certain condition triggers a
measurable change in elemental signa ture that may b e
used to detect whether the condition has occurred.
BRIEF DESCRIPTION OF THE DRAWINGS The description
below refers to the accompanying drawings, of which:
Fig. 1 illustrates an exemplary procedure for the
verification of goods using embodiments of the systems
and methods described herein. DETAILED DESCRIPTION OF
ILLUSTRATIVE EMBODIMENTS To provide an overall
understanding, certain illustrative embodiments will
now be described; however, it will b e understood by
one of ordinary skill in the art that the devices and
methods described herein can be adapted and modified
to provide devices and methods for other suitable
applications and that other additions and
modifications can b e made with out departing from the
scope of the systems and methods described herein.
Unless otherwise specified, the illustrated
embodiments can b e understood as pro viding exemplary
features of varying detail of certain embodiments, and
therefore, unless otherwise specified, features,
components, modules, and/or aspects of the
illustrations can b e otherwise combined, specified,
interchanged, and/or rearranged without departing from
the disclosed devices or methods. Additionally, the
shapes and sizes of components are also exemplary, and
unless otherwise specified, can b e altered without
affecting the dis closed devices or methods. The
systems and methods described herein may employ
Nuclear Resonance Fluorescence Imaging (TSERFI),
measurements of effective atomic number (effective Z),
X-raytransmission imaging, measurements made by other
active non-intrusive interrogation tech nologies, or
combinations of such measurements as the basis for
non-intrusive identification and/or verification of
container contents. NRFI measurements may exploit the
fact that a beam of photons incident on a target can
excite in the target nuclear resonances or states that
subsequently fluoresce. The excita tion spectrum and
the resulting emission spectra are uniquely determined
by the particular isotopes contained in the target.
When detected by systems of detectors or detector
arrays capable of resolving spatial information, these
spectra allow for a measurement of the spa tial
distribution of isotopes contained in the irradiated
volume. Some exemplary systems for employing NRFI
measurements in non-intrusive scanning applications
are discussed in U.S. Patent No. 5,1 15,459,
Explosives Detection Using Resonance Fluorescence of
Bremsstrahlung Radiation, U.S. Patent No. 5,420,905,
Detection of Explosives and Other Materials Using
Resonance Fluorescence, Resonance Absorption, and
Other Electromag netic Processes with Bremsstrahlung
Radiation, and U.S. Patent No. 7,120,226, Adaptive
Scanning Of Materials Using Nuclear Resonance
Fluorescence Imaging, the contents of which are
incorporated herein by reference. Apart from NRFI
measurements (which may exploit characteristic
frequencies of resonant scattering to identify
isotopes present in a sample under scan), analysis of
the en ergy spectrum of photons scattered
non-resonantly from a target under scan can also yield
information about the target's composition. For
example, as described in U.S. Patent Ap plication No.
11/177,758, incorporated herein by reference, analysis
of non-resonant scat tering of photons can yield a
measurement of the average or effective atomic number
(ef fective Z) of the illuminated portion of a target.
Such non-resonant spectra, when detected by systems of
detectors or detector arrays capable of resolving
spatial information, can yield a measurement of the
spatial distribution of the effective Z in a target.
An advantage of using NRFI and/or effective-Z
non-intrusive scanning methods is that verification
may be achieved quickly enough to make sure that
transit of goods is not significantly delayed. Because
the signal obtained from either a NRFI or an
effective-Z scan depends upon the composition of the
material being scanned, NRFI or effective-Z scans can
be used to generate an "elemental signature" of a
target under scan. (Although in the exemplary em
bodiments a cargo container is used for illustration
of the principles, it should be appreciated that any
shipment of any kind may be verified using these
principles, including air, sea, or land cargo,
luggage, goods shipped by air freight, etc.) It should
be noted that a signal obtained by NRFI may contain
isotopic as well as elemental information. Thus the
so-called "elemental signature" may indeed be an
isotopic signature where NRFI measurement is used.
