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OXIDATIVE COUPLING OF METHANE SYSTEMS AND METHODS
BACKGROUND
Technical Field
This invention is generally related to vessels and processes useful

in an oxidative coupling of methane (“OCM”) reaction.

Description of the Related Art

Alkene hydrocarbons are also referred to as ‘olefins’ within the
petrochemical industry and can include any unsaturated hydrocarbon
compound containing at least one carbon-to-carbon double bond. Alkenes are
used widely within the chemical industry for their general reactivity and ability to
polymerize or oligomerize into longer chain hydrocarbon products such as
synthetic fuels. Although alkenes are naturally occurring their demand far
exceeds the natural supply. Consequently, the vast majority of alkenes are
produced via thermal or catalytic cracking of longer chain mixed hydrocarbons
such as crude oil or light ends such as napthas. An increasing worldwide
demand for longer chain hydrocarbon oils, lubricants and fuels places a
demand on hydrocarbon cracking operations to optimize or maximize the
formation of longer chain hydrocarbons requiring minimal post-cracking
processing to provide such high-demand products. As such, the production of
shorter chain alkenes, such as ethylene (IUPAC designation “ethene”) using
steam or catalytic cracking is in economic tension with the production of
generally more valuable longer chain hydrocarbons. Shorter chain alkenes are
typically produced using gaseous or liquid light hydrocarbons which are steam
cracked at temperatures of 750°C to 950°C. The cracked gas contains multiple
alkene hydrocarbons, including ethylene, and is immediately quenched to halt
the numerous secondary (olefin-consuming) free radical reactions within the off-
gas. The various alkenes can then be separated from the remaining qguenched

cracked gas via distillation.
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Natural gas is a naturally occurring mixture of hydrocarbon gases
including methane and containing up to about twenty percent concentration of
higher hydrocarbons such as ethane and small quantities of impurities such as
carbon dioxide and hydrogen sulfide. With hundreds of years and ftrillions of
cubic feet of proven, unextracted, natural gas reserves, natural gas potentially
provides a rich source of hydrocarbons. Unfortunately, natural gas, or more
specifically the methane found in natural gas is expensive to transport for
extended distances except by pipeline. Even with the use of pipelines,
methane requires significant capital investment in the pipeline itself and incurs
significant operational expense in the recompression stations needed to
maintain a reasonable pipeline flow. However, restricting transport to pipelines
essentially relegates such methane sources to the role of a regional supply,
meaning that unless a local demand exists for the methane, the natural gas
supply is “stranded” — available for extraction but without a local demand
making the extraction economically attractive and practical.

Historically methane has been converted to longer chain
hydrocarbons through steam reforming to provide a synthesis gas (“syn-gas”),
containing a mixture of carbon monoxide and hydrogen, which is then used as
a feedstock to a Fischer-Tropsch process which converts the carbon monoxide
and hydrogen into liquid hydrocarbons (often referred to as a “gas-to-liquids” or
“GTL” process) that include synthetic lubrication oils and synthetic fuels. While
periodically used on a widespread basis, for example by Germany during World
War |l, the popularity of the Fischer-Tropsch process is hampered by high
capital costs associated with the construction of the process, and the high
operation and maintenance costs associated with the ongoing operation of the
process. However, even with Fischer-Tropsch, the ability to convert methane to
short chain alkenes such as ethylene is extremely limited.

Ethylene is widely used in chemical industry, and historically the
worldwide production of ethylene has exceeded that of any other organic
compound. Ethylene is used in a wide variety of industrial reactions, including:
polymerization, oxidation, halogenation and hydrohalogenation, alkylation,
hydration, oligomerization, and hydroformylation. Within the United States and
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Europe, approximately 30% of the ethylene produced is used in the
manufacture of three chemical compounds — ethylene oxide which is used as a
precursor in the production of ethylene glycol; ethylene dichloride which is used
as a precursor in the production of polyvinylchloride; and ethylbenzene which is
used as an intermediate in the production of styrene and polystyrene.
Significant quantities of ethylene (approx. 60% of total use) are consumed in

the production of various forms of polymerized ethylene, or “polyethylene.”

The oxidative coupling of methane (*OCM?”) reaction promotes the
formation of alkene hydrocarbons such as ethylene using an exothermic
reaction of methane and oxygen over one or more catalysts according to the

following equation:

2CH4 + Oy & CoH4 + 2H,0

The reaction is exothermic (AH = -67 kcal/mole) and historically was conducted
at very high temperatures of from about 750°C to about 950°C to provide a C,
(ethane + ethylene) yield reported to be in the range of 15%-25%. Despite
intensive efforts to develop catalysts for the OCM process over the last 30
years, there exists a need for an economic and reliable direct conversion of
methane to higher molecular weight hydrocarbons.

The value associated with ethylene production is significant,
estimated in excess of $150 billion (US) per year. Used as an intermediate
and a raw material feedstock throughout the petrochemical industry, the current
ethylene production process via steam cracking consumes greater quantities of
energy than nearly all other commodity chemical processes, consumes
valuable fractions recovered from crude oil, and is one of the largest
contributors to global greenhouse gas (“GHG”) emissions in the chemical

industry.

BRIEF SUMMARY
Systems and methods for the production of one or more alkene

hydrocarbons using a methane source and an oxidant are provided. The
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methane source and the oxidant are combined over at least one catalyst to
provide the one or more alkene hydrocarbons via an oxidative coupling of
methane (“OCM”) reaction.

Systems for producing at least one higher hydrocarbon, such as a
higher alkane, alkene, or other higher hydrocarbon, from a methane source and
an oxidant are provided. The systems include at least one vessel having at
least one catalyst disposed at least partially within the vessel. The at least one
catalyst is configured to catalyze the exothermic reaction of at least a portion of
a methane source and at least a portion of an oxidant to provide an oxidative
coupling of methane (*“OCM”) gas including at least one alkene hydrocarbon.
The at least one vessel can further include at least one fluid connection
configured to receive at least one of a portion of the methane source and a
portion of the oxidant and at least one fluid connection configured to remove at
least a portion of the oxidative coupling of methane gas.

The system includes at least one thermal adjustment system
configured to maintain a thermal profile about the at least one catalyst.

The systems may include a second thermal adjustment system
fluidly coupled to the at least one fluid connection configured to receive at least
a portion of the oxidant. The second thermal adjustment system may include a
non-contact heat transfer unit configured to transfer thermal energy from a heat
source to at least a portion of the oxidant. The second thermal adjustment
system may also include at least one fluid connection configured to receive at
least a portion of the oxidant, at least one fluid connection configured to remove
at least a portion of the oxidant from the second thermal adjustment system, the
at least one fluid connection configured to remove at least a portion of the
oxidant from the second thermal adjustment system fluidly coupled to the at
least one fluid connection on the at least one vessel configured to receive at
least a portion of the oxidant, at least one fluid connection configured to receive
at least a portion of the thermal transfer fluid, and at least one connection

configured to remove at least a portion of the heat source. The at least one
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fluid connection configured to receive at least a portion of the heat source may
be configured to receive at least a portion of the oxidative coupling of methane
gas removed from the at least one vessel. The second thermal adjustment
system heat source may include a combustion heater and the second thermal
adjustment system including a combustion heater may further include at least
one fluid connection configured to receive at least a portion of the oxidant and
at least one fluid connection configured to remove at least a portion of the
oxidant from the second thermal adjustment system, the at least one fluid
connection configured to remove at least a portion of the oxidant from the
second thermal adjustment system fluidly coupled to the at least one fluid
connection on the at least one vessel configured to receive at least a portion of
the oxidant.

The system may further include a third thermal adjustment system
fluidly coupled to the at least one fluid connection on the at least one vessel
that is configured to receive at least a portion of the methane source. The third
thermal adjustment system may include at least one non-directly contacted heat
transfer unit configured to transfer thermal energy from a heat source to at least
a portion of the methane source. The third thermal adjustment system may
also include at least one fluid connection configured to receive at least a portion
of the methane source, at least one fluid connection configured to remove at
least a portion of the methane source fluidly coupled to the at least one fluid
connection on the at least one vessel configured to receive at least a portion of
the methane source, at least one fluid connection configured to receive at least
a portion of the heat source and at least one connection configured to remove
at least a portion of the heat source. The at least one fluid connection
configured to receive at least a portion of the heat source may be configured to
receive at least a portion of the oxidative coupling of methane gas removed
from the at least one vessel. The third thermal adjustment system may include
a combustion heater and the third thermal adjustment system including a

combustion heater may also include at least one fluid connection configured to
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receive at least a portion of the methane source and at least one fluid
connection configured to remove at least a portion of the methane source from
the third thermal adjustment system, the at least one fluid connection
configured to remove at least a portion of the methane source from the third
thermal adjustment system fluidly coupled to the at least one fluid connection
on the at least one vessel configured to receive at least a portion of the
methane source.

The system may also include a fourth thermal adjustment system
fluidly coupled to the at least one fluid connection on the at least one vessel
that is configured to remove at least a portion of the oxidative coupling of
methane gas. The fourth thermal adjustment system may include at least one
non-contact heat transfer unit configured to transfer thermal energy from the
oxidative coupling of methane gas. The fourth thermal adjustment system may
also include at least one fluid connection configured to receive at least a portion
of the oxidative coupling of methane gas fluidly coupled to the at least one fluid
connection configured to remove at least a portion of the oxidative coupling of
methane gas on the at least one vessel, at least one fluid connection configured
to remove at least a portion of the oxidative coupling of methane gas from the
fourth thermal adjustment system, at least one fluid connection configured to
receive at least a portion of a coolant, and at least one connection configured to
remove at least a portion of the coolant.

At least a portion of the at least one catalyst may include at least
one nanowire catalyst. The at least one nanowire catalyst may include a
nanowire catalyst having a substantially similar chemical composition and at
least a portion of the substantially similar chemical composition nanowire
catalyst may include more than one physical form. The more than one physical
form may include at least two of: the substantially similar chemical composition
nanowire catalyst deposited on a rigid substrate; the substantially similar
chemical composition nanowire catalyst combined with at least one inert

material; and the substantially similar chemical composition nanowire catalyst
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formed into a shape. The substantially similar chemical composition nanowire
catalyst may include one or more nanowire catalysts selected from the group
consisting of: a metal oxide, a metal hydroxide, a metal oxyhydroxide, a
perovskite, a metal oxycarbonate, a metal carbonate, a metal element from any
of Groups 1 through 7, a lanthanide, an actinide, or combinations thereof. In
some embodiments, one or more dopants comprising a metal element, a semi-
metal element, a non-metal element or combinations thereof may be added or

otherwise incorporated into the one or more catalysts.
The at least one nanowire catalyst may include one or more

nanowire catalysts having a plurality of unique chemical compositions and at
least a portion of the nanowire catalysts include more than one physical form.
The more than one physical form may include at least two of: the nanowire
catalyst deposited on a rigid substrate; the nanowire catalyst combined with at
least one inert material; and the nanowire catalyst formed into a shape. The
nanowire catalysts may have a plurality of unique chemical composition
comprising two or more nanowire catalysts selected from the following: a metal
oxide, a metal hydroxide, a metal oxyhydroxide, a metal oxycarbonate, a metal
carbonate, a metal element from any of Groups 1 through 7, a lanthanide, an
actinide, or combinations thereof. In some embodiments, one or more dopants
comprising a metal element, a semi-metal element, a non-metal element or
combinations thereof may be added or otherwise incorporated into the one or
more catalysts.

The at least one vessel may include a plurality of serially coupled
vessels and the at least one connection configured to remove at least a portion
of the oxidative coupling of methane gas of a first vessel may be fluidly coupled
to at least one connection configured to receive at least a portion of the
methane source and at least a portion of the oxidant of a second vessel. The
system may also include a fluid connection configured to receive at least a
portion of the oxidant disposed between two vessels in the plurality of serially

coupled vessels.
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The at least one thermal adjustment system may include a
plurality of thermal adjustment systems and each of the plurality of thermal
adjustment systems may be configured to maintain the thermal profile about the
at least one catalyst in at least a portion of the plurality of serially coupled
vessels. Each of the plurality of thermal adjustment systems may be configured
to maintain a substantially adiabatic profile about the at least one catalyst in a
portion of the plurality of serially coupled vessels. Each of the thermal
adjustment systems may include a non-contact heat transfer unit configured to
transfer thermal energy from the oxidative coupling of methane gas to a coolant
and each of the non-contact heat transfer units includes: at least one fluid
connection configured to receive at least a portion of the coolant, at least one
fluid connection configured to remove at least a portion of the coolant, at least
one fluid connection configured to receive at least a portion of the oxidative
coupling of methane gas, and at least one connection configured to remove at
least a portion of the oxidative coupling of methane gas. In some
embodiments, the non-contact heat transfer units may include a "fire tube”
boiler (i.e., a boiler having the thermal energy supply/hot fluid inside the tubes
and boiling water/steam outside tubes).

At least a portion of the plurality of serially coupled vessels may
further include an internal structure configured to support at least one catalyst
bed. Atleast a portion of the at least one catalyst may include at least one
nanowire catalyst. The at least one nanowire catalyst may include a nanowire
catalyst having a substantially similar chemical composition and at least a
portion of the substantially similar chemical composition nanowire catalyst may
include more than one physical form. The one or more physical forms can
include at least one of: the substantially similar chemical composition nanowire
catalyst deposited on a rigid substrate; the substantially similar chemical
composition nanowire catalyst combined with at least one inert material; and
the substantially similar chemical composition nanowire catalyst formed into a
shape. The substantially similar chemical composition nanowire catalyst may
include a nanowire catalyst selected from the group consisting of: a metal
oxide, a metal hydroxide, a metal oxyhydroxide, a metal oxycarbonate, a metal
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carbonate, a metal element from any of Groups 1 through 7, a lanthanide, an
actinide, or combinations thereof. In some embodiments, one or more dopants
comprising a metal element, a semi-metal element, a non-metal element or
combinations thereof may be added or otherwise incorporated into the one or
more catalysts.

The at least one nanowire catalyst may include a plurality of
nanowire catalysts having a plurality of unique chemical compositions and at
least a portion of the plurality of nanowire catalysts may include more than one
physical form. The more than one physical form may include at least one of:
the nanowire catalyst deposited on a rigid substrate; the nanowire catalyst
combined with at least one inert material; and the nanowire catalyst formed into
a shape.

The at least one vessel may further include an internal structure
configured to support a plurality of catalyst beds within all or a portion of the at
least one vessel. The at least one vessel may further include at least one fluid
connection disposed between at least a portion of adjacent catalyst beds
forming the plurality of catalyst beds and configured to receive at least a portion
of the oxidant. The one or more thermal adjustment systems may be
configured to maintain a substantially adiabatic profile about one or more
catalyst beds in the at least one vessel and at least a portion of the one or more
thermal adjustment systems may be disposed remote from at least one vessel
and the at least one vessel may further include at least one fluid connection
disposed between at least a portion of adjacent catalyst beds forming the
plurality of catalyst beds and configured to remove at least a portion of the
oxidative coupling of methane gas from the at least one vessel and at least one
fluid connection disposed between at least a portion of adjacent catalyst beds
forming the plurality of catalyst beds and configured to receive at least a portion
of the oxidative coupling of methane gas removed from the at least one vessel.

The one or more thermal adjustment systems may include a non-
contact heat transfer unit configured to transfer thermal energy from the
oxidative coupling of methane gas to a coolant and include: at least one fluid
connection configured to receive at least a portion of the coolant; at least one
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fluid connection configured to remove at least a portion of the coolant; at least
one fluid connection configured to receive at least a portion of the oxidative
coupling of methane gas; and at least one connection configured to remove at
least a portion of the oxidative coupling of methane gas. In some
embodiments, the one or more thermal adjustment systems may include a "fire
tube” boiler.

At least a portion of the at least one catalyst may include at least
one nanowire catalyst. The at least one nanowire catalyst may include a
nanowire catalyst having a substantially similar chemical composition; and at
least a portion of the substantially similar chemical composition nanowire
catalyst may include more than one physical form. The more than one physical
form may include at least one of: the substantially similar chemical composition
nanowire catalyst deposited on a rigid substrate; the substantially similar
chemical composition nanowire catalyst combined with at least one inert
material; and the substantially similar chemical composition nanowire catalyst
formed into a shape. The single composition nanowire catalyst comprises a
nanowire catalyst selected from the group consisting of: a metal oxide, a metal
hydroxide, a metal oxyhydroxide, a metal oxycarbonate, a metal carbonate, a
metal elements from any of Groups 1 through 7, a lanthanide, an actinide, or
combinations thereof. In some embodiments, one or more dopants comprising
a metal element, a semi-metal element, a non-metal element or combinations
thereof may be added or otherwise incorporated into the one or more catalysts.

The at least one nanowire catalyst may include a plurality of
nanowire catalysts and at least a portion of the plurality of nanowire catalysts
may have differing chemical compositions and at least a portion of the plurality
of nanowire catalysts may include one or more physical forms. The one or
more physical forms may include at least one of: the single composition
nanowire catalyst deposited on a rigid substrate; the single composition
nanowire catalyst combined with at least one inert material; and the single
composition nanowire catalyst formed into a shape. In some instances, the

nanowire catalyst may be deposited or wash coated onto a porous substrate.

10
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In at least some embodiments, the at least one vessel may be
configured to react the methane source and the oxidant to provide the OCM
gas under substantially isothermal conditions. The at least one vessel may
include a vessel including at least one tube where some or all of an interior
portion of the at least one tube is configured to at least partially receive the at
least one catalyst; and where a void exists between an exterior portion of the at
least one tube and the vessel, the void being structured to receive a thermal
transfer medium and contact the thermal transfer medium with the exterior
portion of the at least one tube. Some or all the interior portion of the at least
one tube may be configured to at least partially receive a chemically inert
material. The at least one tube may include an inlet for receiving the methane
source and the oxidant and an outlet for removing the oxidative coupling of
methane gas; and
the void may include: at least one fluid connection configured to receive the
thermal transfer medium, the at least one fluid connection proximate the outlet
of the at least one tube; at least one fluid connection configured to remove the
thermal transfer medium, the at least one fluid connection proximate the inlet of
the at least one tube.

The at least one catalyst may include a catalyst having a
substantially similar chemical composition; and the at least one catalyst can
comprise a nanowire catalyst having at least one physical configuration, the
physical configuration comprising at least one of: a nanowire catalyst disposed
on the surface of a structural support member; a nanowire catalyst formed into
a plurality of shaped members, each of the plurality of shaped members having
a similar nanowire catalyst composition; and a nanowire catalyst formed into a
plurality of shaped members, at least a portion of the plurality of shaped
members having a dissimilar nanowire catalyst composition.

The at least one catalyst in the at least one tube may include a
nanowire catalyst having a substantially similar chemical composition; and the
nanowire catalyst includes at least one of: a metal oxide, a metal hydroxide, a
metal oxyhydroxide, a metal oxycarbonate, a metal carbonate, a metal element
from any of Groups 1 through 7, a lanthanide, an actinide, or combinations

11
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thereof. In some embodiments, one or more dopants comprising a metal
element, a semi-metal element, a non-metal element or combinations thereof
may be added or otherwise incorporated into the one or more catalysts.

The at least one catalyst may include a plurality of catalysts, each
having differing chemical compositions; and the at least one catalyst comprises
a plurality of nanowire catalysts having more than one physical configuration,
the more than one physical configuration comprises at least two of: a nanowire
catalyst disposed on the surface of a structural support member; a nanowire
catalyst formed into a plurality of shaped members, each of the plurality of
shaped members having a similar nanowire catalyst composition; and a
nanowire catalyst formed into a plurality of shaped members, at least a portion
of the plurality of shaped members having a dissimilar nanowire catalyst
composition.

The at least one catalyst in the at least one tube may include a
plurality of nanowire catalysts, each of the plurality of nanowire catalysts having
differing chemical compositions; and the plurality of nanowire catalysts includes
at least two of a metal oxide, a metal hydroxide, a metal oxyhydroxide, a metal
oxycarbonate, a metal carbonate, a metal element from any of Groups 1
through 7, a lanthanide, an actinide, or combinations thereof. In some
embodiments, one or more dopants comprising a metal element, a semi-metal
element, a non-metal element or combinations thereof may be added or
otherwise incorporated into the one or more catalysts.

The at least one tube may be disposed in a substantially vertical
configuration and may further comprise a permeable obstruction configured to
selectively maintain the at least one catalyst within the at least one tube. The at
least one tube may have a diameter that is constant along its length or the at
least one tube may have a diameter that changes along a length of the tube.

Systems for producing at least one alkene hydrocarbon from a
methane source and an oxidant are provided. The systems may include a
plurality of serially coupled vessels including at least a first vessel and a last
vessel. Each of the serially coupled vessels may include: at least one catalyst
disposed at least partially within each of the serially coupled vessels, the at
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least one catalyst configured to catalyze the exothermic reaction of at least a
portion of a methane source and at least a portion of an oxidant to provide an
oxidative coupling of methane gas including at least one alkene hydrocarbon.
The system may further include at least one fluid connection configured to
introduce at least a portion of at least one of the methane source and the
oxidant; and at least one fluid connection configured to remove at least a
portion of the oxidative coupling of methane gas. The system may further
include at least one thermal adjustment system fluidly coupled between each of
the plurality of serially coupled vessels. Each thermal adjustment system may
include a number of fluid connections, including at least one fluid connection
configured to admit oxidative coupling of methane (“OCM?”) gas to the thermal
adjustment system, for example to admit OCM gas from one or more preceding
vessels. The thermal adjustment system also includes at least one fluid
connection configured to permit the OCM gas to exit the thermal adjustment
system, for example to permit the OCM gas to exit the thermal adjustment
system and flow to a succeeding vessel. Each thermal adjustment system also
includes at least one fluid connection configured to introduce at least a portion
of a coolant; and at least one fluid connection configured to remove at least a
portion of the coolant.

The system may further include at least one second thermal
adjustment system fluidly coupled to at least one fluid connection configured to
receive at least a portion of the oxidant. The at least one second thermal
adjustment system may include a non-contact heat transfer unit configured to
transfer thermal energy from a heat source to at least a portion of the oxidant.
The second thermal adjustment system may further include at least one fluid
connection configured to receive at least a portion of the oxidant; at least one
fluid connection configured to remove at least a portion of the oxidant, the at
least one fluid connection configured to remove at least a portion of the oxidant
fluidly coupled to the at least one fluid connection configured to receive at least
a portion of the oxidant on the at least one vessel; at least one fluid connection
configured to receive at least a portion of the heat source; and at least one
connection configured to remove at least a portion of the heat source.
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Each of the plurality of serially coupled vessels can include at
least one fluid connection configured to receive at least a portion of the heat
source and may also be configured to receive at least a portion of the oxidative
coupling of methane gas removed from the last vessel.

The system can also include a third thermal adjustment system
fluidly coupled to the at least one fluid connection configured to receive at least
a portion of the methane source on the at least one vessel. In some
embodiments, the the third thermal adjustment system may include at least one
non-contact heat transfer unit configured to transfer thermal energy to at least a
portion of the methane source. In some instances, the third thermal adjustment
system may further include: at least one fluid connection configured to receive
at least a portion of the methane source; at least one fluid connection
configured to remove at least a portion of the methane source, the at least one
fluid connection configured to remove at least a portion of the methane source
fluidly coupled to the at least one fluid connection configured to receive at least
a portion of the methane source on the at least one vessel; at least one fluid
connection configured to receive at least a portion of a heat source; and at least
one connection configured to remove at least a portion of the heat source.

The system may also be configured such that the at least one
fluid connection configured to receive at least a portion of a heat source may be
configured to receive at least a portion of the oxidative coupling of methane gas
removed from the at least one vessel. A combustion heater may be used to
provide at least a portion of the thermal energy transferred to at least a portion
of the methane source. The third thermal adjustment system may further
include: at least one fluid connection configured to receive at least a portion of
the methane source; and at least one fluid connection configured to remove at
least a portion of the methane source, the at least one fluid connection
configured to remove at least a portion of the methane source fluidly coupled to
the at least one fluid connection configured to receive at least a portion of the
methane source on the at least one vessel.

The system may also include a fourth thermal adjustment system
fluidly coupled to the at least one fluid connection configured to remove at least
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a portion of the oxidative coupling of methane gas on the last vessel. The
fourth thermal adjustment system comprises a non-contact thermal transfer unit
and may include: at least one fluid connection configured to receive the
oxidative coupling of methane gas; at least one fluid connection configured to
remove the oxidative coupling of methane gas; at least one fluid connection
configured to receive a boiler feed water; and at least one fluid connection
configured to remove at least one of a heated boiler feed water, a steam having
a pressure of 150 psig or less, and a steam having a pressure of greater than
150 psig.

A fluid connection configured to receive at least a portion of the
oxidant, may be disposed between two adjoining vessels in the plurality of
serially coupled vessels. In some embodiments, each of the plurality of thermal
adjustment systems are configured to maintain the thermal profile about the at
least one catalyst in at least a portion of each of the plurality of serially coupled
vessels. Each of the plurality of thermal adjustment systems may be configured
to maintain a substantially adiabatic profile about the at least one catalyst in
each of the portion of the plurality of serially coupled vessels. Each of the
thermal adjustment systems may include a non-contact heat transfer unit
configured to transfer thermal energy to a coolant. In some embodiments, each
of the non-contact heat transfer units may include a "fire tube” boiler.

In some instances, at least a portion of the plurality of serially
coupled vessels may further include an internal structure configured to support
at least one catalyst bed. In some instances, at least a portion of the plurality of
serially coupled vessels may be useful for additional chemical processing, for
example steam or thermally cracking of the OCM gas to preferentially increase
the concentration of one or more targeted hydrocarbons such as ethylene. At
least a portion of the at least one catalyst disposed in each of the serially
coupled vessels may include at least one nanowire catalyst. The at least one
nanowire catalyst may include a nanowire catalyst having a substantially similar
chemical composition and wherein at least a portion of the single composition
nanowire catalyst includes more than one physical form. The catalyst may
have more than one physical form, and the more than one physical form may
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include at least two of: the single composition nanowire catalyst deposited on a
rigid substrate; the single composition nanowire catalyst combined with at least
one inert material; and the single composition nanowire catalyst formed into a
shape. The single composition nanowire catalyst comprises a nanowire
catalyst may be selected from the group consisting of: a metal oxide, a metal
hydroxide, a metal oxyhydroxide, a metal oxycarbonate, a perovskite, a metal
carbonate, a metal element from any of Groups 1 through 7, a lanthanide, an
actinide, or combinations thereof. In some embodiments, one or more dopants
comprising a metal element, a semi-metal element, a non-metal element or
combinations thereof may be added or otherwise incorporated into the one or
more catalysts.

The at least one nanowire catalyst disposed in each of the serially
coupled vessels may include nanowire catalysts having a plurality of unique
chemical compositions and at least a portion of the nanowire catalysts may
include more than one physical form including at least two of: the single
composition nanowire catalyst deposited on a rigid substrate; the single
composition nanowire catalyst combined with at least one inert material; and
the single composition nanowire catalyst formed into a shape.

Methods for producing at least one alkene hydrocarbon from a
methane source and an oxidant are also provided. The methods may include
introducing a methane source and an oxidant to at least one vessel including at
least one catalyst disposed at least partially within the vessel, the at least one
catalyst configured to catalyze an exothermic reaction of at least a portion of
the methane source and at least a portion of the oxidant to provide an oxidative
coupling of methane (“OCM”) gas including at least one alkene hydrocarbon,
removing at least a portion of the oxidative coupling of methane (“OCM”) gas
from the at least one vessel; and maintaining a thermal profile across the at
least one catalyst using at least one thermal adjustment system.

