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CONTINUQUS PROCESS FOR CONVERTING
NATURAL GAS TO LIQUID HYDROCARBONS

FIELD OF THE INVENTION ,
{6001) This invention generally relates to carbon-carbon coupling and, more particularly,
to methods for converting hydrocarbon feedstocks into useful products.

BACKOGROUND OF THE INVENTION

[6002] Scientists have long sought efficient ways to convert methane and other
hydrocasbons into longer chain hydrocarbons, olefins, sromatic hydrocarbons, and other
products. CH bond activation bas been the focus of intense research for decades, with mixed
results. More efficient processes could create value in a number of ways, including
facilitating the utilization of remotely located hydrocarbon feedstocks (such as stranded
natural gas) through conversion into more easily transportable and useful fuels and
feedstocks, and allowing the use of inexpensive feedstocks (e.g., methane and other light
hydrocarbons) for end products often made from higher hydrocarbons.

{6663 1.8. 6,525,230 discloses methods of converting alkanes to other compounds using
a "zone reactor” comprised of 2 hollow, unsegregated interior defining first, second, and third
zones. Oxygen reacts with metal bromide in the first zone to provide bromine; bromine
reacts with the alkane in the second zone to form alkyl bromide and hydrogen bromide; and
the alkyl bromide reacts with metal oxide in the third zone to form the corresponding product.
In one embodiment, the flow of gases through the reactor is reversed to convert the metal
oxide beck to metal bromide and to convert the metal browide back to the metal oxide. The
reactor is essentially operated in a cyclic mode.

{06043 U.8. 6,452,058 discloses an oxida‘ii%lfe halogenation process for producing alkyl
halides from an alkane, hydrogen halide, and, preferably, oxygen, using a rare earth halide or
oxyhalide catalyst. The alternative of using molecular halogen is also mentioned. Other
patents, such as U.S. 3,172,915, 3,657,367, 4,769,504, and 4,795,843, disclose the use of
metal halide catalysts for oxidative halogenation of alkanes. Oxidative halogenaiion,
however, has several disadvantages, including the production of perhalogenated products and
an unaccepiable quantity of deep oxidation products (CO and COy).

{6843 Three published U.S. patent applications, Pub. Nos. 2005/0234276,
2005/0234277, and 2006/0100469 (each to Waycuilis), describe bromine-based processes for
converting gaseous alkanes to liguid hydrocarbons. Several basic steps are described,
including (1) reacting bromine with alkanes to produce alky! bromides and hydrobromic acid
{bromination), {2) reacting the alky} bromide and hydrobromic acid product with a crystailine
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alumino-silicate catalyst to form higher molecular weight hydrocarbons and hydrobromic
acid {coupling), (3) neutralizing the hydrobromic acid by reaction with an agueous sotution of
partially oxidized metal bromide salis {as metal oxides/oxybromides/bromides) to producs 2
metal bromide salt and waser in an agueocus solution, or by reaction of the hydrobromic acid
with air over a metal bromide catalyst, and (4) regenerating bromine by reaction of the metal
bromide salt with oxygen to yield bromine and an oxidized salt. Potential drawbacks of the
processes inchude low methane conversions; short space-times and the resulting potential for
tess than 100% bromine conversion; wasteful overbromination of ethane, propane, and higher
alkanes, resulting in the formation of dibromomethane and other polybrominated atkanes,
which will likely form coke under the disclosed reaction conditions; comparatively low alkyl
bromide conversions; the need to separate the hydrocarbon product stream from an agueous
hydrohalic acid stream; and insdequate capture of halogen during the regeneration of the
catalyst to remove halogen-containing coke. In addition, the proposed venting of this
bromine-containing stream is both economically and epvironmentally unacceptable.

[0006] The Waycuilis process also apparently requires opexation at refatively low
temperatures to prevent significant selectivity to methane. The likely result would be

~ incompiete conversion of alkyl bromide species and, because the described process relies on

stream splitting to recover products, a considerable amount of unconverted alkyl bromides
would likely leave the process with the products, This represents an unacceptablie loss of
bromine (as unconverted methyl bromide) and a reduced carbon efficiency.

{6007} The neutralization of hydrobromic acid by reaction with an aquecus solution of
partially oxidized metal bromide salts and subsequent reaction of the metal bromide salts
formed with oxygen to yield bromine and an oxidized salt, as disclosed by Waycailis, also
bas a mumber of disadvantages. First, any carbon dioxide present will form carbonates in the
shurry, which will ot be regenerable. Second, the maximum temperature ig Hmited due to
pressure increases which are intolerable above approximately 200 °C, thus preventing
complete recovery of halogen. Third, although the use of redox-active metal oxides (e.g.,
oxides of V, Cr, Mn, Fe, Co, Ce, and Cu) will contribute to molecular bromine formation
during the neutralization of hydrobromic acid, incomplete HBr conversion due to the use of a
solid bromide salt will in turn regudt in a significant logs of bromine from the system (in the
water phase). Provided an excess of air was used, the bromide sali might eventually be
converted fo the oxide form, stopping any further loss of HBr in the water discard.

[0008] To separate water from bromine, Waycuilis discloses the use of condensation and
phase separation to produce semi-dry Hquid bromine and a water/bromine mixture. Other
means for separating water from broming, such as using an inert gas to strip the bromine from
the water phase or using adsorption-based methods have also been proposed by others;
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however, such methods are minimally effective and result in a significant overall loss of

halogen.

[0609] The prior art oxychlorination process first removes the water from HCI (a costly
step) and then reacts the HCl with oxygen and hydrocarbon directly. Oxychlorination
processes rely on the separation of HCI from the unreacted alkanes and higher hydrocarbon
products by using water absorption, and subsequent recovery of anhydrous HCl from the
aqueous hydrochloric acid. U.S. Pat. No. 2,220,570 discloses a process and apparatus for the
absorption of HCl in water where the heat of absorption is dissipated by contacting the HCI
gas with ambient air, and also by the vaporization of water. A process for producing aqueous
hydrochloric acid with a concentration of at least 35.5 wt% by absorbing gaseous HCI in
water is disclosed in U.S. Pat. No. 4,488,884. U.S. Pat. No. 3,779,870 teaches a process for
the recovery of anhydrous HCI gas by extractive distillation using a chloride salt. U.S. Pat.
No. 4,259,309 teaches a method for producing gaseous HCI from dilute aqueous HCI using

an amine together with an inert water-immiscible solvent.

[0010] Although researchers have made some progress in the search for more efficient
CH bond activation pathways for converting natural gas and other hydrocarbon feedstocks
into fuels and other products, there remains a tremendous need for a continuous,

economically viable, and more efficient process.

SUMMARY

{0011] In one embodiment of the present disclosure, a continuous process for converting methane,

natural gas, and other hydrocarbon feedstocks into one or more higher hydrocarbons or olefins is provided.

In one embodiment of the present disclosure, the process includes the steps of

alkane halogenation, "reproportionation" of polyhalogenated compounds to increase the
amount of monohalides that are formed, oligomerization (C-C coupling) of alkyl halides (and
optionally, olefins) to form higher carbon number products, separation of products from
hydrogen halide, continuous regeneration of halogen, and separation and recovery of

molecular halogen from water.

[6012] The present disclosure exploits the discovery that, following consumption of substantially

all of the molecular halogen in an alkane halogenation reactor, polyhalogenated hydrocarbons
that are formed can be reacted with unhalogenated alkanes to improve the overall yield of
monohalides, which react in later process steps more efficiently -- and form more desirable
products -- than polyhalogenated species. After the initial alkane halogenation reaction,
which consumes substantially all of the molecular halogen, additional halogenation is
accomplished by transfer of halogen from polyhalogenated alkanes to unhalogenated alkanes,

thereby reducing carbon loss and coke formation. For example, dibromomethane can be
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reproportionated with methane to form methyl bromide, and dibromomethane can be
reproportionated with ethane or propane to form ethyl bromide and ethylene and/or propyl
bromide and propylene. Although not bound by theory, it is believed that, in some
embodiments, monohalide enrichment also proceeds via olefin formation followed by
reaction with polyhalogenated alkanes. In some embodiments, reproportionation is facilitated
by a catalyst.

[0013]  The present disclosure provides a number of unique subprocesses, improvements, and

advantages, including reproportionation of polyhalides; recovery of halogen released during
the requisite coke burn off, continuous regeneration of molecular halogen through the
reaction of hydrogen halide and oxygen over a catalyst (allowing the overall process to
operate continuously); and use of carefully selected anti-corrosion materials to address the
inherently corrosive nature of the halogen-based process (allowing the process to be practiced
commercially); and use of appropriate, reliable catalysts for long-term halogen generation.
The bromination reactor can be operated adiabatically and over a wide temperature range.
Carbon dioxide and water are easily tolerated, as are trace hydrocarbon impurities. Carbon
loss due to coke formation is minimized by design by preferentially reacting monohalides
over a coupling catalyst such as a zeolite or other reactive metal-oxygen material. Complete

recovery of halogen for reuse is also an important advantage of the present disclosure.

[0013a] In an aspect, there is provided a method comprising: providing a halogen stream;
providing a first alkane stream; reacting at least a portion of the halogen stream with at least a
portion of the first alkane stream to form a halogenated stream, wherein the halogenated
stream comprises alkyl monohalides, alkyl polyhalides, and a hydrogen halide; providing a
second alkane stream; reacting at least a portion of the second alkane stream with at least a
portion of the alkyl polyhalides to create at least some additional alkyl monohalides; and
contacting at least some of the alkyl monohalides and at least some of the additional alkyl
monohalides with a catalyst to form a product stream that comprises higher hydrocarbons and

hydrogen halide.

[0013b] In another aspect, there is provided a system for forming hydrocarbons
comprising: a halogenation reactor, wherein the halogenation reactor receives a quantity of
halide and a first quantity of alkane and produces a halogenated product, the halogenated
product comprising an alkyl monohalide product and an alkyl polyhalide product; a
reproportionation reactor, wherein the reproportionation reactor receives the halogenated

product and a second quantity of alkane and produces at least some additional alkyl
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monohalide product and a quantity of hydrogen halide; and an oligomerization reactor
comprising a catalyst, wherein the oligomerization reactor receives the alkyl monohalide
product and the additional alkyl monohalide product and produces a quantity of hydrocarbon

product and a second quantity of hydrogen halide.

