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(57) Abstract: In a method of converting alkanes to their
corresponding alcohols, ethers, olefins, and other hydrocar-
bons, a vessel comprises a hollow, unsegregated interior de-
fined first, second, and third zones. In a first embodiment of
the invention oxygen reacts with metal halide in the first zone
to provide gaseous halide; halide reacts with the alkane in the
second zone to form alkyl halide; and the alkyl halide reacts
with metal oxide in the third zone to form a hydrocarbon cor-
responding to the original alkane. Metal halide from the third
zone is transported through the vessel to the first zone and
metal oxide from the first zone is recycled to the third zone.
A second embodiment of the invention differs from the first
embodiment in that metal oxide is transported through the
vessel from the first zone to the third zone and metal halide
is recycled from the third zone to the first zone. In a third
embodiment of the invention the flow of gases through the
vessel is reversed to convert the metal oxide back to metal
halide and to convert the metal halide back to the metal ox-
ide.
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ZONE REACTOR

CROSS-REFERENCE TO RELATED APPLICATIONS

This . is a continuation-in-part application under 37
C.F.R. §1.63 of Application Serial No.‘10/369,148 filed
February 19, 2003, currently pending; which is a,
continuation application of Application Serial No.
10/114,579, filed April 2, 2002, now. U.S. Patent No.
6,525,230; which is a continuation-in-part application
of Application Serial No. 09/951,570 filed September 11,
2001, , now U.S. Patent No. 6,462,243, claiming priority
based on provisional Application Serial No. 60/284,642

filed April 18, 2001.

TECHNICAL FIELD

This invention relates to zone reactors, and more
particularly to =zone reactors that are wuseful in
processes for converting alkanes to alcohols, ethers,

olefins, and other hydrocarbons.
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BACKGROUND AND SUMMARY OF THE INVENTION

U.S. Patent No. 6,462,243 discloses a method of
converting alkanes to their corresponding alcohols and
ethers wusing bromine. The patent comprises four
embodiments of the invention therein disclosed each
including a reactor wherein bromine reacts with an
alkane to form alkyl bromide and hydrogen bromide, a
converter wherein the alkyl bromide formed in the
reactor reacts with metal oxide to form the
corresponding alcohol or ether, and numerous other
individual components.

The present invention comprises zone reactors
wherein the several reactions disclosed in the co-
pending parent application are carried out in a single
vessel. In this manner the overall complexity of the
system for convegting alkanes to their corresponding
alcohols, ethers, olefins, and other hydrocarbons is
substantially reduced. In addition, heat generated by
reactions occurring in particular =zones within the
vessel can be utilized to facilitate reactions occurring

in other zones.
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Various embodiments of the invention are disclosed.
In accordance with a first embodiment the zone reactor
comprises a countercurrent system wherein gases flow in
a first direction and metal compounds flow in the
opposite direction. A second embodiment of the
invention comprises a cocurrent arrangement wherein the
gases and the metal compounds travel in the same
direction. The first and second embodiments of the
invention are continuous systems as opposed to the third
embodiment of the invention which is a fixed-bed system
that is continual in operation. In accordance with the
third embodiment the metal compounds remain fixed within
the vessel while the gases are directed through the
vessel first in one direction and later in the opposite
direction.

In the following Detailed Description the invention
is described in coﬁjunction with the conversion of
methane to methanol. However, as will be appreciated by
those skilled in the art, -the invention 1is equally
applicable to the conversion of ethane and the higher
alkanes to their corresponding alcohols, ethers,

olefins, and other hydrocarbons.
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The following Detailed Description also describes
the invention in conjunction with the wuse of a
particular halide, i.e., bromine. However, as will be
appreciated by those skilled in the art, the invention
5 is equally applicable to the conversion of alkanes to
their correséonding alcohols, ethers, and other

hydrocarbons utilizing other halides, including in

particular chlorine and iodine.
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BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present
iqvention may be had by reference to the following
Detailed Description when taken in connection with the
accompanying Drawings wherein:

FIGURE 1 is a diagrammatic illustration of a
countercurrent zone reactor comprising a first
embodiment of the invention;

FIGURE 1A is an illustration of a variation of the
countercurrent zone reactor of FIGURE 1;

FIGURE 2 is a diagrammatic illustration of a
cocurrent zone reactor comprising a second embodiment of
the invention;

FIGURE 2A is an illustration of a variation of the
cocurrent zone reactor of FIGURE 2;

FIGURE 3 is a diagrammatic illustration of a fixed
bed zone reactor comprising a third embodiment of the
invention;

FIGURE 3A is an illustration of a variation of the
fixed bed zone reactor of FIGURE 3;

FIGURE 14 is a diagrammatic illustration of a zone

reactor comprising a fourth embodiment of the invention;
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FIGURE 4A 1is a sectional view of an apparatus
useful in the practice of the embodiment of the
invention shown in FIGURE 3; /

FIGURE 4B is an illustration of an early stage in
the operation of the apparatus of FIGURE 4A;

FIGURE 4C is an illustration of a later stage in
the operation of the apparatus of FIGURE 4A;

FIGURE 4D is an illustration of a still later stage
in the operation of the apparatus of FIGURE 4A;

FIGURE 5 is a diagrammatic illustration of the use
of the apparatus of FIGURE 4A in the conversion of
mixtures of alkanes to chemically related products;

FIGURE 6A is a sectional view diagrammatically
illustrating an apparatus wuseful in practicing a
variation of the embodiment of the invention illustrated
in FIGURE 3;

FIGURE 6B is a diagrammatic illustratipn of the
utilization of the apparatus of FIGURE 6A;

FIGURE 7 is a diagrammatic illustration of an
apparatus useful in the practice of a variation of the

embodiment invention shown in FIGURE 3;
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FIGURE 8 is a sectional view taken along the line
8-8 in FIGURE 7 in the direction of the arrows;

FIGURE 9 is a diagrammatic dillustration of a
component part of the apparatus of FIGURE 7;