Introducing a methane source to the at least one vessel may
include introducing to the at least one vessel a methane containing gas having
a methane concentration of greater than 5 mol%. In some embodiments, the

methane source may contain nitrogen. In some instances, introducing a
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methane source to the at least one vessel may include introducing to the at
least one vessel a methane containing gas having a nitrogen concentration of
less than 50 mol%.

Introducing an oxidant to the at least one vessel can include
introducing an oxidant containing purified oxygen to the at least one vessel, in
some instances the oxidant can include a methane containing gas having an
oxygen concentration of greater than 5 mol%. In some instances, air can form
at least a portion of the oxidant, and introducing an oxidant to the at least one
vessel can include introducing to the at least one vessel an oxygen containing
gas having a nitrogen concentration of greater than about 50 mol% and an
oxygen concentration of less than about 30 mol%. In some instances a highly
purified oxygen can form at least a portion of the oxidant and introducing an
oxidant to the at least one vessel can include introducing to the at least one
vessel an oxygen containing gas having an oxygen concentration of greater
than about 30 mol% and a nitrogen concentration of less than about 5 mol%.

Within the at least one vessel an oxidative coupling of methane
("OCM?) gas can be formed. Removing at least a portion of the oxidative
coupling of methane (*OCM”) gas from the at least one vessel can include
removing from the at least one vessel an oxidative coupling of methane
(“OCM”) gas having an ethylene concentration of greater than 0.5 mol%. The
OCM gas may also contain ethane. Removing at least a portion of the
oxidative coupling of methane (“OCM?) gas from the at least one vessel may
also include removing from the at least one vessel an oxidative coupling of
methane (“OCM”) gas having an ethane concentration of greater than 0.5
mol%. The ethane may be separated from the OCM gas. The method may
also include separating at least a portion of the ethane from the oxidative
coupling of methane gas to provide a separated ethane having an ethane
concentration of greater than about 90 mol%. In some instances, at least a
portion of the separated ethane may be recycled to the at least one vessel, or
to another point in the overall process stream. In some instances, at least a
portion of the separated ethane may be further processed, for example, through

one or more operations such as steam cracking, catalytic oxidative
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dehydrogenation, non-oxidative dehydrogenation, or non-oxidative catalytic
cracking, to provide one or more targeted unsaturated hydrocarbons such as
ethylene.

The at least one vessel may be maintained at a temperature of
less than about 900°C. The at least one vessel may be injected at a pressure
of less than about 100 psig within the at least one vessel. The gas hour space
velocity (volume of gas flow through the vessel at standard conditions divided
by vessel volume) may include maintaining the methane source and the oxidant
within the at least one vessel to provide a combined gas hour space velocity
(GHSV) of less than about 200,000 hr''; less than about 100,000 hr', less than
about 75,000 hr'; less than about 50,000 hr''; less than about 40,000 hr’'; less
than about 30,000 hr'; less than about 20,000 hr; less than about 10,000 hr™;
less than about 5,000 hr'"; less than about 3,000 hr™'; or less than about 1,000
hr.

The OCM gas may also contain unreacted methane, and
removing at least a portion of the oxidative coupling of methane (“OCM”) gas
from the at least one vessel may include removing from the at least one vessel
an oxidative coupling of methane (*OCM”) gas having a methane concentration
of less than 70 mol%, and in certain embodiments, less than 50 mol%. The
methane in the OCM gas may be separated from the OCM gas. At least a
portion of the methane may be separated from the oxidative coupling of
methane gas to provide a separated methane having an methane concentration
of greater than about 90 mol%; and at least a portion may be recycled to the at
least one vessel.

The methane introduced to the at least one vessel may be
converted to an alkene hydrocarbon. In some instances about 5% or more by
volume of the methane introduced to the at least one vessel via the methane
source may be converted to an alkene hydrocarbon including ethylene. The
methane source may be maintained at a temperature greater than about 500°C
prior to introducing the methane source to the at least one vessel. The
methane source may be maintained at a pressure at or below about 100 psig
prior to introducing the methane source to the at least one vessel.
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The oxidant may be maintained at a temperature at or above
about 450°C prior to introducing the oxidant to the at least one vessel. The
oxidant may be maintained at a pressure of about 60 psig prior to introducing
the oxidant to the at least one vessel.

The oxidative coupling of methane (*OCM?”) gas removed from the
at least one vessel may be at a temperature at or above about 500°C after
removing the oxidative coupling of methane gas from the at least one vessel.
The OCM gas removed from the at least one vessel may be at a pressure at or
below about 15 psig after removing the oxidative coupling of methane gas from
the at least one vessel.

A thermal profile may be established across the catalyst bed in
each of the at least one vessels. In some instances, maintaining a thermal
profile across the at least one catalyst using at least one thermal adjustment
system may include maintaining a substantially adiabatic thermal profile across
the at least one catalyst. Thermal energy liberated by the exothermic reaction
may be removed from the OCM gas removed from each of the at least one
vessels. In some instances, transferring at least a portion of a thermal energy
in the oxidative coupling of methane gas removed from the at least one vessel
may include transferring the thermal energy to a cooling medium in each of a
plurality of thermal adjustment systems, where the at least one vessel includes
a plurality of serially coupled vessels and each of the plurality of thermal
adjustment systems is disposed between two of the plurality of serially coupled
vessels.

Each of the plurality of thermal adjustment systems may include
at least one non-contact heat exchanger and transferring at least a portion of a
thermal energy in the oxidative coupling of methane gas to a cooling medium in
each of a plurality of thermal adjustment systems may include transferring a
thermal energy in the oxidative coupling of methane gas to a boiler feed water
within each of the thermal adjustment systems to generate a steam, The
generated steam may be removed from each of the plurality of thermal
adjustment systems.
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The method can further include introducing an intermediate
oxidant between at least two of the plurality of serially coupled vessels. In at
least some instances, introducing an intermediate oxidant between at least two
of the plurality of serially coupled vessels comprises introducing between at
least two of the plurality of serially coupled vessels an intermediate oxidant
including oxygen containing gas having a nitrogen concentration of at least
about 50 mol% and an oxygen concentration of at most about 30 mol%. In at
least some instances introducing an intermediate oxidant between at least two
of the plurality of serially coupled vessels comprises introducing between at
least two of the plurality of serially coupled vessels an intermediate oxidant
including oxygen containing gas having an oxygen concentration of at least
about 30 mol% and a nitrogen concentration of at most about 5 mol%. In at
least some instances, introducing an intermediate oxidant between at least two
of the plurality of serially coupled vessels comprises introducing between at
least two of the plurality of serially coupled vessels an intermediate oxidant
having a temperature less than the temperature of the oxidative coupling of
methane (“OCM”) gas removed from a first of the serially coupled vessels.

A thermal profile may be established across the catalyst bed in
each of the at least one vessels. Establishing a thermal profile across the
catalyst bed may, in some instances, include maintaining a thermal profile
across the at least one catalyst using at least one thermal adjustment system
which may include passing at least a portion of the oxidative coupling of
methane (“OCM”) gas removed from the at least one vessel through the at least
one thermal adjustment system, introducing a coolant into the at least one
thermal adjustment system, transferring at least a portion of a thermal energy
from the oxidative coupling of methane (“OCM”) gas removed from the at least
one vessel to the coolant; and removing from the at least one thermal
adjustment system the coolant containing at least a portion of the thermal
energy removed from the oxidative coupling of methane (“OCM”) gas removed
from the at least one vessel.

The at least one thermal adjustment system can include at least
one non-contact heat exchanger and the method may include introducing at
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least one of boiler feed water, the oxidant, the methane source, or a fluid
cooling medium to provide a cooling medium to one or more non-contact heat
exchangers. At least a portion of a thermal energy from the oxidative coupling
of methane ("OCM”) gas removed from the at least one vessel can be
transferred to the cooling medium.

A thermal profile may be maintained across the catalyst bed in
some or all of the one or more vessels. In at least some instances, maintaining
a thermal profile across the at least one catalyst using at least one thermal
adjustment system may include maintaining a substantially isothermal thermal
profile across the at least one catalyst. Maintaining a substantially isothermal
profile can include providing a heat transfer surface within the at least one
vessel, the heat transfer surface disposed at least partially between the at least
one catalyst and a coolant and configured to pass at least a portion of a heat
generated by the exothermic reaction to the coolant, introducing the coolant to
the at least one vessel, and removing the coolant from the at least one vessel.

In at least a portion of the at |least one vessels, a heat transfer
surface may be used to maintain the isothermal profile. The heat transfer
surface may be disposed at least partially between the at least one catalyst and
a coolant and configured to pass at least a portion of a heat generated by the
exothermic reaction to the coolant. The catalyst may be disposed within an
interior portion of a tube and at least a portion of the coolant may be disposed
on an exterior surface of the tube opposite the interior portion of the tube
containing the at least one catalyst, where the interior portion of the tube in
contact with the at least one catalyst forms at least a portion of the heat transfer
surface. A coolant may be introduced to the at least one vessel. Introducing
the coolant to the at least one vessel may include introducing a thermal transfer
medium including at least one of: a heat transfer fluid and a molten salt (e.g.,
nitrates and nitrites of potassium and sodium, non-chlorine containing salts, and
eutectic salt mixtures) to the at least one vessel and removing the coolant from
the at least one vessel may include removing a thermal transfer medium
including at least one of: a heat transfer fluid and a molten salt from the at least

one vessel.
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Methods for controlling the sytems are also provided. An example
method of controlling the production of one or more alkene hydrocarbons
generated by the exothermic reaction of a methane source containing methane
and an oxidant containing oxygen over at least one catalyst to provide an
oxidative coupling of methane (*OCM?”) gas including the one or more alkene
hydrocarbons may include monitoring a concentration of the one or more
alkene hydrocarbons in the oxidative coupling of methane (*OCM”) gas and
responsive to a deviation in the concentration of the one or more alkene
hydrocarbons in the oxidative coupling of methane (“OCM”) gas from a
predetermined threshold, performing at least one of the following:

a) adjusting a quantity or concentration of the methane over the at least
one catalyst;

b) adjusting a quantity or concentration of the oxygen over the at least
one catalyst;

¢) adjusting a proportion between the quantity of oxygen and the
quantity of methane over the at least one catalyst;

d) adjusting a temperature of the methane source;

e) adjusting a temperature of the oxidant;

f) adjusting a rate of temperature increase of a quantity of the at least
one catalyst; and

g) adjusting an overall temperature increase through a quantity of the at
least one catalyst.

In some instances, adjusting a proportion between the quantity of
oxygen and the quantity of methane may include adjusting either of the quantity
of oxidant or the quantity of the methane source to maintain a stoichiometric
ratio between the methane and the oxygen such that the oxygen is a limiting
reagent. Adjusting a proportion between the quantity of oxygen and the
quantity of methane may include adjusting either of the quantity of oxidant or
the quantity of the methane source to maintain a stoichiometric ratio between
the methane present in the methane source and the oxygen present in the
oxidant such that the methane and the oxygen are in a stoichiometric balance.
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In some instances, adjusting a temperature of the methane
source may include adjusting, such that the temperature of the methane source
is at about 600°C or less, at least one of: (a) a fuel to a combustion heater used
to transfer thermal energy to the methane source; and (b) a thermal transfer
fluid used to transfer thermal energy via at least one non-contact heat
exchanger to the methane source. The thermal transfer fluid can include at
least one of: a portion of the oxidative coupling of methane (“OCM”) gas; a
saturated steam; and a superheated steam. In at least some instances, the
thermal transfer fluid can include the following: a portion of the oxidative
coupling of methane (*OCM”) gas; a saturated steam; and a superheated
steam.

In at least some instances, the quanity of methane may be
adjusted by at least one of: adjusting a pressure of the methane source;
adjusting a concentration of the methane within the methane source; and
adjusting a mass flow rate of the methane source to a vessel containing the at
least one catalyst. Adjusting the temperature of the oxidant may include
adjusting, such that the temperature of the oxidant is at about 600°C or less, at
least one of: a fuel to a combustion heater used to transfer thermal energy to
the oxidant and a thermal transfer fluid used to transfer thermal energy via at
least one non-contact heat exchanger to the oxidant. The thermal transfer fluid
may include at least one of: a portion of the oxidative coupling of methane
(“OCM”) gas; a saturated steam; and a superheated steam.

The methane source and oxidant may be mixed to provide a bulk
gas mixture at a bulk gas temperature and the temperature of the bulk gas
mixture may be limited to about 600°C or less by adjusting at least one of: a
fuel to a combustion heater used to transfer thermal energy to the methane
source; a fuel to a combustion heater used to transfer thermal energy to the
oxidant; a thermal transfer fluid used to transfer thermal energy via at least one
non-contact heat exchanger to the methane source; and a thermal transfer fluid
used to transfer thermal energy via at least one non-contact heat exchanger to
the oxidant.
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In at least some embodiments, adjusting a quantity of the oxygen
comprises at least one of: adjusting a pressure of the oxidant; adjusting a
concentration of the oxygen within the oxidant; and adjusting a mass flow rate
of the oxidant to a vessel containing the at least one catalyst. The method may
also include, responsive to detecting a temperature of 1100°C or greater in the
at least one catalyst, reducing the concentration of at least one of the methane
and the oxygen in the bulk gas mixture. The method may further include,
responsive to a rate of temperature increase of 25°C per minute or greater in
the at least one catalyst, reducing the concentration of at least one of the
methane and the oxygen in the bulk gas mixture. The method may further
include, responsive to detecting a stoichiometric ratio between the methane and
the oxygen such that the methane is a limiting reagent, reducing the
concentration of at least one of methane and oxygen in the bulk gas mixture.

In at least some instances, the thermal energy may be removed
from the at least one catalyst via a coolant and adjusting a temperature profile
across the at least one catalyst may include limiting a temperature increase
across or through a catalyst bed containing the at least one catalyst to about
50°C or less, thereby maintaining the at least one catalyst within a substantially
isothermal operating environment. Removing thermal energy from the at least
one catalyst via a coolant may include disposing the quantity of the at least one
catalyst within an interior space defined by an open-ended, vertical tube and
contacting the coolant with at least a portion of an exterior surface of the tube.

The methane source and the oxidant may be combined or
otherwise mixed to provide a bulk gas mixture and at least one of: a methane
concentration within the bulk gas mixture; an oxygen concentration within the
bulk gas mixture; a methane source temperature; and an oxidant temperature
may be adjusted to limit to a maximum temperature of about 1000°C the at
least one catalyst, while not removing thermal energy from the at least one
catalyst, thereby maintaining the at least one catalyst within a substantially
adiabatic operating environment.

In some instances, at least one catalyst may be disposed in the at
least one vessel and an overall temperature increase through the quantity of
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the at least one catalyst may be adjusted using at least one of the methane
concentration within the bulk gas mixture; the oxygen concentration within the
bulk gas mixture; the methane source temperature; and, the oxidant
temperature to provide a temperature increase through the at least one catalyst
within the at least one vessel of about 50°C or more.

A system for providing hydrocarbons having two or more carbon
atoms (“Cz+ hydrocarbons”) from methane may be summarized as including an
inlet configured to receive a methane source and an inlet configured to receive
an oxidant coupled to at least one vessel, the at least one vessel having a
catalyst bed disposed therein, the catalyst bed including at least one oxidative
coupling of methane (*OCM”) catalyst; an inlet zone defined by the portion of
the catalyst bed initially contacted by a bulk gas mixture formed by the methane
source and the oxidant received by the at least one vessel; a control system
operably coupled to the at least one vessel, the control system to: maintain a
thermal profile across the catalyst bed during an OCM reaction, the thermal
profile characterized by: a temperature of the inlet zone being less than about
600°C; and a temperature at any point within the catalyst bed being less than
about 950°C and maintain a pressure at any point within the at least one vessel
of less than 100 psig; and maintain an OCM reaction within the catalyst bed,
the OCM reaction having a methane conversion of at least about 6% and a Co.
hydrocarbon selectivity of at least 40%.

The catalyst bed within the at least one vessel may be operated
under substantially isothermal conditions; and wherein the control system may
be operably coupled to the at least one vessel to further maintain an OCM
reaction within the catalyst bed, the OCM reaction having a methane
conversion of at least about 20% and a C.. hydrocarbon selectivity of at least
50%.

The system may further include a hollow member defining an
interior space, wherein the catalyst bed is disposed at least partially within the

interior space; and wherein a thermal transfer medium is disposed on an
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exterior surface defined by the hollow member to absorb at least a portion of
the thermal energy released by the OCM reaction within the catalyst bed. The
system may further include at least one thermal transfer device thermally
coupled to the at least one vessel, the at least one thermal transfer device to
remove a portion of the thermal energy carried by the thermal transfer medium;
wherein the control system is further operably coupled to the at least one
thermal transfer device to further maintain the thermal transfer medium at a
temperature of less than 595°C. The system may further include at least one
thermal transfer device thermally coupled to the methane source; wherein the
control system is operably coupled to the at least one methane source thermal
transfer device to further maintain the methane source at a temperature of at
least about 400°C. The system may further include at least one thermal
transfer device thermally coupled to the oxidant; wherein the control system is
operably coupled to the at least one oxidant thermal transfer device to further
maintain the oxidant at a temperature of at least about 400°C.

The control system may be operably coupled to: at least one of a
methane source pressure control device, a methane source temperature control
device, and a methane source flow control device; and at least one of an
oxidant pressure control device, an oxidant temperature control device, and an
oxidant flow control device; to further maintain a radial thermal profile of at most
about 200°C within the catalyst bed. The control system may further maintain a
temperature gradient through the catalyst bed of at most about 50°C. The
control system may further maintain a ratio of the radial thermal profile to the
temperature gradient of at least 3:1.

The catalyst bed may include at least one nanowire catalyst
having at least one physical form. The at least one nanowire catalyst may
include a nanowire catalyst having at least one chemical composition. The at
least one nanowire catalyst may include at least one nanowire catalyst selected
from the following: a metal oxide, a metal hydroxide, a perovskite, a metal

oxyhydroxide, a metal oxycarbonate, a metal carbonate, a metal element from
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any of Groups 1 through 7, a lanthanide, and an actinide. The at least one
nanowire catalyst may include a nanowire catalyst having at least one dopant.
The at least one dopant may include at least one dopant selected from the
following: a metal element, a semi-metal element, and a non-metal element.

The catalyst bed within the at least one vessel may be operated
under substantially adiabatic conditions; and wherein the control system is
operably coupled to the at least one vessel to further maintain an OCM reaction
within the catalyst bed, the OCM reaction having a methane conversion of at
least about 10% and a C,. hydrocarbon selectivity of at least 50%. The system
may further include at least one methane source thermal transfer device
thermally coupled to the methane source; wherein the control system is
operably coupled to the at least one methane source thermal transfer device to
further maintain the methane source at a temperature of at least about 400°C.

The system may further include at least one oxidant thermal
transfer device thermally coupled to the oxidant; wherein the control system is
operably coupled to the at least one oxidant thermal transfer device to further
maintain the oxidant at a temperature of at least about 400°C. The control
system may be operably coupled to: at least one of a methane source pressure
control device, a methane source temperature control device, and a methane
source flow control device; and at least one of an oxidant pressure control
device, an oxidant temperature control device, and an oxidant flow control
device; to further maintain a thermal gradient of less than about 350°C through
the catalyst bed.

The catalyst bed in the at least one vessel may include at least
one nanowire catalyst having at least one physical form. The at least one
nanowire catalyst may include a nanowire catalyst having at least one chemical
composition. The at least one nanowire catalyst may include at least one
nanowire catalyst selected from the following: a metal oxide, a metal
hydroxide, a perovskite, a metal oxyhydroxide, a metal oxycarbonate, a metal

carbonate, a metal element from any of Groups 1 through 7, a lanthanide, and
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an actinide. The at least one nanowire catalyst may include a nanowire catalyst
having at least one dopant. The at least one dopant may include at least one
dopant selected from the following: a metal element, a semi-metal element, and
a non-metal element.

The at least one vessel may include a plurality of serially coupled
vessels, each containing a catalyst bed; wherein the catalyst bed in each of the
plurality of serially coupled vessels is operated under substantially adiabatic
conditions; and wherein the control system is operably coupled to the plurality
of serially coupled vessels to further maintain an OCM reaction having a
methane conversion of at least about 10% and a Cy.+ hydrocarbon selectivity of
at least 50% within the catalyst bed within each of the plurality of serially
coupled vessels. The system may further include at least one thermal transfer
device disposed between each of the vessels forming the plurality of serially
coupled vessels; and wherein the control system may be operably coupled to
each of the thermal transfer devices to maintain to each subsequent vessel a
bulk gas temperature of at most 400°C. The control system may be operably
coupled to each of the thermal transfer devices to maintain a thermal gradient
through the catalyst bed in each of the plurality of serially coupled vessels of
less than about 350°C.

The catalyst bed in each of the plurality of serially coupled vessels
may include at least one nanowire catalyst having at least one physical form.
The at least one nanowire catalyst may include a nanowire catalyst having at
least one chemical composition. The at least one nanowire catalyst may
include at least one nanowire catalyst selected from the following: a metal
oxide, a metal hydroxide, a perovskite, a metal oxyhydroxide, a metal
oxycarbonate, a metal carbonate, a metal element from any of Groups 1
through 7, a lanthanide, and an actinide. The at least one nanowire catalyst
may include a nanowire catalyst having at least one dopant. The at least one
dopant may include at least one dopant selected from the following: a metal

element, a semi-metal element, and a non-metal element.
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Recycling at least a portion of the separated ethane to the at least
one vessel may include recycling at least a portion of the separated ethane to
the OCM gas.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, the sizes and relative positions of elements in the
drawings are not necessarily drawn to scale. For example, the various
elements and angles are not drawn to scale, and some of these elements are
arbitrarily enlarged and positioned to improve drawing legibility. Further, the
particular shapes of the elements as drawn are not intended to convey any
information regarding the actual shape of the particular elements, and have

been selected solely for ease of recognition in the drawings.

Figure 1 shows a sectional view of an illustrative vessel for the
adiabatic, exothermic, reaction of a methane source and an oxidant over at
least one catalyst to provide an oxidative coupling of methane (*OCM”) gas.

Figure 2 shows a sectional view of an illustrative vessel for the
isothermal, exothermic, reaction of a methane source and an oxidant over at
least one catalyst to provide an oxidative coupling of methane (“OCM?) gas.

Figure 3 shows a sectional view of an illustrative vessel for the
adiabatic exothermic reaction of a methane source and an oxidant over at least
one catalyst to provide an oxidative coupling of methane (“OCM”) gas including
preheating of the methane source and oxidant.

Figure 4 shows a sectional view of an illustrative vessel containing
multiple catalyst beds for the adiabatic, exothermic, reaction of a methane
source and an oxidant over at least one catalyst to provide an oxidative
coupling of methane (*OCM”) gas.

Figure 5 shows a sectional view of an illustrative multistage vessel
train including interstage cooling between the vessels for the adiabatic,
exothermic, reaction of a methane source and an oxidant over at least one

catalyst to provide an oxidative coupling of methane (*OCM”) gas.
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Figure 6 shows a sectional view of an illustrative vessel containing
multiple catalyst beds and including interstage cooling between the beds for the
adiabatic, exothermic, reaction of a methane source and an oxidant over at
least one catalyst to provide an oxidative coupling of methane (*OCM”) gas.

Figure 7 shows a sectional view of an illustrative vessel containing
multiple tubes at least partially filled with at least one catalyst, with the tubes
surrounded by a cooling medium to support the isothermal, exothermic,
reaction of a methane source and an oxidant over at least one catalyst to
provide an oxidative coupling of methane (“OCM”) gas.

Figure 8 shows a sectional view of an illustrative multistage vessel
train, with each vessel including one or more catalyst beds, and including
interstage cooling between the vessels using steam generators for the
adiabatic, exothermic, reaction of a methane source and an oxidant over at
least one catalyst to provide an oxidative coupling of methane (*OCM”) gas.

Figure 9 shows a sectional view of an illustrative vessel for the
isothermal, exothermic, reaction of a methane source and an oxidant over at
least one catalyst to provide an oxidative coupling of methane (*OCM”) gas.

Figure 10A shows a plot of an illustrative example linear thermal
profile of temperature as a function of total percentage of distance traveled.

Figure 10B shows a plot of an illustrative example non-linear
thermal profile of temperature as a function of total percentage of distance
traveled.

Figure 11A shows a plot of an illustrative relationship between
methane conversion and ethylene flux for an example oxidative coupling of
methane reactor system.

Figure 11B shows a plot of an illustrative relationship between
methane conversion and higher hydrocarbon selectivity for an example

oxidative coupling of methane reactor system.
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DETAILED DESCRIPTION OF THE INVENTION

In the following description, certain specific details are set forth in
order to provide a thorough understanding of various embodiments. However,
one skilled in the art will understand that the invention may be practiced without
these details. In other instances, well-known structures, standard vessel design
details, details concerning the design and construction of American Society of
Mechanical Engineers (ASME) pressure vessels, and the like have not been
shown or described in detail to avoid unnecessarily obscuring descriptions of
the embodiments. Unless the context requires otherwise, throughout the
specification and claims which follow, the word “comprise” and variations
thereof, such as, “comprises” and “comprising” are to be construed in an open,
inclusive sense, that is, as “including, but not limited to.” Further, headings
provided herein are for convenience only and do not interpret the scope or
meaning of the claimed invention.

Reference throughout this specification to “one embodiment” or
“an embodiment” means that a particular feature, structure or characteristic
described in connection with the embodiment is included in at least one
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in
an embodiment” in various places throughout this specification are not
necessarily all referring to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in any suitable manner
in one or more embodiments. Also, as used in this specification and the

” @

appended claims, the singular forms “a,” “an,” and “the” include plural referents
unless the content clearly dictates otherwise. It should also be noted that the
term “or” is generally employed in its sense including “and/or” unless the
content clearly dictates otherwise.

The oxidative coupling of methane reactors and processes
described herein provide significant improvements in C, and higher
hydrocarbon yields, and in particular ethylene yields, while operating at a lower

overall temperature, consuming lesser quantities of energy, and having a

31



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

significantly lower GHG emission and carbon footprint than competitive olefin
production facilities. The improvements in yield, operating conditions, energy
consumption and GHG emissions are the result of the use of innovative
catalysts within innovative processes using innovative methods as described in
further detail herein.

As used herein the term “adiabatic” refers to a system
experiencing minimal or ideally no interchange or exchange of thermal energy
with the surrounding environment. As used herein “adiabatic” vessels and
vessels said to be operating under “adiabatic” conditions refer to vessels having
no provision specifically for the removal or addition of thermal energy to or from
the system. Notwithstanding the foregoing, it will be appreciated that incidental
thermal transfer between the vessel and its environment is contemplated within
the context of the foregoing definition. Generally, where an adiabatic vessel is
used to contain a reaction that releases thermal energy (i.e., an “exothermic”
reaction), a positive temperature profile will be maintained between the
reactants added to the vessel and the products removed from the vessel. In
other words, the products removed from the vessel will generally be at a
temperature above the temperature of the reactants introduced to the vessel
since the thermal energy liberated by the reaction can only be substantially
removed by the products of the reaction.