Further, in some embodiments of the inven tion the
signature may be a density measurement or projected
density map obtained by tra ditional X-ray
transmission imagery. Thus embodiments of the
invention described herein may use effective-Z
signatures, NRFI signatures, or even X-ray
transmission signatures, or a combination of such
signatures, to non-intrusively verify the contents or
origin of any shipment. The term "elemental signature"
will be used genetically herein to refer to all such
signatures, whether obtained from effective-Z, NRFI,
or X-ray transmission measure ments, or from a
combination of such measurements. The term "elemental
signature" should also be understood to include any
signature obtained by analyzing photons scattered from
or transmitted through a target to determine the
elemental or isotopic composition of some or all of
the target. Such an elemental signature may include a
bulk measurement of density, elemental or isotopic
composition; a total or relative abundance of one or
more elemental or isotopic components; and/or a 1-D,
2-D, or 3-D spatial distribution of density,
elemental, or isotopic composition or total or
relative abundance of components throughout the target
or a portion of the target. Particular embodiments of
such elemental signatures are discussed further below.
Any elemental signature may correspond to a single
item in the cargo container, to the cargo container as
a whole, or to a 3-D sub-volume (voxel) of the
container and its con tents, or any other relationship
between them, hi some embodiments, an elemental signa
ture may include a list of isotopes with their total
or relative abundances, as measured by NRFI
techniques, h i some embodiments an elemental
signature may include a list of NRF 



spectral lines, i.e. energies and absolute or relative
signal intensities that again may corre spond to the
entire container, a container voxel, or any portion of
the container's contents. In further embodiments, a
single isotopic abundance or even a single spectral
line may be all that is required for the elemental
signature. Similarly, elemental signatures may include
effective-Z information corresponding to the entire
cargo container, a container voxel, or any portion of
the container's contents. Because both NRFI and
effective-Z measurements allow for three-dimensional
mapping, the elemental signature of a cargo container
(or of any portion or subunit thereof) may be a
three-dimensional isotopic map, obtained at
anyresolution necessary for a particular application.
It will be appreciated that for some appli cations, a
rough NRFI or effective-Z measurement of the cargo
container as a whole may be all that is desired, while
for other applications a more detailed spatial
elemental signature may be useful. Figure 1 provides
an illustration of a supply chain in which exemplary
embodiments of the systems and methods described may
be employed. Step 102 represents the origin of the
supply chain, at which the items to be shipped (such
as raw materials, manufactured goods, or any other
materials) are manufactured and/or packed into a cargo
container. At step 104, a NRFI scanning system or an
effective-Z scanning system is employed to determine
the elemental signature of the cargo container and/or
its contents at the origin. The elemental signature at
the origin, represented in Figure 1 by item 112, may
be deter mined in any of several ways. In one
exemplary method, elemental signatures of individual
items, individual con tainers, or other subunits of
the container's contents are known. For example, these
maybe measured using an NRFI or effective-Z
measurement system at the site of manufacture or at
the packing site. Or, they may be determined based
upon the known composition of the goods or materials
to be shipped. For example, for manufactured items an
a priori elemen tal signature may be provided, with a
certain tolerance, as a manufacturing specification of
the item, so that an individual elemental signature
need not be measured for every unit. When the
elemental signatures of the subunits of the
container's contents are known, together with a known
packing location of each individual subunit within the
con tainer, an a priori spatial elemental signature of
the entire container can be obtained. For example, the
NRFI elemental signature of a manufactured item may be
measured and re corded prior to packing the item in
the shipping container. Knowledge of the distribution
of this manufactured item in a container would yield a
predicted three-dimensional map of an NRFI scan of the
container; i.e. a predicted spatial distribution of
NRFI signals obtained from the container. In some
embodiments, the predicted elemental signature itself
may be adopted as the elemental signature 112 at the
origin of the goods. In alternative embodiments, the
elemental signature may be measured separately at the
origin and compared to the predicted elemental
signature, in order to provide an extra check that the
goods were correctly manu factured and/or
packed.Alternatively, the elemental signatures of the
individual items in the shipping con tainer may be
unknown or not considered. Instead, an average signal
over the entire con tainer or the spatial distribution
of the measured signals from the container may be meas
ured at the origin and used to generate the elemental
signature 112 for a particular container at the
origin. An original elemental signature 112 measured
at the origin of goods (or at any point in the supply
chain), or a predicted or computed a priori elemental
signature as described above, can be digitally encoded
and transmitted, or otherwise transmitted, to any
later point in the supply chain. For example, as
illustrated in Figure 1, the elemental signature 112
may be transmitted via the internet 114 to a
destination of the shipment, which can be any
intermediate or final destination. Other means of
transmission known to one of ordinary skill in the art
may be used. In addition, the system and method may be
adapted to use be fore and after goods are stored as
well as or rather than transported, and references to
origin or destination herein may be understood to
encompass or refer to the times before and after the
goods undergo storage as well. Meanwhile, as
represented in Figure 1 by step 108, the cargo
container is shipped. At the destination, as
represented by step 110, or at an intermediate point,
a second NRFI or effective-Z scanning system is
employed to determine the elemental signature 118 at
the destination or intermediate point. At step 120,
the elemental signature 112 determined at the origin
is compared with the elemental signature 118
determined at the destination or intermediate point.