[0613c¢] In yet another aspect, there is provided a method comprising: providing an
alkyl halide stream comprising alkyl monohalides, alkyl polyhalides, and a hydrogen halide;
providing a first alkane stream; reacting at least a portion of the first alkane stream with at
least a portion of the alkyl halide stream to create at least some additional alkyl monohalides;
contacting at least some of the alkyl monohalides and at least some of the additional alkyl
monohalides with a catalyst to form a product stream that comprises higher hydrocarbons,
hydrogen halide, and any unreacted portion of the first alkane stream; separating the
unreacted portion of the first alkane stream from the product stream; providing a halogen
stream; and reacting at least some of the unreacted portion of the first alkane stream separated

from the product stream with the halogen to form the alkyl halide stream.

[6014] These discoveries, integrated into an overall process, are the basis for the
invention and offer a true advance for such applications as the conversion of natural gas to
liquid fuels (including gasoline and gasoline additives) and chemicals (including aromatics,

such as benzene, xylene, and toluene, and light olefins, such as ethylene and propylene).

BRIEF DESCRIPTION OF THE DRAWINGS
[6615] FIG. 1 is a schematic view of one embodiment of a continuous process for

converting methane or natural gas into hydrocarbon chemicals according to the invention;

[0016] FIG. 2 is a schematic view of one embodiment of a continuous process for

converting methane or natural gas into hydrocarbon fuels according to the invention;

[6017] FIG. 3 is a schematic view of a subprocess for reproportionating polyhalides

according to an alternate embodiment of the invention;

[0018] FIG. 4 is a schematic view of one embodiment of a monobromide separation

column, for use in the practice of the invention;

[0019] FIG. 5 is a schematic view of one embodiment of an extractive distillation system,

for use in the practice of the invention

“4a-
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{eg2a} FIG. 6 is a simplified block diagram of onie embodiraent of a continuous process
for converting alkanes into hydrocarbon products scoording to the invention, wherein water is
separated from hydrocarbon producis;

16021} FIG. 7 is a simplified block diagram of one embodiment of 2 continzous process
for converting alkanes into hydrocarbon products according to the invention, wherein water is
separated afier the alkane bromination step;

[OO22) FIG. 8 s a graph of bromobenzene conversion and benzene yield as a function of

time, for an experiment conducted according to one embodiment of the invention; and

{0023} FIG. 9 is a graph of catalyst effectiveness as a fanction of time, for an gxperiment

sondusted according to one embodiment of the invention.
DETAILED DESCRIPTION

{0624}  The present invention provides a chemical process that ensbles patural gas and
other hydrocarbon feedstocks to be converted into higher molecular weight hydrocarbon
products, using molecunlar halogen to activate C-H bonds in the feedsiock. According to one
aspect of the invention, & continuous process for converting 2 hydrocarbon feedstock into one
or more higher hydrocarbons comprises the steps of (2) forming alkyl halides by reasting
molecular halogen with a hydrocarbon feedstock (preferably a feedstock containing
methane), under process condifions sufficient 1o form alkyl hatides and hydrogen halide,
whereby substantially all of the molecular halogen is consumed; (b) forming reproportionated
alkyl halides by reacting some or all of the alkyl halides with an alkane feed, whereby the
fraction of monohslogenated hydrocarbons present is increased; (¢) contacting the
reproportionated abkyl halides with a first catalyst under process condifions sufficient to form
higher hydrocarbons and additional hydrogen halide; (d) separating the higher hydrocarbons
from the hydrogen halide; (e) regenerating molecular halogen by contacting the hydrogen
halide with a second catalyst in the presence of a source of oxygen, under process conditions
safficient to form molecular halogen and water; (f) separating the molecular halogen from
water to allow reuss of the halogen; and (g) repeating steps (&) through (f) = desired nuraber
of ‘iimes. These steps can be carried out in the order presented or, alternatively, in a different

order.

[aozs] According to a second aspect of the Invention, 2 continucus process for converting
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methane in 2 halogenation reactor, under process conditions sufficient to form alkyl halides
and hydrogen halide, whereby substantially all of the molecular halogen is consumed; (b)
separating uureacted methane from the alky! halides and direciing it back into the
halogenation reactor; () forming reproportionated alkyl halides by reacting some or all of the
alicyl halides with an alkane feed containing at least 1%4 by volume of one or more C2-C5
hydrocarbons, whereby the fraction of monohalogenated hydrocarbons present is increased;
{d) contacting the reproportionated alkyl halides with & frst catalyst under process conditions
sufficient to form higher hydrocarbons and additional hydrogen halide; (¢) separaiing the
higher hydrocarbons from the hydrogen halide; (f) regenerating molecular halogen by
contacting the hydrogen halide with a second catalyst in the presence of a source of oxygen,
under process conditions sufficient to form molecular halogen and water; (g) separating the
molecular halogen from water to allow rense of the halogen; and () repeating steps (a)
through (g) 2 desired number of times,

§0026] In each of the aspects and embodiments of the invention, it is intended that the
alkyl halides formed in step () can be all the same (e.g., 100% bromomethane) or, more
typically, different {e.g., mixtures of bromometheane, dibromomethane, dibromoethane, ete).
Similexly, it is contemplated that the "higher hydrocabons" formed in step (©) can be all the
same (e.g., 100% isococtane) or, more typically, different (e.g., mixtures of aliphatic and/or
aromatic compeunds). As used herein, the term "higher hvdrocarbong™ refers to
hydrocarbons having a greater nuynber of carbon atoms than one or more components of the
hydrocarbon feedstock, as well as olefinic hydrocarbons having the same or & greater nuymber
af carbon atoms as one or more componsnts of the hydrocarbon feedstock, For instance, if
the feedstock is natural gas --typically a mixtore of light hydrocarbons, predominately
methane, with lesser amounts of ethane, propane, and butane, and even smaller amounts of
longer chain hydrocarbons such as pentane, hexane, etc. -~ the "higher hydrocarbon(s)”
produced according to the invention can include a C; or higher hydrocarbon, such as ethane,
propane, bulane, Cs+ hydrocarbons, aromatic hydrocarbons, etc., and optionally ethylene,
propylene, and/or longer olefins The term “light hydrocarbons® {(sometimes abbreviated
“LHCs") refers to Cy-Cy hydrocarbons, e.g., methane, ethane, propane, ethylene, propyviene,
butanes, and butenes, all of which are normally gases at room temperature and atmospheric

pressure.

[OGET} Nonlimiting examples of hydrocarbon feedstocks appropriate for use in the
present invention include alkaues, e.g., methane, ethape, propane, and even larger alkanes;
olefins; patural gas and other mixtures of hydrocarbons. In most cases, the feedstock will be
primarily aliphatic in nature. Certain oil refinery processes yield light hydrocarbon streams
(so-called "Hght-ends,” typically a mixtuwre of C; - Cy hydrocarbong), which can be nsed wiih
or without added methane as the hydrocarbon feedstock in one embodiment of the invention,

-6
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50287 Representative halogens include bromine {Bry) and chilorine (Cly). R is also
contemplated that finorine and iodine can be used, though not necessarily with equivalent
results. Some of the problems associated with fluorine can Iikely be addressed by tising
dilute strearns of fluorine {e.g., fluorine pas carried by helivm, nitrogen, or other diluent). It
is expected, however, that more vigorous reaction congditions will be required for atlkyl
fluorides to couple and form higher hydrocarbons, due to the strength of the fluorine-carbon
bond. Similarly, problems associated with iodine (such as the endothermic nature of certain
iodine reactions) can likely be addressed by carrying out the halogenation and/or coupling
reactions at higher temperatures and/or pressureg. The use of bromine or chlorine is
preferred, with bromine being most preferved.

[0029] FIGS. 1 and 2 schematically illustrate two nonlimiting embodiments of a process
according to the invention, with FIG. 1 depicting a process for making hydrocarbon
chemicals (e.g., benzene, toluene, xylenes, other aromatic compounds, etc.), and FIG. 2
depicting a process for making fuel-grade hydrocarbons, e.g., hydrocarbons cormprising a
predominant amount of Cs and higher aliphatic hydrocarbons and (optionally) aromatic
bydrocarbons., The primary difference in the two embodiments is that the process depicted in
FIG. 2 lacks the frst separation unit (88P I) and does not return polybrominated species io
the bromination reactor for “reproportionation.” In the scheme shown in FIG. 2, the amount
of polybromides produced is reduced significantly by introducing light gasses into the
brormination reactor. The polybromides {frora methane bromination) react with the light
gasses fo fonm monobromoalkenes, For convenienece, the figures depict a bromine-based
process, In alternate embodiments of the invention, however, chlorine or other halogens are

usec.

{00308}  Asshown in FIG. 1, natural gas (or another hyydrocarbon feedstock) and molecular
bromine are carried by separate lines 1, 2 into 2 heated bromination reactor 3 and allowed to
resct. Products (HBy, alkyl bromides, optionally olefins}, and possibly unreacted
hydrocarbons, exit the reactor and are carried by 2 line 4 into a first separation unit 5 (SEP I,
where monobrominated hydrocarbons and HBr are separated from polybrominated
hydrocarbons. The polybromides are carried by a line 6 back to the bromination reactor,
where they undergo "reproportionation® with methane and/or other light hydrocarbons, which
are present in the nafural gas and/or introduced to the brominetion reactor as described below.,

f0031] Reproportionation of the polybromides formed during the bromination reaction
enriches the ountlet stream with monobromides and olefinic species, and reduces the amount
of polybrominated hydrocarbons that enter the coupling reactor. This, in turn, reduces the
amount of coke that forme during the carbon-carbon coupling resctions. For large scale
production of aromatic hydrocarbons, it is possibie to employ additional separation units,
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which can further purify the feed stremm to the coupling reactor by separating and recycling
the polybromides, thereby reducing the amount of coke and the overall bromine requirement.