As used herein the term “isothermal” refers to a system
experiencing an interchange or exchange of thermal energy with the
surrounding environment providing a controlled level of increase in thermal
energy within the system. As used herein, “isothermal” vessels and vessels,
methods, and processes said to be operating under “isothermal” conditions
refer to vessels, methods, and processes having specific provisions for the
removal and dissipation of thermal energy from the vessel, method or process
to the surrounding environment, in addition to any incidental heat transfer with
the surrounding environment. Generally, where a vessel used to contain an

exothermic reaction is said to be operated under “isothermal” conditions, a
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more neutral temperature profile as compared to a reactor operated under
adiabatic conditions will be maintained across at least a portion of, if not the
entire vessel. In other words, the temperature profile across at least a portion
of the vessel, e.g., from one position in a catalytic bed to another or
downstream position within the catalyst bed, may in some instances be
substantially flat or increase at a controlled rate that is less than, and
sometimes significantly less than, that which would occur under adiabatic
conditions where thermal energy is not removed from the reaction vessel. In
some cases, the thermal profile across the entire vessel may in some instances
be flat, whereby the products removed from the vessel may be at a temperature
substantially equal to the temperature of the reactants introduced to the vessel
since the thermal energy liberated by the reaction is removed from the vessel
and not by the products of the reaction.

As used herein the term “stoichiometric ratio” refers to the ratio of
one compound to another compound. For example in the OCM reaction,
theoretically two moles of methane are required to react with one mole of
oxygen, vielding a balanced stoichiometric ratio of 2:1. The actual
concentration of methane to oxygen may be greater than or less than 2:1. For
example, where the stoichiometric ratio is 1.5 moles of methane to 1 mole of
oxygen (1.5:1), methane is considered the limiting reagent since an insufficient
quantity of methane is present to consume all of the oxygen. Similarly, where
the stoichiometric ratio is 3 moles of methane to 1 mole of oxygen (3:1), oxygen
can be considered the limiting reagent since an insufficient quantity of oxygen is
present to consume all of the methane.

As used herein the term “temperature profile” or “thermal profile”
refers to the temperature as a function of position through a reactor system or
portion of a reactor system. An illustrative example linear thermal profile is
shown in Figure 10A. An illustrative example non-linear thermal profile is shown
in Figure 10B. In the illustrative thermal profiles shown in Figures 10A and 10B, the

X-axis represents the percentage of the overall distance through the catalyst
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bed. A temperature or thermal profile can be either a two-dimensional
(e.g.linear function of distance through a catalyst bed) or three dimensions (e.g.
linear function of distance through a catalyst bed, to provide a thermal profile as
a function of distance through the catalyst bed, and radial function of distance
from the center of a catalyst bed, to provide a thermal profile as a function of
distance from the center of the catalyst bed).

In general, such temperature profiles may be visualized as a plot
of temperature vs. position or location in a given system or component thereof.
Such temperature profiles may refer to the continuum of temperatures across
an entire reactor system, e.g., including one or more reactor vessels, heat
exchangers, input and output streams, or it may refer to a temperature
continuum across only a portion of a reactor system, e.g., a single reactor, a
portion of a catalyst bed, e.g., a temperature gradient across one or more
thicknesses of catalytic material. For example, where a bulk gas mixture
having a first temperature T4 and including methane and oxygen are present on
a first side of a bed containing one or more catalysts and an OCM gas having a
second temperature T, is present on the opposing or second side of the bed,
the temperature increase across the catalyst bed is given by the simple
subtraction T2 — T4. However, the temperature profile across the bed is a
function of the tempertature increase per unit length (or volume) through the
catalyst bed. The temperature profile through a catalyst bed may, but does not
have to be, linear.

As used herein the term “gas hourly space velocity” or the
acronym “GHSV” refers to the ratio of reactant gas flow rate (methane source +
oxidant) in standard cubic feet per hour or standard cubic meters per hour,
divided by the reactor volume (cubic feet or cubic meters). Where diluent
gases are added, the GHSV includes the additional volume presented by the
diluent gases. As used herein the term “velocity” refers to the superficial or
linear velocity of a bulk gas flowing through a defined cross sectional area (e.g.

SCFM or ACFM divided by the actual or equivalent cross sectional area in
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square feet). The resultant ratio has units of inverse hours and is used to relate
reactant gas flow rate to reactor volume. The GHSV is one factor considered
when scaling a known reactor design to accommodate a lesser or greater
reactant flow.

As used herein the term “higher hydrocarbons” refers to any
carbon compound containing at least two carbon atoms and includes alkane,
alkene, alkynes, cycloalkanes, and aromatic hydrocarbons.

The reactors, systems and methods of the invention are
particularly useful in carrying out exothermic catalytic reactions, and particularly
such reactions as the catalyst mediated oxidative coupling of methane (OCM).
In particular, OCM reactions have previously required extremely high reaction
temperatures, e.g., in excess of 700°C. Coupled with the highly exothermic
reactions, reactor systems for carrying out such reactions would be required to
withstand temperatures well in excess of 700°C, and even when operated
isothermally, e.g., using active external cooling systems, would require
operating temperatures that are in excess of any conventionally available
cooling systems. In addition to the practical limitations associated with simply
designing reactor systems able to withstand the operating temperatures
necessary to such reactions, it is additionally problematic that such previously
described systems generally operate at temperatures at which the feedgas
mixtures are highly lammable, and thus subject to explosion.

The present invention, however, provides systems and methods
that utilize catalysts that operate at temperature profiles that are far better
suited for available system design and manufacture, as well as potentially
falling outside the zone of flammability for reaction feedgases, and in
conjunction with appropriate control elements, allows control of reaction
parameters, and of significant importance, temperature, while providing high
yield and selectivity from such catalytic reactions.

In conjunction with such improved catalysts, the reactor systems

and methods of the invention are able to initiate and carry out economically
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valuable exothermic catalytic reactions at lower temperatures and carry on
those reactions within practical operating parameters. In particular, initiation
and control of exothermic reactions at lower temperatures allows for further
progression of the reaction either before maximum temperatures are exceeded,
before thermal intervention is required, or with less energy expenditure in
exercising such thermal intervention. For example, in particularly preferred
aspects, the systems and methods of the invention are operated such that inlet
temperatures for feed gases to the reactor system are maintained at less than
600°C, preferably, less than 550°C, more preferably less than 500°C, and in
some cases, less than 450°C. The catalyst systems provide the benefit of
being catalytic for the desired reaction at these reduced temperatures, and are
likewise able to withstand the heat generation associated with the highly
exothermic reactions, e.g., for OCM, without exceeding the desired operating
parameters, as noted above.

For example, when operating in an adiabatic architecture, such
systems include control systems that operate the system such that catalysis is
initiated at these lower inlet temperatures, with a reaction heat generation that
yields outlet temperatures of less than 950°C, less than 900°C, less than 850°C,
less than 800°C, and in some cases, less than 750°C or even 700°C, while still
providing economical conversion and selectivity. Accordingly, such systems
may be operated such that the temperature gradient across a reactor system,
e.g., inlet temperature to outlet temperature is preferably around 250°C, but
optionally ranging from approximately 150°C to about 500°C.

When operated in an isothermal architecture, e.g., using external
heat control systems, as described in greater detail below, the systems of the
invention utilize control elements that operate at inlet temperatures that are less
than 600°C, or less than the maximum temperature of conventional cooling
systems, e.g., 593°C for molten salt cooling systems, and preferably at the inlet
temperatures described above. In some instances, the inlet temperatures in the

isothermal system may be less than the reaction temperature and one or more
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thermal control systems may be used to provide the thermal energy necessary
to increase the temperature of the bulk gas mixture to the desired reaction
temperature, e.g., 550°C. Because they are being operated nearly isothermally,
these systems are preferably controlled such that the outlet temperature of a
given reactor system is substantially equivalent to the inlet temperature, e.g.,
within about 50°C, within about 25°C, within about 10°C, within about 5°C, of
the inlet temperature, and in any event not exceeding the maximum operable

temperature of the cooling system.

OXIDATIVE COUPLING OF METHANE PROCESS CONTROL

The OCM reaction is an exothermic, catalytic reaction between
methane and oxygen to provide an OCM gas containing longer chain
hydrocarbons such as ethane, ethylene and higher hydrocarbons such as
propane, propylene, butane, butene, and the like. The OCM gas will also
contain quantities of unreacted oxygen and methane as well as inert materials
such as nitrogen introduced with the methane or oxygen. The exothermic
nature of the OCM reaction releases a significant quantity of heat. In an
adiabatic operating regime, this heat is not removed during the reaction and is
instead carried away from the reaction by the OCM gas, unreacted reagents,
and by-products. In an isothermal operating regime, a substantial quantity of
this heat is removed from the reaction, typically using a heat transfer media.
Thus, a reaction carried out under adiabatic conditions will experience a greater
temperature increase between the input streams and the output streams than a
comparable reaction carried out under isothermal conditions.

In addition to the methane concentration and oxygen
concentration within the reactor, the conversion of methane in the OCM
process may also be affected by adjusting the thermal conditions within and
around the catalyst. Catalyst thermal conditions include the overall temperature
increase through the catalyst (i.e., the temperature of the OCM gas exiting the
catalyst bed minus the temperature of the bulk gas mixture introduced to the
catalyst), the temperature profile within the catalyst (i.e., point temperature as a
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function of distance traveled through the catalyst), the maximum temperature
within the catalyst or the instantaneous or average rate of temperature increase
through the catalyst bed may be adjusted alone or in tandem to affect the
conversion of methane to longer chain hydrocarbons in the OCM process. The
yield of the OCM process, typically, although not exclusively measured as the
quantity of methane converted to one or more desired products, may also be
similarly affected by adjusting the catalyst thermal conditions either alone or in
tandem.

The conversion of methane in the OCM process can also be
affected or influenced by the overall composition of the bulk gas mixture
introduced to the catalyst, e.g., methane concentration and/or oxygen
concentration. In various instances, one or more inert gases such as nitrogen
may be present in the bulk gas mixture. The presence of inert gases provides a
stable thermal “heat sink”™ within the bulk gas mixture that is capable of
absorbing thermal energy and consequently limits the temperature increase
experienced by the oxygen, methane and OCM gas present in the catalyst bed.
The ratio of methane to oxygen (e.g., the stoichiometric ratio of methane to
oxygen) within the bulk gas mixture can affect the overall conversion of
methane in the OCM reaction.

In some instances, oxygen can be controlled or otherwise
maintained as the limiting reactant such that at least a portion of the methane
present in the methane source remains unconsumed by the OCM reaction and
the exiting OCM gas, while depleted in oxygen, contains a quantity of residual
unreacted methane when removed from OCM reaction. OCM gas containing
methane may be fed to a subsequent OCM reaction step, generally after an
additional oxidant is introduced to support conversion of the unreacted methane
present in the OCM gas.

The OCM reaction can occur in a single vessel, in a plurality of
serially coupled vessels, in a plurality of parallel vessels, or combinations
thereof. One or more catalyst beds may be located in each of the vessels,
again arranged in series, parallel or any combination thereof. Where multiple
catalyst beds are arranged in series, either in the same or different vessels,
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additional methane, oxygen, Cz+ hydrocarbons, inert gases, or any combination
thereof may be added, in some instances at a significantly cooler or warmer
temperature than the OCM gas exiting the preceding catalyst bed, to adjust the
composition and temperature of the bulk gas mixture prior to its introduction to
the subsequent catalyst bed. In some instances, each catalyst bed may include
the same or a differing number of layers, with each layer including a catalytic
material, an inert material, or combinations thereof.

Where the OCM process is carried out in a single vessel
operating under adiabatic conditions, the ability to independently control bulk
gas composition, bulk gas temperature, catalyst bed structure, catalyst bed
composition, and catalyst thermal profile provides a variety of measurable
process variables and control variables that can be adjusted to affect the
performance, conversion, selectivity, and yield of the OCM process. Where the
OCM process is carried out in a plurality of serial or tandem vessels, the ability
to independently control across each vessel or collectively control across all
vessels the control bulk gas composition, bulk gas temperature, catalyst bed
structure, catalyst bed composition, and catalyst thermal profile provides the
ability to operate the OCM process to meet varying production demands.

BULK GAS PRESSURE, TEMPERATURE, FLOW, AND COMPQOSITION

The composition of the bulk gas mixture provides another variable
that may be adjusted to control the OCM process. The bulk gas is formed by
combining at least the methane source and an oxidant to provide the methane
and oxygen needed for the OCM reaction. In instances where more than one
catalyst bed is present in each of the one or more vessels, the bulk gas
temperature, pressure or composition may be controlled or otherwise adjusted
prior to the introduction of the bulk gas mixture to some or all of the beds.

One or more secondary reactants including other gases such as
longer chain, alkane, alkene, and alkyne hydrocarbons may also be introduced
to the bulk gas mixture. The composition of the bulk gas mixture is a direct
function of the composition of the constituent methane source and oxidant used
to provide the bulk gas mixture. In at least some instances, the methane
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source or the oxidant may contain one or more inert gases such as nitrogen.
Thus, by controlling the quantity of methane or inert gas present in the methane
source and controlling the quantity of oxygen or inert gas present in the oxidant,
a bulk gas mixture having virtually any composition and methane to oxygen
stoichiometric ratio can be provided.

In determining the composition of the methane source, one or
more analyzers may be used to provide one or more signals indicative of the
composition, including methane and inert gas content, of the methane source.
One or more analyzers may be used to provide one or more signals indicative
of the composition, including oxygen and inert gas content, of the oxidant. In at
least some instances, one or more analyzers may be used to provide one or
more process signals indicative of the flow or composition, including oxygen,
methane, secondary reactant, and inert gas content of the bulk gas mixture
prior to introduction to the catalyst bed in at least some of the plurality of
vessels. In a like or similar manner any number of analyzers may be used on
one or more constituent gases used to provide the bulk gas mixture. For
example, where one or more C.: hydrocarbons are used to form a portion of the
bulk gas mixture, one or more analyzers may be used to determine the
composition of the C+ hydrocarbon gas, or to determine the concentration of
one or more targeted gas species, hydrocarbon or otherwise, in the Co.
hydrocarbon gas.

The temperature of the bulk gas mixture provides another variable
that may be used for control of the OCM process. The temperature of the bulk
gas mixture can be adjusted or controlled by increasing or decreasing the
amount of thermal energy imparted to the methane source, the oxidant, or the
bulk gas mixture, for example through the use of one or more thermal transfer
devices using a heat transfer fluid at a desired temperature (e.g., using air or
cooling water to reduce the temperature or a high temperature fluid or process
fluid to increase the temperature), one or more combustion gas thermal transfer
devices using a combustion fuel to provide thermal energy, or combinations

thereof. Thus, by controlling the quantity of thermal energy added to or
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removed from the methane source or the oxidant a bulk gas mixture having
virtually any temperature may be introduced to a catalyst bed.

In determining the temperature of the methane source, one or
more thermocouples, resistive thermal devices (RTDs) or similar temperature
measuring devices may be used to provide one or more signals indicative of the
temperature of the methane source. One or more thermocouples, resistive
thermal devices (RTDs) or similar temperature measuring devices may be used
to provide one or more signals indicative of the temperature of the oxidant. In
at least some instances, one or more thermocouples, resistive thermal devices
(RTDs) or similar temperature measuring devices may be used to provide one
or more signals indicative of the temperature of the bulk gas mixture prior to
introduction of the bulk gas mixture to the catalyst bed in at least some of the
plurality of vessels.

The pressure of the bulk gas mixture provides another variable
that may be used for control of the OCM process. The pressure of the bulk gas
mixture can be adjusted or controlled by increasing or decreasing the amount of
compressive energy imparted to the methane source, the oxidant, or the bulk
gas mixture, for example through the use of one or more gas compressors or
by controlling the back pressure through the one or more vessels 102. Thus,
by controlling the quantity of compressive energy imparted to the methane
source or the back pressure through the one or more vessels 102, the oxidant,
or the bulk gas mixture itself, a bulk gas mixture at virtually any pressure may
be introduced to a catalyst bed.

In determining the pressure of the methane source, one or more
pressure transducers or similar pressure measuring devices may be used to
provide one or more signals indicative of the pressure of the methane source.
One or more pressure transducers or similar pressure measuring devices may
be used to provide one or more signals indicative of the pressure of the oxidant.
In at least some instances, one or more pressure transducers or similar
pressure measuring devices may be used to provide one or more signals
indicative of the pressure of the bulk gas mixture prior to introduction of the bulk
gas mixture to the catalyst bed in at least some of the plurality of vessels.
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The flowrate of the bulk gas mixture to each of the one or more
catalyst beds in each of the one or more vessels provides another variable that
may be used for control of the OCM process. The flowrate of the bulk gas
mixture can be adjusted or controlled by increasing or decreasing the methane
source flowrate, the oxidant flowrate, or combinations thereof, for example
through the use of one or more flow control valves. In addition, one or more
block valves, arranged for example in a double block and bleed arrangement,
may be used to to provide a safety system for some or all of the one or more
vessels. Thus, by controlling the flow of the methane source, the oxidant, or
the bulk gas mixture itself, a bulk gas mixture at virtually any flowrate may be
introduced to the subsequent catalyst bed.

To determine the flowrate of the methane source, one or more
mass or volumetric flow meters or similar flow measuring devices may be used
to provide one or more signals indicative of the flowrate of the methane source.
One or more mass or volumetric flow meters or similar flow measuring devices
may be used to provide one or more signals indicative of the flowrate of the
oxidant. In at least some instances, one or more mass or volumetric flow
meters or similar flow measuring devices may be used to provide one or more
signals indicative of the flowrate of the bulk gas mixture prior to introduction of
the bulk gas mixture to the catalyst bed in at least some of the plurality of

vessels.

CATALYST THERMAL CONDITIONS

Each of the one or more vessels may contain one or more
catalyst beds and each of the one or more catalyst beds may include one or
more layers of catalyst. In some instances, each of the one or more vessels
may contain a single catalyst bed containing a catalyst having a similar
chemical composition and physical structure. In other instances, each of the
one or more vessels may contain the same or a differing number of catalyst
beds and each of the catalyst beds may contain the saime or a differing number
of layers. Thus, by controlling the catalyst load, one or more preferred OCM
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gas properties may be adjusted in an individual process or even an individual
vessel within a larger process.

Where the catalyst operates under substantially adiabatic
conditions, the thermal energy released by the exothermic OCM reaction is
removed primarily with the OCM gas and to a lesser extent in the form of
parasitic convective losses from less than ideally insulated process equipment,
vessels, and piping. Due to the lack of heat transfer within the catalyst bed
itself, the temperature gradient or increase across a catalyst bed operated
under substantially adiabatic conditions will be greater than the temperature
gradient or increase across a comparable bed operated under substantially
isothermal conditions.

In at least some instances, one or more temperature sensors may
be located at the inlet to and outlet from all or a portion of the one or more
catalyst beds, at intervals within the catalyst bed, or combinations thereof. The
temperature sensors can provide one or more signals indicative of the
temperature prior to the catalyst bed, within the catalyst bed, exiting the catalyst
bed, the temperature gradient or increase across the catalyst bed or
combinations thereof. At least a portion of the catalyst temperature data may
be monitored over a measured time period and the resultant temperature
change with respect to time (dT/dt) may be determined. At least a portion of
the temperature data may be used as a process variable input to one or more
temperature, pressure, flow, or composition controllers generating at least one
control output directed to one or more final control elements acting on the
methane source, the oxidant, the bulk gas mixture, or combinations thereof.

The catalyst bed inlet temperature, catalyst bed outlet
temperature, or the temperature gradient or increase across a catalyst bed
operated under substantially adiabatic conditions may be adjusted by
controlling the temperature, pressure, composition or flowrate of any or all of
the methane source, the oxidant, or the bulk gas mixture. As used herein, the
term “catalyst bed inlet temperature” and “inlet temperatures” or similar terms
referencing a catalyst bed refer to the temperature at the point in the catalyst

bed where catalytic chemical reactivity commences. Similarly, the maximum
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temperature within a catalyst bed operated under substantially adiabatic
conditions may be adjusted by controlling the temperature, pressure,
composition or flowrate of any or all of the methane source, the oxidant, or the
bulk gas mixture.

In at least some instances, temperatures may be determined at
periodic intervals within the catalyst bed to provide a thermal profile of a
catalyst bed operating under substantially isothermal conditions. While, in an
ideal case, the thermal profile for a catalyst bed operated under isothermal
conditions would be a flat line (i.e., constant temperature through the bed), in
practice even under isothermal conditions a thermal profile that varies with
location in the catalyst bed will result. For example, where the OCM reaction
occurs at the greatest rate, the thermal profile will generally show a temperature
increase or peak due to the inability of the thermal transfer fluid to absorb all of
the thermal energy released within the region of the catalyst bed where the
OCM reaction occurs. Similar to the adiabatically operated catalyst bed, the
thermal profile through an isothermally operated catalyst bed provides insight
into the location or locations within the catalyst bed where the OCM reaction
may be initiated or occurring at the greatest rate based on the measured output
of thermal energy within the bed. In at least some instances, the composition of
the OCM gas exiting a catalyst bed may be altered, affected or even controlled
based upon the thermal profile across the catalyst bed. Additionally,
determination of the thermal profile across a catalyst bed permits monitoring
and controlling the catalyst bed conditions on an continuous basis by providing
one or more reliably measured process variables (temperature within the
catalyst bed) that may be used as an input to one or more temperature,
pressure, flow or composition controllers acting on the methane source, the
oxidant, the bulk gas mixture, or combinations thereof. Where one or more
vessels are serially coupled, separate thermal profiles may be developed for
each of the vessels and the temperature, pressure, flow or composition
controllers acting on the methane source, the oxidant, the bulk gas mixture, or
combinations thereof introduced to each of the plurality of vessels may be
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individually (i.e., the thermal profile across a single vessel) or collectively (i.e.,
the thermal profile across all of the one or more vessels) controlled.

Where the catalyst operates under substantially isothermal
conditions, the thermal energy released by the exothermic OCM reaction is
removed primarily by a heat transfer fluid to limit the temperature buildup within
the catalyst bed. However, even with the removal of a portion of the thermal
energy via the thermal transfer fluid, a portion of the thermal energy released by
the OCM reaction will be removed with the OCM gas. Due to the removal of at
least a portion of the thermal energy via the thermal transfer fluid, the
temperature gradient or increase across a catalyst bed operated under
substantially isothermal conditions will be less than the temperature gradient or
increase across a comparable bed operated under substantially adiabatic
conditions.

In at least some instances, one or more temperature sensors may
be located at the inlet to and outlet from all or a portion of the one or more
catalyst beds, at intervals within the catalyst bed, or combinations thereof. The
temperature sensors can provide one or more signals indicative of the
temperature prior to the catalyst bed, within the catalyst bed, exiting the catalyst
bed, the temperature gradient or increase across the catalyst bed or
combinations thereof. At least a portion of the catalyst temperature data may
be monitored over a measured time period and the resultant temperature
change with respect to time (dT/dt) may be determined. At least a portion of
the temperature data may be used as a process variable input to one or more
temperature, pressure, flow, or composition controllers generating at least one
control output directed to one or more final control elements acting on the
methane source, the oxidant, the bulk gas mixture, the thermal transfer fluid
removing thermal energy from the catalyst bed, or combinations thereof.

The catalyst bed inlet temperature, catalyst bed outlet
temperature, or the temperature gradient or increase across a catalyst bed
operated under substantially isothermal conditions may be adjusted by
controlling the temperature, pressure, composition or flowrate of any or all of
the methane source, the oxidant, or the bulk gas mixture. The catalyst bed inlet
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temperature, catalyst bed outlet temperature, or the temperature gradient or
increase across a catalyst bed operated under substantially isothermal
conditions may also be adjusted by controlling the flowrate or temperature of
the thermal transfer fluid used to remove thermal energy from the catalyst bed.
The maximum temperature within a catalyst bed operated under substantially
isothermal conditions may be adjusted by controlling the temperature, pressure,
composition or flowrate of any or all of the methane source, the oxidant, or the
bulk gas mixture. The maximum temperature within a catalyst bed operated
under substantially isothermal conditions may be adjusted by controlling the
flowrate or temperature of the thermal transfer fluid used to remove thermal
energy from the catalyst bed.

In at least some instances, temperatures may be determined at
periodic intervals within the catalyst bed to provide a thermal profile of the
catalyst bed, for example temperatures measured at fixed or variable intervals
through the catalyst bed. The thermal profile through a catalyst bed provides
insight into the location or locations within the catalyst bed where the OCM
reaction may be initiated or occurring at the greatest rate based on the
measured output of thermal energy within the bed. In at least some instances,
the composition of the OCM gas exiting a catalyst bed may be altered, affected
or even controlled based upon the thermal profile across the catalyst bed.
Additionally, determination of the thermal profile across a catalyst bed permits
monitoring and controlling the catalyst bed on an continuous basis by providing
one or more reliably measured process variables (temperature within the
catalyst bed) that may be used as an input to one or more temperature,
pressure, flow or composition controllers acting on the methane source, the
oxidant, the bulk gas mixture, or combinations thereof. Where one or more
vessels are serially coupled, separate thermal profiles may be developed for
each of the vessels and the temperature, pressure, flow or composition
controllers acting on the methane source, the oxidant, the bulk gas mixture, or
combinations thereof introduced to each of the plurality of vessels may be
individually (i.e., the thermal profile across a single vessel) or collectively (i.e.,
the thermal profile across all of the one or more vessels) controlled.
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OCM GAS TEMPERATURE, PRESSURE, FLOW, AND COMPQSITION

The temperature, pressure, flow, or composition of the OCM gas
exiting from each of the one or more catalyst beds in each of the one or more
vessels may be monitored individually at different locations or as a group at a
single location in or proximate each of the one or more vessels. Using
temperature sensors/transmitters, pressure sensors/transmitters, flow
sensors/transmitters, or composition analyzers, one or more signals may be
introduced to one or more controllers used to modulate or control the
temperature, pressure, flow, or composition of the methane source; to modulate
or control the temperature, pressure, flow, or composition of the oxidant; to
modulate or control the catalyst thermal conditions, or combinations thereof to
provide an OCM gas having one or more targeted properties.

In at least some instances, one or more targeted OCM gas
properties may include an OCM gas having a concentration of one or more
longer chain hydrocarbons, for example ethane, ethylene, propane, propylene,
butane, butene, and the like that falls within a range. In at least some
instances, one or more targeted OCM gas properties may include an OCM gas
having a methane concentration that falls within a range. In at least some
instances, one or more targeted OCM gas properties may include an OCM gas

having an oxygen concentration that falls within a range.

In at least some instances, the composition, pressure, flow, or
temperature of the OCM gas may be used as a process variable input to one or
more controllers providing one or more control outputs to one or more final
control elements, for example, one or more flow control valves, used to control
the composition of the methane source, the oxidant, the bulk gas mixture, or
combinations thereof in some or all of the plurality of vessels. In at least some
instances, the composition, pressure, or temperature of the OCM gas may be
used as a process variable input to one or more controllers providing one or
more control outputs to one or more final control elements, for example, one or

more temperature control valves, used to directly or indirectly control the
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temperature of the methane source, the oxidant, the bulk gas mixture, or
combinations thereof in some or all of the plurality of vessels. In at least some
instances, the composition, pressure, or temperature of the OCM gas may be
used as a process variable input to one or more controllers providing one or
more control outputs to one or more final control elements, for example, one or
more pressure control valves, used to directly or indirectly control the pressure
of the methane source, the oxidant, the bulk gas mixture, or combinations
thereof in some or all of the plurality of vessels.