FIGURE 10 1is a diagrammatic 1illustration of an
apparatus useful in the implementation of a variation of
the embodiment of the invention illustrated in FIGURE 3;

FIGURE 11 is the diagrammatic illustration of an
apparatus useful in the practice of a fifth embodiment
of the invention;

FIGURE 12A is an illustration of a first step in
the operation of the apparatus of FIGURE 11;

FIGURE 12B is an illustration of a later step in
the operation of the apparatus of FIGURE 11;

FIGURE 132 is a diagrammatic illustration of a
first step in the operation of an apparatus comprising a
variation of the apparatus illustrated in FIGURE 11;

FIGURE 13B is an illustration of a later step in
the operation of the apparatus of FIGURE 13A;

FIGURE 15A is a diagrammatic illustration of a

first step in the operation of an apparatus comprising a

variation of the apparatus illustrated in FIGURE 11; and
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FIGURE 15B is an illustration of a later step in

the operation of the apparatus of FIGURE 15A.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention comprises =zone reactors
wherein three sequential chemical reactions occur in
separate zones within a single vessel. In Zone 1 oxygen
is reacted with a metal bromide to form bromine gas and
the corresponding metal oxide. Bromine gas from Zone 1
passes to Zone 2 where the second chemical reaction
occurs. In Zone 2 methane gas 1is introduced at an
intermediate point in the vessel. Methane reacts with
the bromine from Zone 1 to form methyl bromide and
hydrogen bromide. The latter gasses pass into Zone 3
where the third chemical reaction causes methyl bromide
and hydrogen bromide to react with metal oxide to form
methanol and metal bromide. Methanol is converted to the
liguid phase by condensation and is recovered from the
reactor vessel as a liquid. Excess gasses, mostly
methane, are separated from the recovered methanol and
are returned to the =zone reactor along with fresh
methane. Metal oxide from Zone 1 is transported to Zone
3 where it proceeds from Zone 3 through Zone 2 to Zone 1

thereby completing the cycle.
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Reactions in Zone 1 are endothermic; therefore,
means to supply heat are provided. Zone 2 and %Zone 3
involve exothermic reactions; therefore, means to remove
heat are provided.

The separation of zones is not necessarily a sharp
one since there is no physical barrier Dbetween zones.
Therefore, some overlap of reactions may occur. The
important element, however, is that all the oxygen 1is
converted to metal oxide in Zone 1 so that little or no
oxygen remains to react with methane in Zone 2. In Zone
2 other bromides, i.e., higher brominated species, in
addition to methyl bromide may form and result in
products other than methanol in Zone 3, such as various

ethers. Any by-products are separated from methanol in

various isolation/purification steps. Any unreacted

methane in Zone 2 will pass through Zone 3 and be
recycled in Zone 2. Other unreacted brominated species
afe returned to Zone 2 either for reaction or to
suppress further formation of the higher brominated

species by satisfying chemical equilibrium.



WO 2006/019399 PCT/US2005/002829

10

15

20

-11-

The zone reactor operates at essentially
atmospheric pressure and at temperatures up to about
750F. The principal advantage over conventional methanol
process lies in the simplicity of the system. The zone
reactor achieves the synthesis of methanol in a single
vessel whereas  the conventional} process  requires
multiple vessels to first produce synthesis gas followed
by catalytic reaction. Furthermore the zone reactor
operates at slightly above atmospheric pressure whereas
the conventional process requires pressures up to 200
atmospheres.

As will be appreciated by those skilled in the art,
the zone reactors of the present invention can be used
with ethane and higher alkanes to produce corresponding
alcohols, ethers, olefins, and other hydfocarbons.

The zone reactor also has advantages over a multi-
step process utilizing the same bromine chemistry. One
advantage 'is that one step replaces several. In

addition, bromine gas remains in one vessel and need not

be condensed and re-vaporized.
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Figure 1 ghows a countercurrent system employing
the zone reactor of the present invention. In this
embodiment gasses flow upward through a bed of solids
which is moving downward. Oxygen is introduced at the
bottom of the vessel and reacts with a metal bromide to
form bromine gas and the corresponding metal oxide. This
step entails regeneration of the metal oxide, which was
expended in Zone 3. Bromine from Zone 1 proceeds to Zone
2 where methane gas 1s introduced. The methane reacts
with the bromine to form methyl bromide and hydrogen
bromide. The latter two gasses proceed upward to Zone 3
where fresh metal oxide reacts with these gasses to form
methanol and metal bromide. The regenerated metal oxide
from Zone 1 is returned to Zone 3 thereby completing the
cycle.

T@e reaction in Zone 1 may require heat. If so, a
suitable heat supply apparatus is provided. In Zone 2
the reactions are exothermiq. Heat from the Zone 2
reactor is allowed to raise the temperature of the
gasses formed. Zone 3 involves reactions that may

require the removal of heat; therefore, a suitable heat

removal apparatus is provided.
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The zone reactor of FIGURE 1 comprises a unitary
vessel. Referring to FIGURE 1A, the zone reactor of
FIGURE 1 may also comprise a vessel having multiple
components which are secured one to another by suitable
fasteners. This allows removal of components of the
vessel for cleaning and/or repair.

Figure 2 shows a cocurrent system employing the
zone reactor concept. In this system gasses and solids
proceed together in the same direction. In addition the
solids are suspended in the gas flow in a way such that
the gasses transport the solids. This embodiment
combines the reaction steps with the physical movement
of the solids. The <chemical reaction steps are as
described for Figure 1.

The zone reactor of FIGURE 2 comprises a unitary
vessel. Referring to FIGURE 2A, the =zone reactor of
FIGURE 2 may also comprise a vessel having multiple
components which are secured one to another by suitable
fasteners. This allows removal of components of the
vessel for cleaning and/or repair.