{0832} Unreacted hydrocarbon feedstock, HBr, monobromides, and (optionally) olefins
formeed in the brominstion resctor are camied by a line 7, through a heat exchanger 8, and
snter a heated coupling reactor 9, where the monobromides (and, optionally, any olefins
present) react in the presence of a coupling catalyst to form higher hydrocarbons, HBr,
higher hydrocarbons, and (possibly) unreacted hydrocarbons and alky! bromides exit the
coupling reactor and are carried by a line 10, through another heat exchanger 11, and enter an
HBr absorption unit 12. Water is introduced into the unit through a separate line 13, HBr is
absorbed in this unit, which may be a packed column or other gas-liquid contacting device.
The effluent, containing liguid hydrocarbony and aqueous HBr, is carrded by aline 4 to a
Liguid-liguid splitter 15, which phase-separates Hquid hydrocarbons from the aquecus HBr
stream. The liguid hydrocarbon products are then carried by 2 line 16 to a product clean-up
unit 17 to yield final hydrocarbon products.

{08331 After HBr is separated from the hydrocarbon products and unreasted methane
{and any other Hght hydrocarbons that may be present) in the HBr absorption unit, the
methane (and other light hydrocarbons, if any) is carried by a line 18 into a second separation
unit 9 (SEP II), which employs pressure- or temperature-swing adsorption, membrane-based
separation, cryogenic distillation (preferable for large scale production), or another suitable
separation technology. Methane, and possibly other light hydrocarbons, are returned to the
bromination reactor via one or more lines 28, 21, In the embodiment shown, methane is
directed to an upstresm region or “zone” of the bromination reactor, while other light
hydrocarbons are directed to a mid- or downsiveam zone of the reactor (the latter to facilitate
repropaxtionation of polybromides).

{6034} The agueons HBr stream that evolves from the ligquid-liquid splitter is carried by 2
line 22 to a bromine generation vnit 23. Oxygen, air, or oxygen-curiched gas is also fed into
the unit through a separate line 24, Bromine is regenerated by reacting HBr with oxygen in
the presence of a suitable catalyst. The resulting strearn contains water, molecular bromine,
oxygen, nitrogen (if air was used as the source of oxygen}, and possibly other gases, This
product stream is carried by & line 28 through a heat exchanger 26 into e flash vaporization
unit 27, which separates most of the molecular bromine from water, oxygen, nitrogen, and
other gases (if any) that are present. Molecular bromine, either as a liqnid or vapor (and
containing no more than a trace of H0), is carried by & line 28 to a heat exchanger 29, and
then returned io the bromination reactor.
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16635] Water from the flash vaporization unit (containing up to 3 wi% of molecular
bromine} is sent by a line 30 to a distillation wnit 31, which yields water as the bottorns
streamn and bromine or bromine-water azeotrope as a distillate The distillate is returned
through a line 32 back to the flash vaporization unit.

{0036} The gaseous products of the flash vaporization unit (e.g., oxygen, nitrogen,
optionally other gases, and no more than a minor or trace armount of bromine) are carried by a
line 33 to 2 bromine scavenging vnit 34, which separates molecular bromine from the other
gases. The recovered bromine is then carried by a Ene 35 throuph s heat exchanpger 28 and
reintroduced into the bromination reactor. The amount of bromine entering the scavenger can
be further reduced by increasing the armount of bromine recovered in the flash step by
employing brine solutions and direct contast cooling to allow the use of temperatures below
0° Centigrade. The other gases {e.g., nifrogen, oxygern) can be vented to the atmosphere,

[9837] Verious embodiments end features of individual subprocesses and other
improvements for carrying out the invention will now be described in more detail.

[0038]  Bromiuation

68391 Bromination of the hydrocarbon feedstock is carried out in 2 fixed bed, fluidized
bed, or other suitable reactor, at a temperature and pressure such that the bronzination
products and reactants are gases, for example, 1-50 atem, 150-600 °C, more preferably 400-
600 °C, even more preferably, 450-515 °C, with a residence fime of 1-60 seconds, more
preferably 1-15 seconds, Higher ternperatures tend to favor coke formation, while low
ternperatures require larger reactors, Using 2 fuidized bed offers the advaniage of improved
heat transfer.

[0048}1 Alkane bromination can be initiated using heat or light, with thermal means being
preferred. In one emmbodiment, the reactor also contains a halogenation catalyst, such as a
zeolite, amorphous atumino-silicate, acidic zirconia, tungstates, solid phosphoric acids, metal
axides, mixed metal oxides, metal halides, mixed metal halides {the metal in such cases
being, e.g., nickel, copper, cerium, cobalt, ete.}, and/or or other catalysts as described, e.g., in
U.5. 3,935 289 and 4,971,664, In an alternate embodiment, the reactor contains 2 porous or
non-porous inert material that provides sufficient surface area to retain coke formed in the
reactor and prevent it from escaping. The inert material may also promote the formation of
polyhalogenated hydrocarbons, such as iribromopropane. In still another embodiment, both a
catalyst and an inert material are provided in the reactor. Optionally, the reactor contains
different regions or zones to allow, in or more zones, complete conversion of molecular
bromrine to produce alkyl bromides and hydrogen bromide,
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(G041} The bromination reaction can also be carried out in the presence of an
isomerization catalyst, such zs a metal bromide (e.g., NaBr, KBr, CuBr, NiBry, MgBrg,
CaBry,), metal oxide (e.g., 8i0y, Zr0y, 5412{}3,}, or metal (Pt, Pd, Eu, Ir, Bh)to belp generate |
the desired brominated isomer(s). Sincs isomerization and bromination conditions are
similar, the bromination and isomerization can be carried out in the same reactor vessel.
Alternatively, a separate isomerization reactor can be utilized, located downstream of the
bromination reacior and upstream of the coupling reactor,

{60421  Reproportionation

{0043} In somne embodirnents, a key feature of the invention is the "reproportionation” of
polyhalogenated hydrocarbons (polyhalides), 1.e., halogenated hydrocarbons containing two
or more halogen atoms per molecule. Monohalogenated alkanes (monochalides) created
during the halogenation reaction are desirable as predominant reactant species for subsequent
coupling reactions and formation of higher molecular weight hydrocarbons. For certain
product selectivities, polyhalogenated alkanes may be desirable. Reproportionation allows a
desired enrichment of monohalides to be achieved by reacting polyhalogenated alkyl halides
with norhalogenated alkanes generally in the mubstantial absence of molecular halogens, to
control the ratio of mono-te-polyhalogenated species. For exampile, dibromomethane is
reacted with methane to produce methyl bromide; dibromomethane.-is reacted with propane to
produce methyl bromide and propyl bromide and/or propyiene; and so forth.

[0044] Reactive reproportionation is accomplished by allowing the hydrocarbon
feedstock and/or recycled alkanes fo react with polyhalogenated species fiom the
halogenation reactor, preferably in the substantial absence of molecular halogen, Asa
practical matier, substantially all of the molecular halogen entering the halogenation reactor
is guickly consumed, forming mono- and polyhalides; therefore reproportionation of higher
bromides can be accomplished simply by introducing polybromides into a mid- or
downstream region or "zone” of the halogenation reactor, optionally heated to a temperature
that differs from the temperature of the rest of the reactor.

[6045] Alternatively, reproportionation can be carried out in a separate "reproportionation
reactor,” where polyhalides and unhalogenatated alkanes are allowed {o react, preferably in
the substantial absence of molscular halogen. FIG. 3 illustrates one such embodiment where,
for clarity, only significant systemn elements are shown, As in FIG. 1, natural gas or another
hydrocarbon feedstock and molecular bromine are carried by separate Hnes 1, 2 to a heated
bromination reactor 3 and allowed to react. Products (HBr, alkyl bromides) and possibly
vnireacted hydrocarbons, exit the reactor and are carried by a line 4 into 2 first separation unit
5 (SEP 1), where moncbrominated hiydrocarbons and HBr are separated from polybrominated

-10-
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hydrocarbons. The monobromides, HBr, and possibly unreacted hydrocarbons are carried by
a line 7, through & heat exchanger 8, to a coupling reactor 9, and allowed to react, as shown in
FIG. 1. The polybromides are carried by a line 6 to a reproportionation reactor 36.

Additional natural gas or other alkane feedstock is also introduced into the reproportionation
reactor, via a line 37. Polybromides react with unbromninated alkanes in the reproportionation
reactor to form monobromides, which are carried by 2 line 38 to the coupling reactor 9, after
first passing through s heat exchanger.

[60463} In another embodiment of the invention (not shown), where the hydrocarbon
feedstock comprises natural gas containing a considerable amount of C2 and higher
hydrocarbons, the “fresh” natural gas feed is introduced direcily into the reproportionation
reactor, and recycled methane (which passes through the reproportionation reactor
unconverted) is carried back info the halogenation reactor,

{0647} Reproportionation is thermally driven and/or facilitated by use of & catalyst.
Nonlmiting examples of suitable catalysts include metal oxides, metal halides, and zeolites.
11.8. 4,654,449 discloses the reproportionation of polyhalogenated alkanes with alkanes using
an acidic zeolite catalyst. ULS. 2,979,541 and 3,026,361 disclose the use of carbon
tetrachloride as a chiorinating agent for methane, ethane, propane and their chlorinated
analogues. All three patents are incorporated by reference herein in their entivety. Using
reproportionation in the context of a continueus process for the enrichment of reactive feed
stocks for the production of higher hydrocarbons has never been disclosed (o our knowiedge.

(G048l Reproportionafion of C1-C5 alkanes with dibromomethane and/or other
polybromides occurs at temperatures ranging from 350 to 550 °C, with the optimal
temperature depending on the polybromide(s) that are present and the alkane(s) being
brominated. In addiiton, reproportionation proceeds more quickly at elevated pressures (e.g.,
2-30 bar). By achieving a high initial methane conversion in the halogenation reactor,
substantizl amounts of di~ and tribromomethans ave created; those species can then be used as
bromination reagents in the reproportionation step, Using di- and tribromomethane allows
for controiled bromination of C1-C5 alkanes fo monobrominated C1-C5 bromoalkanes and
C2-CS5 olefins. Reproporfionation of di- and tribromomethane facilitates high initial methane
conversion during brorpination, which should reduce the methane recycle flow rate and
enrich the reactant gas stream with C2Z-C5 monobromoalkanes and olefing, which couple to
Iiquid products over a variety of catalysts, including zeolites. This is a major pnew process
advance.