Figure 1 shows schematically a system 100 for the production of
one or more alkene hydrocarbons via oxidative coupling of methane (“OCM”) in
the presence of at least one catalyst. The system 100 includes at least one
vessel 102 containing one or more catalysts disposed in at least one catalyst
bed 104. A methane source 106 and an oxidant 108 are either pre-mixed or
combined and introduced to the at least one vessel 102 or introduced
separately to the one or more vessels 102 and an oxidative coupling of
methane (*OCM”) gas 110 is removed from the one or more vessels 102. At
least a portion of the thermal energy within the OCM gas 110 is removed using
one or more thermal transfer devices 112. Within the at least one vessel 102,
methane in the methane source 106 and oxygen in the oxidant 108
exothermically react as they pass through the one or more catalysts disposed in
the at least one catalyst bed 104. In at least some embodiments, the extent of
the at least one catalyst bed 104 can include substantially the entire cross
sectional area of the at least one vessel 102, thereby minimizing or eliminating
the possibility of gas bypass around the at least one catalyst bed 104. The lack
of thermal energy transfer within the at least one vessel 102 depicted in Figure
1 permits the operation of the one or more catalysts forming the at least one

catalyst bed 104 under substantially adiabatic conditions.
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METHANE SOURCE

The OCM reaction is a catalytic gas phase reaction where

methane is reacted in the presence of oxygen and one or more catalysts to
exothermically produce one or more hydrocarbons containing two or more
carbon atoms (collectively referred to herein as “C,. compounds™) and water.
Methane is supplied via the methane source 106. The introduction of the
methane source 106 to the one or more vessels 102 can be manually or
automatically controlled using one or more final control elements 116. The
methane source 106 can be any gas or mixture of gases containing at least
about 5 mol% methane; at least about 10 mol% methane; at least about 20
mol% methane; at least about 30 mol% methane; at least about 40 mol%
methane; at least about 50 mol% methane; at least about 60 mol% methane; at
least about 70 mol% methane; at least about 80 mol% methane; at least about
90 mol% methane; or at least about 95 mol% methane.

The methane source 106 can include a commercial natural gas
source, for example a natural gas feed from one or more municipal or industrial
gas suppliers. In some embodiments, at least a portion of the methane source
106 can include biogas — methane derived from one or more processes
involving the decay of organic substances. In some embodiments, at least a
portion of the methane source 106 can be provided as a byproduct from
another co-located process facility. In some embodiments, at least a portion of
the methane source 106 can be provided by a liquefied natural gas (‘LNG”) or
compressed natural gas (“CNG”) terminal or storage facility. In one preferred
embodiment, at least a portion of the methane source 106 can include an
industrial methane source, for example methane drawn from a pipeline which
typically does not contain an odorant such as the mercaptan-based odorants
commonly found in commercially sourced natural gas. In another preferred
embodiment, at least a portion of the methane source 106 can include wellhead

natural gas drawn directly from a naturally occurring or manmade subterranean
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reservoir or from storage facilities fluidly coupled to the naturally occurring
reservoir.

A potentially attractive methane source 106 can be found in
wellhead natural gas located in remote or difficult to access areas (i.e.,
“stranded” natural gas) such as deep-sea platforms, or wellheads in remote
geographic regions such as the Antarctic or in the tundra regions of Asia and
North America. Although methane is quite valuable, the inherent difficulties in
transporting a relatively light hydrocarbon gas having a very low boiling point
often precludes the use of surface transport for large quantities of methane via
ship or truck, for example in the form of liquefied natural gas and relegates the
transmission of large quantities of methane to pipelines. Such pipelines require
significant capital investment in infrastructure such as recompression stations,
and frequently incur high operating expenses such as electric or steam to
power the recompression stations, to provide economic transport for large
guantities of methane. Conversion of methane to one or more alkene
hydrocarbons using OCM and subsequent oligomerization or polymerization of
the alkene hydrocarbons to products that are in local demand or that are more
amenable to low cost, long distance, transport, for example chemical
intermediates or liquid fuels such as gasoline and diesel, provide economically
attractive alternatives to the transport of methane extracted from stranded
sources as either LNG or CNG.

Wellhead methane gas may contain numerous impurities upon
extraction. Typical impurities can include, but are not limited to, ethane,
propane, butanes, pentanes, and higher molecular weight hydrocarbons,
hydrogen sulfide, carbon dioxide, water vapor, and inert gases such as helium
and nitrogen. In some instances, all or a portion of the one or more inert gases
present may be as a consequence of their injection into the subterranean
formation to stimulate the extraction of natural gas from the formation.

Typically, higher molecular weight hydrocarbons (e.g., Cs and

higher hydrocarbons) present in the natural gas are partially or completely
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removed from the natural gas via condensation to form a natural gas liquid
("NGL”"). Of the remaining impurities present in the natural gas, hydrogen
sulfide and other sulfur containing compounds present in the natural gas are
removed upstream of the at least one vessel 102 to reduce, or ideally eliminate,
the formation of corrosive sulfur oxides in the OCM process. In at least some
embodiments, the wellhead methane can pass through one or more separation
or purification processes to remove all or a portion of the hydrogen sulfide and
other sulfur containing compounds present in the methane source 106. After
purification or separation, the sulfur concentration in the methane source 106
can be about 50 ppm or less; about 40 ppm or less; about 30 ppm or less;
about 20 ppm or less; about 10 ppm or less; about 5 ppm or less; or about 1
ppm or less. In at least some embodiments, the wellhead methane can pass
through one or more separation or purification processes to remove all or a
portion of the carbon dioxide present in the methane source 106. After
purification or separation, the carbon dioxide concentration in the methane
source 106 can be about 50 ppm or less; about 40 ppm or less; about 30 ppm
or less; about 20 ppm or less; about 10 ppm or less; about 5 ppm or less; or
about 1 ppm or less.

In some embodiments, a wellhead supplying at least a portion of
the methane source 106 may use nitrogen, carbon dioxide, other inert gas(es),
or inert gas mixtures to stimulate the production of subterranean natural gas,
particularly as the supply of natural gas contained in the reservoir becomes
depleted. In some instances, all or a portion of the nitrogen present in the
methane source 106 can be removed, for example using one or more
distillation or cryogenic distillation processes such as those typically found in a
a nitrogen rejection unit (‘“NRU”). At |east a portion of the nitrogen recovered
from the methane source 106 can be recycled to the wellhead for use in
stimulating additional production from one or more natural gas or crude oil
wells. However, the separation of nitrogen from the methane source 106 may

not be 100% effective and some quantity of residual nitrogen may remain in the
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methane source 106. After separation of the nitrogen from the methane source
106, the nitrogen concentration in the methane source 106 can be less than
about 50 mol%; less than about 40 mol%; less than about 30 mol%; less than
about 20 mol%; less than about 10 mol%; less than about 5 mol%; less than
about 2 mol%; less than about 1 mol%; or less than about 0.5 mol%.

In at least some instances, the methane source 106 can be at a
pressure greater than atmospheric pressure upon mixing with the oxidant 108
or introduction to the one or more vessels 102. In at least some instances, the
increased pressure may be attributable at least in part to the extraction
pressure of the methane source 106 at the wellhead. In other instances, one or
more compressors, for example one or more centrifugal, reciprocating, or
screw-type compressors, may be used to increase the pressure of the methane
source 106. The methane source 106 can be at a pressure of less than about
150 psig; less than about 100 psig; less than about 75 psig; less than about 60
psig; less than about 50 psig; less than about 40 psig; less than about 30 psig;
less than about 20 psig; less than about 15 psig; less than about 10 psig; less
than about 5 psig; or less than about 1 psig.

In at least some instances, the rate of the OCM reaction occurring
in the one or more vessels 102 can be influenced, adjusted, or controlled
based, at least in part, on the temperature of the methane source 106. The
temperature of the methane source 106 can be adjusted using one or more
thermal transfer devices capable of transferring thermal energy to the methane
source 106. Such thermal transfer devices can include, but are not limited to,
non-contact combustion type heaters and non-contact thermal fluid heat
exchangers. The methane source 106 can be at a temperature of less than
about 600°C; less than about 575°C; less than about 550°C; less than about
525°C; less than about 500°C; less than about 450°C; or less than about 400°C.

In at least some instances, the methane source 106 can contain
one or more Cy. alkane hydrocarbons, for example ethane, propane, butane,

pentane, hexane, and the like. The alkane Cy. hydrocarbons can be naturally
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formed with the methane source 106 or back-added or recycled to the methane
source 106 from another source after extraction, including recycling a portion of
a product gas from one or more vessels 102. The alkane Cy. concentration
within the methane source 106 can be less than about 20 mol%; less than
about 15mol%; less than about 10 mol%; less than about 8 mol%; less than
about 5 mol%; less than about 2 mol%; less than about 1 mol%; or less than

about 0.5 mol%.

OXIDANT

Oxygen is introduced to the one or more vessels 102 via the
oxidant 108. In some instances, at least a portion of the oxidant 108 may be
supplied in the form of purified oxygen, for example as supplied by an air
separation unit (“ASU”). As used herein, the term “purified oxygen” can refer to
a gas having an oxygen concentration greater than 21 mol%. The use of
purified oxygen to provide at least a portion of the oxidant 108 may be possible,
for example, where an ASU is used to provide nitrogen used to extract crude oil
or natural gas at the wellhead. In other instances, at least a portion of the
oxidant 108 may be supplied in the form of air or compressed air, containing
about 21 mol% oxygen and about 78 mol% nitrogen. In some instances, the
oxidant 108 may be a mixture of air and purified oxygen having an oxygen
concentration between that of air and purified oxygen. Thus, the oxidant 108
can be any gas or mixture of gases containing at least about 5 mol% oxygen; at
least about 10 mol% oxygen; at least about 20 mol% oxygen; at least about 30
mol% oxygen; at least about 40 mol% oxygen; at least about 50 mol% oxygen;
at least about 60 mol% oxygen,; at least about 70 mol% oxygen; at least about
80 mol% oxygen; at least about 90 mol% oxygen; or at least about 95 mol%
oxygen.

The oxidant 108 may also contain nitrogen and small quantities of
inert gases such as argon, particularly where air is used to provide some or all

of the oxidant 108. The nitrogen concentration in the oxidant 108 is dependent

53



10

15

20

25

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

upon the one or more sources used to provide the oxygen, however the
nitrogen concentration in the oxidant 108 can be no more than about 5 mol%;
no more than about 10 mol%; no more than about 20 mol%; no more than
about 30 mol%; no more than about 40 mol%; no more than about 50 mol%; no
more than about 60 mol%; no more than about 70 mol%; or no more than about
80 mol%.

The introduction of the oxidant 108 to the one or more vessels
102 can be manually or automatically controlled using one or more final control
elements 118. Controlling the oxygen concentration within the one or more
vessels 102 can influence, affect, or control the OCM reaction occurring within
the one or more catalysts disposed in the catalyst bed 104. As such, the ability
to adjust the oxygen concentration within the oxidant 108 may be accomplished
in one embodiment by supplying a portion of the oxidant 108 in the form of
compressed air having an oxygen concentration of about 21 mol%, and adding
a second portion of the oxidant 108 in the form of purified oxygen in a controlled
manner to achieve any desired or target oxygen concentration within oxidant
108.

The oxidant 108 can be at a pressure greater than atmospheric
pressure upon introduction to the one or more vessels 102. In at least some
instances, the increased pressure may be attributable at least in part to the
pressure of the oxidant 108 source, for example an oxidant 108 including
purified oxygen at a high pressure may be available from an ASU. In other
instances, one or more compressors may be used to increase the pressure of
the oxidant 108 upstream of the one or more vessels 102. The oxidant 108 can
be at a pressure of less than about 150 psig; less than about 100 psig; less
than about 75 psig; less than about 60 psig; less than about 50 psig; less than
about 40 psig; less than about 30 psig; less than about 20 psig; less than about

15 psig; less than about 10 psig; less than about 5 psig; or less than about 1

psig.
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In at least some instances, the rate of the OCM reaction within the
one or more vessels 102 can be influenced, adjusted, or controlled based at
least in part on the temperature of the oxidant 108. The temperature of the
oxidant 108 can be adjusted using one or more thermal transfer devices
capable of transferring thermal energy to the oxidant 108. Such thermal
transfer devices can include, but are not limited to, non-contact combustion
type heaters and non-contact thermal fluid heat exchangers. The oxidant 108
can be at a temperature of less than about 600°C; less than about 575°C; less
than about 550°C; less than about 525°C; less than about 500°C; less than
about 450°C; or less than about 400°C.

BULK GAS MIXTURE

At least a portion of the methane source 106 and at least a portion

of the oxidant 108 combine before entering the at least one vessel 102 or within
the at least one vessel 102 to provide a bulk gas mixture 114 containing at least
methane and oxygen. In at least some embodiments, nitrogen may also be
present in the bulk gas mixture 114, introduced with the methane source, the
oxidant or both the methane source and the oxidant. In some instances, one
or more Co: alkane, alkene, alkyne, or aromatic hydrocarbons may be added to
the bulk gas mixture either prior its introduction to the at least one vessel 102 or
within the at least one vessel 102. In at least some instances, all or a portion of
the one or more C,. alkane, alkene, alkyne, or aromatic hydrocarbons added to
the bulk gas mixture may include one or more Ca. hydrocarbons separated from
the OCM gas 110.

Nitrogen passes through the OCM catalyst as an inert and may
beneficially provide a “heat sink” during the OCM reaction by absorbing at least
a portion of the heat liberated by the exothermic OCM reaction. To the extent
that nitrogen can be used as a “heat sink” which affects the temperature or
thermal profile through one or more catalysts within the one or more vessels,

the nitrogen concentration within the bulk gas mixture 114 may be used to
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adjust, affect, or control the OCM reaction. In at least some embodiments, a
minimum nitrogen concentration may therefore be maintained within the bulk
gas mixture 114 formed by the methane source 106 and the oxidant 108 within
the at least one vessel 102. The nitrogen concentration within the bulk gas
mixture 114 can be at most about 5 mol%; at most about 10 mol%; at most
about 15 mol%; at most about 20 mol%; at most about 25 mol%; at most about
30 mol%; at most about 40 mol%; at most about 50 mol%; at most about 60
mol%; at most about 70 mol%; at most about 75 mol%. Nitrogen exiting the
one or more vessels 102 in the OCM gas 110 may also serve as a refrigerant
useful in post-process separation of the OCM gas into one or more product or
intermediate streams. For example, in some embodiments a portion of the
OCM gas 110 containing nitrogen can be compressed and expanded to provide
refrigeration useful, for example, in one or more downstream cryogenic
separation processes. See, e.g., Provisional U.S. Patent Application No.
61/586,711, filed January 13, 2012

The bulk gas mixture 114 in the one or more vessels 102 can be
at a pressure greater than atmospheric pressure. The bulk gas mixture 114
can be at a pressure of less than about 150 psig; less than about 100 psig; less
than about 75 psig; less than about 60 psig; less than about 50 psig; less than
about 40 psig; less than about 30 psig; less than about 20 psig; less than about
15 psig; less than about 10 psig; less than about 5 psig; or less than about 1
psig.

In at least some instances, the rate of the OCM reaction within the
one or more vessels 102 can be influenced, adjusted, or controlled based, at
least in part, on the temperature of the bulk gas mixture 114. The temperature
of the bulk gas mixture 114 can be adjusted by adjusting the temperature of the

methane source 106, the oxidant 108, or both the methane source 106 and the
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oxidant 108. In some instances, the bulk gas mixture 114 may be passed
through one or more thermal transfer devices prior to entering the one or more
vessels 102. The bulk gas mixture 114 in the one or more vessels 102 can be
at a temperature of less than about 600°C; less than about 575°C; less than
about 550°C; less than about 525°C; less than about 500°C; less than about
450°C; or less than about 400°C.

The composition of the bulk gas mixture 114 depends on the
composition of the constituent methane source 106 and the constituent oxidant
108. Adjusting the concentration of methane or oxygen in the bulk gas mixture
114 will beneficially or adversely impact the formation of desired products such
as ethylene and will also control the rate of the exothermic OCM reaction. The
methane concentration within the bulk gas mixture 114 can be less than about
5 mol%; less than about 10 mol%; less than about 15 mol%; less than about 20
mol%:; less than about 25 mol%; less than about 30 mol%; less than about 40
mol%; less than about 50 mol%; less than about 60 mol%; less than about 70
mol%. The oxygen concentration within the bulk gas mixture 114 in the one or
more vessels 102 can be less than about 5 mol%; less than about 10 mol%);
less than about 15 mol%; less than about 20 mol%; less than about 25 mol%;
less than about 30 mol%; less than about 40 mol%; less than about 50 mol%;
less than about 60 mol%; less than about 70 mol%. Although not shown in
Figure 1, in at least some situations, one or more C,. alkane, alkene, alkyne, or
aromatic hydrocarbons may be added to the bulk gas mixture 114. The Ca.
hydrocarbon concentration within the bulk gas mixture 114 in the one or more
vessels can be less than about 10 mol%; less than about 5 mol%; less than
about 3 mol%; less than about 2 mol%; less than about 1 mol%; less tha n
about 0.5 mol%; or less than about 0.05 mol%.

In one or more embodiments, the oxygen concentration in the
bulk gas mixture 114 can be advantageously adjusted to control the rate of the
exothermic OCM reaction within the one or more vessels 102. In some

embodiments, the oxygen concentration within the bulk gas mixture 114 can be
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measured and adjusted via one or more feedback controllers communicably
coupled to one or more final control elements (not shown in Figure 1) that
control the oxygen concentration within the oxidant 108.

The methane-to-oxygen stoichiometric ratio in the bulk gas
mixture 114 will also affect the overall conversion of raw materials to one or
more preferred products such as ethylene. Establishing the stoichiometric ratio,
expressed as methane molar concentration to oxygen molar concentration,
within the bulk gas mixture 114 such that oxygen is the limiting reagent (i.e.,
maintaining a stoichiometric ratio of greater than 2:1) may advantageously
minimize the likelihood of a detonation or deflagration occurring within the one
or more vessels 102. One or more analyzers may be used to determine either
or both the methane and the oxygen concentration(s) in the bulk gas mixture
114 and provide a process signal input indicative of the concentration(s) to one
or more flow or composition controllers. The one or more controllers can
provide an output signal to one or more final control elements, for example one
or more flow control valves used to control or otherwise adjust the flow of either
or both the methane source and the oxidant to the bulk gas mixture 114. In at
least some embodiments, the stoichiometric ratio (expressed as methane molar
concentration to oxygen molar concentration) in the gas mixture can be greater
than about 2:1; greater than about 2.25:1; greater than about 2.5:1; greater
than about 2.75:1; greater than about 3:1; greater than about 3.5:1; greater
than about 4:1; greater than about 4.5:1; greater than about 5:1; greater than
about 7.5:1; or greater than about 10:1.

In at least some embodiments, if stoichiometric ratio in the bulk
gas mixture 114 falls into a range where methane becomes the limiting reagent
(i.e., excess oxygen is present) the risk of detonation or deflagration within the
one or more vessels 102 may increase to an unacceptable level. In at least
some circumstances, automatic or manual controls may reduce the methane
concentration, the oxygen concentration, or both the methane and the oxygen

concentration in the bulk gas mixture 114 to zero when the stoichiometric ratio
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in the gas mixture is less than about 2:1; less than about 1.9:1; less than about
1.8:1; less than about 1.7:1; less than about 1.6:1; less than about 1.5:1; less
than about 1.4:1; less than about 1.3:1; less than about 1.2:1; or less than
about 1.1:1.

In some instances, one or more automated control systems may
be operably coupled to the OCM reactor 102. In at least some embodiments,
such automated control systems may use correlations capable of determining
the formation of flammable or explosive conditions in the bulk gas mixture 114.
Such correlations may be experimentally derived, or determined from other
sources, e.g., correlations known in the art. Such correlations may be derived
from process conditions such as the gas phase composition (e.g., oxidant
concentration) within the OCM reactor 102, the OCM reactor catalyst bed 104,
the bulk gas mixture 114 or the OCM gas 110, or the temperature or
temperature rate of change within the OCM reactor 102, the OCM reactor
catalyst bed 104, the bulk gas mixture 114, or the OCM gas 110.
Instrumentation, such as sensors, transmitters, and the like, and controls, such
as single or multi-loop controllers, programmable logic controllers, and
distributed control systems, suitable for the measurement and control of gas
(e.g., methane, oxygen, nitrogen, ethane, ethylene, etc.) composition and
concentration, temperature, pressure are well known in the art and are not
addressed herein for brevity. Responsive to the determination that an
explosive or flammable bulk gas mixture 114 is likely, appropriate control
measures such as limiting or restricting the quantity of methane source 106 or
oxidant 108 added to the OCM reactor 102.

Additional safeguards against deflagration or detonation may
include, but are not limited to, maintaining the methane/oxygen mixture in the
bulk gas mixture 114 at a temperature less than the auto-ignition temperature of
the mixture prior to heating the bulk gas to the reaction temperature in the OCM
reactor 102. In at least some embodiments, where the bulk gas 114 is at or

above the auto-ignition temperature, the ratio of methane to oxygen in the bulk
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gas 114 may be maintained above the upper flammability limit of the mixture at
the operating pressure of the OCM reactor 102. Such safeguards may include,
but are not limited to, one or more manual control systems, one or more
automated control systems, or any other control devices, systems or final
control elements capable of adjusting, limiting, controlling, or altering the

quantities of methane and oxygen introduced to the OCM reactor 102.

PRODUCTS

At least a portion of the methane present in the methane source
106 can react in the presence of the one or more catalysts 104 to provide one
or more Caz. hydrocarbons including at least ethane and ethylene. The
hydrogen liberated during the conversion of methane to the one or more Ca+
hydrocarbons combines with the oxygen to form water vapor. The oxygen
present also combines with at least a portion of the carbon present in the
methane to form carbon dioxide in the OCM gas 110. The overall conversion of
methane and oxygen to one or more Co. hydrocarbons is dependent upon at
least, catalyst composition, reactant concentration, and reaction temperature
and pressure within the one or more vessels 102 and the thermal profile
through the one or more catalysts 104, the maximum temperature within the
one or more catalysts 104, the maximum temperature rise within the one or
more catalysts, or combinations thereof.

In addition to the one or more C,. hydrocarbons, the OCM gas
110 removed from the one or more vessels 102 may also contain residual
unreacted methane, residual unreacted oxygen, water, and carbon dioxide.
Ethane will be present in the OCM gas 110. The ethane concentration within
the OCM gas 110 can be at least about 0.25 mol%; at least about 0.5 mol%; at
least about 0.75 mol%; at least about 1 mol%; at least about 1.5 mol%; at least
about 2 mol%; at least about 2.5 mol%; at least about 3 mol%; at least about
3.5 mol%; at least about 4 mol%; at least about 4.5 mol%; or at least about 5

mol%. Ethylene will also be present in the OCM gas 110. The ethylene
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concentration within the OCM gas 110 can be at least about 0.25 mol%; at least
about 0.5 mol%; at least about 0.75 mol%; at least about 1 mol%; at least about
1.5 mol%; at least about 2 mol%; at least about 2.5 mol%; at least about 3
mol%; at least about 3.5 mol%; at least about 4 mol%; at least about 4.5 mol%;
or at least about 5 mol%.

The conversion of methane to higher molecular weight
hydrocarbons, such as ethane and ethylene is dependent upon the residence
time of reactants such as methane, ethane, and higher hydrocarbons in the
OCM reactor 102. In particular, the ratio of ethane to ethylene is dependent
upon the residence time of reactants such as methane, ethane, and higher
hydrocarbons in the OCM reactor 102 at temperatures in excess of about
800°C. Experience has indicated the the formation of ethylene within the OCM
reactor 102 may occur as a secondary reaction that may rely upon a steam or
thermal cracking process rather than an oxidative process. Thus, the
conversion of ethane to ethylene may occur at the elevated temperatures of the
OCM reaction, either in portions of the OCM reactor 102 or immediately
following the OCM reactor 102 where the oxidant concentration is reduced.

Maintaining oxygen as a limiting reagent in the bulk gas mixture
114 provides a quantity unreacted methane in the OCM gas 110. The
concentration of unreacted methane within the OCM gas 110 will vary over time
with the aging of the one or more catalysts in the at least one catalyst bed 104.
In some instances, the methane concentration in the OCM gas 110 may tend to
increase over time with the aging of the one or more catalysts in the at least
one catalyst bed 104. The methane concentration in the OCM gas 110 can be
less than about 40 mol%; less than about 30 mol%; less than about 25 mol%;
less than about 20 mol%; less than about 15 mol%; less than about 10 mol%;
less than about 5 mol%; or less than about 1 mol%. Unreacted methane may
be separated from the OCM gas 110 for recycle, or may be used as a reactant
if all or a portion of the OCM gas 110 is used to provide at least a portion of the

methane source 106 in one or more subsequent vessels 102.
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Unreacted oxygen may also be present in the OCM gas 110. The
concentration of oxygen within the OCM gas 110 may vary over time with the
aging of the one or more catalysts in the at least one catalyst bed 104. In some
instances, the oxygen concentration in the OCM gas 110 may tend to increase
over time with the aging of the one or more catalysts in the at least one catalyst
bed 104. The oxygen concentration in the OCM gas 110 can be less than about
10 mol%; less than about 8 mol%; less than about 5 mol%; less than about 3
mol%; less than about 2 mol%; less than about 1 mol%; less than about 0.5
mol%; or less than about 0.1 mol%. Unreacted oxygen may be separated from
the OCM gas 110 for recycle, or may be used as a reactant if all or a portion of
the OCM gas 110 is used to provide at least a portion of the methane source
106 in one or more subsequent vessels 102.

Carbon dioxide is a product of the complete combustion of
methane and also a catalytic byproduct of the combination of oxygen and
carbon in the presence of the one or more catalysts in the at least one catalyst
bed 114. In some instances, the carbon dioxide concentration in the OCM gas
110 may tend to increase over time with the aging of the one or more catalysts
in the at least one catalyst bed 104. The carbon dioxide concentration in the
OCM gas 110 can be less than about 10%; less than about 5 mol%; less than
about 4 mol%; less than about 3 mol%; less than about 2 mol%; less than
about 1 mol%; or less than about 0.5 mol.

As noted above, the OCM product gas typically includes ethane
as one component, either as an unreacted feedgas component or an OCM
reaction co-product. In certain embodiments, at least a portion of the ethane
present in the OCM gas 110 can be separated from the OCM gas 110 and
recycled back into one or more injection points within the OCM reactor system,
in order to convert that ethane to ethylene. In some embodiments, at least a
portion of the ethane is separated from the OCM product gas (e.g., by passing
the OCM gas 110 through a downstream or post-production cryogenic

separaton process, see, e.g., U.S. Patent Application No. 13/739,954, filed
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In at least some instances, at least a portion of the separated
ethane may be re-injected directly into one of the OCM reactors 102 at one or
more points in a multi-stage OCM reactor system, including within an
intermediate zone in a single catalyst bed. The injection point may include any
one or more of the sequentially coupled OCM reactors 102 forming the reactor
train. In one or more preferred embodiments, however, the ethane may be
injected into the OCM reactor system either at an intermediate portion of one or
more OCM reactors 102, or even more preferably, into the OCM gas 110 at the
exit of the final OCM reactor 102 in an OCM reactor train, prior to cooling of the
OCM gas 110. In particular, by injecting the ethane into the high temperature
OCM gas 110, advantage can be taken of the process conditions in the OCM
gas 110 to steam crack the ethane to ethylene. While this steam cracking of
ethane to ethylene is also achieved by injecting the ethane at an earlier stage,
the prolonged exposure to the elevated temperature may detrimentally result in
greater combustion of the ethane and ethylene through the OCM reactors 102.
Although described in terms of recycled ethane from the OCM product gas, it
wioll be appreciated that completely exogenous sources of ethane may supply
the injected ethane, e.g., an ethane output from an NGL processing facility, or
the like.