Figure 3 shows a fixed-bed system comprising a

third embodiment of the invention. Whereas Figures 1 and
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2 describe continuous systems, Figure 3 describes a
continual system. In the system of Figure 3 the metal
bromide/oxide solids remain fixed within the vessel
while gasses are passed through the vessel. The
regeneration step is carried out in place by reversing
the flow of gases through the system. The steps involved
and the order in which they are performed are described
in Figure 3. This mode of operation distinguishes itself
by avoiding movement of solids as in the embodiments of
Figures 1 and 2. In addition, by carefully setting the
duration of each step the heat generated in Zones 2 and
3 can be at least partially allowed to raise the
temperature of the bed. Then, when flow is reversed and
Zone 3 becomes Zone 1, the heat stored in the solids can
be used to provide the reaction heat needed in Zone 1.
In this way the overall effect i1s a direct transfer of
heat from the exothermic zone to the =zone where it is
needed without going through an intermediate step such
as steam generation. However, since the heat generated
in Zones 2 and 3 i§ likely to be greater than that
needed in Zone 1, it may still be necessary to remove

some heat from the system.
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The zone reactor of FIGURE 3 comprises a unitary
vessel. Referring to FIGURE 3A, the zone reactor of
FIGURE 3 may also comprise a vessel having multiple
components which are secured one to another by suitable
fasteners. This allows removal of components of the
vessel for cleaning and/or repair.

Referring to FIGURE 14, the =zone reactor of the
present invention may also comprise separate vessels.
Utilization of separate vessels to define the =zone
reactor allows the use of pumps to control the pressure
at which the reaction within each individual vessel
takes place. Utilization of separate vessels also
allows the use of valves to prevent outflow from a
particular vessel until the reaction therein has been
completed and to thereafter facilitate transfer of the
action products to the next zone.

The physical separation of the chemical species
formed during operation of the zone reactors disclosed
herein 1s accomplished by conventional means, with
valuable products and by-products recovered and other
useful species returned to the appropriate =zone for

conversion or satisfaction of chemical equilibrium.
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Referring to Figure 4A an apparatus 20 1is
diagrammatically illustrated. The apparatus 20
comprises an imperforate cylinder 22 formed from an
appropriate metal, an appropriate polymeric material, or
both. The cylinder 22 has closed ends 24 and 26. A
passageway 28 extends through the end 24 of the cylinder
22, a passageway 30 extends through the end 26 of the
cylinder 22, and a passageway 32 extends to the central
portion of the cylinder 22 between the ends 24 and 26
thereof.

The apparatus 20 further comprises a first zone 34
which is initially filled with metal halide. A second
zone 36 located at the opposite end of the cylinder 22
from zone 34 is initially filled with metal oxide. A
third or central zone 38 which is centrally disposed
between the first zone 34 and the second zone 36 is
initially empty. ‘

Referring to Figure 4B, a first stage in the
operation of the apparatus 20 is shown. Oxygen or air
is directed into the first zone 34 through the opening

28. The oxygen or the oxygen from the air reacts with

the metal halide to produce metal oxide and halide. The
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halide flows from the first zone 34 into the central
zone 38.

Simultaneously with the introduction of' oxygen or
air into the first zone 34 through -the opening 28, a
selected alkane 1is directed into the central =zone 38
through the opening 32. Within the central zoné 38
halide reacts with alkane to produce alkyl halide and
hydrogen halide. The alkyl halide and the hydrogen
halide pass from the central zone 38 to the second zone
36.

Within the second zone 36 the alkyl halide and the
hydrogen halide react with metal oxide to produce
products which are recovered through the passageway 30.
The reactign within the second zone 36 also produces
metal halide.

Referring to Figure 4C;, the foregoing reactions in
the first zone 34, the central zone 38, and the second
zone 36 continue until substantially all of the metal
halide that was originally in the first zone ‘34 has been
converted to metal oxide. Simultaneously, substantially
all of the metal oxide that was originally in the second

zone 36 is converted to metal halide. At this point the
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reaction is stopped and the central =zone 38 is
evacuated.

The next stage in the operation of the apparatus 20
is illustrated in Figure 4D. The reactions described
above in conjunction in conjunction with Figure 4B are
now reversed, with oxygen or air being admitted to the
second zone 36 through the opening 30. The oxygen or
oxygen from the air reacts with the metal halide in the
second zone 36 to produce halide and metal oxide. The
halide from the reaction in the second zone 36 passes to
the central zone 38 where it reacts with alkane received
through the opening 32 to produce alkyl halide and
hydrogen halide. Alkyl halide and hydrogen halide from
the reaction within the central zone passed to the first
zone 34 where they react with the metal oxide contained
therein to produce product and metal halide. The
reactions continue until substantially all of the metal
halide in the second zone has been converted to metal
oxide and substantially all of the metal oxide within
the first zone 34 has been converted to metal halide at
which time the apparatus 20 is returned to the

configuration of Figure 4A. At this point the central
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zone 38 1is evacuated and the above described cycle of
operation 1s repeated.

Referring to Figure 5 there is shown an apparatus
40 useful in the practice of the third embodiment of the
invention as illustrated in Figure 3 and described
hereinabove in conjunction therewith. Many of the
component parts of the apparatus 40 are identical in
construction and function to component parts of the
apparatus 20 illustrated in Figures 4A-4B, dinclusive,
and described hereinabove in conjunction therewith.
Sucﬁ identical component parts are designated in Figure
5 with the same reference numerals utilized in the
foregoing description of the apparatus 20.

The apparatus 40 comprises first and second
cylinders 42 and 44. The cylinders 42 and 44 are each
identical in construction and function to the cylinder
22 illustrated in Figures 4A-4D, inclusive, and
described above in conjunction therewith. The cylinder
42 receives a mixture of alkanes, including methane,

)
ethane, propane, etc., through the opening 32 thereof.

The several reactions that occur within the cylinder 42

produce products and methane which are initially
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recovered through the opening 30.