160481 In ancther embodiment of the Invention, reproportionation ig carried out without
first separating the polyhalides in 2 separation unit. This is facifitated by packing the
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“reproportionation zone® with a catalyst, such as a zeolite, that allows the reaction to occur at
a reduced temperature. For example, although propane reacts with dibromomethane to form
bromomethane and bromopropane {(an example of "reproportionation™), the reaction does not
oceur to an appreciable degree at temperatures below about 500°C. The use of a zeolite may
allow reproportionation: to occur at 2 reduced temperature, enabling species such as methane
and ethane to be brominated in one zone of the reactor, and di-, tri-, and other polybromides
to be reproportionated in another zone of the reacior.

{00507 Bromine Recovery During Decoking

10851} Inevitably, coke formation will ocoar in the halogenation and reproportionation

. processes. If catalysts are used in the reactor(s) or reactor zone(s), the catalysts may be

deactivated by the coke; therefore, periodic removal of the carbonaceous deposits is required.

-In addition, we have discovered that, within the coke that is formed, bromine may also be

found, and i is highly desirable that this bromine be recoversd in order to minimize loss of
bromine in the overall process, which is important for both sconomic and envirornental

I2asons.

[0852] Several forms of bromides are present: HEr, organic bromides such as methyl
bromide and dibsomomethans, and moleculer bromine. The invention provides means for
recovering this bromine from the decoking process. In a preferred embodiment, a given

_ reactor is switched off-line and air or oxygen is introduced to combust the carbon deposits

and produce HBr from the residual bromine residues. The effluent gas is added to the air (or
oxygen) reactant stream fed to the bromine generation reactor, thereby facilitating complete
bromine recovery. This process is repeated perodicaliy.

8053} While a given reactor is off-line, the overall process can, nevertheless, be operated
without iuterraption by using a reserve reactor, which is srranged in parallel with its
countexpart reactor. For example, twin bromination reactors and twin coupling reactors can
be utilized, with process gasses bemg diverted away from one, but not both, bromination
reactors {or conpling reactors) when a decoking operation is desired. The use of a fuidized
bed may reduce coke formation and facilitate the removal of heat and catalyst regeneration,

{0054} Another embodiment of the decoking process involves non-oxidative decoking
using an alkane or mixture of alkanes, which may reduce both the loss of adsorbed products
and the oxygen requirement of the process. In another embodiment of the decoking process,
an oxidant such as oxygen, alr, or enxiched air is co-fed into the bromination section to
convert the coke into carbon dioxide and/or carbon monoxide during the broraination
reaction, thus eliminating or reducing the off-line decoking requirement.

-12-
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[50585] Alkyi halide Separation

0567 The presence of large concenirations of polyhalogenated species in the feed to the
coupling reactor can result in an increase in coke formation. In many applications, such as
the production of aromatics and light olefins, it is desivable o feed only monohalides to the
coupling reactor to improve the conversion to products. In one ernbodiment of the invention,
» specific separation step is added between the halogeneation/reproportionation reactor(s) and

the coupling reactor.

[0857]  For example, a distillation column and associated heat exchangers ("SEP I in
FIGS. 1 and 7} can be used o separate the monobromides from the polybrominated species
by utilizing the large difference in boiling points of the compounds, The polybrominated
species that are recovered as the bottoms stream can be reproportionated with alkanes to form
monobromide species and olefins, either in the bromination reactor or in a separate
reproportionation reactor. The distillation column can be operated at any pressure of from 1
t0 50 bar. The higher pressures allow higher condenser téxnperanlres io be used, thereby
reducing the refrigeration requirement.

j0858]  FIG. 4 illustrates one embodiment of 2 separation unit for separating
monobromides from pelybrominated species. Alkyl bromides from the bromination reactor
are cooled by passing through a heat exchanger 50, and then provided o a distiflation column
51 equipped with two heat exchangers 52 and 53. At the botiom of the column, heat
exchanger 52 acts as a reboiler, while at the top of the column heat exchanger 53 acts as a
partial condenser. This configuration allowe 2 liguid "bottoms” enviched in polybromides
{and contsining no more than a minor amount of monobromides) to be withdrawn from the
distillation column. The polybromides are passed through ancther heat exchanger 54 to
convert them back (o & gas before they are retumed o the bromination reactor {or sent to a
separate reproportionation reactor) for reproportionation with unbrominated atkanes. At the
top of the column, partial reflux of the liguid from the reflux drum is facilitated by the heat
exchanger 53, yielding a vapor enriched in lighter components inclhuding methane and HBr,
and & liguid stream comprised of monobromides and BBr (and containing no more than a
minor amount of polybromides).

{065%]  Altemate distillation configurations include a side stream column with and
without a side streamn rectifier or stripper. If the feed from the bromination reactor containg
water, the bottoms stream from the distillation colurmn will also contain water, and a liguid-
liquid phase split on the bottoms stream can be used 1o separate water from the
polybrominated species. Due to the presence of HBr in the water sirsam, it can either be sent
to 2 HBr absorption columm or to the bromine generation reactor.
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of alky} halides to hioher molecniar weight oroducts

[R060} Catalvtic coupling

j0861] The alkyl halides produced in the halogenation/reproporticnation step are reacted
over a catalyst to produce higher hydrocarbons and hydrogen halide, The reactant feed can
also contain kydrogen halide and unhalogenaied aikanes from the bromination reactor.
According to the invention, any of a number of catalysts are used to facilitate the formation
of higher hydrocarbon products from halogenated hydrocarbons. WNonlimiting examples
include non-crystalline ahwnino silicates (amorphous solid acids), tungsten/zirconia super
acids, sulfated zirconia, alumino phosphates such as SAPO-34 and its framework-substitated
analogues (substituted with, e.g., Ni or Mn), Zeslites, such as Z8M-5 and its ion-exchanged
apalogs, and framework substituted ZSM-5 (substituted with Ti, Fe, Ti + Fe, B, or Ga).
Preferred catalysts for producing liguid-at-room-temperature hydrocarbons include ion-
exchanged ZSM-5 having & Si02/A),O; ratio below 300, preferably below 100, and most
preferably 30 or below. Nonlimiting examples of preferred exchanged ions inciude ions of
Ag, Ba, Bi, Ca, Fe, Li, Mg, Sr, X, Na, Rb, Mn, Co, NI, Cu, Ru, Pb, P4, Pt, aud Ce. These
ions can be exchanged as pure salts or as mixtures of salts. The preparation of doped zeolites
and their use as carbon-carbion coupling catalysts is described in Patent Publication Neo. US
2005/0171393 Al, at pages 4-5, which is incorporated by reference herein in its entirety.

(0062} In one exbodiment of the invention a Mn-axchanged ZSM-5 zeclite having a
Si02/ALO, ratio of 30 is used as the coupling catalyst. Under certain process conditions, it
can produce a tailored selectivity of liguid hydrocarbon products.

{0863} Coupling of haloalkanes preferably is carried out in a fixed bed, fluidized bed, or
other suitable reactor, at e suitable temperatore {e.g., 150-600 °C | preferably 275-425 °C)
and pressure (e.g., 0.1 to 35 atm) and a regidence time (1) of from 1-45 seconds. In general, a
relatively long residence time favors conversion of reactants to products, as well as product
selectivity, while a short residence time means higher throughput and (possibly) improved
economics. I is pussible to direct product selectivity by changing the catalyst, altering the
reaction temmperature, and/or altering the residence time in the reactor. For example, at g
moderate residence time of 10 seconds and 2 moderate emperature of 350 °C, xviene and
mesitylenes are the predominant components of the aromatic fraction (benzene + toluene +
xylenss + mesitylenes; "BTXM"™) produced when the product of a methane bromination
reaction is fed into a conpling reactor packed with a metal-ion-impregnated ZSM-5 catalyst,
where the impregoation metal is Ag, Ba, Bi, Cz, Co, Cu, Fe, La, Li, Mg, Mn, Ni, Pb, P4, or
Sr, and the ZSM-5 catalyst is Zeolyst CBV 58, 2314, 3024, 5524, or 8014, ( available from
Zeolyst International {Valley Forge, PAY). At aresction temperature of 425 °C and a
regidence time of 40 ceconds, toluene and benzene are the predominant products of the
BTXM fraction. Product selectivity can also be varied by contyolling the concentration of
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dibromomethane produced or fed into the coupling reactor, Removal of reaction heat and
continuous decoking and catalyst regeneration using a fluidized bed reactor configuration for
the coupling reactor is anticipated in some facilities,

{0664} in one embodiment, the coupling reaction is carried out in a pair of coupling
reactors, arranged in parallel. This allows the overall process to be run continuously, without
interruption, even if one of the coupling reactors is taken off line for decoking or for some
other reason. Similar redumdancies can be utilized in the bromination, product separation,
halogen generation, and ofher units used in the overall process.

{B065] Hvdrocarbon product separation snd halopen recovery

10066] The coupling products include higher hydrocarbons and HBr. T the embodiments
shown in FIGS. 1 and 2, products that exit the coupling reactor are first cooled in & heat
exchanger and then sent to an absorption column. HBr is absorbed in water using a packed
colummn or other contacting device. Input water and the product siveam can be contacted either
in a co-carrent or counter-current flow, with the counter-current flow preferred for its
improved efficiency. HBr absorption can be camried out cither substantially adiabatically or
substentially isothermally. In one embodiment, the concentration of hydrobromic acid after
absorption ranges from 5 to 70wt%, with a preferred range of 20 to 50wt%. The operating
pressure i 1 10 50 bar, more preferably 1 to 30 bar. B the laboratory, a glass columan or
glass-lined column with ceramic or glass packing can be nsed. In a pilot or commercial plant,
one or more durable, corrosion-resistant materials (described below) are utilized.