In at least some embodiments, one or more higher hydrocarbons
can be combined with the OCM gas 110 prior to cooling the OCM gas in the
thermal transfer device 112. In at least some embodiments, one or more higher
hydrocarbons can be introduced to the catalyst bed 104 in the OCM reactor
102. To reduce the likelihood of forming undesirable byproducts, the oxygen
concentration of the OCM gas 110 at the point of combination with the one or
more higher hydrocarbons can be less than about 2 mol%, less than about 1
mol%, or less than 0.5 mol%. To improve the yield of desirable higher
hydrocarbon products, the temperature of the OCM gas 110 at the point of

combination with the one or more higher hydrocarbons can be greater than
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about 750°C; greater than about 800°C; greater than about 850°C; or greater
than about 900°C. In at least some embodiments the temperature of the higher
hydrocarbons may be increased prior to combination with the OCM gas 110 or
introduction to the OCM reactor 102 to minimize the cooling effect of the higher
hydrocarbons on the OCM gas 110. In at least some embodiments, prior to
combining with the OCM gas 110 or being introduced to the OCM reactor, the
temperature of the higher hydrocarbons can be increased to a temperature less
than about 750°C; less than about 700°C; less than about 650°C; or less than
about 600°C.

Significant cracking of ethane to ethylene occurs when the
ethylene is introduced within the catalyst bed 104 of the OCM reactor 102. At
the same time the amount of selectivity of the OCM reaction is only slightly
affected by the addition of up to 8 mol% ethane into the OCM gas 110
upstream of the thermal transfer device 112. In such instances, the thermal
transfer device 112 may advantageously serve as a quench device to halt the
steam or thermal cracking of the OCM gas 110. Figures 11A and 11B present
experimental data demonstrating an increase in ethylene flux from the OCM
reactor 102 while noting little change in OCM selectivity from methane to C2
hydrocarbons in consequence to the addition of ethane to the catalyst bed 104
in the OCM reactor 102. The use of the OCM gas 110 exiting the OCM reactor
102 as a heat source and diluent for cracking ethane may be applicable to Cs«
hydrocarbons where the temperature of the OCM gas 110 is maintained at a
level limiting the conversion of the Cs+ hydrocarbons to undesirable byproducts
such as coke, particularly when the Cs+ hydrocarbons include long chain
alkanes.

Accordingly, in at least some embodiments, ethane or one or
more higher hydrocarbons may be introduced at any point in the OCM reactor
102 including in the methane source 106, the bulk gas mixture 114, or at
various points within the OCM reactor 102, for instance at one or more points

within the catalyst bed 104. In at least some embodiments, ethane may be
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preferentially introduced at locations in the OCM reactor system where the
concentration of the oxidant 108 is reduced to lessen the formation of
undesirable reaction byproducts such as coke and similar long chain
combustion byproducts. The ethane or one or more higher hydrocarbons may
be introduced to the catalyst bed 104 using one or more distributors fabricated
from one or more non-reactive materials, for instance a ceramic oxide coated
high temperature compatible metal or metal alloy such as Inconel, Hastelloy,
and Alloy N155 and the like. In at least some implementations the one or more
distributors may include a thermal control system to limit the temperature of the
distributor and thereby lessen the likelihood of occurrence of premature
cracking of the ethane or the one or more higher hydrocarbons prior to the
introduction of the ethane or one or more higher hydrocarbons to the OCM
reactor 102.

In at least some embodiments, one or more higher hydrocarbons
available as a commodity (e.g., ethane, propane, butane, etc.) may be
introduced to the catalyst bed 104 in the OCM reactor 102. In such
embodiments, the addition rate (e.g., moles/hr) of higher hydrocarbons to the
catalyst bed 104 in the OCM reactor 102 can be equal to the methane addition
rate from the methane source 106, one half of the the methane addition rate
from the methane source 106, or about one quarter of the methane addition
rate from the methane source 106.

In at least some embodiments, one or more hydrocarbons
generated as byproducts in an ethylene to liquids (“ETL”) production facility
may be introduced to the OCM gas 110 exiting the OCM reactor 102. In such
embodiments, the temperature of the OCM gas 110 may be adjusted prior to
combining with the ETL hydrocarbon byproducts to minimize the likelihood of
coke formation within the OCM gas 110. In at least some embodiments, the
temperature of the OCM gas 110 may be adjusted to a temperature of from
about 800°C to about 850°C; from about 750°C to about 800°C; or from about
700°C to about 750°C.
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The addition of one or more higher hydrocarbons or one or more
ETL hydrocarbon byproducts to the catalyst bed 104 in the OCM reactor 102 or
to the OCM gas 110 can increase the likelihood of a detonation or deflagration
event if greater than expected levels of oxidant are present at the point of
addition of the one or more higher hydrocarbons or one or more ETL
hydrocarbon byproducts. Responsive montoring and control of the thermal
profile in catalyst bed 104 or a responsive monitoring of oxidant level in the
OCM reactor 102 may be employed to proactively adjust or halt the flow of one
or more higher hydrocarbons or one or more ETL hydrocarbon byproducts to

the OCM reactor under high oxidant concentration conditions.

CATALYSTS

The catalytic materials described herein generally comprise one
or more catalysts in combination with a support, binder and/or diluent material.
In some embodiments, diluents are selected from bulk materials (e.g.
commercial grade), nano materials (nanowires, nanorods, nanoparticles, etc.)
and combinations thereof. Catalysts useful in the disclosed catalytic forms and
formulations include any heterogeneous catalyst.The catalysts can have
various elemental components and activity in a variety of reactions. In certain
embodiments the catalyst is an OCM active catalyst. The exact elemental
components or morphological form of the catalysts is not critical, provided they
may be used in combination with the supports, diluents and/or binders
described herein. In this regard, catalysts useful for practice of various
embodiments of the invention include any bulk and/or nanostructured catalyst in
any combination. For example, in some embodiments the catalyst comprises a
catalyst as described in co-pending U.S. Application No. 13/115,082 (U.S. Pub.
No. 2012/0041246); U.S. Application entitled “Catalysts for Petrochemical
Analysis”, filed May 24, 2012; U.S. Provisional Application Nos. 61/489,651;
61/564,832; 61/564,834 and 61/564,836; and U.S. Provisional Application
entitled “Nanowire Catalysts”, filed May 24, 2012,.
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As discussed herein, the conversion of methane and oxygen to
one or more hydrocarbons occurs as a gas phase catalytic reaction. Any
conventionally produced bulk catalyst may be used to promote the catalytic
reaction, however in at least one preferred embodiment the catalyst includes at
least one inorganic catalytic polycrystalline nanowire. Catalysts useful in the
embodiments described herein include heterogeneous catalysts with various
elemental components and having activity in a variety of reactions. In certain
embodiments the catalyst is an OCM active catalyst. The exact elemental
components or morphological form of the catalysts is not critical, provided they
may be used incombination with the supports, diluents and/or binders described
herein. In this regard, catalysts useful for practice of various embodiments of
the invention include any bulk and/or nanostructured catalyst in any
combination. In certain embodiments, the catalyst is a nanowire catalyst, for
example a nanowire comprising a metal oxide, metal hydroxide, metal
oxyhydroxide, metal oxycarbonate, metal carbonate or combinations thereof. In
some other related embodiments, the catalyst is an inorganic nanowire
comprising one or more metal elements from any of Groups 1 through 7,
lanthanides, actinides or combinations thereof and a dopant comprising a metal
element, a semi-metal element, a non-metal element or combinations thereof.

In some other embodiments, the catalyst is an inorganic catalytic
polycrystalline nanowire, the nanowire having a ratio of effective length to
actual length of less than one and an aspect ratio of greater than ten as
measured by TEM in bright field mode at 5 keV, wherein the nanowire
comprises one or more elements from any of Groups 1 through 7, lanthanides,
actinides or combinations thereof. Such a nanowire may optionally include one

or more dopants.
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In other embodiments, the present invention is directed to catalyst
forms and formulations comprising a catalytic nanowire which comprises at
least four different doping elements, wherein the doping elements are selected
from a metal element, a semi-metal element and a non-metal element. In other
embodiments, the catalyst is a catalytic nanowire comprising at least two
different doping elements, wherein the doping elements are selected from a
metal element, a semi-metal element and a non-metal element, and wherein at
least one of the doping elements is K, Sc, Ti, V, Nb, Ru, Os, Ir, Cd, In, TI, S, Se,
Po, Pr, Tb, Dy, Ho, Er, Tm, Lu or an element selected from any of groups 6, 7,
10,11, 14,15 0r 17.

Other embodiments include catalytic forms and formulations
wherein the catalyst is a catalytic nanowire comprising at least one of the
following dopant combinations: Eu/Na, Sr/Na, Na/Zr/Eu/Ca, Mg/Na,
Sr/Sm/Ho/Tm, Sr/W, Mg/La/K, Na/K/Mg/Tm, Na/Dy/K, Na/La/Dy, Na/La/Eu,
Na/La/Eu/In, Na/La/K, Na/La/Li/Cs, K/La, K/La/S, K/Na, Li/Cs, Li/Cs/La,
Li/Cs/La/Tm, Li/Cs/Sr/Tm, Li/Sr/Cs, Li/Sr/Zn/K, Li/Ga/Cs, Li/K/Sr/La, Li/Na,
Li/Na/Rb/Ga, Li/Na/Sr, Li/Na/Sr/La, Li/Sm/Cs, Ba/Sm/Yb/S, Ba/Tm/K/La,
Ba/Tm/Zn/K, Cs/K/La, Cs/La/Tm/Na, Cs/Li/K/La, Sm/Li/Sr/Cs, Sr/Cs/La,
Sr/Tm/Li/Cs, Zn/K, Zr/Cs/K/La, Rb/Ca/In/Ni, Sr/Ho/Tm, La/Nd/S, Li/Rb/Ca, Li/K,
Tm/Lu/Ta/P, Rb/Ca/Dy/P, Mg/La/Yb/Zn, Rb/Sr/Lu, Na/Sr/Lu/Nb, Na/Eu/Hf,
Dy/Rb/Gd, Na/Pt/Bi, Rb/Hf, Ca/Cs, Ca/Mg/Na, Hf/Bi, Sr/Sn, Sr/W, Sr/Nb, Zr/W,
Y/W, Na/W, Bi/W, Bi/Cs, Bi/Ca, Bi/Sn, Bi/Sb, Ge/Hf, Hf/Sm, Sb/Ag, Sb/Bi,
Sb/Au, Sb/Sm, Sb/Sr, Sb/W, Sb/Hf, Sb/Yb, Sb/Sn, Yb/Au, Yb/Ta, Yb/W, Yb/Sr,
Yb/PDb, Yb/W, Yb/Ag, Au/Sr, W/Ge, Ta/Hf, W/Au, Ca/W, Au/Re, Sm/Li, La/K,
Zn/Cs, Na/K/Mg, Zr/Cs, Ca/Ce, Na/Li/Cs, Li/Sr, Cs/Zn, La/Dy/K, Dy/K, La/Mg,
Na/Nd/In/K, In/Sr, Sr/Cs, Rb/Ga/Tm/Cs, Ga/Cs, K/La/Zr/Ag, Lu/Fe, Sr/Tm,
La/Dy, Sm/Li/Sr, Mg/K, Li/Rb/Ga, Li/Cs/Tm, Zr/K, Li/Cs, Li/K/La, Ce/Zr/La,
Cal/AllLa, Sr/Zn/La, Sr/Cs/Zn, Sm/Cs, In/K, Ho/Cs/Li/La, Cs/La/Na, La/S/Sr,
K/La/Zr/Ag, Lu/Tl, Pr/Zn, Rb/Sr/La, Na/Sr/Eu/Ca, K/Cs/Sr/La, Na/Sr/Lu,
Sr/Eu/Dy, Lu/Nb, La/Dy/Gd, Na/Mg/TI/P, Na/Pt, Gd/Li/K, Rb/K/Lu, Sr/La/Dy/S,
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Na/Ce/Co, Na/Ce, Na/Ga/Gd/Al, Ba/Rh/Ta, Ba/Ta, Na/Al/Bi, Cs/Eu/S,
Sm/Tm/Yb/Fe, Sm/Tm/Yb, Hf/Zr/Ta, Rb/Gd/Li/K, Gd/Ho/Al/P, Na/Ca/Lu, Cu/Sn,
Ag/Au, Al/Bi, Al/Mo, Al/Nb, Au/Pt, Ga/Bi, Mg/W, Pb/Au, Sn/Mg, Zn/Bi,Gd/Ho,
Zr/Bi, Ho/Sr, Gd/Ho/Sr, Ca/Sr, Ca/Sr/W, Sr/Ho/Tm/Na, Na/Zr/Eu/Tm,
Sr/Ho/Tm/Na, Sr/Pb, Sr/WI/Li, Ca/Sr/W or Sr/Hf.

In other embodiments, the catalyst comprises a lanthanide mixed
oxide compound. For example, in certain embodiments the catalyst is a
catalytic nanowire comprising Ln14.<L.n2,05 and a dopant comprising a metal
element, a semi-metal element, a non-metal element or combinations thereof,
wherein Ln1 and Ln2 are each independently a lanthanide element, wherein
Ln1 and Ln2 are not the same and x is a number ranging from greater than 0 to
less than 4. In other embodiments, the catalyst is a catalytic nanowire
comprising a mixed oxide of Y-La, Zr-La, Pr-La, Ce-La or combinations thereof
and at least one dopant selected from a metal element, a semi-metal element
and a non-metal element.

In some other embodiments, the catalyst comprises a mixed oxide
of a rare earth element and a Group 13 element, wherein the catalytic nanowire
further comprises one or more Group 2 elements. In some more specific
embodiments, the foregoing catalyst is a nanowire catalyst.

In another embodiment the catalyst comprises a lanthanide oxide
doped with an alkali metal, an alkaline earth metal or combinations thereof, and
at least one other dopant from groups 3-16. In some more specific
embodiments, the foregoing catalyst is a nanowire catalyst.

The catalysts for use in conjunction with the invention preferably
provide a C2+ selectivity of greater than 50%, greater than 55%, greater than
60%, greater than 65%, greater than 70%, greater than 75%.

The catalysts typically also provide methane conversions of
greater than 10%, greater than 12%, greater than 15%, greater than 20%,

greater than 22%, greater than 25%, and even greater than 30%.
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In certain preferred embodiments, the catalysts will provide
selectivity of 50% or greater with conversion of greater than 10%, greater than
15%, greater than 20%, greater than 25%, or greater than 30%. Likewise, in
still further embodiments, the the catalysts of certain embodiments will provide
a selectivity of 55% or greater with conversion of greater than 10%, greater
than 15%, greater than 20%, greater than 25%, or greater than 30%. Further in
still other embodiments, the the catalysts of certain embodiments will provide a
selectivity of 60% or greater with conversion of greater than 10%, greater than
15%, greater than 20%, greater than 25%, or greater than 30%.

In still other embodiments, the catalyst comprises a single pass
methane conversion in an OCM reaction catalyzed by the nanowire is greater
than 10%, greater than 15%, greater than 20%, or even greater than 25% for
example in some such embodiments the catalyst is is a catalytic nanowire. In
other embodiments the catalyst comprises a C2 selectivity of greater than 10%,
greater than 20%, greater than 30%, greater than 40%, greater than 50%, or
even greater than 60%, in the OCM reaction when the OCM reaction is
performed with an oxygen source other than air or O,. In certain embodiments
of the foregoing, the catalyst is a catalytic nanowire.

In yet other embodiments, the catalyst comprises a mixed oxide of
magnesium and manganese, wherein the catalyst further comprises lithium and
boron dopants and at least one doping element from groups 4, 9, 12, 13 or
combinations thereof. In other examples, the catalyst comprises an oxide of a
rare earth element, wherein the catalyst further comprises at least one doping
element from groups 1-16, lanthanides, actinides or combinations thereof. In
still other examples, the catalyst comprises a mixed oxide of manganese and
tungsten, wherein the catalyst further comprises a sodium dopant and at least
one doping element from groups 2, 4-6, 8-15, lanthanides or combinations
thereof. In yet other embodiments, the catalyst comprises a mixed oxide of a
lanthanide and tungsten, wherein the catalyst further comprises a sodium

dopant and at least one doping element from groups 2, 4-15, lanthanides or
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combinations thereof, wherein the catalyst comprises a C, selectivity of greater
than 50% and a methane conversion of greater than 10%, 15% or even 20%
when the catalyst is employed as a heterogenous catalyst in the oxidative
coupling of methane at a reactor inlet temperature of 750 °C or less.

In other aspects, the catalytic forms and formulations comprise a
catalyst comprising a mixed oxide of manganese and tungsten, wherein the
catalyst further comprises a sodium dopant and at least one doping element
from groups 2, 16 or combinations thereof.

In some other embodiments, the catalyst comprises a rare earth
oxide and one or more dopants, wherein the dopant comprises Eu/Na, Sr/Na,
Na/Zr/Eu/Ca, Mg/Na, Sr/Sm/Ho/Tm, Sr/W, Mg/La/K, Na/K/Mg/Tm, Na/Dy/K,
Na/La/Dy, Na/La/Eu, Na/La/Eu/In, Na/La/K, Na/La/Li/Cs, K/La, K/La/S, K/Na,
Li/Cs, Li/Cs/La, Li/Cs/La/Tm, Li/Cs/Sr/Tm, Li/Sr/Cs, Li/Sr/Zn/K, Li/Ga/Cs,
Li/K/Sr/La, Li/Na, Li/Na/Rb/Ga, Li/Na/Sr, Li/Na/Sr/La, Li/Sm/Cs, Ba/Sm/YDb/S,
Ba/Tm/K/La, Ba/Tm/Zn/K, Cs/K/La, Cs/La/Tm/Na, Cs/Li/K/La, Sm/Li/Sr/Cs,
Sr/Cs/La, Sr/Tm/Li/Cs, Zn/K, Zr/Cs/K/La, Rb/Ca/In/Ni, Sr/Ho/Tm, La/Nd/S,
Li/Rb/Ca, Li/K, Tm/Lu/Ta/P, Rb/Ca/Dy/P, Mg/La/Yb/Zn, Rb/Sr/Lu, Na/Sr/Lu/Nb,
Na/Eu/Hf, Dy/Rb/Gd, Na/Pt/Bi, Rb/Hf, Ca/Cs, Ca/Mg/Na, Hf/Bi, Sr/Sn, Sr/W,
Sr/Nb, Zr/W, Y/W, Na/W, Bi/W, Bi/Cs, Bi/Ca, Bi/Sn, Bi/Sb, Ge/Hf, Hf/Sm, Sb/Ag,
Sb/Bi, Sb/Au, Sb/Sm, Sb/Sr, Sb/W, Sb/Hf, Sb/Yb, Sb/Sn, Yb/Au, Yb/Ta, Yb/W,
Yb/Sr, Yb/Pb, Yb/W, Yb/Ag, Au/Sr, W/Ge, Ta/Hf, W/Au, Ca/W, Au/Re, Sm/Li,
La/K, Zn/Cs, Na/K/Mg, Zr/Cs, Ca/Ce, Na/Li/Cs, Li/Sr, Cs/Zn, La/Dy/K, Dy/K,
La/Mg, Na/Nd/In/K, In/Sr, Sr/Cs, Rb/Ga/Tm/Cs, Ga/Cs, K/La/Zr/Ag, Lu/Fe,
Sr/Tm, La/Dy, Sm/Li/Sr, Mg/K, Li/Rb/Ga, Li/Cs/Tm, Zr/K, Li/Cs, Li/K/La,
CelZr/La, CalAl/lLa, Sr/Zn/La, Sr/Cs/Zn, Sm/Cs, In/K, Ho/Cs/Li/La, Cs/La/Na,
La/S/Sr, K/La/Zr/Ag, Lu/Tl, Pr/Zn, Rb/Sr/La, Na/Sr/Eu/Ca, K/Cs/Sr/La, Na/Sr/Lu,
Sr/Eu/Dy, Lu/Nb, La/Dy/Gd, Na/Mg/TI/P, Na/Pt, Gd/Li/K, Rb/K/Lu, Sr/La/Dy/S,
Na/Ce/Co, Na/Ce, Na/Ga/Gd/Al, Ba/Rh/Ta, Ba/Ta, Na/Al/Bi, Cs/Eu/S,
Sm/Tm/Yb/Fe, Sm/Tm/Yb, Hf/Zr/Ta, Rb/Gd/Li/K, Gd/Ho/Al/P, Na/Ca/Lu, Cu/Sn,
Ag/Au, Al/Bi, Al/Mo, AI/Nb, Au/Pt, Ga/Bi, Mg/W, Pb/Au, Sn/Mg, Zn/Bi, Gd/Ho,
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Zr/Bi, Ho/Sr, Gd/Ho/Sr, Ca/Sr, Ca/Sr/W, Na/Zr/Eu/Tm, Sr/Ho/Tm/Na, Sr/Pb,
Sr/WILi, Ca/Sr/W, Sr/Hf or combinations thereof.

In various embodiments of the forgeoing catalysts, the catalyst
comprises a C, selectivity of greater than 50% and a methane conversion of
greater than 20% when the catalyst is employed as a heterogenous catalyst in
the oxidative coupling of methane at a temperature of 750 °C or less.

In various embodiments of the forgeoing catalysts, the catalyst
comprises a C; selectivity of greater than 50% and a methane conversion of
greater than 10%, 15%, 20% or even 25% when the catalyst is employed as a
heterogenous catalyst in the oxidative coupling of methane at a temperature of
750 °C or less. Some or all of the catalysts may be used directly without a
support structure, for example in the form of loose catalyst, agglomerated
catalyst, sintered catalyst, catalyst pressd or otherwise formed into various
shapes such as rings, saddles, spoked wheels, snowflakes, and the like that
provide a high ratio of exposed surface area to volume. Some or all of the
catalysts may be affixed, bonded or otherwise attached to an inert underlying
substrate that provides structural strength and form to the catalyst. The
underlying substrate may also provide a plurality of gas flow channels, for
example where the substrate is structured in the form of a hexagonal

honeycomb structure or a square “egg-crate” structure.

In some embodiments the nanowires forming the nanowire
catalyst may have a surface area of between 0.0001 and 3000 m?/g, between
0.0001 and 2000 m?/g, between 0.0001 and 1000 m?/g, between 0.0001 and
500 m?/g, between 0.0001 and 100 m?/g, between 0.0001 and 50 m?/g,
between 0.0001 and 20 m?/g, between 0.0001 and 10 m?/g or between 0.0001
and 5 m?g. In some embodiments the nanowires have a surface area of
between 0.001 and 3000 m?/g, between 0.001 and 2000 m?/g, between 0.001
and 1000 m?/g, between 0.001 and 500 m?/g, between 0.001 and 100 m%/g,
between 0.001 and 50 m?/g, between 0.001 and 20 m*g, between 0.001 and

10 m?/g or between 0.001 and 5 m%g. In some other embodiments the
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nanowires have a surface area of between 2000 and 3000 m?/g, between 1000
and 2000 m?*/g, between 500 and 1000 m?%g, between 100 and 500 m“/g,
between 10 and 100 m%g, between 5 and 50 m%g, between 2 and 20 m%g or
between 0.0001 and 10 m?/g. In other embodiments, the nanowires have a
surface area of greater than 2000 m?%g, greater than 1000 m%/g, greater than
500 m?/g, greater than 100 m?/g, greater than 50 m%/g, greater than 20 m%/g,
greater than 10 m?/g, greater than 5 m%g, greater than 1 m?g, greater than
0.0001 m#g.

Other catalysts useful in the context of the catalytic forms and
formulations described herein will be readily apparent to one of ordinary skill in

the art.

Referring back to Figure 1, introduction of the methane source
106 to the one or more vessels 102 may be partially or completely obstructed
by one or more final control elements 116. In at least some instances, the final
control element 116 includes one or more variable final control elements, for
example one or more control valves, suitable for modulating the rate at which
the methane source 106 is introduced to the one or more vessels 102. In at
least some instances, the final control element 116 includes one or more
discrete final control elements, for example a plurality of open/close block
valves arranged in a double block and bleed arrangement to affirmatively halt
the introduction of the methane source 106 to the one or more vessels 102.

Introduction of the oxidant 108 to the one or more vessels 102
may be partially or completely obstructed by one or more final control elements
118. In at least some instances, the final control element 118 includes one or
more variable final control elements, for example one or more control valves,
suitable for modulating the rate at which the oxidant 108 is introduced to the
one or more vessels 102. In at least some instances, the final control element
118 includes one or more discrete final control elements, for example a plurality

of open/close block valves arranged in a double block and bleed arrangement,
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to affirmatively halt the introduction of the oxidant 108 to the one or more
vessels 102.

In at least some embodiments one or more pressure relief devices
120 may be fluidly coupled to each of the one or more vessels 102. The one or
more pressure relief devices can be selected, sized, or rated at least in part
based upon the volume of each of the respective one or more vessels 102 to
which they are fluidly coupled, the expected composition within each of the
respective one or more vessels 102 to which they are fluidly coupled, the
expected operating temperature of each of the respective one or more vessels
102 to which they are fluidly coupled, the expected operating pressure of each
of the respective one or more vessels 102 to which they are fluidly coupled, or
any combination thereof. The one or more pressure relief devices 120 may
include, but are not limited to, one or more pressure safety valves, one or more
rupture discs, or combinations thereof. Where multiple pressure relief devices
120 are fluidly coupled to each of the respective one or more vessels 102, each
of the pressure relief devices may have differing structures, fluid connections,
pressure activation ratings, temperature ratings, or combinations thereof.

Each of the one or more vessels 102 can have any physical size,
shape, or configuration. Where multiple vessels 102 are used, each may have
the same size or may of a different size. Each of the one or more vessels 102
can have an operating temperature of less than about 1500°C; less than about
1250°C; less than about 1100°C; less than about 1000°C; less than about
950°C; less than about 900°C; less than about 850°C; less than about 800°C;
less than about 750°C; less than about 700°C; or less than about 650°C. Each
of the one or more vessels 102 can be constructed of a material selected based
at least in part on the expected operating temperature, operating pressure, and
corrosivity of the methane source 106, the oxidant 108, the one or more
catalysts, and the OCM gas 110. Example materials of construction for each of
the one or more vessels can include, but is not limited to, one or more carbon

steel alloys, one or more stainless steel alloys, one or more nickel alloys, or one
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or more combinations thereof. In at least some instances, a refractory or
similar thermally insulative lining may be installed within at least a portion of the
one or more vessels 102.

Although depicted as entering the one or more vessels 102
separately, in at least some instances all or a portion of the methane source
106 and the oxidant 108 are mixed, joined or otherwised combined to provide
the bulk gas mixture 114 prior to introduction to the one or more vessels 102.
Where at least a portion of the methane source 106 and at least a portion of the
oxidant 108 are introduced to the one or more vessels 102 separately, one or
more structures, systems or devices, for example one or more baffles, vanes,
or flow diverters, may be installed within some or all of the one or more vessels
102 to promote the mixing of the methane source 106 and the oxidant 108 to
provide a substantially homogeneous bulk gas mixture 114 within the one or
more vessels 102. The GHSV through each of the one or more vessels 102
may be the same or different since changes in either the reactant gas flow rate
or the volume of each of the one or more vessels 102 will affect the GHSV.

The GHSV in each of the one or more reactors can be less than about 100,000
h™'; less than about 75,000 h™"; less than about 50,000 h™'; less than about
40,000 h''; less than about 30,000 h™'; less than about 20,000 h™'; less than
about 10,000 h'"; less than about 5,000 h™'; less than about 4,000 h™; less than
about 2,000 h™"; or less than about 1,000 h™.