The comparison may be performed automatically by a
processor lo cated at the destination or intermediate
point or at any remote location (i.e. connected to a
processor at the destination or intermediate point via
the internet). The processor may be programmed with
heuristics for determining whether the elemental
signature 118 at the destination or intermediate point
matches the elemental signature 112 at the original to
within some specified tolerance. In an exemplary
embodiment, the tolerance for a match is based upon
the signal-to-noise ratio of the scan taken at the
origin. The tolerance for a match may thus be based
upon statistical analysis of the elemental signature
112 determined at the ori gin and the elemental
signature 118 determined at the destination or
intermediate point. For example, the processor may be
programmed to identify a failure to match if one or
more features of the elemental signature 118
determined at the destination or intermediate point
deviates by more than one sigma from the corresponding
one or more features of the ele mental signature 112
determined at the origin. Features that may be
considered in this determination may include the
number of counts in particular spectral lines, total
or relative abundances of particular isotopes or
elements, estimated effective-Z in the entire
container or a portion thereof, and/or any information
that may be extracted from the raw scattering or
transmission data obtained in a scan, together with
the corresponding statistical error bars. In some
embodiments, there may be no measurement of an
elemental signature 112 at the origin. Instead, as
described above, an a priori signature may be computed
and transmitted to the destination or intermediate
point for comparison with the elemental sig nature 118
determined at the destination or intermediate point.
Or, in an alternative embodiment, a predicted
elemental signature may be computed at the destination
or intermedi ate point based upon a shipping manifest,
certificate, or other information provided with the
shipment or ahead of time, hi such an embodiment the
elemental signature 118 determined at the destination
or intermediate point can be compared with the
predicted elemental signa ture in order to verify that
the container's contents are what they are supposed to
be. In the event that the elemental signature measured
118 determined at the destination or intermediate
point meets the criteria of approval (whether by
comparison with a pre dicted elemental signature
computed anywhere in the supply chain or an elemental
signa ture measured at the origin of the shipment), as
represented by step 128, the shipment may be certified
for delivery or such further processing as is
appropriate. In the event the elemental signatures do
not match, represented by step 124, the shipment may
be flagged for return to the sender, re-scanning,
manual inspection, or other action appropriate to the
ap plication. A mismatch between the elemental
signature measured at two points in the sup ply chain
(or between a predicted elemental signature and a
measured elemental signature) 



can indicate that the container has been tampered with
or the goods modified. In contrast, a match between
the elemental signature measured at two points in the
supply chain (or be tween a predicted elemental
signature and a measured elemental signature) can be
consid ered verification of the integrity of the
shipment. hi one embodiment, at the end point of a
supply chain, there may be a certified re ceipt
listing the expected contents of the shipment. A NRFI
scan can determine the isotopic content and/or spatial
distribution of isotopes within the shipment and
compare them against the NRFI signals that would be
expected given the cargo listed in the receipt. In
this way it is possible to determine the contents of
the container and match them against a shipping list
or manifest, if desired.An example of the use of an
elemental signature to verify a shipment of goods is a
scenario in which it is desired to verify a shipment
of consumer electronics. The elemental signature may
include an isotopic composition of the particular
electronics to be shipped and associated packaging,
either determined prior to packing by NRFI analysis,
or computed a priori from knowledge of the composition
of the electronics and packaging. If the container is
known to be loaded only with those electronics and
packaging, the entire con tainer must have a signature
which is consistent with those contents. Thus it may
be con firmed at the point of origin that the contents
were loaded with the proper products. Fur ther, NRFI
scans later in the supply chain could re-confirm that
no modifications have taken place. In another example,
the shipment to be confirmed may contain a
heterogeneous mixture of materials for which no a
priori distribution is known or predicted. In such a
sce nario, an effective-Z scan may be made at the
origin of the supply chain to determine an elemental
signature of the container. At a later point in the
supply chain, another effective- Z scan may be
performed to verify the elemental signature and
determine whether the con tents have been modified
during transit. Elemental signatures can be used in a
wide range of applications for the nonintrusive
inspection and/or verification of goods. As mentioned
above, they can be obtained for a cargo container and
its goods as a whole, or for any subunit within the
container. In such embodiments, the elemental
signature corresponds the isotopic content of the
cargo and container materials themselves. It is also
possible, however, to read and detect elemen tal
signatures of other items attached to the products,
cargo, or to the container. These can be introduced by
the manufacturer, shipper, or other parties in the