(G087} In one embodiment of the invention, the hydrocarbon products are recovered as a

- Tiquid from the HBr absorption column, This lguid hydrocarbon stream is phase-separated

from the aqueous HBr stream using a liguid-liquid splitter snd sent t0 the product cleanup
unit. In another embodiment, the hydrocarbon products are recovered from the HBr column
as a gas stream, together with the unconverted methanc and other lght gases. The products
are then separated and recovered from the methane and light gases using any of a number of
technigues. Nonlirniting examples inctude distiliation, pressure swing adsorption, and
membrane separation technologies,

[6068] In some embodiments, the product clean-up unit comprises or includes a reactor
for converting halogenated hydrocarbons present in the product stream into unhalogenated
hydrocarbons. For example, under certain conditions, smail amounts of C1-C4
bromoalkanes, bromobenzene, and/or other brominated species are formed and pass from the
coupling resctor to the liquid-liquid splitter 16 and then to the product clean-up unit 17,
These brominated species can be "hydrodehalogenated” in a suilable reactor. In one
emnbodiment, such a reactor comprises a continuous fixed bed, catalytic converter packed

~15-



10

15

20

25

30

35

with a supported metal or metal oxide catalyst, Nonlimiting examples of the active
component include copper, copper oxide, palladium, and platinum, with palladium being
preferred. Nonlimiting examples of support materials include active carbon, alumina, silica,
and zeolites, with alumina being preferred. The reactor is operated at a pressure of 0-150 psi,
preferably 0-5 pei, and a temperature of 250-400 °C , preferably 300-350 °C, with a GHSV of
1200-60 hr'', preferably ~240 ™. When bromobenzene (e.g.) is passed over such a reactor,
it is yeadily converted 10 benzene and HBr, with some light hydrocarbons (e.g., C3-C7)
produced as byproducts, Although carbon deposition {coking) can deactivate the catalyst, the
catalyst can be regenerated by exposure to oxygen and then hydrogen at, e.g., 500 °C and 400
“C, respectively.

100691 After HBr is separated from the hydrocarbon products, the wnconverted methane
leaves with the light gases in the vapor outlet of the IIBr absorption vnit., In one embodiment
of the invention, unconverted methane is separated from the light gages in a separation unit
("SEP I" in the FIGS.), which operates using pressure or temperaturs swing adsorption,
membrane-based separation, cryogenic distillation (preferable for large-scale production), or
some other suitable separation process. Low methane conversions in the bromination reacior
may result in the coupling products being carried with the light gases, which in turn would
necessitate the recovery of these species from the lights gases. Separation technologies that
cap. be employed for this purpose include, but are not lirsited to, distillation, pressure or
tempperatre swing adsorption, and membrane-based technologies,

[0074] I another aspect of the invention, a pracess for separating ashydrons HBr from
an agueous sofution of HBr is provided. HPBr forms 2 high-boiling azeotrope with water;
therefore, separation of HBr from the aqueous solution requires either breaking the azestrope
using an exiractive agent or bypassing the azeotrope using pressure swing distillation. FIG. 5
illustrates one embodiment of an extractive distillation unit for separating FBr from water.
Water is extracted in a distiliation columm 200 and HBr is obtained as the distillate stream
281. The distillate strearm may also contain small amounts of water. In one embodiment, the
distillation column 208 is a tray-tower or a packed column. Cenventional ceramic packing is
preferred over structured packing. Aqueous bromide sale, such as CaBr, is added at the top
of the distillation column, resulting in the exiraction of water from aqueous HBr. A
condenser may not be required for the colummn. A reboiler 203 is used to maintain the vapor
flow in the distillation column. The diluted stream of equeous CaBr, 207 is sent fo the
evaporation section 206, which, optionally has a rayed or packed section. The bottorus
stream from the column is heated before entering the evaporation section. Stream 207
comprising mostly water (and no more than traces of HEr) leaves the evaporation section.
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{0071] In one embodiment, HBr is displaced as a gas from its agueous solution in the
presence of an electrolyte that shares 2 common ion (Bt or H) or au ion (e.g. Ca™* or 8O}
that has 2 higher hydration energy than HBr. The presence of the electrolyte pushes the
equilibrivan HBr,, ¢ HBig, towards gas evolution, which is further facilitated by heating
the solution.

§6072) Aqueous solutions of metal bromides such as CaBry, MgBr; also KBr, NaBr,
LiBr, RbBr, CsBr, S1Bra, BaBrs, MnBr,, FeBr), FeBrs, CoBry, NiBrs, CuBr,, ZnBr,, CdBry,
AlBr, LaBry, YBr,, and BiBr can be used as extractive agents, with agueous solutions of
CaBr,, MgBrs, KBr, NaBr, LiBr or mixtures thereof being preferred. The bottoms stream of
the distillation columsn contains a diluted solution of the extracting agent. This stream is sent
1o another distillation column or a vaporizer where water s evaporated and the extracting
agent ig concentrated before sending it back to the extractive distillation column. Sulfuric
acid can be used as an extracting agent if its reaction with HBr to form bromine and sulfir
dioxide can be minimized, Experiments carried out to demonstrate the separation of
anhydrous HBr from an agueous solution of HBr are described in Example 1 and 2.

166731 In ancther aspect of the invention, various approaches to preduct clean-up
(separation and/or purification} are provided. A number of bromide species may be present
in the unpurified product stream: HBr, organic bromides such as methyl bromide and
dibromomethane, and bromo-aromatics. In one embodiment of the invention, hydrocarbon
products are separated from brorminated species by passing the product stream over capper
metal, NiQ, Ca0, Zn0, MgO, Ba(, or combinations thereof. Preforably, the products are run
aver one or more of the above-listed materials at a tempersture of from 25-600 °C, more

preferably, 400-500 °C, This process is tolerant of CO,, that may be present,

[G074) In another embodiment, particularly for large-scale production of hydrocarbons,
unconverted methane is separated from other light hydrocarbons as well as heavier products
(e.g., benzene, toluens, etc.) using distillation. For example, in FIGS. 1 and 2, methane and
other light hydrocarbons exit the absorption column through a gas outlet and are directed to a
separation unit (SEP. II). Any unconverted methyl bromide will be removed with the light
gases and can be recycled back 1o the bromination/reproportionation reactor. Heavier
hvdrocarbons are removed as s liguid distillate.

{6675} Molecular Haloren Generation
{ou76] In one embodiment of the invention, catalytic halogen generation is carried out by
reacting hydrohalic acid and molecuiar oxygen over a suitable catalyst. The general reaction

can be represented by equation (1)
ZHX + Va0, ——HHE . 3o + H,O i).
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The process occurs at a range of temperatures and mole ratios of hydrohalic acid (EX) and
molecuiar oxygen (On), i.e., 4:1 to 0.001:1 HX/O,, preferably 4:1 (to fit the reaction
stoichiometry), more preferably 3.5:1 (to prevent eventual HErx breatkthrough).

Halogen can be generated using pure oxygen, air, or oxygen-enriched gas, and the
reaction can be run with a variety of inert nonreacting gases such as nitrogen, carbon dioxide,
argon, helium, and water steam being present. Any proportion of these gases can be
combined as pure gases or selected mixtures thereof, to accommodate process requirements,

{80771 A. number of materials have been identified as halogen generation catalysts. Itis
possible to use one type of catalyst or g combination of any number, configuratiog, or
proportion of catalysts. Oxides, halides, and/or oxy-halides of one or mors metals, such as
Cu, Ag, Axy, Fe, Co, Ni, Mn, Ce, V, Nb, Mo, Pd, Tz, or W are representative, more preferably
Mg, Ca, Sr, Ba, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, or Ce. The most preferable catalysts are
oxides, halides, and/or oxy-halides of Cu.

j6078] Although not bound by theory, the following equations are considered
representative of the chemisiry believed to take place when such materials are used to

o

catalyze halogen formastion:

Ca0 + 2HBr -» CaBry + HyO {23
CSBTZ + ¥ 02 - CaO + B‘b_ (3)

for metal oxides in which the metal does not change oxidation states, and

C0yCy + BHEr > 3CoBr; + 4H,0 + By {4}
3CoBry + 20, = Co:04 + 3Bry {5}

for metal oxides in which the metal does change oxidation states. The net reaction for (2}
+{(3) and (4) +H3) is (7):

2HBr + %0, <28y 1,0 + Bry 0

which i equivalent to (1),
In one embodiment of the invention, chlorine is used as the halogenating agent, and
ceria (CeDy} is used o catalyze the generation of chiorine from hydrochloric acid. The

following equations are considered representative:

CeO; + 4HCE = CeCly + 21,0 + Cl (8}

CeCly + Op 2 Ce0y+Clhy )

-18-
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for an overall reaction: THCE+ %0, -2 H,0+Ch (10}

which is also equivalent to (1),
[6079] This use of ceria is quite novel, as it allows essentially complete consumpiion of
BCL In contrast, previous reactions of metal oxides, HC], and oxygen have typically yielded
HCYCY; mixtures. Thus, ceria can advantageously be employed as g halogen regeneration
catalyst, particularly where chiorine is used for alkane halogenation, with chlorine's attendant
lower cost and familiarity to industry, ‘

[6080] In one embodiment of the invention, the halogen generation catalyst(s) are
supporied on porous or nonporous alumina, silica, zirconia, titania or mixtures thersof, or
another suitable support. A range of temperatures can be employed to maximize process
efficiency, e.g., 200-600 °C, more preferably 350-4590 °C.

f00813 Recovery and recycie of molecular hatoren

[og82} Halogen generation produces both water and molecular halogen, Water can be
separated from halogen and removed before the halogen is reacted with the hydrocarbon
feedstock. Where the halogen is bromine, a bromine-water, liquid-liquid phase split is
achieved upon condensation of a mixture of these species. For example, in one embodiment
of the invention, a liquid-liguid flash unit is used to separate most of the bromine from water,

- simiply and inexpensively. The bromine phase typically contains a very small amount of

water, and can be sent directly to the bromination reactor, The water phase, however,
contains 1-3 wt% bromine. However, if air is used in the bromine generation step, nitrogen
and unconverted oxXygen are present with the bromine and water stream that enters the flash,

[0083] The gas leaving the flash unit primarily consists of nitrogen and unconverted
oxygen, but carries with it some bromine and water. The amount of bromine leaving with the
vapor phase depends on the temperature and pressure of the flash. The flash can be operated
at ternperatures ranging from 0 to 50 °C; however, a lower temperature (ca 2 10 °C) is
preferred to reduce bromine leaving in the vapor stream. The vapor stream is sent to the
bromine scavenging section for bromine recovery. In ons embodiment, the operating
pressure is 1 to 50 bar, more preferably 1 to 30 bar. Since water freezes at 0 °C, it is not
possible to substantially reduce the temperature of the flash 19. However, the vapor siream
from the flash can be contacted with a chilled brine solution, at temperatures from -30 °C to
10 °C. Chiiled brine temperatures lower than that of the flash can substantially reduce the
bromine scavenging requirement of the scavenging unit. Vaporizing the bromine by heating
the brine can then ocour, with further heating employed 1o facilitate concentration of the brine
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for re~use. This approach to bromine recovery can be carried out either continuously or in

batch mode.