The temperature gradient or rise rate within the catalyst bed 104
is a function of the temperature, pressure, and composition of the bulk gas
mixture 114 as well as the composition of the catalyst bed 104. The
temperature gradient or rise rate within the catalyst bed 104 is also a function of
the linear velocity of the bulk gas mixture 114 through the catalyst bed 104.

The linear velocity of the bulk gas mixture 114 through the catalyst bed 104 can
be less than about 50 meters/sec (m/s); less than about 25 m/s; less than about

20 m/s; less than about 15 m/s; less than about 10 m/s; less than about 5 m/s;
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less than about 2.5 m/s; less than about 1 m/s; less than about 0.5 m/s; less
than about 0.1 m/s.

In at least some embodiments, the operating pressure of each of
the one or more vessels 102 may be maintained at less than 15 pounds per
square inch gauge (“psig”) to avoid registration as a pressure vessel under the
latest version of the American Society of Mechanical Engineers (ASME®)
Section VIII Pressure Vessel Code (“ASME® Section VIII"). In other instances,
the operating pressure of the one or more vessels may be greater than 15 psig
and each of the one or more vessels 102 may be an ASME registered pressure
vessel under ASME® Section VIII. In those other instances, the operating
pressure of the one or more vessels 102 can be less than about 150 psig; less
than about 100 psig; less than about 75 psig; less than about 50 psig; or less
than about 25 psig.

One or more catalyst beds 104, each containing at least one
catalyst, are disposed at least partially within the one or more vessels 102.
Within each of the one or more vessels 102, one or more structural supports,
for example in the form of a structural frame, structural mesh or structural
grating capable of permitting the passage of gases with minimal pressure drop,
may extend across all or a portion of the cross-sectional area of each of the one
or more vessels 102. Where multiple catalyst beds 104 are used, each of the
catalyst beds 104 can be supported using a structural support such as a
structural frame, structural mesh or structural grating. The exact construction
and structure of the structural support can depend upon the nature,
composition, depth, and specific density of the one or more catalysts disposed
on the structural support. In some embodiments, the one or more catalysts
may be disposed on a rigid carrier structure, such as a honeycomb structure,
that is capable of providing structural support for itself and the surrounding
carrier structures, in which case the structural support in each of the one or
more vessels 120 may be a simple structural framework sized and positioned to

support the catalyst carrier structures and imposing minimal, if any, gas phase
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pressure drop in addition to the inherent pressure drop through the one or more
catalysts themselves. In some embodiments, the one or more catalysts may be
formed into random or fixed shapes, such as rings, saddles, pellets, trilobes,
tablets, rib with holes, spheres, extrusions, spoked wheels, granules,
microspheres, and the like, in which case the structural support in each of the
one or more vessels 102 may include at least one of a structural support grating
or mesh to support the one or more catalysts.

The catalyst bed 104 can include one catalyst having a single
chemical composition and single physical shape, one catalyst having a single
chemical composition and a plurality of differing physical shapes, a plurality of
catalysts each having differing chemical compositions and a single physical
shape, a plurality of catalysts each having differing chemical compositions and
differing physical shapes, an inert material having a single chemical
composition and single physical shape, one inert material having a single
chemical composition and a plurality of differing physical shapes, a plurality of
inert materials each having differing chemical compositions and a single
physical shape, a plurality of inert materials each having differing chemical
compositions and differing physical shapes, or combinations thereof.

In at least some embodiments, the catalyst bed 104 may include a
plurality of distinct layers, zones, or sections. In at least some embodiments,
one or more inert materials may be used as a physical support for the one or
more catalysts in each of the one or more catalysts beds 104. The one or more
catalyst beds 104 in each of the one or more vessels 102 can have the same or
different depth, thickeness, composition, or combinations thereof. For example,
in at least some embodiments, the one or more catalyst beds 104 can include a
base layer of rigid inert support material, one or more layers of structured
catalyst including one or more catalyst compositions on a rigid substrate, and
one or more layers of loose shaped catalyst. The overall thickness or depth of
the one or more catalyst beds 104 can be based in whole or in part on thermal

considerations such as the desired overall temperature rise through the one or
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more catalyst beds 104 or the overall temperature rise through one or more
layers within the catalyst bed 104 or the desired overall temperature profile
through the one or more catalyst beds 104 or the overall temperature profile
through one or more layers within the catalyst bed 104. In some instances, the
composition or structure of the one or more catalyst beds 104 in each of the
one or more vessels 102 can be based in whole or in part on a desired gas
pressure drop through the one or more catalyst beds 104.

In at least some embodiments, each of the one or more catalyst
beds 104 can include one or more layers having an individual or combined
overall depth or thickness of less than about 300 inches; less than about 200
inches; less than about 100 inches; less than about 80 inches; less than about
60 inches; less than about 48 inches; less than about 42 inches; less than
about 36 inches; less than about 30 inches; less than about 24 inches; less
than about 18 inches; less than about 12 inches; or less than about 6 inches.
The one or more catalyst beds 104 can have a length/diameter (“L/D”) ratio of
less than about 300; less than about 250; less than about 200; less than about
150; less than about 100; less than about 50; less than about 25; or less than
about 10. In at least some situations, each of the one or more catalyst beds
104 can contain a structured catalyst layer including one or more catalysts
disposed on a rigid structural support having a thickness of less than about 24
inches; less than about 18 inches; less than about 12 inches; less than about 8
inches; less than about 4 inches; less than about 2 inches; or less than about 1
inch. In at least some situations, each of the one or more catalyst beds 104 can
contain a structured inert layer including one or more rigid structural inert
supports having a thickness of less than about 24 inches; less than about 18
inches; less than about 12 inches; less than about 8 inches; less than about 4
inches; less than about 2 inches; or less than about 1 inch. In at least some
situations, each of the one or more catalyst beds 104 can contain one or more
random or unstructured catalyst layers including one or more catalysts having

one or more physical or chemical compositions and having a bed thickness of
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less than about 24 inches; less than about 18 inches; less than about 12
inches; less than about 8 inches; less than about 4 inches; less than about 2
inches; or less than about 1 inch. In at least some situations, each of the one
or more catalyst beds 104 can contain one or more random or unstructured
inert layers including one or more inerts having one or more physical or
chemical compositions and having a bed thickness of less than about 24
inches; less than about 18 inches; less than about 12 inches; less than about 8
inches; less than about 4 inches; less than about 2 inches; or less than about 1
inch.

When the one or more catalyst beds 104 are operated under
substantially adiabatic conditions, the temperature rise or increase across the
bed can be controlled or by adjusting the temperature of the methane source
106, the oxidant 108, or both the methane source 106 and the oxidant 108.
Such control provides the ability to limit the temperature increase through the
one or more catalyst beds 104. Under substantially adiabatic conditions, the
temperature increase across the one or more catalyst beds 104 can be greater
than about 50°C; greater than about 100°C; greater than about 150°C; greater
than about 200°C; or greater than about 250°C. In at least some embodiments,
the methane source 106, oxidant 108, or both the methane source 106 and the
oxidant 108 may be halted or interrupted to the one or more vessels 102 when
the one or more vessels are operated under substantially adiabatic conditions
and the temperature increase across or through the one or more catalyst beds
is greater than about 100°C; greater than about 150°C; greater than about
200°C; greater than about 250°C; greater than about 275°C; greater than about
300°C; greater than about 325°C; or greater than about 350°C.

When the one or more catalyst beds 104 are operated under
substantially adiabatic conditions, the maximum temperature attained within the
one or more catalyst beds 104 also can be controlled by adjusting the
temperature, pressure, flow, or composition of the methane source 106, the

oxidant 108, the bulk gas mixture 114, or combinations thereof. Such control
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provides the ability to limit the maximum temperature attained within the one or
more catalyst beds 104. Under substantially adiabatic conditions, the maximum
temperature within the one or more catalyst beds 104 can be less than about
1000°C; less than about 950°C; less than about 900°C; less than about 850°C;
less than about 800°C; less than about 750°C; less than about 700°C; less than
about 650°C; or less than about 600°C. Under substantially adiabatic
conditions, the operating temperature within the one or more catalyst beds 104
can be from about 400°C to about 950°C; from about 500°C to about 900°C;
from about 500°C to about 850°C; from about 500°C to about 800°C; or from
about 500°C to about 750°C. In at least some embodiments, the methane
source 106, oxidant 108, or both the methane source 106 and the oxidant 108
may be halted or interrupted to the one or more vessels 102 when the one or
more vessels are operated under substantially adiabatic conditions and the
maximum temperature within the one or more catalyst beds is greater than
about 700°C; greater than about 750°C; greater than about 800°C; greater than
about 850°C; greater than about 900°C; greater than about 950°C; greater than
about 1000°C; greater than about 1050°C; or greater than about 1100°C.
Additionally, when the one or more catalyst beds 104 are
operated under substantially adiabatic conditions, the rate of temperature
increase at any point within the one or more catalyst beds 104 can be
controlled using by adjusting the temperature of the methane source 106, the
oxidant 108, or both the methane source 106 and the oxidant 108. Such
control provides the ability to limit the rate of temperature increase at any point
within the one or more catalyst beds 104. Under substantially adiabatic
conditions, the rate of temperature change at any point within the one or more
catalyst beds 104 can be less than about 50°C/min; less than about 40°C/min;
less than about 30°C/min; less than about 25°C/min; less than about 20°C/min;
less than about 15°C/min; less than about 10°C/min; less than about 5°C/min;
less than about 1°C/min. In at least some embodiments, the methane source

106, oxidant 108, or both the methane source 106 and the oxidant 108 may be
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halted or interrupted to the one or more vessels 102 when the one or more
vessels are operated under substantially adiabatic conditions and the maximum
rate of temperature increase at any point within the one or more catalyst beds is
greater than about 5°C/min; greater than about 10°C/min; greater than about
15°C/min; greater than about 20°C/min; greater than about 25°C/min; greater
than about 30°C/min; greater than about 40°C/min; or greater than about
50°C/min.

Where the one or more vessels 102 are operated under
substantially adiabatic conditions as depicted in Figure 1, the thermal energy
released by the OCM reaction occurring within the catalyst will substantially
only be removed with the OCM gas 110. Upon removal from the one or more
vessels 102, at least a portion of the thermal energy carried by the OCM gas
110 can be removed using one or more thermal transfer devices 112. At least
a portion of the one or more thermal transfer devices 112 can include one or
more coolant injection points, for example one or more points where a cooled,
or even liquefied gas such as nitrogen, oxygen, methane, or combinations
thereof are introduced. At least a portion of the one or more thermal transfer
devices 112 can include one or more non-contact heat transfer devices such as
a heat exchanger or air cooler. The temperature of the OCM gas 110 after
removal from the one or more thermal transfer devices 112 can vary based
upon the use of the OCM gas 110. For example, where the OCM gas 110
removed from the one or more thermal transfer devices 112 will be used to
provide all or a portion of the methane source 106 to a subsequent one or more
vessels 102, the temperature of the OCM gas removed from the one or more
vessels 102 may be no less than about 100°C; no less than about 200°C; no
less than about 300°C; no less than about 400°C; no less than about 500°C; no
less than about 600°C; no less than about 700°C; no less than about 800°C; or
no less than about 900°C. Where the OCM gas 110 removed from the one or
more thermal transfer devices 112 will be introduced to subsequent separation

or distillation processes to remove or recover one or more components, the
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temperature of the OCM gas removed from the one or more vessels 102 may
be no more than about 400°C; no more than about 350°C; no more than about
300°C; no more than about 250°C; no more than about 200°C; no more than
about 150°C; no more than about 100°C; or no more than about 50°C.

Operating under substantially adiabatic conditions, temperature
increase across each catalyst bed 104, the outlet temperature of each catalyst
bed 104, and the temperature profile of each catalyst bed 104 may be
controlled based upon the temperature, pressure, flow, and composition of the
methane source 106, the oxidant 108, and the bulk gas mixture 114. Each
catalyst bed 104 inlet, outlet, and intermediate temperatures may be measured
via one or more temperature sensors and transmitters (not shown in Figure 1).
All or a portion of the measured catalyst bed 104 temperature data may be
used to provide one or more process input signals indicative of the measured
catalyst temperature(s) to one or more temperature, pressure, flow, or
composition controllers. The one or more controllers can provide a control
signal output to one or more final control elements used to control the
temperature, pressure, or flow of at least one of the methane source 106 or the
oxidant 108. For example, responsive to some or all of the catalyst bed 104
inlet temperature, the catalyst bed 104 outlet temperature, the catalyst bed 104
maximum temperature, the catalyst bed 104 temperature gradient, or the
catalyst bed 104 temperature profile, one or more of the temperature, pressure,
flow, or composition of the methane source 106 or oxidant 108 may be
controlled or otherwise adjusted using one or more control valves or the like.

In at least some situations, the longer chain saturated
hydrocarbons produced in the OCM reaction can be subjected to one or more
steam orthermal cracking operations using residual methane and nitrogen
present in the OCM gas 110 as diluents to desaturate at least a portion of the
saturated hydrocarbons, thereby increasing the concentration of one or more
targeted unsaturated hydrocarbons such as ethylene, propylene, butene, and

the like. In at least some situations, the steam or thermal cracking operation on
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the OCM gas 110 may occur prior to the removal of the OCM gas 110 from the
at least one vessel 102, for example by introducing high pressure steam to at
least a portion of the at least one vessel 102. In other instances, the OCM gas
110 removed from the at least one vessel 102 may be introduced to a separate
chamber within the at least one vessel 102 or to a separate vessel 102 in which
higher hydrocarbon cracking may occur.

In at least some embodiments, one or more higher hydrocarbons,
for instance recovered ethane or C4-C4 light ends captured in an ethylene to
liquids separations process, may be introduced to the OCM reactor 102, before
the OCM reactor 102 (e.g., by mixing with the methane source 106), or after the
OCM reactor 102 (e.g., by mixing with the OCM gas 110). In at least some
embodiments, at least a portion of the one or more higher hydrocarbons may
be introduced directly within the catalyst bed 104. In other embodiments, at
least a portion of the one or more higher hydrocarbons may be introduced to
the OCM gas 110 prior to cooling the OCM gas in a thermal transfer device 112
fluidly coupled to the OCM reactor 110.

The thermal transfer device 112 may provide all or a portion of the
guench to halt the steam or thermal cracking of the OCM gas 110. Where more
than one vessel 102 is used, for example where a plurality of serially coupled
vessels 102 are used, steam or thermal cracking may be used in some or all of
the vessels, for example in the last one, two or three serially coupled vessels
102. In some instances, the OCM gas 110 removed from the at least one
vessel 102 may be introduced to a subsequent vessel dedicated to steam or

thermal cracking of the OCM gas 110. The ability to thermally crack at least a

portion of the OCM gas 110 prior to removal from the at least one vessel can
advantageously convert a portion of the saturated hydrocarbons present in the
OCM gas 110 to one or more targeted unsaturated hydrocarbons.

The OCM reaction processes and systems described herein
provide the advantageous ability to operate an OCM process, at low reaction

temperatures (e.g., less than 800°C), low operating pressures (e.g., less than
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120 psig), using air as an oxidant while maintaining a high GHSV (e.qg., greater
than 50,000 hr‘1). In one example, the OCM process using air to provide the
oxidant 108 may provide ethylene and ethane yields in excess of 2% each
while maintaining an adiabatic bed temperature of less than 750°C, a reaction
pressure of less than 100 psig, and a GHSV in excess of 100,000 hr".

Figure 2 shows schematically a system 200 for the production of
one or more alkene hydrocarbons via oxidative coupling of methane (“OCM?) in
the presence of at least one catalyst. The system 200 includes at least one
vessel 102 containing one or more catalysts forming at least one catalyst bed
104. Within the at least one vessel 102, the at least one catalyst bed 104 is at
least partially disposed within an interior space formed within one or more
hollow members 204 such as one or more cylindrical heat exchanger tubes.
Methane present in the methane source 106 and oxygen present in the oxidant
108 exothermically react as they pass through the one or more catalysts
forming the at least one catalyst bed 104 in each of the one or more hollow
members 204. In at least some embodiments, a plurality of hollow members
204, each containing one or more catalysts forming one or more catalyst beds
104 can extend across substantially all the cross sectional area of the at least
one vessel 102, thereby minimizing or eliminating the possibility of gas bypass
around the at least one catalyst bed 104. In at least some embodiments, the at
least one vessel 102 may physically resemble a vertically oriented shell and
tube heat exchanger having one or more hollow members 204 configured to
form a plurality of equivalent, parallel, flow paths arranged on a triangular or
square tube pitch. A tubesheet 208 may be affixed to each end of the one or
more hollow members to fluidly isolate the bulk gas mixture 114 and the OCM
gas 110 from a void 206 through which a coolant may flow about the one or
more hollow members 204.

The void 206 extends from an exterior surface defined by the one
or more hollow members 204 to an interior surface of the one or more vessels

102. In at least some embodiments, a coolant is circulated through the void 206
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to transfer thermal energy released by the exothermic OCM reaction occurring
within the at least one catalyst forming the one or more catalyst beds 104 within
the one or more hollow members 204. In some instances, the void 206 can
include one or more sections, each containing the same or a different coolant at
the same or different temperatures to provide a plurality of operating
temperature ranges throughout the length of the one or more hollow members
204. One or more external thermal transfer devices 212 is fluidly coupled 210,
214 to the void 206 and used to remove thermal energy from the coolant prior
to reintroducing the coolant back into the void 206. The use of one or more
external thermal transfer devices 212 to remove at least a portion of the thermal
energy released by the OCM reaction occurring within the one or more catalyst
beds 104 disposed within the one or more hollow members 204, permits the
operation of the one or more catalyst beds 104 under substantially isothermal
conditions.

When the one or more catalyst beds 104 are operated under
substantially isothermal conditions, the temperature increase across the one or
more catalyst beds 104 can be limited or controlled by adjusting at least one of
the flowrate or temperature of the coolant within the void 206. The temperature
increase across the one or more catalyst beds 104 may also be limited or
otherwise controlled by adjusting one or more of the temperature, pressure,
flow, or composition of the methane source 106, the oxidant 108, or the bulk
gas mixture 114. Such control provides the ability to limit the temperature
increase through the one or more catalyst beds 104. Under substantially
isothermal conditions, the temperature increase or axial temperature gradient
across the one or more catalyst beds 104 (e.g. measured from tube entry to
tube exit, or the difference between inlet temperature and outlet temperature)
can be less than about 50°C; less than about 40°C; less than about 30°C; less
than about 25°C; less than about 20°C; less than about 15°C; less than about

10°C; less than about 5°C; or less than about 1°C.
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Under substantially isothermal conditions, a temperature profile
may develop radially outward from the center of the tube — in other words, the
temperature of the catalyst bed measured at the center of the hollow member
204 may be greater than the temperature measured proximate the interior wall
of the hollow member 204 where thermal energy is exchanged with the coolant
in the void 206. This differential temperature across the diameter of the hollow
member may be referred to as a “radial temperature gradient.” The radial
temperature gradient may be linearly dependent or non-linearly dependent
(e.g., exponential, hyperbolic, parabolic, etc.) upon the distance from the center
of the hollow member 204. In at least some embodiments the temperature
difference between the catalyst at the center of the hollow member and the
catalyst proximate the hollow member wall can be less than about 500°C; less
than about 450°C; less than about 400°C; less than about 350°C; less than
about 300°C; less than about 250°C; less than about 200°C; less than about
150°C; less than about 100°C; less than about 50°C; less than about 25°C; less
than about 10°C; or less than about 5°C.

Operationally, the radial temperature gradient within a vessel 102
operated under substantially isothermal conditions can be greater, and in some
instances significantly greater, than the axial temperature gradient within the
hollow member 204. In some instances, the radial temperature gradient
(temperature difference between catalyst in center and proximate the wall of the
hollow member 204) and the axial temperature gradient (catalyst temperature
difference between tube inlet and tube exit) can be greater than about 10°C;
greater than about 25°C; greater than about 50°C; greater than about 100°C;
greater than about 150°C; greater than about 200°C; or greater than about
250°C.

In at least some embodiments, the methane source 106, oxidant
108, or both the methane source 106 and the oxidant 108 may be halted or
interrupted to the one or more vessels 102 when the one or more vessels are

operated under substantially isothermal conditions and the temperature
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increase across or through the one or more catalyst beds is greater than about
5°C; greater than about 10°C; greater than about 15°C; greater than about
20°C; greater than about 25°C; greater than about 30°C; greater than about
45°C; greater than about 60°C; or greater than about 75°C.

When the one or more catalyst beds 104 are operated under
substantially isothermal conditions, the maximum temperature attained within
the one or more catalyst beds 104 can be controlled by adjusting at least one of
the flowrate or temperature of the coolant within the void 206. The maximum
temperature attained within the one or more catalyst beds 104 may also be
limited or otherwise controlled by adjusting one or more of the temperature,
pressure, flow, or composition of the methane source 106, the oxidant 108, or
the bulk gas mixture 114. Such control provides the ability to limit the maximum
temperature attained within the one or more catalyst beds 104. Under
substantially isothermal conditions, the maximum temperature within the one or
more catalyst beds 104 can be less than about 1000°C; less than about 950°C;
less than about 900°C; less than about 850°C; less than about 800°C; less than
about 750°C; less than about 700°C; less than about 650°C; or less than about
600°C. Under substantially isothermal conditions, the operating temperature
within the one or more catalyst beds 104 can be from about 400°C to about
950°C; from about 500°C to about 900°C; from about 500°C to about 850°C;
from about 500°C to about 800°C; or from about 500°C to about 750°C. In at
least some embodiments, the methane source 106, oxidant 108, or both the
methane source 106 and the oxidant 108 may be halted or interrupted to the
one or more vessels 102 when the one or more vessels are operated under
substantially isothermal conditions and the maximum temperature within the
one or more catalyst beds is greater than about 650°C; greater than about
700°C; greater than about 750°C; greater than about 800°C; greater than about
850°C; greater than about 900°C; greater than about 950°C; greater than about
1000°C; or greater than about 1050°C.

87



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

Additionally, when the one or more catalyst beds 104 are
operated under substantially isothermal conditions, the rate of temperature
change at any point within the one or more catalyst beds 104 can be controlled
by adjusting at least one of the flowrate or temperature of the coolant within the
void 206. Such control provides the ability to limit the rate of temperature
change at any point within the one or more catalyst beds 104. Under
substantially isothermal conditions, the rate of temperature change at any point
within the one or more catalyst beds 104 can be less than about 50°C/min; less
than about 40°C/min; less than about 30°C/min; less than about 25°C/min; less
than about 20°C/min; less than about 15°C/min; less than about 10°C/min; less
than about 5°C/min; less than about 1°C/min. In at least some embodiments,
the methane source 106, oxidant 108, or both the methane source 106 and the
oxidant 108 may be halted or interrupted to the one or more vessels 102 when
the one or more vessels are operated under substantially isothermal conditions
and the maximum rate of temperature change at any point within the one or
more catalyst beds is greater than about 5°C/min; greater than about 10°C/min;
greater than about 15°C/min; greater than about 20°C/min; greater than about
25°C/min; greater than about 30°C/min; greater than about 40°C/min; or greater
than about 50°C/min.

Operating under substantially isothermal conditions within each of
the hollow members 204 containing a catalyst bed 104, the temperature
increase or gradient across the catalyst bed 104, the outlet temperature of the
catalyst bed 104, and the temperature profile of the catalyst bed 104 may be
partially or completely controlled by adjusting at least one of the temperature,
pressure, flow, and composition of the methane source 106 or the oxidant 108.
Additionally within each of the hollow members 204 containing a catalyst bed
104, the temperature increase or gradient across the catalyst bed 104, the
outlet temperature of the catalyst bed 104, and the temperature profile of the
catalyst bed 104 may also be partially or completely controlled by adjusting at

least one of the temperature or the flowrate of the coolant flowing through the
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void 206. The temperature of the coolant within the void 206 may be controlled,
for example through the use of one or more temperature controllers and
coupled to one or more final control elements configured to increase or
decrease the amount of thermal energy removed from the coolant using the
one or more thermal transfer devices 212.

The inlet, outlet, and intermediate temperatures for each catalyst
bed 104 are measured using one or more temperature sensors and transmitters
(not shown in Figure 2). In at least some situations, all or a portion of the
measured catalyst bed 104 temperature data may be used to provide one or
more process variable inputs to one or more temperature, pressure, flow, or
composition controllers coupled to final control elements acting on the methane
source 106 or the oxidant 108. In those situations, responsive to some or all of
the catalyst bed 104 inlet temperature, the catalyst bed 104 outlet temperature,
the catalyst bed 104 maximum temperature, the catalyst bed 104 temperature
gradient or increase, or the catalyst bed 104 temperature profile, one or more of
the temperature, pressure, flow, or composition of the methane source 106 or
oxidant 108 may be adjusted using one or more final control elements such as
one or more control valves or the like.

In at least some situations, all or a portion of the measured
catalyst bed 104 temperature data may be used to provide one or more process
variable inputs to one or more temperature or flow controllers coupled to final
control elements acting on the coolant within the void 206. In those situations,
responsive to some or all of the catalyst bed 104 inlet temperature, the catalyst
bed 104 outlet temperature, the catalyst bed 104 maximum temperature, the
catalyst bed 104 temperature gradient or increase, or the catalyst bed 104
temperature profile, one or more of the level, temperature or flow of the coolant
through the void 206 may be adjusted using one or more final control elements
such as one or more control valves or the like. In at least some instances, the
coolant level within the void 206 may be adjusted during start-up and operation

of the at least one vessel. For example during start-up the level of the coolant
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may be maintained at a low level to permit heat to build within the catalyst bed
104, promoting the formation of one or more targeted hydrocarbons. As the
temperature builds within the catalyst bed 104, the coolant level within the void
206 can be adjusted to maintain a desired temperature or temperature profile
within the catalyst bed 104.

The one or more hollow members 204 can include a hollow
member having any cross-sectional profile. An example hollow member 204
includes an electric resistance welded (“ERW?”) or seamless drawn carbon steel
alloy, stainless steel alloy, or nickel alloy tube having a diameter of less than
about 0.375 inches; less than about 0.5 inches; less than about 0.625 inches;
less than about 0.75 inches; less than about 0.875 inches; less than about 1
inch; less than about 1.25 inches; less than about 1.5 inches; or less than about
2 inches. An example hollow member 204 includes an electric resistance
welded ("ERW?”) or seamless drawn carbon steel alloy, stainless steel alloy, or
nickel alloy tube having a wall thickness of less than about 0.2 inches; less than
about 0.1 inches; less than about 0.075 inches; less than about 0.05 inches; or
less than about 0.025 inches. The one or more hollow members 204 can have
any length, including lengths of less than about 20 feet; less than about 15 feet;
less than about 10 feet; less than about 8 feet; less than about 6 feet; less than
about 4 feet; less than about 3 feet; less than about 2 feet; less than about 1.5
feet; less than about 1 foot; less than about 0.5 feet; or less than about 0.1 feet.

Each of the one or more hollow members 204 can contain a
catalyst bed 104 including one or more catalysts, one or more inert materials, or
any combination thereof. In at least some embodiments, the catalyst bed 104
within each of the hollow members 104 may include a plurality of distinct layers,
zones, or sections. In at least some embodiments, the one or more catalysts
104 disposed within each of the one or more hollow members 204 can include
one or more inert materials used as a support for the one or more catalysts
within each of the hollow members 204. The one or more catalysts can include

one or more different composition catalysts, one or more active catalyst
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concentrations, one or more inerts, or combinations thereof. In at least some
embodiments one or more screens, grids, or support structures may be
disposed proximate one or both ends of the one or more hollow members 204
to maintain the one or more catalysts within the hollow member 204. The
GHSV through each of the one or more hollow members 204 may be the same
or different since changes in either the reactant gas flow rate or the volume of
each of the one or more hollow members 204 will affect the GHSV. The GHSV
in each of the one or more hollow members 204 can be less than about
100,000 h™; less than about 75,000 h™'; less than about 50,000 h™'; less than
about 40,000 h™"; less than about 30,000 h™'; less than about 20,000 h™"; less
than about 10,000 h'™'; less than about 5,000 h™'; less than about 4,000 h™'; less
than about 2,000 h™*; or less than about 1,000 h™.