The' methane resulting from the reactions which
occur within the cylinder 42 1is separated from the
products resulting from the reactions within the
cylinder 42 by conventional techniques such as
distillation. The methane is then directed into the
cylinder 44 through the oéening 32 thereof. Within the
cylinder 44 the methane 1is <converted to products
utilizing the same reactions described above in
conjunction with the apparatus 20. Products resulting
from the reactions occurring within the cylinder 44 are
initially recovered through the opening 30 thereof.

As will be understood by reference to the foregoing
description of the operation of the apparatus 20,
operation of the apparatus 40 continues until
substantially all of the metal halide that was
originally in the first zones 34 of the cylinders 42 and
44 has been converted to metal oxide and until
substantially all of the metal oxide that was originally
in the second zones 36 of the cylinders 42 and 44 has
been converted to metal halide. At this point the

direction of flow through the cylinders 42 and 44 1is
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reversed. That is, oxygén is directed into the
cylinders 42 and 44 through the passageways 30, products
and methane are recovered from the cylinder 42 through
the passageway 28, and products are recovered from the
cylinder 44 through the passageway 28.

Referring to Figure 6A, there is shown an apparatus
50 useful in the practice of a variation of the third
embodiment of the invention as illustrated in Figure 3
and described hereinabove in conjunction therewith.
Many of the component parts of the apparatus 30 are
substantially identical in construction and function to
component parts of the apparatus 20 illustrated in
Figures 4A-4D, inclusive, and described hereinabove in
conjunction therewith. Such substantially identical
component parts are designated in Figures 6A and 6B with
the same reference numerals utilized above in the
description of the apparatus 20 but are differentiated
there from by means of a prime (‘) designation.

The apparatus 50 differs from the apparatus 20 of
Figures 4A-4D, inclusive, in that the cylinder 227 of
the apparatus 50 dincludes additional =zones 52 and 54

therein. FEach of the zones 52 and 54 receives a
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catalyst the function of which is to facilitate coupling
of the alkyl halide molecules produced b? the reaction
occurring within the central zone 38’ thereby producing
products comprising higher numbers of carbon atoms than
would otherwise be the case. Preferably the catalyst
that is contained within the zones 52 and 54 is a
selected zeolite. However, the catalyst received within
the zones 52 and 54 may also comprise a metal
halide/éxide. If a metal halide/oxide is employed
within the zones 52 and 54, it preferably comprises a
different metal halide/oxide as compared with the metal
halide/oxide that is utilized in the =zones 34 and 36.
Operation of the apparatus 50 proceeds identically to
the operation of the apparatus 20 as described above
except that the presenée of a catalyst in the zones 52
and 54 facilitates <coupling of the alkyl halide
molecules produced within the zone 38 to products.

Referring now to Figures 7, 8, and 9, there is
shown an apparatus 60 useful in the practice of the
third embodiment of the invention as illustrated in
Figures 3 and described hereinabove in conjunction

therewith. The construction and operation of the
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apparatus 60 is similar in many respects to the
construction and operation of the apparatus 50 as shown
in Figures 6A and 6B and described hereinabove in
conjunction therewith.

The apparatus 60 comprises a barrel 62 having a
plurality of cylinders 64 mounted therein. The
cylinders 64 are imperforate except that each cylinder
64 has a central portion 66 which is perforated. Alkane
is received in the barrel 62 through an inlet 68 and
passes from the barrel 62 into the cylinders 64 through
the perfora£ions comprising the portions -66 thereof.
The pressures of the alkane within the barrel 62 is-
maintained high enough such that alkane flows into the
cylinders 64 while preventing the outflow of reaction
products therefrom.

The cylinders 64 of the apparatus 60 are further
illustrated in Figure 9. As indicated above, each
cylinder 64 is imperforate except for the perforated
portion 66 thereof. The cylinder 64 has end walls 68
and 70 situated at the opposite ends thereof. Each of
the end walls 68 and 70 is provided with an oxygeﬁ or

air receiving passageway 72 and a product discharge
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passageway 74.

Each cylinder 64 comprises a first zone 76 which
initially contains metal halide and a second zone 78
which initially contains metal oxide. A third or
central zone 80 receives halide through the perforations
comprising the perforated portion 66 of the cylinder 64.
zones 82 located Dbetween the zones 76 and 78,
respectively, and the zone 80 contain a catalyst.

The catalyst contained within the zone 82
preferably comprises a selected zeolite. The catalyst
may also comprise a metal halide/oxide. If employed,
the metal halide/oxide of the zones 82 is preferably a
different metal halide/oxide as compared with the metal
halide/oxide comprising the zones 76 and 78.

Operation of the apparatus 60 is substantially
identical to the operation of the apparatus 50 as
illustrated in Figures 6A and 6B and described
hereinabove in conjunction therewith. Oxygen or air is
initially directed into the cylinder 64 through the
passageway 72. The oxygen or the oxygen from -the air
reacts with the metal halide within the =zone 76 to

produce halide and metal oxide. The halide passes into
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the central =zone 80 where it reacts with the alkane
therein to produce alkyl halide and hydrogen halide.
The alkyl halide and hydrogen halide pass through the
catalyst within the zone 82 which facilitates coupling
of the molecules comprising the alkyl halide ihto
molecules having larger numbers of carbon atoms. The
hydrogen halide and the now-coupled alkyl halide next
pass into the zone 78 where the hydrogen halide and
coupled alkyl halide react with the metal oxide therein
to produce product and water. The product and the water
are recovered from the cylinder 64 through the outlet
74.

The foregoing process continues until substantially
all of the metal halide within the zone 76 is converted
to metal oxide and substantially all of the metal oxide
in the zone 78 is converted to metal halide. At this
point the direction of flow through the cylinder 64 is
reversed with oxygen or air being received through the
opening 72 in the end 70 of the cylinder 64 and products
and water being recovered through the opening 74 formed
in the end 68 of the cylinder 64.