{0084} Bromine contained in the water-rich phase leaving the liquid-liquid flash can be
effectively recovered by distillation. Other means, such as using an inert gas to strip the
bromine from the water phase (described by Waycuilis) and adsorption-based methods, are
not very effective, and potentiaily can result in & significant loss of bromine. The presently
described distillation subprocess produces bromine or bromine-water azeotrops as a distillate,
which is recycled back 1o the flash unit. Water is contained in the bottoms stream. Bromine
can react reversibly with water to form small amounts of HBr and HOBr. In the distiltation
scheme, therefore, ppm levels of HBr (and/or HOBr) can be present in the bottoms strear, A
side~stream rectifier or stripper can be utilized fo reduce the bromine content of the bottoms
stream to produce a purs water stream, Other alternatives that can reduce the bromine content
of the water to below 10 ppm range include, but are not Hmited to, the addition of acids such
as sulfuric acid, hydrochioric acid, and phosphoric acid, in very small guantities to reduce the
pH of the water stream. Lowering the pH drives the HBr and HOBr stream back fo bromine
and water, thereby substantially reducing the loss of bromine in the water stream. HBr
pressnt in the water stream can also be recovered using ion-exchangs resins of
electrochemical means.

{0085] Receverv of all kalozen for reuse, For both economic and environmesis!
reasons, it is preferred to minimize, if not completely elirninate, loss of halogen utilized in the’
overall process. Molecular bromine has the potential to leave with vented nitrogen and
unconverted oxygen if it is not captured afier Br; generation. Bromine scavenging can be
carried out in a bed containing solid CuBr or MuBr,, either loaded on ¢ support or used in
powder form, 1o capture Bry from a gas stream that may also contain o0, CO», Oy, methane
&/or Nz In one embodiment of the invention, bromine scavenging is performed within a
range of temperatures, i.e., from -10 © to 200 °C. When bromine scavenging is complete,
molecular bromine can be released from the bed by raising the temperature of the bed to 220
°C or higher, preferably above 275 °C. It is iroportant that there be little if any O, in the bed
during bromine release, as O will oxidize the metal and, over time, reduce the 5romine-

scavenging capacity of the bed.
{6086] Construction of critical process elements with unigus corrosion-resistant
materials ’

{6087} Corrosion induced by any halogen-containing process, whether in the condensed
phase or the vapor phase, presents a significant challenge in the selection of durable materials
for the construction of reactors, piping, and ancillary equipment. Ceramics, such as aluming,
zircontia, and silicon carbides, offer exceptional corrosion resistance to most conditions
encountered in the process described hersin, However, ceramics suffer from a number of
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disadvantages, including lack of structural strength under tensile strain, difficulty in
completely containing gas phase reactions (due to diffusion or mass fransport along jointing
surfaces), and possibly undestrable thermal transport characteristics inherent {6 most ceramic
materials. Constructing durable, gaé~tight, and corrosion resistant process control equiprnent
(i.e. shell and tube type heat-exchangers, valves, pumtips, otc.), for operation at elevated
temperatures and pressures, and over extended periods of time, will likely require the use of
formable metals such as Aw, Co, Cr, Fe, Nb, Ni, Pt, Ta, Ti, and/ or Zr, or alloys of these base
metals containing elements such as Al, B, €, Co, Cr, Cu, Fe, H, Ha, La, Mn, Mo, N, Nb, N,
0,P, P4, §, 84, 8n, Ta, Ti, V, W, Y, and/or Zr.

[0688] According fo one embodiment of the invention, the process and subprocesses
deseribed hersin are carried out in reactors, piping, and ancillary equipment that are both
strong enough and sufficiently corrosion-resistant to allow long-term continued operation.
Selection of appropriate materials of construction depends strongly on the temperature and
environment of exposure for each process control cornponent.

[6689] Suitable materials for components exposed to cyclic conditions (e.g. oxidizing and
reducing), as compared to single conditions (oxidizing or reducing), will differ greathy.
Nonlimiting examples of materials identified as suitable for exposure to cyclic conditions,
operating in the temperature range of from 150-550 °C, include Au and alloys of Ti and Wi,
with the most suitable being AV alloyed Ti {more specifically Ti Grd-5) and Ni-Cr-Mo
alloys with high Cr, low Fe, and low C content (more specifically ALLCORR®, Alloy 59, C-
22, 625, and HX). Nonlimiting examples of materials identified as suitable for exposure to
either acid halide to air, or molecular halogen 1o air cyclic conditions, in the temperature
range 150-550 °C, either acid halide to air, or molecular halogen to air include alloys of Fe
and Ni, with the most suitable being alloys of the Ni-Cr-Mo, and Ni-Mo families.
Nonlimiting examples of materials identified as suitable for single environment conditions, in
the temperatuse range 100°C-550°C, include Ta, Ay, and alloys of Fe, Co, and Ni. For lower
temperature conditions (<280°C), suitable polymer linings can be utilized such as PTRE,
FEP, and more suitably PVDF. All materials may be used independently or in conjunction
with a sapport material such as coating, cladding, or chemical/physical deposition on a
suitable low-cost material such as low-alloy steels.

[60540] Figure 6 schematically illustrates an alternate mode of operation for a continuous
process for converting methane, natural gas, or other alkane feedstocks into higher
hydrocarbons. Alkanes are brominated in the brominabion section in the presence of water
formed during bromine generation, including recycled water. The bromination products pass
either through a reproportionation reactor or through the reproportionation section of the
bromination reactor, where the light gases are reproportionated to form olefins and atkyl
bromides by using the polybromides as brominating agents. The reproportionation producis,
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which include olefins, alky! monobromides, some polybromides, and HBr, along with auy
unreacted alikanes, are then sent to the coupling reactor. The coupling products are sent to a
vapor-liquid-liquid flash, Higher hydrocarbon products are removed as an organic phase
from the vapor-liquid-liquid flash, while aqueous HBr is removed as the heavier phase. The
gas stream from the flash is sent to a separation system to recover methane and light gases,
which are recycled back to the bromination and repraportionation sections, respectively.

{0091} Nitrogen must be removed from the gas recycle stream if air is used as an oxidant
in bromine generation. The agueous HBr stream coming out of the vapor-liquid-liquid flash
is sent to the HBr/water separation system, where water is recovered. The separation can be
carried out in a distillation column, where pure water is taken out as a distiliate and the
bottoms stream is an aqueous solution of HBr (having a higher concentration of HBr than the
feed to the distillation column). The agueous HBr streamn is sent back to the bromine
generation section, where bromine is generated from agueous HBr in the presence of air or

oxygen.

[a0e2} Alternatively, extractive distillation is used to sepavate HBr from water. The
separated HBr is sent to the bromine generation reactor and bromine is generated from
aquecus HBr in the presence of air or oxygen. Complete conversion of HBr is not necessary
in the bromine generation reastor. Periodic decoking can be carried cut for the bromination,
reproportionation, and/or coupling reactors, with the bromine-containing decoking product
stream being routed to the bromine generation reactor.

[00931 Another continuous process alternative is shown in FIG, 7. Alkanes are
brominated in the bromination section in the presence of water formed during bromine
generation, including recycled water. The bromination products (which include
monobromides and polybromides) pass through sither a reproportionation reactor or the
reproportionation section of the bromination reactor, where the light gages are
reproportionated to form alky! bromides, using the polybromides as brominating agents. The
reproportionation products — alkyl monobremides, olefins, a small amount of polybromides,
and HBr -- and any unreacted alkanes are then sent to a separation unit where aqueous HBr is
separated from the alkyl bromides. Monobromides in the alkyl bromide stream are separated
from the polybromides. The polybromides are recycled to the reproportionation section
where polybromides react with the recycle gases to form olefins and monobromides.

[6e%4) The aqueous HBr separation from the atkyl bromides can be carried out in a
distillation column coupled with a liguid-liquid flash. The alkyl bromide stream can contain
HBr. The monobromides are fed into the coupling section, and the products are sent 1o a
water absorption column where HBr produced in the coupling reactor is removed from the
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products and unconverted gas. The liguid outlet of the absorption column is fed to & vapor-
liguid-liquid flash separation unit, where higher hydrocarbon products are removed as an
organic phase and aqueous HBr is removed as the heavier phase. The gas outlet from the
absorption colommn is sent to a separation system to separate methane fom the light gases.
The recovered methane is recycled back to the bromination section, while the light gases are

recycled to the reproportionation section.

[e09s] Nitrogen ruust be separated before the gases ave recycled if air is used as an
oxidant in bromine generation. The agueous HBr stream from the vaper-Hguid-Hguid flash is
combined with the aqueous HBr stream from the alky] bromide separation section and sent to
the HBy/Water separation system. The separation can be carried out in a distillation colurmm,
where pure water is taken out as a distillate and the bottoms stream is an aqueous solution of
HEBr having a higher concentration of HBr compared with the feed 1o the distillation column,
The aqueous HBr stream is sent back to the bromine generation section, where bromine is
generated from aqueous HBr in the presence of air, oxygen or enriched air.