supply chain, to ensure their work was completed and
certify its quality, quantity or validity. Their
specific elemental signatures can also be used to
produce certificates of authenticity or of
non-tampering. Alternative embodiments exploit the
addition of such "tag materials" to a shipping con
tainer's contents (including goods and/or packing
material). Such tag materials could pro vide an
engineered elemental signature that can be specific to
product, manufacturer, origin, manufacture date or
shipping date, or any other characteristic of the
containers contents that it may be desirable to verify
with a non-intrusive scan. Cargo packed with such a
tag material can be verified by performing a NRFI or
ef fective-Z scan that identifies the presence of the
tag material in the shipment. Tag materials may be
mixtures of known isotopes in known proportions. A tag
material may be a common material, but preferably it
is specially selected such that the tag material's
elemental signature is not otherwise common in the
particular cargo shipped in a particular applica tion,
or in cargo, cargo containers, or packing materials
generally. An example of such a tag is 11BoTOn, which
is not widely found in commercial products and has
multiple strong 5 NRF states. Further, manufacturers
and suppliers may find it advantageous to develop
identify ing elemental signatures for their products.
"Such tag materials may be added in bulk to shipments,
included in packing materials, incorporated directly
into manufactured goods, or incorporated into
solutions or emulsions to be applied to the exterior
of items or containers, I0 e.g. by spray-painting. Tag
materials as described above may be used to verify the
provenance of shipped goods or the origin or a transit
point of the shipment. For example, the composition
(or the NRFI or effective-Z elemental signature) of a
tag material associated with a particular source of
goods may be known at a destination or intermediate
point in a supply chain. At is that destination or
intermediate point, the shipment may be scanned with a
NRFI or effec tive-Z scanning system, and the presence
of the tag material detected. Thus, the origin of the
goods may be verified at any point in the supply chain
where the material or its elemen tal signature is
known; it is not necessary for the identity of the
goods, or even their isotopic composition, to be known
at the stage in the supply chain at which the
verification is occur- 20 ring. This may be desirable,
for example, in military applications, in which it may
be useful to verify the shipment along the supply
chain without revealing its contents to parties in the
supply chain. It may also be desirable in diplomatic
or intelligence operations to verify shipments of
electronics or any other covert or secret equipment
without revealing their contents to parties in the
supply chain. 25 hi alternative embodiments, the
systems and methods described herein may be used to
determine whether a particular condition has occurred
between two points in a supply chain hi such an
embodiment, one or more tag materials may be disposed
in the shipment such that when a particular event or
condition arises during storage or transit at any
point in the supply chain, the elemental signature of
the tag material is altered. By detecting this 3Q
change (or the absence of such a change) at a later
point in the supply chain, it can be de termined
whether the event or condition occurred. Suitable
changes in the elemental signa ture of the tag
material include any change that may be detected by
measurement of theelemental signature, including an
alteration in the spatial distribution of elemental
and/or isotopic composition and/or spatial
distribution of density. In an example of such an
embodiment, the tag material is disposed in a
conditionsensing device in which two tag materials
having distinct elemental signatures are separated by
a valve, membrane, or other barrier that will breach
in the event a certain condition oc curs. For example,
the barrier may be a valve coupled to an external
sensor such that the valve opens at a certain
threshold temperature (either upper limit, lower
limit, or both), hu midity (either upper limit, lower
limit, or both), vibration or acceleration threshold,
etc. Sensors for any other measurable condition, such
as the presence of a particular gas (such as carbon
dioxide), exposure to a certain chemical or biological
condition, or exposure to radiation, may be employed
to trigger the opening or breaching of the barrier. In
an exemplary embodiment the tag materials may be gas
or liquid such that they mix automatically upon
breaching of the barrier. In other embodiments, the
conditionsensing device may also include stirring or
mixing means (such as a stirring paddle or blade) that
mixes solid tag materials upon triggering of the
selected sensor condition, hi some embodiments in
which solid tag materials are used, such as powdered
tag materials, a barrier between the tag materials may
not be required; in such embodiments the materials
would mix only upon the triggering of the stirring or
mixing means. The mixing of the multiple tag materials
creates a new distribution of elements, isotopes, or
density in the volume of the condition-sensing device
upon triggering of the de vice by occurrence of the
condition. Where the elemental signature is measured
at any 



point in the supply chain with sufficient spatial
resolution to detect such changes, they can be used to
detect whether the triggering condition has occurred
at any previous point in the supply chain. Although
the methods and systems have been described relative
to specific em bodiments thereof, they are not so
limited. Obviously many modifications and variations
may become apparent in light of the above teachings.