Referring to Figure 10, there is shown an apparatus
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90 useful in the practice of the third embodiment of the

invention as illustrated in Figure 3 and described

hereinabove in conjunction therewith. The apparatus 90

comprises the barrel 92 having a heat transfer fluid 94

contained therein. The barrel 92 further comprises a
bromination manifold 96 situated at one end thereof and
a pair of oxygen receiving/product discharge manifolds
98 and 100 situated at the opposite end thereof.

A baffle 102 is centrally disposed within the
barrel 92. A plurality of tubular passageways 104 are
situated on one side of the baffle 102 and extend
between the oxygen receiving/product discharge manifold
98 and the bromination manifold 96. A plurality of
tubular passageways 106 éxtend between the manifold 96
and the manifold 100.

The tubes 104 are dinitially packed with metal
halide. Oxygen or air is received in the manifold 98
through a passageway 108. The oxygen or the oxygen from
the air react with the metal halide within the tubes 104
to produce halide and metal oxide. Halide flows from
the tubes 104 into the manifold 96 where it reacts with

alkane which is received in the manifold 96 through a
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passageway 110.
j

The reaction of the halide with the alkane within
the manifold 96 produces alkyl halide and hydrogen
halide. The tubes 106 are initially filled with metal
oxide. The alkyl halide and the hydrogen halide
resulting from the reaction within the manifold 96 pass
through the tubes 106 thereby converting the metal oxide
contained therein to metal' halide and producing
products. The products are received in the manifold 100
and are recovered there from through a passageway 112.

As indicated above, the reaction between the oxygen
or the oxygen from the air and the metal halide may be
endothermic. Conversely, the reaction of the alkyl
halide and the hydrogen halide with the metal oxide may
be exothermic. It is also possible that, under certain
circumstances, the oxidation of the metal halide is an
exothermic reaction and/or that the halide/metal oxide
reaction 1is endothermic. The heat transfer fluid 94
within the barrel 92 flows around the baffle 102 as
indicated by the arrows 114 thereby transferring heat
between the exothermic reaction and the endothermic

reaction and in this manner each achieves thermodynamic
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equilibrium.

The reaction of the oxygen or the oxygen from the
air with the metal halide within the tubes 104 continues
until substantially all of the metal halide has been
converted to metal oxide. Similarly, the reaction of
the alkyl halide and the hydrogen halide with the metal
oxide within the tubes 106 continues until substantially
all of the metal oxide has been converted to metal
halide. At this point the direction of flow through the
apparatus 90 1is reversed with oxygen or air Dbeing
received through the passageway 112 and products being
recovered through the passageway 108.

Referring to Figures 11, 12A, and 12B, there is
shown an apparatus 120 which is useful in the practice
in the third embodiment of the invention as illustrated
in Figure 3 and described hereinabove in conjunction
therewith. The apparatus 20 includes a bromination
chamber 122 which is divided into first and second
portions 124 and 126 by a piston 128. A valve 130
selectively controls the flow of oxygen or air received
through a passageway 132 into the portion 124 of the

chamber, or directs the flow of products outwardly from
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the apparatus 120 through a passageway 134. Oxygen or
air entering the apparatus 120 through the passageway
132 and the valve 130 passes through a passageway 136
into a chamber 138 which initially contains metal
halide. Within the chamber 138 the oxygen or the oxygen
from the air reacts with the metal halide to produce
halide and metal oxide. Halide passes from the chamber
i38 through a passageway 140 into the portion 124 of the
chamber 122.

Alkane 1is vreceived in the portion 124 of  the
chamber 122 through a passageway 142, a valve 144, and a
passageway 146. Within the portion 124 the alkane
reacts with halide produced by the reaction within the
chamber 138 to producé alkyl halide and hydrogen halide.
As the reaction continues the alkyl halide and the
hydrogen halide force the piston 128 to move rightwardly
(Figure 11). This process continues until all of the
metal halide within the chamber 138 has been converted
to metal oxide and the piston 128 has been forced to the
extreme right hand end (Figure 11) of the chamber 122.

At the beginning of the procedure Jjust described

the portion 126 of the chamber 122 was filled with alkyl
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halide and hydrogen halide. As' will be appreciated by
those skilled in the art, the presence of alkyl halide
and hydrogen halide in the portion 126 resulted from a
flow ofjoxygen or air through a passageway 148, a valve
150, and a passageway 152 into a chamber 154 which was
initially filled with metal halide. Reaction of the
oxygen or the oxygen from the air with the metal halide
produced halide and metal oxide. The halide flowed
through a passageway 156 into the portion 126 of the
chamber 122 where the halide reacted with alkane
received through the passageway 142, ‘and valve 158, and:
a passageway 160. Within the portion 126 of the chamber
122 the halide reacted with the alkane to produce alkyl
halide and hydrogen halide. The production of alkyl
halide and hydrogen halide within the portion 126 of the
chamber 122 continued until substantially the entire
content of the chamber 154 was converted from metal
halide to metal oxide.

Referring particularly to Figure 1237, rightward
movement of the piston 128 forces the alkyl halide 'and
the hydrogen halide outwardly from the portion 126 of

the chamber 122 through the passageway 156 into the
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chamber 154. At this point the chamber 154 is filled
with metal oxide. The alkyl halide and the hydrogen
halide from the portion 126 of the chamber 122 react
with the metal oxide in the chamber 154 to produce
product and water. The product and water pass through
the passageway 152, the valve 150, and a passageway 162
and are recovered.