The temperature gradient or rise rate within the catalyst bed 104
is a function of the linear velocity, temperature, pressure, and composition of
the bulk gas mixture 114 as well as the composition of the catalyst bed 104.
The temperature gradient or rise rate within the catalyst bed 104 is also a
function of the linear velocity of the bulk gas mixture 114 through the catalyst
bed 104. The linear velocity of the bulk gas mixture 114 through the catalyst
bed 104 can be less than about 50 meters/sec (m/s); less than about 25 m/s;
less than about 20 m/s; less than about 15 m/s; less than about 10 m/s; less
than about 5 m/s; less than about 2.5 m/s; less than about 1 m/s; less than
about 0.5 m/s; less than about 0.1 m/s.

The one or more hollow members 204 can be physically bonded
to and affixed within one or more tubesheets 208 that form a portion of the void
206 to prevent loss of the coolant from the void 206. Where multiple hollow
members 204 are used, for example where the vessel 102 includes a shell and
tube type heat exchanger, one or more intermediate tube stays or baffles (not
shown in Figure 2, but well known to those in the chemical engineering art) may
be affixed periodically along the lengths of a portion of the one or more hollow

members 204 to maintain spacing between the one or more hollow members
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204, to permit the flow of coolant between the one or more hollow members
204, and to promote an even distribution and flow pattern of the coolant within
the void 206.

The void 206 can be partially or completely filled with one or more
coolants. The one or more coolants can be selected based upon maximum
operating temperature, heat transport capability, stability, flowability, corrosivity
or combinations thereof. The coolant can flow through the thermal transfer
device 212 via pumping, closed-loop thermosyphoning or combinations thereof.
The one or more coolants can include, but are not limited to one or more molten
metal or salt coolants, one or more liquid coolants, one or more gaseous
coolants, or combinations thereof. In some embodiments, the one or more
coolants can include one or more fusible alloys such as sodium, sodium-
potassium alloys, lead, or lead bismuth alloys. In one or more preferred
embodiments, the one or more coolants include one or more molten salts
including a mixture of sodium fluoride and sodium tetrafluoroborate (NaF-
NaBF,), lithium fluoride and beryllium fluoride (FLiBe), or lithium fluoride,
sodium fluoride, and potassium fluoride (FLiNaK). In at least some
embodiments, one or more mineral or thermal transfer oils can be used as a
coolant within the void 206. Other similar coolants, including but not limited to
solar salts such as NaNO_, NaNOs, and KNOs, may be substituted.

Relatively high temperature coolant can be removed from the void
206 and introduced to the one or more thermal transfer devices 212 via one or
more connections 214 that fluidly couple the one or more thermal transfer
devices 212 to the void 206. The relatively high temperature coolant passes
through the one or more thermal transfer devices 212 and is returned as a
relatively low temperature coolant to the void 206 via one or more connections
210 that fluidly couple the one or more thermal transfer devices 212 to the void
206. In at least some embodiments, one or more coolant storage systems (not
shown in Figure 2) may be fluidly coupled to the void 206 to accept and

maintain the coolant at or above the liquification temperature of the coolant, for
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example when the coolant is removed or otherwise isolated from the one or
more vessels 102 or one or more thermal transfer devices 212 to permit
maintenance or repair of the one or more vessels 102 or one or more thermal
transfer devices 212.

At least a portion of the thermal energy removed from the void
206 by the coolant may be removed from the coolant via the one or more
thermal transfer devices 212. The one or more thermal transfer devices 212
can include one or more non-contact heat transfer devices such as a heat
exchanger to transfer thermal energy from the coolant to one or more thermal
fluids, or air cooler to transfer thermal energy from the coolant to air passing
through the air cooler. In at least some embodiments, the one or more thermal
transfer devices 212 can include heat transfer surfaces having one or more
enhanced heat transfer surfaces such as fins or flutes.

The temperature of the coolant exiting the one or more thermal
transfer devices 212 can vary based upon the thermal transfer medium used to
remove thermal energy from the coolant, the freezing point of the coolant, the
desired temperature of the one or more catalyst beds, or combinations thereof.
For example, where the temperature of the the OCM gas 110 removed from the
one or more thermal transfer devices 112 will be used to provide all or a portion
of the methane source 106 to a one or more subsequent vessels 102, the
temperature of the OCM gas removed from the one or more vessels 102 may
be greater than about 100°C; greater than about 200°C; greater than about
300°C; greater than about 400°C; greater than about 500°C; greater than about
600°C; greater than about 700°C; greater than about 800°C; or greater than
about 900°C. Where the OCM gas 110 removed from the one or more thermal
transfer devices 112 will be introduced to subsequent separation or distillation
processes to remove or recover one or more components, the temperature of
the OCM gas removed from the one or more vessels 102 may be less than
about 400°C; less than about 350°C; less than about 300°C; less than about
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250°C; less than about 200°C; less than about 150°C; less than about 100°C; or
less than about 50°C.

Figure 3 shows schematically a system 300 for the production of
one or more alkene hydrocarbons via oxidative coupling of methane (“OCM?)
using one or more vessels 102 having one or more catalyst beds 104 operating
under adiabatic conditions. The system 300 further includes one or more
thermal input devices 302 for providing a thermal energy input to the methane
source 106, one or more thermal input devices 304 for providing a thermal
energy input to the oxidant 108.

When operated under substantially adiabatic conditions, the
thermal energy released by the OCM reaction occurring in the one or more
catalyst beds 104 is removed from the one or more vessels 102 substantially
only via the OCM gas 110 removed from the one or more vessels 102. In at
least some circumstances, the OCM reaction occurring in the one or more
catalyst beds 104 can be adjusted, affected, or otherwise controlled by
adjusting the thermal energy content of the methane source 106, the thermal
energy content of the oxidant 108, or the thermal energy content of the bulk gas
mixture 114. For example, reducing the thermal energy content of the methane
source 106, the oxidant 108, or the bulk gas mixture 114 can result in a lower
temperature within the one or more catalyst beds 104. Reducing the
temperature within the one or more catalyst beds 104 can affect the
composition of the resultant OCM gas 110.

In at least some embodiments, a thermal energy input can be
provided to the methane source 106 via one or more thermal input devices 302.
The one or more thermal input devices 302 can include, but are not limited to,
one or more non-contact combustion heaters, one or more non-contact heat
transfer devices such as a shell-and-tube, or plate-and-frame heat exchanger
making use of a heat transfer fluid having available thermal energy, or

combinations thereof.
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The one or more thermal input devices 302 can include a non-
contact combustion heater to provide a thermal energy input to the methane
source 106. The non-contact combustion heater can use any fuel source to
provide the thermal energy input including methane, natural gas, one or more
refined petroleum products or the like. The amount of thermal energy input
provided by the combustion heater to the methane source can, in some
instances, be adjusted by automatically or manually controlling the flow of fuel
to the combustion heater. In some instances, the amount of thermal energy
input provided by the combustion heater to the methane source 106 can be
adjusted by automatically or manually bypassing all or a portion of the methane
source 106 around the combustion heater.

The one or more thermal input devices 302 can include one or
more non-contact heat transfer devices to provide a thermal energy input to the
methane source 106. The one or more non-contact heat transfer devices can
use any heat transfer fluid having available thermal energy, for example
saturated or superheated steam, or one or more process streams, such as the
OCM product gas 110, at an elevated temperature to provide the thermal
energy input to the methane source 106. The amount of thermal energy input
provided by the one or more non-contact heat transfer devices to the methane
source can, in some instances, be adjusted by automatically or manually
controlling the flow of the heat transfer fluid having available thermal energy
through the one or more non-contact heat transfer devices. In some instances,
the amount of thermal energy input provided by the one or more non-contact
heat transfer devices to the methane source 106 can be adjusted by
automatically or manually bypassing all or a portion of the methane source 106
around the one or more non-contact heat transfer devices.

In at least some embodiments, a thermal energy input can be
provided to the oxidant 108 via one or more thermal input devices 304. The
one or more thermal input devices 304 can include, but are not limited to, one

or more non-contact combustion heaters, one or more non-contact heat transfer
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devices such as a shell-and-tube, or plate-and-frame heat exchanger making
use of a heat transfer fluid having available thermal energy, or any combination
thereof.

The one or more thermal input devices 304 can include a non-
contact combustion heater to provide a thermal energy input to the oxidant 108.
The non-contact combustion heater can use any fuel source to provide the
thermal energy input including methane, natural gas, one or more refined
petroleum products or the like. The amount of thermal energy input provided by
the combustion heater to the oxidant 108 may, in some instances, be adjusted
by automatically or manually controlling the flow of fuel to the combustion
heater. In some instances, the amount of thermal energy input provided by the
combustion heater to the oxidant 108 may be adjusted by automatically or
manually bypassing all or a portion of the oxidant 108 around the combustion
heater.

The one or more thermal input devices 304 can include one or
more non-contact heat transfer devices to provide a thermal energy input to the
oxidant 108. The one or more non-contact heat transfer devices can use any
heat transfer fluid having available thermal energy, for example saturated or
superheated steam, or one or more process streams, such as the OCM gas
110, at an elevated temperature to provide the thermal energy input to the
oxidant 108. The amount of thermal energy input provided by the one or more
non-contact heat transfer devices to the oxidant 108 can, in some instances, be
adjusted by automatically or manually controlling the flow of the heat transfer
fluid having available thermal energy through the one or more non-contact heat
transfer devices. In some instances, the amount of thermal energy input
provided by the one or more non-contact heat transfer devices to the oxidant
108 can be adjusted by automatically or manually bypassing all or a portion of
the oxidant 108 around the one or more non-contact heat transfer devices.

Thermal energy can be removed from the OCM gas 110 using

one or more thermal transfer devices 112. In at least some embodiments,

96



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

boiler feed water 306 can provide all or a portion of the heat transfer fluid used
to remove thermal energy from the OCM gas 110. In at least some situations,
the one or more thermal transfer devices 112 can be a heat exchanger used in
conjunction with one or more final control elements 308 controlling the flow of
boiler feed water 306 through the one or more thermal transfer devices 112
such that the temperature of the boiler feed water 306 is increased to a point
just below boiling to provide a heated boiler feed water 310. In at least some
situations, the one or more thermal transfer devices 112 can be a fire tube
boiler used in conjunction with one or more final control elements 308
controlling the flow of boiler feed water 306 to the one or more thermal transfer
devices 112 to vaporize at least a portion of the boiler feed water 306 and to
provide a saturated or superheated steam 310. In at least some situations, the
saturated steam 310 produced by the one or more thermal transfer devices 112
is saturated at a pressure of less than about 2000 psig; less than about 1500
psig; less than about 900 psig; less than about 600 psig; less than about 300
psig; less than about 150 psig; less than about 75 psig; or less than about 50
psig.

In some instances, the temperature of the OCM gas 110 may be
adjusted or otherwise controlled by preventing at least a portion of the OCM
gas 110 from passing through the one or more thermal transfer devices 112.
Preventing the passage of at least a portion of the OCM gas 110 removed from
the at least one vessel 102 from passing through the one or more thermal
transfer devices 112 can be accomplished, for example, by bypassing at least a
portion of the OCM gas 110 around the one or more thermal transfer devices
112 using a bypass that is either internal to or external from the one or more
thermal transfer devices 112.

In at least some instances, at least a portion of the thermal energy
removed from the OCM gas 110 may be introduced to at least one of either the
methane source 106 or the oxidant 108. The transfer of thermal energy may be

direct, for example by passing at least a portion of the OCM gas 110 and at

97



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

least a portion of at least one of either the methane source 106 or the oxidant
108 through a non-contact thermal transfer device. In other instances, the
transfer of thermal energy may be indirect, for example as shown in Figure 3
where thermal energy removed from the OCM gas 110 is used to produce
steam which can then be used to transfer thermal energy to at least one of
either the methane source 106 or the oxidant 108.

Operating under substantially adiabatic conditions and for a given
catalyst bed composition, temperature increase or gradient across each
catalyst bed 104, the outlet temperature of each catalyst bed 104, and the
temperature profile of each catalyst bed 104 may be controlled based upon the
temperature, pressure, flow, and composition of the methane source 106, the
oxidant 108, and the bulk gas mixture 114. The catalyst bed 104 inlet, outlet,
and intermediate temperatures can be measured using one or more
temperature sensors and transmitters (not shown in Figure 3). All or a portion
of the measured catalyst bed 104 temperature data may be used to provide one
Oor more process variable inputs to one or more temperature, pressure, flow, or
composition controllers coupled to final control elements capable of directly or
indirectly acting on at least one of either the methane source 106 or the oxidant
108. For example, responsive to at least one of the measured catalyst bed 104
inlet temperature, outlet temperature, maximum temperature, temperature
gradient or increase, or temperature profile, one or more of the temperature,
pressure, flow, or composition of the methane source 106 or oxidant 108 may
be adjusted using one or more final control elements such as one or more
control valves or the like.

As depicted in Figure 3, at least a portion of the thermal energy
contained in the OCM gas 110 may be removed using boiler feed water 306
which, upon receipt of the thermal energy from the OCM gas, can provide
heated boiler feed water or steam 310. In at least some instances, the
temperature of the OCM gas can be measured using one or more temperature

sensors and transmitters providing a process variable input to one or more flow
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controllers providing a control output to one or more final control elements such
as a flow control valve configured to control the flow of boiler feed water
through the one or more thermal transfer devices 112.

Figure 4 shows schematically a system 400 for the production of
one or more alkene hydrocarbons via oxidative coupling of methane (“OCM”)
using one or more vessels 102 having a single, three-layer, catalyst bed 104
operating under adiabatic conditions. For illustrative purposes and for clarity
and conciseness, a single vessel 102 having a single, three layer, catalyst bed
104 will be discussed in detail, however one of ordinary skill in the art will
readily appreciate that any number of beds 104 having any number of layers
may be similarly disposed in any number of vessels 102.

In some instances, each of the one or more catalyst beds 104
may contain multiple layers, for example three layers 402a, 402b, and 402¢c
(collectively “layers 402”) as shown in Figure 4. Each of the layers 402 forming
the catalyst bed 104 may contain one or more catalysts, one or more inert
materials, or combinations thereof. The individual catalysts or inerts selected
for inclusion in each of the layers 402 may be selected for one or more
properties or characteristics that include, but are not limited to, catalyst activity,
catalyst end product selectivity, catalyst or inert gas phase pressure drop,
catalyst or inert effect on thermal profile through the individual layer or through
the entire bed, or combinations thereof.

Each of the layers 402 may be homogeneous, containing a
catalyst having a single chemical composition, a catalyst having a single
physical configuration, an inert having a single chemical composition, or an
inert having a single physical configuration. Alternatively, all or a portion of the
layers 402 may be heterogeneous, containing two or more catalysts having
differing chemical compositions or physical configurations, or containing two or
more inert materials having differing chemical compositions or physical

configurations.
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For example, a first catalyst having a chemical composition “A”
may be selectively doped with a dopant “B1” to provide a catalyst having a very
high activity. A second catalyst, physically identical to the first catalyst, having
chemical composition “A” may be selectively doped with a dopant “B2” to
provide a catalyst having lower activity but greater selectivity in providing one or
more desired products such as ethylene. Within example vessel 102 operating
under adiabatic (i.e. no internal heat transfer) conditions, an example catalyst
bed 104 may contain the following three layers: (a) layer 402a — a 12” layer
containing the first catalyst disposed on a structured inert substrate, for
example a ceramic honeycomb substrate; (b) layer 402b — a 12" layer
containing a mixture of the first and the second catalysts also disposed on a
structured inert substrate such as the ceramic honeycomb substrate; and (c)
layer 402c — a 6” layer containing the second catalyst formed into physical
shapes having low gas phase pressure drop characteristics such as rings or
saddles, in a randomly poured layer.

As described above, the high activity of the first catalyst will
generally result in a large quantity of thermal energy being released by the
OCM reaction occurring proximate the catalyst. Placing the first layer 402a on
a honeycomb substrate will permit limited dispersion of the thermal energy
within the layer, serving to limit the overall heat buildup within layer 402a. The
second layer, 402b, contains both the first catalyst and the second catalyst.
The activity of the first catalyst will continue to release a significant quantity of
thermal energy, hence the repeated use of the honeycomb substrate to assist
in dispersing the thermal energy throughout the layer.

It may have been determined that the placement of the second
catalyst in the second layer 402b advantageously resulted in a slight increase in
the production of preferred products such as ethylene within the layer 402b. In
fact, it may have been determined that the thermal energy released in layer
402a increased the production of ethylene in layer 402b. Thus, layer 402a may

have been included in the catalyst bed 104 to provide a thermal profile
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favorable for the production of ethylene through at least the second layer 402b
and perhaps throughout the entire catalyst bed 104.

The third layer 402c¢ contains a random poured layer of the
second catalyst. The lower activity of the second catalyst may limit the release
of thermal energy within the third layer 402c, thereby permitting the use of a
random poured catalyst without the risk of overheating the third layer 402c or
the entire catalyst bed 104. The higher selectivity of the third layer 402c,
particularly when combined with the relatively high exit temperature exiting the
second layer 402b, may result in the third layer 402c¢ acting as a “polishing”
step, providing additional preferred products while not substantially increasing
the exit temperature from the catalyst bed 104.

Catalysts may be combined or blended with one or more inert
materials such as ceramics or other refractory type, chemically inert, materials
to adjust or otherwise affect the activity or selectivity of the catalyst. Such
blending or mixing can be used to adjust the thermal profile through or across
of all or a portion of the one or more beds 104 within each of the one or more
vessels 102. In some instances, a pure inert layer may be used within some or
all of the catalyst beds 104 to provide a preferred thermal profile through or
across the catalyst bed 104 or to maintain a desired maximum or minimum
temperature rise across the catalyst bed 104.

In at least some instances, the catalyst bed 104 inlet temperature,
the catalyst bed 104 outlet temperature, and one or more intermediate catalyst
bed 104 temperatures may be measured using temperature sensors and
transmitters to provide one or more signals indicative of the respective
temperature. Operating under substantially adiabatic conditions, temperature
increase or gradient across the catalyst bed 104 or each of the layers 402, the
outlet temperature of each catalyst bed 104 or each of the layers 402, and the
temperature profile of each catalyst bed 104 or each of the layers 402 may be
controlled based upon the temperature, pressure, flow, and composition of the

methane source 106, the oxidant 108, and the bulk gas mixture 114. The
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catalyst bed 104 or layer 402 inlet, outlet, and intermediate temperatures may
be measured using one or more temperature sensors and transmitters (not
shown in Figure 4). All or a portion of the measured catalyst bed 104 or layer
402 temperature data may be used to provide one or more process variable
inputs to one or more temperature, pressure, flow, or composition controllers
coupled to final control elements capable of directly or indirectly acting on at
least one of either the methane source 106 or the oxidant 108. For example,
responsive to at least one of the measured catalyst bed 104 or layer 402 inlet
temperature, outlet temperature, maximum temperature, temperature gradient
or increase, or temperature profile, one or more of the temperature, pressure,
flow, or composition of the methane source 106 or oxidant 108 may be adjusted
using one or more final control elements such as one or more control valves or
the like.

With layers 402 present, the catalyst bed 104 can be controlled or
operated in a variety of manners. In some instances, a desired temperature
rise or linear or non-linear temperature profile across one or more layers 402
within the catalyst bed 104 may be used to establish a target temperature or a
target composition for the bulk gas mixture 114. In some instances, a desired
linear or non-linear temperature rise rate (i.e., degrees of temperature per unit
depth or length of catalyst) across one or more layers 402 within the catalyst
bed 104 may be used to establish a target temperature or a target composition
for the bulk gas mixture 114. In other instances, a desired linear or non-linear
temperature profile across across all three layers of the catalyst bed 104 may
be used to establish a target temperature or a target composition for the bulk
gas mixture 114.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114 can be based on maintaining a
temperature rise across any one layer 402 of the catalyst bed 104 of less than
about 200°C; less than about 150°C; less than about 100°C; less than about
50°C; less than about 40°C; less than about 30°C; less than about 20°C; or less
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than about 10°C. In at least some embodiments, a target temperature or a
target composition for the bulk gas mixture 114 can be based on maintaining a
temperature rise across the catalyst bed 104 of less than about 300°C; less
than about 250°C; less than about 225°C; less than about 200°C; less than
about 175°C; less than about 150°C; less than about 125°C; less than about
100°C; less than about 75°C; or less than about 50°C.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114 can be based on maintaining a
maximum temperature rise rate across any one layer 402 of the catalyst bed
104 of less than about 50°C/cm; less than about 40°C/cm; less than about
30°C/cm; less than about 25°C/cm; less than about 20°C/cm; less than about
15°C/cm; less than about 10°C/cm; less than about 5°C/cm; less than about
1°C/cm; or less than about 0.5°C/cm. In at least some embodiments, a target
temperature or a target composition for the bulk gas mixture 114 can be based
on maintaining a maximum temperature rise rate across the catalyst bed 104 of
less than about 50°C/cm; less than about 40°C/cm; less than about 30°C/cm;
less than about 25°C/cm; less than about 20°C/cm; less than about 15°C/cm;
less than about 10°C/cm; less than about 5°C/cm; less than about 1°C/cm; or
less than about 0.5°C/cm.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114 can be based on maintaining a
maximum temperature within any one layer 402 of the catalyst bed 104 of less
than about 1000°C; less than about 950°C; less than about 900°C; less than
about 850°C; less than about 800°C; less than about 750°C; less than about
700°C; less than about 650°C; or less than about 600°C. Under substantially
adiabatic conditions, the operating temperature range within the catalyst bed
104 can be about 400°C to about 950°C; about 500°C to about 900°C; about
500°C to about 850°C; about 500°C to about 800°C; or about 500°C to about
750°C. In at least some embodiments, a target temperature or a target

composition for the bulk gas mixture 114 can be based on maintaining a
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maximum temperature within the catalyst bed 104 of less than about 1100°C;
less than about 1050°C; less than about 1000°C; less than about 950°C; less
than about 900°C; less than about 850°C; less than about 800°C; less than
about 750°C; less than about 700°C; less than about 650°C; or less than about
600°C.

Figure 5 shows a process flow diagram of a system 500 for the
production of one or more alkene hydrocarbons via oxidative coupling of
methane (“OCM”) using a plurality of serial, fluidly coupled, vessels 102a, 102b,
102c (collectively “plurality of vessels 102”). Each of the plurality of vessels
102 may have the same or a differing number of catalyst beds 104, each
containing the same or a differing number of layers 402. The first vessel 102a
and the third vessel 102c each contain a single catalyst bed 104a and 104c,
respectively, each having three layers 402a, 402b, and 402c. The second
vessel 102b contains a single catalyst bed 104b having two layers 402b and
402c. Each of the plurality of vessels 102 operates under substantially
adiabatic conditions. Thermal energy is removed from the OCM gas 110
removed from the first and second vessels 102a and 102b using one or more
interstage thermal transfer devices 504a, 504b (collectively “thermal transfer
devices 504”). Thermal energy is removed from the OCM gas removed from
the third vessel 102c¢ using one or more thermal transfer devices 112.
Supplemental oxidants 510 and 530 may be added between some or all of the
plurality of vessels 102.

In at least some situations, more than one thermal transfer device
504 may be disposed between some or all of the vessels 102. Such an
arrangement may advantageously allow selective cooling and heating of the
OCM gas removed from the preceding vessel 102. The operational flexibility
afforded by such selective cooling and heating can permit the addition of the
supplemental oxidants 510, 530 to the OCM gas at a first temperature, for
example to avoid the degradation of one or more targeted products or to avoid

the formation of one or more non-targeted products in the OCM gas removed
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from the preceding vessel 102. Such selective cooling and heating can permit
the subsequent adjustment of the OCM gas temperature after the addition of
the supplemental oxidant 510, 530 in preparation for introduction of the OCM
gas and supplemental oxidant to a subsequent vessel 102.

Although not depicted in Figure 5, thermal economization, for
example exchanging thermal energy between one or more reactants or
products having a thermal energy excess with one or more reactants or
products having a thermal energy deficit, may be integrated into the serially
arranged plurality of vessels 102 shown in Figure 5.

The individual layers 402 or the entire catalyst bed 104 in each of
the plurality of vessels 102 may be individually or jointly controlled or operated.
In some instances the maximum temperature, temperature rise, thermal profile,
or maximum temperature rise rate within a particular layer 402 or catalyst bed
104 may be controlled across one of the plurality of vessels 102, across several
of the plurality of vessels 102, or across the entire plurality of vessels 102. For
example, the one or more catalyst beds 104 or even one or more layers 402
forming a catalyst bed 104 within each of the plurality of vessels 102 may be
operated similarly or differently based at least in part on the composition and
temperature of the bulk gas mixture 114, 512, 532 introduced to the catalyst
bed 104, the concentration of one or more desired hydrocarbons in the OCM
gas removed from the vessel 102, the concentration of one or more non-
targeted hydrocarbons in the OCM gas removed from the vessel 102, the type
and number of catalyst layers 402 in the vessel 102, or the type and number of
catalyst beds 104 in the vessel 102.

In some instances, a desired temperature rise or linear or non-
linear temperature profile across one or more layers 402 within the catalyst bed
104 may be used to establish a target temperature or a target composition for
the bulk gas mixture within a vessel 102. In some instances, a desired linear or
non-linear temperature rise rate (i.e., degrees of temperature per unit depth or

length of catalyst) across one or more layers 402 within the catalyst bed 104
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may be used to establish a target temperature or a target composition for the
bulk gas mixture within a vessel 102. In other instances, a desired linear or
non-linear temperature profile across across all layers 402 of the catalyst bed
104 in a vessel 102 may be used to establish a target temperature or a target
composition for the bulk gas mixture within the vessel 102.

In at least some instances, at least one of the temperature, the
pressure, the flow, or the composition of the bulk gas mixture 114, 512, 532
within one or more of the plurality of vessels 102 may be individually or
collectively adjusted or otherwise controlled to maintain a temperature rise
across any one layer 402 of the catalyst bed 104 within one or more of the
plurality of vessels 102 of less than about 200°C; less than about 150°C; less
than about 100°C; less than about 50°C; less than about 40°C; less than about
30°C; less than about 20°C; or less than about 10°C. In at least some
embodiments, at least one of the temperature, the pressure, the flow, or the
composition of the bulk gas mixture 114, 512, 532 within one or more of the
plurality of vessels 102 may be individually or collectively adjusted or otherwise
controlled to maintain a temperature rise across the catalyst bed 104 within one
or more of the plurality of vessels 102 of less than about 300°C; less than about
250°C; less than about 225°C; less than about 200°C; less than about 175°C;
less than about 150°C; less than about 125°C; less than about 100°C; less than
about 75°C; or less than about 50°C.