While the systems and methods disclosed herein have
been particularly shown and described with references
to exemplary embodiments thereof, it will be
understood by those skilled in the art that various
changes in form and details may be made therein
without de parting from the spirit and scope of the
disclosure. Those skilled in the art will recognize
orbe able to ascertain using no more than routine
experimentation, many equivalents to the exemplary
embodiments described specifically herein. Such
equivalents are intended to be encompassed in the
scope of the present disclosure.CLAIMS What is claimed
is: 1. A method for verifying contents of a container,
comprising: a) obtaining a first elemental signature
of said contents; b) obtaining a second elemental
signature of said contents, the said second elemental
signature being determined after the container has
been transported and/or stored; c) comparing the first
elemental signature and the second elemental
signature; and d) verifying the said contents upon the
comparison of the first ele mental signature and the
second elemental signature passing a predeter mined
test. 2. The method of claim 1, wherein the contents
comprise a tag material, and the first and second
elemental signatures comprise elemental signatures of
the tag material. 3. The method of claim 1, wherein
the second elemental signature comprises information
about an isotopic or elemental composition of the
contents de termined by Nuclear Resonance Fluorescence
imaging. 4. The method of claim 3, wherein the second
elemental signature further comprises information
about an isotopic or elemental composition of the
contents determined by measurements of effective
atomic number.5. The method of claim 4, wherein the
second elemental signature further comprises
information about a spatial distribution of the
contents in the container. 6. The method of claim 5,
wherein the information about the spatial distribu
tion of the contents is based at least in part on
measurements of X-ray transmission. 7. The method of
claim 3, wherein the second elemental signature
further comprises information about a spatial
distribution of the contents in the container. 8. The
method of claim 7, wherein the information about the
spatial distribu tion of the contents is based at
least in part on measurements of X-ray transmission.
9. The method of claim 1, wherein the second elemental
signature comprises information about an isotopic or
elemental composition of the contents de termined by
measurements of effective atomic number. 10. The
method of claim 9, wherein the second elemental
signature further comprises information about a
spatial distribution of the contents in the container.
11. The method of claim 10, wherein the information
about the spatial distri bution of the contents is
based at least in part on measurements of X-ray
transmission.12. The method of claim 1, wherein the
first elemental signature comprises in formation
calculated or predicted based at least in part upon
the isotopic or elemental composition of the contents
without Nuclear Resonance Fluo rescence imaging
measurements or measurements of effective atomic
number of the contents. 13. The method of claim 1,
wherein the first elemental signature comprises in
formation determined at least in part by Nuclear
Resonance Fluorescence imaging measurements or
measurements of effective atomic number of the
contents. 14. The method of claim 1, wherein the first
and second elemental signatures comprise information
about the presence and/or intensity of at least one
specified spectral line of at least one specified
isotope. 15. The method of claim 1, wherein the
occurrence of a predetermined envi ronmental condition
is detected by a sensor during transport and/or stor
age, and based upon the detection of the said
predetermined environmental condition during transport
and/or storage, the spatial distribution of the
contents in the container is altered. 16. The method
of claim 15, wherein the predetermined environmental
condi tion is the temperature or humidity falling
below a predetermined value. 17. The method of claim
15, wherein the predetermined environmental condi tion
is the temperature or humidity exceeding a
predetermined value.18. The method of claim 15,
wherein the predetermined environmental condi tion is
vibration or acceleration falling below a
predetermined value. 19. The method of claim 15,
wherein the predetermined environmental condi tion is
vibration or acceleration exceeding a predetermined
value. 20. The method of claim 15, wherein the
predetermined environmental condi tion is the presence
of a particular substance exceeding a predetermined
value. 21. The method of claim 15, wherein the
comparison of the first elemental signature and the
second elemental signature determines whether the said
contents have experienced the said predetermined
environmental condition during transport and/or
storage. 22. The method of claim 1, wherein the said
contents comprise a portion of the contents of the
container. 