When the piston 128 has reached the right hand end
of the chamber 122, substantially all of the alkyl
halide and hydrogen halide have been forced out of the
portion 126 of the chamber’' 122 and have been converted
to product by reaction with metal oxide within the
chamber 154. At this point substantially all of the
metal oxide within the chamber 154 has been converted
back to metal halide. The positioning of the wvalve 150
is reversed thereby admitting oxygen or air into the
chamber 154 through the passageway 148, the valve 150,
and the passageway 152. Meanwhile, the positioning of
the valve 130 1s likewise reversed thereby facilitating
the recovery of product resulting from the reaction of
the alkyl halide and the hydrogen halide within the

portion 124 of the chamber 122 with the metal oxide
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within the chamber 138. Thus, the process is continuous
with the piston 128 moving back and forth within the
chamber 122 to force previously produced alkyl halide
and hydrogen halide outwardly through the metal oxide
contained 1in the associated chamber 138 or 154 to
produce product.

Referring to Figures 13A and 13B, there is shown an
apparatus 170. All of the component parts of the
apparatus 170 are identical to components of the
apparatus 120 as illustrated in Figures 11, 12A, and 12B
and described hereinabove in conjunction therewith.
Such duplicate component parts are identified in Figures
13A and 13B with the same reference numerals utilized
above in the description of the apparatus 120.

The apparatus 170 employs duplicate chambers 138
and 154 along with duplicate components controlling the
flow of materials to and from the chambers 138 and 154.
The use of duplicate chambers 138 and 154 and duplicate
components ancillary thereto is useful in increasing the
throughput rate of the apparatus 170 as compared with
that of the apparatus 120 and/or in balancing the

kinetics of the reactions occurring within the chambers
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138 and 154.

Referring to Figures 15A and 15B, there is shown an
apparatus 172, All of the component parts of the
apparatus 172 are identical to components of the
apparatus 120 as‘illustrated in Figures 11, 12A, and 12B
and described hereinabove in conjunction therewith.
Such duplicate component parts are identified in Figures
15A and 15B with the same reference numerals utilized
above in the description of the apparatus 120.

The apparatus 172 employs duplicate chambers 122
along with duplicate components controlling the flow of
materials to and from the chambers 122. The use of
duplicate chambers 122 and duplicate components
ancillary thereto is useful in increasing the throughput
rate of the apparatus 170 as compared with that of the
apparatus 120 and/or in balancing the kinetics of the
reactions occurring within the chambers 122.

Although preferred embodiments of the invention
have been illustrated in the accompanying Drawing and
described in the foregoing Detailed Description, it will
be understood that the invention is not limited to the

embodiments disclosed but is capable of numerous

{
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rearrangements, modifications, and substitutions of
parts and elements without departing from the spirit of

the invention.
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THE CLAIMS
What is claimed is:
1. A method of converting alkanes to

corresponding hydrocarbons including the steps of:

providing a vessel having an unsegregated
hollow interior defining a first =zone, a second zone,
and a third zone;

reacting metal halide and oxygen in the first
zone of the vessel to form metal oxide and halide;

reacting the halide from the first zone with
alkane in the second zone of the vessel to form alkyl
halide;

reacting alkyl halide from the second zone and
metal oxide in the third zone of the vessel to form at
least one reaction product corresponding to the alkyl
halide reactant and metal halide;

transporting the metal halide from the third
zone of the vessel to the first zone thereof; and

recycling metal oxide from the first zone of

the vessel to the third zone thereof.
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2. A method of converting alkanes to their
corresponding hydrocarbons including the steps of:
| providing a vessel having an unsegregated
hollow interior defining a first zone, a second zone,
and a third zone;
reacting metal halide and oxygen in the first
zone of the vessel to form metal oxide and halide;
reacting halide from the first zone with
alkane in the second zone of the vessel to form alkyl
halide;
reacting alkyl halide from the second zone and
metal oxide in the third zone of the vessel to form at
least one reaction product corresponding to the alkyl
halide reactant and metal halide;
transporting the metal oxide from the first
zone of the vessel through the vessel to the third zone
thereof; and
recycling metal halide from the third zone of

the vessel to the first zone thereof.
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3. A method of converting alkanes to

corresponding hydrocarbons including the steps of:

providing a vessel having an unsegregated
hollow interior defining a first =zone, a second zone,
and a third zone;

initially reacting metal halide and oxygen in
the first zone of the vessel to form metal oxide and
halide; |

reacting halide from the first zone with
alkane in the second zone of the vessel to form alkyl
halide;

reacting alkyl halide from the second zone and
metal ?xide in the third zone of the vessel to form at
least one reaction product corresponding to the alkyl
halide reactant and metal halide;

subsequentiy reversing the flow of gases
within the vessel and thereafter:

reacting metal halide and oxygen in the third
zone of the vessel to form metal oxide and halide;

reacting halide from the third zone with
alkane in the second zone of the vessel to form alkyl

halide;



WO 2006/019399 . PCT/US2005/002829

-38 -

reacting alkyl halide from the second zone and
metal oxide in the first zone of the vessel to form a
reaction product corresponding to the alkyl bromide

reactant and metal bromide.
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4. A method of converting alkanes to
corresponding hydrocarbons comprising the steps of:

a. providing a substantially imperforate
chamber having first and second ends and comprising a
first reactant receiving zone located at the first end
thereof, a second reactant receiving zone located at the
second end thereof, and a centrally disposed reaction
zone located between the first reactant recei&ing zone
and the second reactant receiving zone;

b. providing a quantity of metal halide;

c. positioning the quantity of metal halide
in the first reactant receiving zone of the chamber;

d. providing a quantity of metal oxide;

e. positioning the quantity of metal oxide
in the second reactant receiving zone of the chamber;

£. providing an oxidizing gas;

g., reacting the oxidizing gas with the metal
halide and thereby producing gaseous halide and mefal
oxide;

h. providing a quantity of alkane;

i. directing the alkane into the reaction

zone of the chamber;
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j. reacting the alkane with the gaseous
halide produce in step g. in the reaction zone and
thereby producing alkyl halide;

k. reacting the alkyl halide produced in
step j. with the metal oxide and thereby producing a
non-alkane hydrocarbon and metal halide; and

1. recovering the non-alkane hydrocarpon

‘produced in step k. from the chamber.