{60961 Alternatively, exiractive distillation is used fo separate HBr from water. The
scparated HBr is sont to the bromine generation reactor, where bromine is generated from
agueous HBr in the presence of air, oxygen, or enriched air. Compilete conversion of HBr to
brormine is not required during bromine generation. Periodic decoking of the bromination,
reproportionation end coupling reactors can be carried out, with the bromine~containing
decoking product stream being routed to the bromine generation reactor.
{0037} The following are ponlimiting examples of the invention and various subprocesses
for practicing the invention.
{G098] ample 1. R rHonation of Dibro g Wit PEOEG
[0099]  Methane (11 scom, 1 atm) was combined with nitrogen (15 scem, 1 atm) at room
ternperature via a mixing tee and passed through a room temperature bubbler full of bromine.
The CH/N/Br; mixivrs was plumbed into g preheated glass tube at 500 °C, and bromination
of the methane took place with a residence time ("t™) of 60 seconds, producing primarily
bromomethane, dibromomethane, and HBr. The stream of nitrogen, HBr, and partially
brominated hydrocarbon was combined with propane (0.75 scem, 1 atm) in 2 mixing tee and
passed into a second glass reactor tube at 525 °C with a residence time (") of 60 8, In the
second reactor tabe, polybrominated hydrocarbons (i.e. CH,Bry, CHEr;) react with the
propane to produce bromopropanes. The reproportionation is idealized by the following
regction;

CH.Bry + C3Hy — CHaBr + CsH;Br
As products left the second resctor, they were collecied by a series of traps containing 4 i
NaOH (which neurralized the HBr) and hexadecane (containing octadecans as an internal
standard} to dissolve as much of the hydrocarbon products as possible, Volatile components
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ke methane and propane were collected in & gas bag afier the HBr/hydrocarbon traps. All
products were quantified by gas chromatography. The results ("Ex. 1") are summarized in
Table 1. For comparison, the reactions wers also run with two reactors, but without
reproportonation with propane ("Control A™), and with only the first reactor and without
propane ("Control B™). '

Table 1, Reproportionation of Dibromomethane

Ex.1
(bromination/ Control A Control B
e reproportionation) (bromination) {brominatiorn}
Bromination te, 60 60 60
Reproportionation tx, 60 60 0
CH,4 conversion 40% 7% 45%
CHaB1r/(CH; Br+CHyBra) 93% . 84% 74%
CaHg conversion 85% N/A N/A
Carbon belance 96% 7% 96%
{00108] Ex arati f ug HEB

[00101] 20 mi stock HPBr aqueous solution were added to 20 g CaBn.H,0 followed by
heating to 70 °C. A significant evolution of HRBy gas was observed (determined by AgNO;
precipitation and the WH; fuming test). The released HBr was not guantified as the reaction
was carried ont in an open vessel.

{00102} Example 3. Separation of Anhvdrovs HBr

{60103} Dehydration with H;50; was attemapted by adding a conc. solution of H8Q4 ¢
HBr. Qualitative tests were conducted in which different copcentration of Ho8O, were added
to HBr for determination of the threshold concentration where oxidation of HBr no longer

COCULS,
2HBr + Ha80, -3 Bry + SO, +2H,0.

[06164] It was detenmined that the Ha8QO4 concentration below which no oxidation is
apparent is ~ 70 wi.%. 30 ml 70 % Hz80, was added to 30 ml stock HBr azeotrope (48 wt.%)
and the mixture was heated to boiling. The HBr content was determined quantitatively by
AgNO;s precipitation and gravimetric determination of AgBr from a solution aliquot at the
moment of mixing, after 15 min and afier 30 min. boiling,

f60185F  Example 4. Metathesis of Brominated Methane over Selecied Catalvsts
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[60106] A series of experiments were conducted in which methane was brominated in s
manner substantially the same as or similar to that described in Bxample 1 (10 scom methane
bubbled through room temperature bromine, followed by passage of the mixture through a
reactor tube heated to 500°C), and the bromination products were then passed over various
metal-ion exchanged or impregnated zeolite catalysts, at atmospheric pressure (total
pressure), at a temperature of from 350 to 450 °C, with a residence ime of 40 seconds, Table
2 sumumnarizes the distribution of metathesis products. Catalysts are denoted by metal jon
{e.2., Ba, Co, Mn, etc.) and by type of Zeolyst Int'l. zeolite {e.g., 5524, 58, 8014, etc.). The
mass {mg) of each product, as well as the total mass of proiincts is given for each run. The
abbreviations, B, PhBr, T, X, and M refer to benzene, phenyl bromide, toluene, xyiense, and
mesitylene, respeotively.

{00107] Table 2. Metathesis of Brominated Methane Over Selected Catalysts,
Total
T(C)  Catpiyst B PhBr T X M {mg)
350 Ba 5524 0.25 .00 0.96 2.58 3.14 6.93
350 Ba 58 831 6.00 1.48 3.20 3.1% 8.11
350 Ba 8014 0.30 0.00 1.30 2.87 3.15 7.60
350 Ca 58 0.20 0.00 0.81 2.44 3.08 6.53
350 Co 2314 122 4.62 3405 218 08.56 7.04
350 Co 3024 0.36 0.00 2.06 421 347 10.10
350 Co 58 0.20 0.00 1.05 291 3.34 7.50
350 Mg3024 0.31 0.00 1.53 3.59 3.89 9.32
356 Mg 58 6.28 .00 1.41 338 3.43 8.42
350 Mp 2314 1.07 0.03 2.86 2.26 0,65 6.86
350 Mn 3024 0.53 0.00 2.92 4.80 3.02 11.27
350 Mn 58 0.17 0.00 0.88 2.7 3.62 7.37
350 Ni 2314 1.12 0.05 2.94 2.44 0.74 7.28
350 Ni3024 061 0.06 2.82 3.85 2.13 %41
375 Ba 5524 0.32 0.60 1.32 2.82 2.57 7.04
375 Ba 58 0.40 0.00 1.84 2.93 2.40 7.57
378 Ba 8014 0.32 0.00 1.23 2.84 2.85 7.34
375 Ca 58 0.26 0.00 0.96 2.35 2.53 6.64
375 Co 3024 (.47 0.00 2.30 3.52 2.18 £.48
375 Co 58 0.30 0.00 1.54 2.83 2.42 7.10
375 Mg 3024 0.37 0.00 1.81 3.26 2.78 8.22
375 Mg 58 0.34 0.060 1.67 3.04 274 7.80
375 Mn 3024 062 0.00 2.91 3.90 217 9.59

35



10

15

20

25

30

35

375
375
400
406
400
400
400
400
400
400
400
400
480
400
400
400
400
400
425
425
425
425
425
425
425
423
425
423
425
425
425
425
425
4356
450
450
450
450

Mn 58
Pd 2314
Ba 5524
Ba 58
Ba 8014
Ca 58
Co 3024
Co 58
Mg 3024
Mg 58
vin 3024
Mn 58
Ni 3624
Pb 2314
Ph 3024
P4 2314
Sr2314
Sr 3024
Ag 3024
Ag 8014
Ba 5524
Ba 58
Bi2314
Co 2314
Co 3024
Cu 2314
Li 5524
Mg 3024
Mg 58
Mn 3024
Mo 2314
Ni 3024
Sr3024
Ag 3024
Biz3i4
Ca 2314
Co 2314
Cn 2314

0.22

©1.54

0.46
0.7
0.38
0.41

0.78
0.62
0.76
.71
0.98
0.48
.81
1.20
1.07
2.44
2.13
1,93
2.79
3.09
0.54
a.7¢
3.13
3.39
1.07
2.89
1.51
0.99
0.81

1.22
3.06
0.97
2.53
3.84
3.90
3.64

4,12

3.65

€.00
0.60
0.060
0.00
0.00
.00
0.00
0.00
0.00
0.00
0.00
0.00
C.00
0.03
0.04
0.00
0.01
(.05
0.02
0.02
0.00
0.00
0.03
0.03
G.00
6.02
0.04
0.00
0.00
0.00
0.04
0.00
6.02
0.02
.01
0.02
0.61
0.00

1.18
3.10
237
3.15
1.57
1.89
3.42
2.71
3.26
3.04
4.1Q
2.26
3.15
3.25

277
3,14

e &

4.05
4.03
4.16
3.52
2.67
3.60
447
4.34
342
4.74
3.31
3.28
2.62
3.90
4.02
338
436
4.27
3.59
4.10
3.77
4,30
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1.83
4.16
3.61
3.81
3.43
4.14
3.36
4.11

3.74
4,38
3.44
3.33
3.27
3.63
1.22
2.29
2.67
1.78
1.09
3.67
2.54
1.61

1.59
2,79
213

3.27
2.85
2.16
3.01

1.46
2.85
2.22

1.36

G.67
1.00
8.77

.10

2.83
0.37
2.95
2.76
377
281

2.26
231

2.64
2.59
pAL
2.64
1.72
1.20
1.66
0.18
0.46
0.65
0.29
0.16
2.33
1.75
0.23
.25
1.0%
80.37
1.12
£.37
1,11

1.14
6.24
1.32

0.43

0.18

0.06

0.16

8.8

0.14

6.94
6.85
954
10.47
£.53
8.54
10.60
8.59
10.76
10.08
11.52
8.82
9.04
8.94
$.17
7.01
8.94
9.32
9.04
788
9.22
8.48
9.48
9.60
8.38
18.15
9.24
8.48
6.70
9.27
§.82
8.51
9.56
9.67
g.23
.92
8.75
2.19
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430 Fe 2314 4.42 0.02 3.43 0.74 6.09 8.6%
450 Fe 3024 3.61 0.01 2.96 0.63 .08 7.28
450 Fe 5524 3.59% 0.03 363 0.85 0.11 8.60
450 122314 343 .01 3.81 6.87 8.12 8.29
450 1igo4 174 0.02 2.61 2.67 (.84 7.89
450 Mg 2314 420 0.02 3.84 Q.76 0.10 8.92
450 Mn 2314 3.78 0.02 3.90 0.88 6.12 8.70
450 Mo 2314 3.88 0.01 3.26 0.58 0.66 7.79
450 Ni2314 4.39 0.01 3.1z 0.44 0.03 8.00
450 Pb 2314 2.58 0.01 4.68 2.31 0.45 10.02
450 Ph 3024 2.08 0.01 4.44 2.87 6.76 10.10
450 Pb 5524 1.89 0.02 3.58 2.7 0.73 B.53
450 rd 2314 403 ©.00 1.58 .14 £.00 5.76
456 Sr2314 371 0.60 4.78 1.68 0.2t 10.39
450 Sr3024  2.51 0.01 3.76 1.61 0.26 8.14

[063108] Erample 5. Fvdrodehalogenation of Bromobenzene, and Catalyst Repgeneration

(001697 A test solufion (1.5mlbr), which includes 1.9wt%4 bromobenzene (PhBr)
dissolved in dodecane, diluied by N3 (1. 1mi/min) was fed into & tubular quariz reactor in
which 3.6g of highly dispersed precious metal catalyst (Pd/ALOs, 6.5wt %) was loaded. The
reaction was carried out at 325 °C with a residence time of 15s. The reaction effluent was
trapped in a bubbler with 8ml 40 NaOH solution pre-added. The carrier gas as well as the
gaseous product were collected in 2 gas bag. All of the carbon-based products in the gas
phase and oil phase in the liguid product were subjected to GC analysis. For the base trap
solution, the HBr concentration was measured with an lon-selective elecirode. Based on all
of these measurements, carbon and bromine balances were caleulated,