5. The method of claim 4 wherein the halide
comprising the metal halide of step b. is selected from

the group consisting of bromine, chlorine and iodine.

6. The method of claim 4 wherein the oxidizing
gas of step f. is selected from the group consisting of

oxygen and air.

7. The method of claim 4 wherein the alkane of
step h. 1is selected from the group consisting of

methane, ethane, propane, butane, and isobutene.
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8. - The method of claim 4 wherein the step of
providing an alkane is carried out by providing a

£

mixture of at least two alkanes.

9. The method of claim 4 further including the
subsequent steps of reacting the metal halide produced
in step k. with oxidizing gas and thereby producing
gaseous halide and metal oxide and reacting the metal
oxide produced in step g. with alkyl halide and thereby

producing a non-alkane hydrocarbon and metal halide.



WO 2006/019399 PCT/US2005/002829

10

15

-42-
10. The method of claim 4 further characterized

by:

providing a first catalyst receiving =zone
between the first reactant receiving zone and the
reaction zone;

providing a second catalyst receiving zone
between the reaction zone and the second reactant
receiving zone;

providing first and second quantities of a
predetermined catalyst; |

positioning the first guantity of the catalyst
in the first catalyst receiving zone;

positioning the second gquantity of the
catalyst in the second catalyst receiving zone;

the catalyst facilitating coupling of the

alkyl halide molecules produced in the reaction zone.
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11. A method of converting alkanes to

corresponding hydrocarbons comprising the steps of:

a. providing a substantially imperforate
chamber having first and second ends and comprising a
first reactant receiving zone located at the first end
thereof, a second reactant receiving zone located at the
second end thereof, a centrally disposed reaction =zone
located between the first reactant receiving zone and
the second reactant receiving zone, a first catalyst-
receiving zone located between the first reactant
receiving zone and the reaction =zone, and a second
catalyst receiving zone located between the reaction
zone and the second reactant receiving zone;

b. providing a quantity of metal halide;

C. positioning the quantity of metal halide
in the first reactant receiving zone of the chamber;

d. providing a quantity of metal oxide;

e. positioning the quantity of metal oxide
in the second reactant receiving zone of the chamber;

f. providing first and second quantities of

a predetermined catalyst;
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g. positioning the first quantity of the
catalyst in the first catalyst receiving zone;

h. positioning the second quantity of the
catalyst in the second catalyst receiving zone;

i. providing an oxidizing gas;

j. reacting the oxidizing gas with the metal
halide and thereby producing gaseous halide and metal
oxide;

k. providing a quantity of alkane;

1. directing the alkane into the reaction
zone of the chamber;

m. reacting the alkane with the gaseous
halide produce in step j. in the reaction zone and
thereby éroducing alkyl halide;

n. directing the alkyl halide into
engagement with catalyst in the second catalyst
receiving zone and thereby facilitating coupling of the
alkyl halide molecules;

o. reacting the alkyl halide produced in
step m. with the metal oxide and thereby producing a

non-alkane hydrocarbon and metal halide; and
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p. recovering the non-alkane hydrocarbon

produced in step o. from the chamber.

12. The method of claim 11 wherein the halide
comprising the metal halide of step b. is selected from

the group consisting of bromine, chlorine and iodine.

13. The method of claim 11 wherein the oxidizing
gas of step f. is selected from the group consisting of

oxygen and air.

14. The method of claim 11 wherein the alkane of
étep h. is selected from the group consisting of

methane, ethane, propane, butane, and isobutene.

15. The method of claim 11 wherein the step of
providing an alkane 1is carried out by providing a

mixture of at least two alkanes.
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16. The method of claim 11 fu;ther including the
subsequent steps of reacting the metal halide produced
in step Ik. with oxidizing gas and thereby producing
gaseous halide and metal oxide and reacting the metal

5 oxide produced in step g. with alkyl halide and thereby

producing a non-alkane hydrocarbon and metal halide.

17. The method of claim 11 wherein the catalyst

comprises a predetermined zeolite.
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18. A method of converting alkanes to
corresponding hydrocarbons comprising the steps of:

a. providing a chamber having substantially
imperforate first and second end sections and a
perforated central section and ' comprising a first
reactant receiving zone located in the first end section
thereof, a second reactant receiving zone located in the
second end section thereof, and a centrally disposed
reaction zone located in the perforated central section
thereof;

b. providing a quantity of metal halide;

C. positioning the quantity of metal halide
in the first reactant receiving zone of the chamber;

d. providing a quantity of metal oxide;

e. positioning the quantity of metal oxide
in the second reactant receiving zone of the chamber;

f. providing an oxidizing gas;

g. reacting the oxidizing gas with the metal
halide and thereby producing gaseous halide and metal
oxide;

h. providing a quantity of alkane;
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i. directing the alkane through the
perforations of the central section of the chamber into
the reaction zone;

i. reacting the alkane with the gaseous'
halide produce in step g. in the reaction zone and
thereby producing alkyl halide;

k. reacting the alkyl halide ‘produced in
step j. with the metal oxide and thereby producing a
non-alkane hydrocarbon and metal halide; and

1. recovering the non-alkane hydrocarbon

produced in step k. from the chamber.

19. The method of claim 18 wherein the halide
comprising the metal halide of step b. is selected from

the group consisting of bromine and chlorine.

20. The method of claim 18 wherein the oxidizing
gas of step f£. is selected from the group consisting of

oxygen and air.
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21. The method of claim 18 wherein the alkane of
step h. 1is selected from the group consisting of

methane, ethane, propane, butane, and isobutene.

22. The method of claim 18 wherein the step of
providing an alkane 1is carried out by providing a

mixture of at least two alkanes.