[6011¢] The experiment was continuously run for over 300 hours unfil the conversion of
PhBr dropped from 100% in the initial 70 hrs to below 30% (Fig. 8). Hydrodebromination of
PhBr took place over the catalyst bed with the formation of benzene ("BZ") and HBr as the
major products, accompanied with some light hydrocarbons (Cs-Cy) being detected ag
byproducts, which originated from solvent decomposition. Carbon deposition was
recognized as the primary reason for deactivation of the catalyst. The catalyst proved to be
re-generable via decoldng at 500 °C with O; oxidation (Sml/min} for 10 hrs, followed by Hy
reduction (20ml/min) at 400 °C for 3hrs. The regenerated catelyst was identified to be as
effective as the fresh catalyst, as confirmed by ifs ability to catalyze the same
hydrodebromination reaction withouf activity loss in the first 70 hours (Fig. 5).
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j@0111} The invention has been described with references to various examples and
preferred embodiments, but is not limited thereto, Other medifications and equivalent
arrangements, apparent to a skilled person upon consideration of this disclosure, are also
included within the scope of the invention. For example, in an alternate embodiment of the
invention, the products 25 from the bromine generation reactor are fed directly into ﬁxe
bromination reactor 3. The advantage of such a configuration is in eliminating the bromine
holdup needed in the flash unit 27, thereby reducing the handling of liquid bromine. Also, by
eliminating the bromine scavenging section including units 26, 27, 3% and 34, the capital cost
for the process can be reduced significantly. For energy efficiency, it is desirable to have the
ontlet of bromine generation be equal to the bromination temperature. For bromine
generation, cerium-based catalysts are therefore preferred over copper-based catalysts in this
embodiment, since cerium bromide has a higher melting point (722 °C) than copper (D)
bromide (504 °C). The presence of oxygen in bromination and coupling reduces the
selectivity to the desired products; therefore, the bromine generation reactor must consume
all of the oxygen in the feed. In this embodiment, the monobromide separation & must be
modified to remove water using a lapid-Hguid split on the bottorng siveam of the distillation
colurnn 51. The water removed in the liquid-liguid split containg HBr, which can be removed
from water using extractive digtillation {see, e.g., FIG. 5), and then recycled back to the

bromine generation seotion,

[08112} Still other modifications are within the scope of the invention, which is limited
only by the accompanying claims and their equivalents.
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What 1s claimed is:

1. A method comprising:
providing a halogen stream;
providing a first alkane stream;

reacting at least a portion of the halogen stream with at least a portion of the first
alkane stream to form a halogenated stream, wherein the halogenated stream comprises alkyl

monohalides, alky! polyhalides, and a hydrogen halide;
providing a second alkane stream;

reacting at least a portion of the second alkane stream with at least a portion of the

alkyl polyhalides to create at least some additional alkyl monohalides; and

contacting at least some of the alkyl monohalides and at least some of the
additional alkyl monohalides with a catalyst to form a product stream that comprises higher

hydrocarbons and hydrogen halide.
2. The method of claim 1 further comprising:
separating the hydrogen halide from the product stream; and

reacting the hydrogen halide with a source of oxygen to regenerate the halogen

stream.

3. The method of claim 2, wherein hydrogen halide is reacted with the source of

oxygen in the presence of a cerium oxide catalyst.

4. The method of claim 1 wherein the reacting at least a portion of a halogen stream
with at least a portion of the first alkane stream occurs in a first zone of a reactor vessel and the
reacting at least a portion of the second alkane stream with at least a portion of the alkyl

polyhalides occurs in a second zone of the reactor vessel.
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5. The method of claim 4 wherein the first zone of the reactor vessel 1s upstream of

the second zone of the reactor vessel.

6. The method of claim 1 where the reacting at least a portion of the halogen stream

with at least a portion of the first alkane stream occurs in the presence of a halogenation catalyst.

7. The method of claim 6 wherein the halogenation catalyst comprises at least one
catalyst selected from the group consisting of: a zeolite, an amorphous alumino-silicate, an acidic
zirconia, a tungstate, a solid phosphoric acid, a metal oxide, a mixed metal oxide, a metal halide,

and a mixed metal halide.

8. The method of claim 2 wherein the reacting at least a portion of the halogen
stream with at least a portion of the first alkane stream occurs in a plurality of reactors, wherein

at least one of the plurality of reactors is operating at all times.

9. The method of claim 8 wherein one of the plurality of reactors undergoes
decoking by introduction of an oxygen source to produce a decoking product, wherein the
decoking product is combined with the hydrogen halide before reacting the hydrogen halide with

a source of oxygen.
10. The method of claim 1 further comprising:

contacting the at least some of the alkyl monohalides and at least some of the
additional alkyl monochalides with an isomerization catalyst to create an isomerized stream prior

to contacting the isomerized stream with the catalyst to form the product stream.
11. The method of claim 1 further comprising:

contacting the product stream with a hydrodehalogenation catalyst to create a

dehalogenated product stream and hydrogen halide.

12. The method of claim 11 wherein the hydrodehalogenation catalyst comprises at
least one active component selected from the group consisting of: copper, copper oxide,
palladium, and platinum, and supported on at least one material selected from the group

consisting of: an active carbon, an alumina, a silica, and a zeolite.
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13.  The method of claim 1 wherein the catalyst comprises an ion exchanged zeolite,
wherein the ion comprises at least one ion selected from the group consisting of: a Ag ion, a Ba
ion, a Bi ion, a Ca ion, an Fe ion, a Li ion, a Mg ion, a Srion, a K ion, a Na ion, a Rb ion, a Mn

ion, a Co ion, a Ni ion, a Cu ion, a Ruion, a Pb ion, a Pd ion, a Pt ion, and a Ce ion.
14. A system for forming hydrocarbons comprising:

a halogenation reactor, wherein the halogenation reactor receives a quantity of
halide and a first quantity of alkane and produces a halogenated product, the halogenated product

comprising an alkyl monohalide product and an alkyl polyhalide product;

a reproportionation reactor, wherein the reproportionation reactor receives the
halogenated product and a second quantity of alkane and produces at least some additional alkyl

monohalide product and a quantity of hydrogen halide; and

an oligomerization reactor comprising a catalyst, wherein the oligomerization
reactor receives the alkyl monohalide product and the additional alkyl monohalide product and

produces a quantity of hydrocarbon product and a second quantity of hydrogen halide.
15.  The system of claim 14 further comprising:

a separator, wherein the separator receives the quantity of hydrocarbon product,
the quantity of hydrogen halide, and the second gquantity of hydrogen halide and produces an acid
stream comprising substantially all of the hydrogen halide and a gas stream containing

substantially all of the hydrocarbon product; and

an oxidation reactor, wherein the oxidation reactor receives the acid stream and a

quantity of oxygen source material and produces at least a quantity of halogen.

16.  The system of claim 14 wherein the halogenation reactor is located in a first zone
of a reactor vessel and the reproportionation reactor is located in a second zone of the reactor

vessel.

17.  The system of claim 16 wherein the first zone is located upstream of the second

zone.
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18.  The system of claim 15 further comprising:

a dehydrohalogenation reactor comprising a dehydrohalogenation catalyst,
wherein the dehydrohalogenation reactor receives the gas stream containing substantially all of
the hydrocarbon product and produces a dehalogenated gas stream and a third quantity of

hydrogen halide.
19.  The system of claim 14 further comprising:

an isomerization reactor comprising an isomerization catalyst, wherein the
isomerization reactor receives the additional alkyl monohalide product and produces an

- isomerized alkyl monohalide that is transported to the oligomerization reactor.
20.  The system of claim 14 wherein the halogenation reactor contains a catalyst.

21. The system of claim 20 wherein the halogenation catalyst comprises at least one
catalyst selected from the group consisting of: a zeolite, an amorphous alumino-silicate, an acidic
zirconia, a tungstate, a solid phosphoric acid, a metal oxide, a mixed metal oxide, a metal halide,

and a mixed metal halide.

22.  The system of claim 14 wherein the oligomerization reactor is operated at a

temperature of between about 150 °C to about 600 °C.

23.  The system of claim 14 wherein at least one of the halogenation reactor, the
reproportionation reactor, and the oligomerization reactor comprises at least one material of
construction selected from the group consisting of: Au, Co, Cr, Fe, Nb, Ni, Pt, Ta, Ti, Zr, and

alloys of these base metals,

24. The system of claim 14 wherein at least one of the halogenation reactor, the
reproportionation reactor, and the oligomerization reactor comprises a fixed bed reactor or a

fluidized bed reactor.

25. A method comprising:
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providing an alkyl halide stream comprising alkyl monohalides, alkyl polyhalides,

and a hydrogen halide;
providing a first alkane stream;

reacting at least a portion of the first alkane stream with at least a portion of the

alkyl halide stream to create at least some additional alkyl monohalides;

contacting at least some of the alkyl monohalides and at least some of the
additional alkyl monohalides with a catalyst to form a product stream that comprises higher

hydrocarbons, hydrogen halide, and any unreacted portion of the first alkane stream;

separating the unreacted portion of the first alkane stream from the product

stream;
providing a halogen stream; and

reacting at least some of the unreacted portion of the first alkane stream separated

from the product stream with the halogen to form the alkyl halide stream.
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CONTINUOQUS PROCESS FOR CONVERTING NATURAL GAS TO LIQUID
HYDROCARBONS

ABSTRACT

An improved continuous process for converting methane, natural gas, or other
hydrocarbon feedstocks into one or more higher hydrocarbons or olefins by continuously
cycling through the steps of alkane halogenation, product formation (carbon-carbon
coupling), product separation, and regeneration of halogen is provided. Preferably, the
halogen 15 continually recovered by reacting hydrobromic acid with air or oxygen. The
invention provides an efficient route to aromatic compounds, aliphatic compounds,
mixmres of aliphatic and aromatic compounds, olefins, gasoline grade materials, and

other useful products.

Figure 1.
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