23. The method of claim 18 further including the
subsequent steps of reacting the metal halide produced
in step k. with oxidizing gas and thereby producing
gaseous halide and metal oxide and reacting the metal
oxide produced in step g. with alkyl halide and thereby

producing a non-alkane hydrocarbon and metal halide.
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24. The method of claim 18 further characterized

by:

providing a first catalyst receiving zone
between the first reactant receiving zone and the
reaction zone;

providing a second catalyst receiving zone
between the reaction zone and the second reactant
receiving zone;

providing first and second gquantities of a
predetermined catalyst;

positioning the first quantity of the catalyst
in the first catalyst receiving zone;

positioning  the second quantity of the
catalyst in the second catalyst receiving zone;

the catalyst facilitating coupling of the

alkyl halide molecules produced in the reaction zone.
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25. The method of claim 18 including the
additional step of providing an enclosure having the
chamber enclosed therein and providing a quantity of
alkane within the enclosure whereby alkane from the

5 enclosure flows through the perforations of the chamber

into the reaction zone.
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26. A method of converting alkanes to
corresponding hydrocarbons comprising the steps of:

a. providing an enclosure having first and
second ends;

b. providing a baffle within the enclosure
which segregates the enclosure into first and second
zones;

c. providing a heat transfer fluid;

d. substantially f£filling the enclosure with
the heat transfer fluid;

e. providing a reaction manifold at one end
oﬁ the enclosure;

f. providing an oxidizing gas receiving
manifold at the second end of the enclosure;

g. providing a product receiving manifold at
the second end of the enclosure;

h. providing at least one first imperforate
tube;

i. extending the first tube continuously
from the oxidizing gas receiving manifold through the

first zone of tﬂé enclosure to the reaction manifold;
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J. providing at least one second imperforate
tube;
k. extending the second tube continuously

from the bromination manifold through the second zone of
the enclosure to the product receiving manifold;

1. providing a quantity of metal halide;

m. positioning the quantity of metal halide
in the first tube;

n. providing quantity of metal oxide;

o. positioning the quantity of metal oxide
in the second tuge;

pP- providing an oxidizing gas;

g. directing the oxidizing gas into the
oxidizing gas receiving manifold and from the oxidizing
gas receiving manifold into the firsf tube;

r. reacting the oxidizing gas with the metal
halide in the  first tube and thereby producing gaseous
halide and metal oxide;

S. providing a gqguantity of alkane;

t. directing the alkane into the reaction

manifold;
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u. reacting the alkane with the gaseous
halide produce in step r. in the reaction manifold énd
thereby producing alkyl halide;

V. directing the alkyl halide produced in
step. u. into the second tube;

W. reacting the alkyl halide produced in
step u. with the metal éxide in the second tube and
thereby producing a non-alkane hydrocarbon and metal
halide;

X. directing the non-alkane hydrocarbon
produced in step w. into the product receiving manifold;
and

V. recovering the non-alkane hydrocarbon
produced in step w. from the from the product receiving

manifold.

27. The method of claim 26 wherein the halide
comprising the metal halide of step 1. is selected from

the group consisting of bromine and chlorine.
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28. The method of claim 26 wherein the oxidizing

gas of step n. 1s selected from the group consisting of

oxygen and air.

29. The method of claim 26 wherein the alkane of
step 1. 1is selected from the group consisting of

methane, ethane, propane, butane, and isobutene.

30. The method of claim 26 wherein the step of
providing an alkane 1s carried out by providing a

mixture of at least two alkanes.

31. The method of claim 26 further including the
subsequent steps of reacting the metal halide produced
in step w. with oxidizing gas and thereby producing
gaseous halide and metal oxide and reacting the metal
oxide produced in step r. with alkyl halide and thereby

producing a non-alkane hydrocarbon and metal halide.

!
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32. A method of converting alkanes to
corresponding hydrocarbons comprising the steps of:

a. providing a first substantially
imperforate reactant receiving chamber;

b. providing a second substantially
imperforate reactant receiving chamber;

c. providing a substantially imperforate
reaction chamber;

d. providing a piston within the reaction
chamber, said piston dividing the reaction chamber into
first and second zones and moveable within the reaction
chamber to expand and contract the first and second
reaction zones relative to one another;

e. providing a quantity of metal halide;

f. positioning the quantity of metal halide
in the first reactant receiving chamber;

g. providing a quantity of metal oxide;

h. positioning the gquantity of metal oxide
in the second reactant receiving chamber;

i. providing an oxidizing gas;
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. reacting the oxidizing gas with the metal
halide and thereby producing gaseous halide and metal
oxide;

k. providing a quantity of alkane;

1. directing the alkane into the first
reaction zone of the reaction chamber;

m. reacting the alkane with the gaseous
halide produced in step Jj. 1in the first reaction zone
and thereby producing alkyl halide;

n. the production of alkyl halide in the
first reaction =zone causing movement of the piston
within the reaction chamber resulting in expansion of
the first reaction zone and contraction of the second
reaction zone;

o. the contraction of the second reaction
zone resulting from movement of the piston in the
reaction chamber causing previously produced alkyl
halide to flow from the second reaction =zone into the

second reactant receiving chamber;
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p. reacting the previously produced alkyl
halide with the metal oxide in the second reactant
receiving chamber and thereby producing a non-alkane
hydrocarbon and metal halide; and

g. recovering the non-alkane hydrocarbon

from the second reactant receiving chamber.

) 33. The method of claim 32 wherein the halide
comprising the metal halide of step e. is selected from

the group consisting of bromine, chlorine, and iodine.

34. The method of claim 32 wherein the oxidizing
gas of step g. i1s selected from the group consisting of

oxygen and air.

35. The method of claim 32 wherein the alkane of
step k. 1is selected from the group consisting of

methane, ethane, propane, butane, and isobutene.
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36. The method of claim 32 wherein the step of
pfoviding an alkane is carried out by providing a

mixture of at least two alkanes.

37. The method of claim 32 further including the
subsequent steps of reacting the metal halide produced
in step p. with oxidizing gas and thereby producing
gaseous halide and metal oxide and reacting the metal
oxide produced in step j. with alkyl halide and thereby

producing a non-alkane hydrocarbon and metal halide.
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