In at least some embodiments, at least one of the temperature,
the pressure, the flow, or the composition of the bulk gas mixture 114, 512, 532
within one or more of the plurality of vessels 102 may be individually or
collectively adjusted or otherwise controlled to maintain a maximum
temperature rise rate across any one layer 402 of the catalyst bed 104 within
one or more of the plurality of vessels 102 of less than about 50°C/cm; less
than about 40°C/cm; less than about 30°C/cm; less than about 25°C/cm; less
than about 20°C/cm; less than about 15°C/cm; less than about 10°C/cm; less

than about 5°C/cm; less than about 1°C/cm; or less than about 0.5°C/cm. In at
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least some embodiments, at least one of the temperature, the pressure, the
flow, or the composition of the bulk gas mixture 114, 512, 532 within one or
more of the plurality of vessels 102 may be individually or collectively adjusted
or otherwise controlled to maintain a maximum temperature rise rate across the
catalyst bed 104 within one or more of the plurality of vessels 102 of less than
about 50°C/cm; less than about 40°C/cm; less than about 30°C/cm; less than
about 25°C/cm; less than about 20°C/cm; less than about 15°C/cm; less than
about 10°C/cm; less than about 5°C/cm; less than about 1°C/cm; or less than
about 0.5°C/cm.

The temperature gradient or rise rate within the catalyst bed 104
is a function of the linear velocity, temperature, pressure, and composition of
the bulk gas mixture 114, 512, 532 as well as the composition of the catalyst
bed 104. The temperature gradient or rise rate within the catalyst bed 104 is
also a function of the linear velocity of the bulk gas mixture 114, 512, 532
through the catalyst bed 104. The linear velocity of the bulk gas mixture 114,
512, 532 through the catalyst bed 104 can be less than about 50 meters/sec
(m/s); less than about 25 m/s; less than about 20 m/s; less than about 15 m/s;
less than about 10 m/s; less than about 5 m/s; less than about 2.5 m/s; less
than about 1 m/s; less than about 0.5 m/s; less than about 0.1 m/s.

In at least some embodiments, at least one of the temperature,
the pressure, the flow, or the composition of the bulk gas mixture 114, 512, 532
within one or more of the plurality of vessels 102 may be individually or
collectively adjusted or otherwise controlled to maintain a maximum
temperature within any one layer 402 of the catalyst bed 104 within one or more
of the plurality of vessels 102 of less than about 1100°C; less than about
1050°C; less than about 1000°C; less than about 950°C; less than about 900°C;
less than about 850°C; less than about 800°C; less than about 750°C; less than
about 700°C; less than about 650°C; or less than about 600°C. In at least some
embodiments, at least one of the temperature, the pressure, the flow, or the

composition of the bulk gas mixture 114, 512, 532 within one or more of the
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plurality of vessels 102 may be individually or collectively adjusted or otherwise
controlled to maintain a maximum temperature within the catalyst bed 104
within one or more of the plurality of vessels 102 of less than about 1100°C;
less than about 1050°C; less than about 1000°C; less than about 950°C; less
than about 900°C; less than about 850°C; less than about 800°C; less than
about 750°C less than about 700°C; less than about 650°C; or less than about
600°C.

As shown in Figure 5, the methane source 106 and the oxidant
108 are introduced to the first vessel 102a. Within the first vessel 102a, the
methane source 106 and the oxidant 108 combine to form the bulk gas mixture
114 that passes through a single catalyst bed 104a containing three layers
402a, 402b, and 402c. Within the catalyst bed 104a, at least a portion of the
methane present in the methane source 106 is converted to form OCM gas 502
containing one or more hydrocarbons and at least a portion of the oxygen is
consumed to form water and carbon dioxide. Where oxygen is maintained as
the limiting reagent in the bulk gas mixture 114, the first intermediate OCM gas
502 removed from the first vessel 102a will contain a quantity of unreacted
methane. The oxygen concentration in the first intermediate OCM gas 502 can
be less than about 20 mol%; less than about 15 mol%; less than about 10
mol%; less than about 5 mol%; less than about 2 mol%; less than o about 1
mol%; less than about 0.5 mol%; or less than about 0.1 mol%. The methane
concentration in the first intermediate OCM gas 502 can be greater than about
1 mol%; greater than about 2 mol%; greater than about 5 mol%; greater than
about 10 mol%; greater than about 20 mol%; greater than about 25 mol%;
greater than about 30 mol%; greater than about 35 mol%; greater than about
40 mol%; greater than about 45 mol%; or greater than about 50 mol%. The
temperature of the first intermediate OCM gas 502 can be greater than about
600°C; greater than about 650°C; greater than about 700°C; greater than about
750°C; greater than about 800°C; greater than about 900°C; or greater than
about 950°C.
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At least a portion of the thermal energy is removed from the first
intermediate OCM gas 502 using one or more thermal transfer devices 504a.
As shown in Figure 5, in at least some instances, boiler feed water 306 may be
used to remove at least a portion of the thermal energy present in the first
intermediate OCM gas 502 to provide heated boiler feed water, saturated
steam or superheated steam 310. Because of the unreacted methane present
in the first cooled intermediate OCM gas 506, at least a portion of the first
cooled intermediate OCM gas 506 removed from the one or more thermal
transfer devices 504a may be used to provide at least a portion of the methane
source for the second vessel 102b. The temperature of the first cooled
intermediate OCM gas 506 can be less than about 600°C; less than about
550°C; less than about 500°C; less than about 450°C; or less than about 400°C.
Although not shown in Figure 5, in at least some situations, additional methane
or other Co+ hydrocarbons may be added to the second bulk gas mixture 512.
The C,, alkane, alkene, alkyne, or aromatic hydrocarbon concentration within
the second bulk gas mixture 512 can be less than about 10 mol%; less than
about 5 mol%; less than about 3 mol%; less than about 2 mol%; less than
about 1 mol%; less tha n about 0.5 mol%; or less than about 0.05 mol%.

In certain preferred aspects, oxygen may be maintained as the
limiting reagent in the bulk gas mixture 114 in the first vessel, therefore the first
intermediate cooled OCM gas 506 may have little, if any, residual oxygen
content. In at least some embodiments, a second oxidant 510 can be added to
the first intermediate cooled OCM gas 506 to provide a second bulk gas mixture
512 for introduction to the second vessel 102b. In some instances, the second
oxidant 510 can be added as a cooled, condensed liquid or as a cooled gas to
further reduce the temperature of the second bulk gas mixture 512. By
adjusting the quantity of second oxidant 510 added to the first intermediate
cooled OCM gas 506 and by adjusting the quantity of thermal energy removed
from the first intermediate OCM gas 502 by the one or more thermal transfer

devices 504a, the at least one of the temperature, the pressure, or the
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composition of the second bulk gas mixture 512 can be adjusted or otherwise
controlled using one or more final control elements such as one or more flow
control valves to adjust the the boiler feed water 306 flow to the one or more
thermal transfer devices 504a or one or more flow control valves to adjust the
flow of the second oxidant 510 to the intermediate cooled OCM gas 506.

The methane concentration within the second bulk gas mixture
512 can be less than about 5 mol%; less than about 10 mol%; less than about
15 mol%; less than about 20 mol%; less than about 25 mol%; less than about
30 mol%; less than about 40 mol%; less than about 50 mol%; less than about
60 mol%; less than about 70 mol%. The oxygen concentration within the bulk
gas mixture 114 in the one or more vessels 102 can be less than about 5 mol%;
less than about 10 mol%; less than about 15 mol%; less than about 20 mol%;
less than about 25 mol%; less than about 30 mol%; less than about 40 mol%;
less than about 50 mol%:; less than about 60 mol%; less than about 70 mol%.

In one or more instances, the oxygen concentration in the second
bulk gas mixture 512 can be advantageously adjusted by controlling or
otherwise limiting the quantity of oxygen added via the second oxidant 510 to
selectively control the OCM reaction within the second vessel 102b. For
example, the quantity of oxygen added via the second oxidant 510 may be
controlled or otherwise adjusted to or provide a targeted thermal profile through
at least one of the layers 402 forming catalyst bed 104Db or to provide a targeted
thermal profile through the entire catalyst bed 104b. In some embodiments, the
oxygen concentration within the second bulk gas mixture 512 can be measured
and adjusted via one or more feedback controllers communicably coupled to a
final control element 514 on the second oxidant 510. The oxygen
concentration within the second bulk gas mixture 512 can be less than about 5
mol%; less than about 10 mol%; less than about 15 mol%; less than about 20
mol%; less than about 25 mol%; less than about 30 mol%; less than about 40
mol%; less than about 50 mol%; less than about 60 mol%; less than about 70

mol%.
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In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the second bulk gas mixture 512 may also be measured
and adjusted to selectively control the OCM reaction within the second vessel
102b. For example, the methane-to-oxygen stoichiometric ratio in the second
bulk gas mixture 510 may be controlled or otherwise adjusted to provide a
targeted thermal profile through at least one of the layers 402 forming catalyst
bed 104b or to provide a targeted thermal profile through the entire catalyst bed
104b. Establishing the stoichiometric ratio within the gas mixture such that
oxygen is the limiting reagent (i.e., maintaining a stoichiometric ratio of greater
than 2:1) may advantageously minimize the likelihood of a detonation or
deflagration occurring within the second vessel 102b. One or more analyzers
may be used to determine either or both the methane and the oxygen
concentration in second bulk gas mixture 512 and provide a input signal
indicative of the concentration(s) to one or more flow or composition controllers.
In at least some embodiments, one or more flow controllers can provide a
control signal output to one or more final control elements, for example one or
more flow control valves used to adjust the flow the second oxidant 510 to the
second bulk gas mixture 512. In at least some embodiments, the stoichiometric
ratio (expressed as methane molar concentration to oxygen molar
concentration) in the second bulk gas mixture 512 can be greater than about
2:1; greater than about 2.25:1; greater than about 2.5:1; greater than about
2.75:1; greater than about 3:1; greater than about 3.5:1; greater than about 4:1;
greater than about 4.5:1; greater than about 5:1; greater than about 7.5:1;
greater than about 10:1; or greater than about 12:1.

Within the second vessel 102b, the second bulk gas mixture 512
is introduced to the single catalyst bed 104b containing two layers 402b, and
402c. Within the catalyst bed 104b, at least a portion of the methane present in
the second bulk gas mixture 512 is converted to form a second intermediate
OCM gas 522 containing one or more C,. hydrocarbons and at least a portion

of the oxygen is consumed to form water and carbon dioxide. Where oxygen is
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maintained as the limiting reagent in the second bulk gas mixture 512, the
second intermediate OCM gas 522 removed from the second vessel 102b may
contain unreacted methane originally added with the methane source 106 to the
first vessel 102a or unreacted methane added to the second vessel 102b. The
oxygen concentration in the second intermediate OCM gas 522 can less than
about 20 mol%; less than about 15 mol%; less than about 10 mol%; less than
about 5 mol%; less than about 2 mol%; less than about 1 mol%; less than
about 0.5 mol%; or less than about 0.1 mol%. The methane concentration in
the second intermediate OCM gas 522 can be greater than about 1 mol%;
greater than about 2 mol%; greater than about 5 mol%; greater than about 10
mol%; greater than about 20 mol%; greater than about 25 mol%; greater than
about 30 mol%; greater than about 35 mol%; greater than about 40 mol%;
greater than about 45 mol%; or greater than about 50 mol%. The temperature
of the second intermediate OCM gas 522 can be greater than about 700°C;
greater than about 750°C; greater than about 800°C; greater than about 850°C;
greater than about 900°C; greater than about 950°C; greater than about
1000°C.

At least a portion of the thermal energy in the second intermediate
OCM gas 522 is removed using one or more thermal transfer devices 504b. As
shown in Figure 5, in at least some instances, boiler feed water 306 may be
used to remove at least a portion of the thermal energy present in the second
intermediate OCM gas 522 to provide heated boiler feed water, saturated
steam or superheated steam 310. One or more temperature sensors and
transmitters can be used to provide a process signal indicative of the
temperature of the second cooled intermediate gas 526 to at least one
temperature controller. A control signal output from the at least one
temperature controller may be fed to a final control element that controls the
flow of boiler feed water 306 to the one or more thermal transfer devices 504b.
Because of the unreacted methane present in the second cooled intermediate

OCM gas 526, at least a portion of the second cooled intermediate OCM gas
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526 removed from the one or more thermal transfer devices 504b may be used
to provide at least a portion of the methane source for the third vessel 102c.
The temperature of the second cooled intermediate OCM gas 526 can be less
than about 600°C; less than about 550°C; less than about 500°C; less than
about 450°C; or less than about 400°C. Although not shown in Figure 5, in at
least some situations, additional methane or other C.. hydrocarbons may be
added to the third bulk gas mixture 532. The C,. alkane, alkene, alkyne, or
aromatic hydrocarbon concentration within the third bulk gas mixture 532 can
be less than about 10 mol%; less than about 5 mol%; less than about 3 mol%;
less than about 2 mol%; less than about 1 mol%; less tha n about 0.5 mol%; or
less than about 0.05 mol%.

Oxygen may be maintained as the limiting reagent in the second
bulk gas mixture 512 introduced to the second vessel 102b, therefore the
second intermediate cooled OCM gas 526 will have little, if any, residual
oxygen content. In at least some embodiments, a third oxidant 530 can be
added to the second intermediate cooled OCM gas 526 to provide a third bulk
gas mixture 532 for introduction to the third vessel 102c. In some instances,
the third oxidant 530 can be added as a cooled, condensed liquid or as a
cooled gas to further lower the temperature of the third bulk gas mixture 532.
By adjusting the quantity of third oxidant 530 added to the second intermediate
cooled OCM gas 526 and by adjusting the quantity of thermal energy removed
from the second intermediate OCM gas 522 by the one or more thermal
transfer devices 504D, at least one of the temperature, the pressure, or the
composition of the third bulk gas mixture 532 can be adjusted or otherwise
controlled using one or more final control elements such as one or more flow
control valves to adjust the the boiler feed water 306 flow to the one or more
thermal transfer devices 504b or one or more flow control valves to adjust the
flow of the third oxidant 530 to the intermediate cooled OCM gas 526.

The methane concentration within the third bulk gas mixture 532

can be less than about 5 mol%; less than about 10 mol%; less than about 15
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mol%; less than about 20 mol%; less than about 25 mol%; less than about 30
mol%; less than about 40 mol%; less than about 50 mol%; less than about 60
mol%; less than about 70 mol%. The oxygen concentration within the bulk gas
mixture 114 in the one or more vessels 102 can be less than about 5 mol%;
less than about 10 mol%; less than about 15 mol%; less than about 20 mol%;
less than about 25 mol%; less than about 30 mol%; less than about 40 mol%;
less than about 50 mol%; less than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the
third bulk gas mixture 532 can be advantageously adjusted by controlling or
otherwise limiting the quantity of oxygen added via the third oxidant 530 to
selectively control the OCM reaction within the third vessel 102c. For example,
the quantity of oxygen added via the third oxidant 530 may be controlled to
otherwise adjusted to or provide a targeted thermal profile through at least one
of the layers 402 forming catalyst bed 104c or to provide a targeted thermal
profile through the entire catalyst bed 104c. In some embodiments, the oxygen
concentration within the third bulk gas mixture 532 can be measured and
adjusted via one or more feedback controllers communicably coupled to a final
control element 534 on the third oxidant 530. The oxygen concentration within
the third bulk gas mixture 532 can be less than about 5 mol%; less than about
10 mol%; less than about 15 mol%; less than about 20 mol%; less than about
25 mol%; less than about 30 mol%; less than about 40 mol%; less than about
50 mol%; less than about 60 mol%; less than about 70 mol%.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the third bulk gas mixture 532 may also be measured and
adjusted to selectively control the OCM reaction within the third vessel 102c.
For example, the methane-to-oxygen stoichiometric ratio in the third bulk gas
mixture 530 may be controlled or otherwise adjusted or provide a targeted
thermal profile through at least one of the layers 402 forming catalyst bed 104c
or to provide a targeted thermal profile through the entire catalyst bed 104c.

Establishing the stoichiometric ratio within the gas mixture such that oxygen is
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the limiting reagent (i.e., maintaining a stoichiometric ratio of greater than 2:1)
may advantageously minimize the likelinood of a detonation or deflagration
occurring within the third vessel 102c. One or more analyzers may be used to
determine either or both the methane and the oxygen concentration(s) in third
bulk gas mixture 532 and provide a process signal input indicative of the
concentration(s) to one or more controllers. In at least some embodiments the
one or more controllers can provide a control signal output to one or more final
control elements, for example one or more flow control valves used to adjust
the flow of the third oxidant 530 to the third bulk gas mixture 532. In at least
some embodiments, the stoichiometric ratio (expressed as methane molar
concentration to oxygen molar concentration) in the third bulk gas mixture 532
can be greater than about 2:1; greater than about 2.25:1; greater than about
2.5:1; greater than about 2.75:1; greater than about 3:1; greater than about
3.5:1; greater than about 4:1; greater than about 4.5:1; greater than about 5:1;
greater than about 7.5:1; or greater than about 10:1.

Within the third vessel 102c, the third bulk gas mixture 532 is
introduced to the single catalyst bed 104¢ containing three layers 402a, 402D,
and 402c. Within the catalyst bed 104c, at least a portion of the methane
present in the third bulk gas mixture 532 is converted to form a third
intermediate OCM gas 542 containing one or more C,. hydrocarbons and at
least a portion of the oxygen is consumed to form water and carbon dioxide.
Where oxygen is maintained as the limiting reagent in the third bulk gas mixture
532, the third intermediate OCM gas 542 removed from the third vessel 102c
may continue to contain unreacted methane originally added with the methane
source 106 to the first vessel 102a. The oxygen concentration in the third
intermediate OCM gas 542 can be less than about 20 mol%; less than about 15
mol%; less than about 10 mol%; less than about 5 mol%; less than about 2
mol%; less than about 1 mol%; less than about 0.5 mol%; or less than about
0.1 mol%. The methane concentration in the third intermediate OCM gas 542

can be greater than about 1 mol%; greater than about 2 mol%; greater than
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about 5 mol%; greater than about 10 mol%; greater than about 20 mol%;
greater than about 25 mol%; greater than about 30 mol%; greater than about
35 mol%; greater than about 40 mol%; greater than about 45 mol%; or greater
than about 50 mol%. The temperature of the third intermediate OCM gas 542
can be greater than about 700°C; greater than about 750°C; greater than about
800°C; greater than about 850°C; greater than about 900°C; greater than about
950°C; or greater than about 1000°C.

In at least some embodiments, one or more higher hydrocarbons
may be introduced to the third intermediate OCM gas 542 upstream of the
thermal transfer device 112. In such instances, the heat of the OCM gas 542
may advantageously crack the higher hydrocarbons to increase the
concentration of one or more desirable products (e.g., ethylene) in the OCM
gas 110.

At least a portion of the thermal energy in the third intermediate
OCM gas 542 is removed using one or more thermal transfer devices 112. As
shown in Figure 5, in at least some instances, boiler feed water 306 may be
used to remove at least a portion of the thermal energy present in the third
intermediate OCM gas 542 to provide heated boiler feed water, saturated
steam or superheated steam 310. One or more temperature sensors and
transmitters can be used to provide an input signal indicative of the temperature
of the OCM gas 110 to at least one temperature controller. A control signal
output from the at least one temperature controller may be fed to a final control
element that controls the flow of boiler feed water 306 to the one or more
thermal transfer devices 112.

In at least some instances, the catalyst bed 104 inlet temperature,
the catalyst bed 104 outlet temperature, and one or more intermediate catalyst
bed 104 temperatures in any or all of the plurality of vessels 102 may be
measured using temperature sensors and transmitters to provide one or more
input signals indicative of the temperature at the respective catalyst bed 104

location to one or more controllers. The ability to individually measure and
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control the catalyst thermal conditions in all or a portion of the plurality of
vessels 102, including without limitation the inlet and outlet temperatures,
temperature increase or gradient, maximum temperature, and thermal profile
across a single catalyst layer, a single catalyst bed, a multi-layer catalyst bed,
and a multi-catalyst bed arrangement advantageously provides the ability to
individually tailor the process to achieve a desired conversion, selectivity, and
yield while operating at moderate temperatures.

While operating under substantially adiabatic conditions within
each of the plurality of vessels 102, the temperature increase or gradient across
the catalyst bed 104 or each of the layers 402, the outlet temperature of each
catalyst bed 104 or each of the layers 402, and the temperature profile of each
catalyst bed 104 or each of the layers 402 may be controlled based upon the
temperature, pressure, flow, and composition of the methane source 106, the
oxidant 108, and the bulk gas mixture 114. Within some or all of the plurality of
vessels, the catalyst bed 104 or layer 402 inlet, outlet, and intermediate
temperatures may be measured using one or more temperature sensors and
transmitters (not shown in Figure 5). All or a portion of the measured catalyst
bed 104 or layer 402 temperature data may be used to provide one or more
process variable inputs to one or more temperature, pressure, flow, or
composition controllers coupled to final control elements capable of directly or
indirectly acting on at least one of either the methane source 106, the oxidant
108, the second oxidant 510, the third oxidant 530. For example, responsive to
at least one of the measured catalyst bed 104 or layer 402 inlet temperature,
outlet temperature, maximum temperature, temperature gradient or increase, or
temperature profile, one or more of the temperature, pressure, flow, or
composition of the methane source 106 or oxidant 108 may be adjusted using
one or more final control elements such as one or more control valves or the
like.

In addition to individually controlling the catalyst thermal

conditions within each individual vessel 102, the catalyst temperature increase
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or gradient across all or a portion of the plurality of vessels 102, the catalyst
outlet temperature across all or a portion of the plurality of vessels 102, and the
catalyst temperature profile across all or a portion of the plurality of vessels 102
may be controlled based upon the temperature, pressure, flow, and
composition of the methane source 106, the oxidant 108, the second oxidant
510, the third oxidant 530, the bulk gas mixture 114, the second bulk gas
mixture 512, or the third bulk gas mixture 532.

Figure 6 shows a process flow diagram of a system 600 for the
production of one or more alkene hydrocarbons via oxidative coupling of
methane (“OCM”) using three catalyst beds 104a, 104b, and 104c (collectively
“catalyst beds 104”) disposed within a single vessel 102. Baffles 602a, 602b
divide the single vessel 102 into three zones, each containing a single catalyst
bed 104. The first catalyst bed 104a has three layers 402a, 402b, and 402c,
the second catalyst bed 104b has a single layer 402a, and the third catalyst bed
104c has three layers 402a, 402b, and 402c. Each of the catalyst beds 104
operates under substantially adiabatic conditions. Thermal energy is removed
from the OCM gas 604, 624 removed from the first and second catalyst beds
104a and 104b using one or more interstage thermal transfer devices 606a and
606b (collectively “thermal transfer devices 606”). Thermal energy is removed
from the OCM gas 110 removed from the vessel 102 using one or more thermal
transfer devices 112. Additional oxidant 610, 630 may be added between some
or all of the plurality of beds 104.

One or more individual layers 402 in any one or more catalyst
beds 104 or any one or more of the plurality catalyst beds 104 within the vessel
102 may be individually, separately, or jointly controlled or operated. For
example, at least one of the inlet temperature, the outlet temperature, the
temperature increase, the maximum temperature, or the temperature profile in
the one or more catalyst beds 104 or even one or more layers 402 in the one or
more catalyst beds 104 may be operated similarly or differently. In at least

some instances, the one or more layers 402 or one or more catalyst beds 104
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may be controlled based on at least one of: the temperature or composition of
the bulk gas mixture 114, 614, 634 introduced to the respective catalyst bed
104; the temperature or concentration of one or more targeted hydrocarbons in
the OCM gas 604, 634, 110 removed from a particular catalyst bed 104; the
concentration of one or more non-targeted hydrocarbons in the OCM gas 604,
634, 110 removed from a particular catalyst bed 104; the concentration of one
or more targeted hydrocarbons in the OCM gas 110 removed from the vessel
102; the concentration of one or more non-targeted hydrocarbons in the OCM
gas 110 removed from the vessel 102; the type and number of catalyst layers
402 in the catalyst beds 104; or the type and number of catalyst beds 104.
Operating under substantially adiabatic conditions within each of
the plurality of catalyst beds 104, the temperature increase across the catalyst
bed 104 or each of the layers 402, the outlet temperature of each catalyst bed
104 or each of the layers 402, and the temperature profile of each catalyst bed
104 or each of the layers 402 may be controlled based upon the temperature,
pressure, flow, and composition of the bulk gas mixture 114, 614, 634
introduced to the respective layer 402 or bed 104. Within some or all of the
plurality beds 104, the catalyst bed 104 or layer 402 inlet, outlet, and
intermediate temperatures may be measured using one or more temperature
sensors and transmitters (not shown in Figure 6). All or a portion of the
measured catalyst bed 104 or layer 402 temperature data may be used to
provide one or more process inputs to one or more temperature, pressure, flow,
or composition controllers coupled to final control elements capable of directly
or indirectly acting on at least one of either the methane source 106, the oxidant
108, the second oxidant 610, the third oxidant 630. For example, responsive to
at least one of: the measured catalyst bed 104 or layer 402 inlet temperature;
outlet temperature; maximum temperature; temperature gradient or increase; or
temperature profile; one or more of the temperature, pressure, flow, or

composition of the methane source 106, oxidant 108, second oxidant 610, or
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third oxidant 630 may be adjusted using one or more communicably coupled
final control elements such as one or more control valves or the like.

In addition to individually controlling the catalyst thermal
conditions within each individual catalyst bed 104, the temperature increase
across all or a portion of the plurality of catalyst beds 104, the outlet
temperature from all or a portion of the plurality of catalyst beds 104, and the
temperature profile across all or a portion of the plurality of catalyst beds 104
may be controlled based upon the temperature, pressure, flow, and
composition of the methane source 106, the oxidant 108, the second oxidant
610, the third oxidant 630, the bulk gas mixture 114, the second bulk gas
mixture 614, or the third bulk gas mixture 634.

In some instances, a desired temperature rise or linear or non-
linear temperature profile across one or more layers 402 within at least one
catalyst bed 104 may be used to establish a target temperature or a target
composition for the bulk gas mixture 114, 614, 634 introduced to the respective
catalyst bed 104. In some instances, a desired linear or non-linear temperature
rise rate (i.e., degrees of temperature per unit depth or length of catalyst)
across one or more layers 402 within the catalyst bed 104 may be used to
establish a target temperature or a target composition for the bulk gas mixture
introduced to the catalyst bed 104. In other instances, a desired linear or non-
linear temperature profile across across all layers 402 of a catalyst bed 104
may be used to establish a target temperature or a target composition for the
bulk gas mixture 114, 614, 634 introduced to the respective catalyst bed 104.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114, 614, 634 introduced to the respective
catalyst bed 104 can maintain a maximum temperature rise across any one
layer 402 of the respective catalyst bed 104 of less than about 200°C; less than
about 150°C; less than about 100°C; less than about 50°C; less than about
40°C; less than about 30°C; less than about 20°C; or less than about 10°C. In

at least some embodiments, a target temperature or a target composition for
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the bulk gas mixture 114, 614, 634 introduced to the respective catalyst bed
104 can maintain a maximum temperature rise across the catalyst bed 104 of
less than about 350°C; less than about 300°C; less than about 250°C; less than
about 225°C; less than about 200°C; less than about 175°C; less than about
150°C; less than about 125°C; less than about 100°C; less than about 75°C; or
less than about 50°C.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114, 614, 634 introduced to the respective
catalyst bed 104 can maintain a maximum temperature rise rate across any one
layer 402 of the respective catalyst bed 104 of less than about 50°C/cm; less
than about 40°C/cm; less than about 30°C/cm; less than about 25°C/cm; less
than about 20°C/cm; less than about 15°C/cm; less than about 10°C/cm; less
than about 5°C/cm; less than about 1°C/cm; or less than about 0.5°C/cm. In at
least some embodiments, a target temperature or a target composition for the
bulk gas mixture 114, 614, 634 introduced to the respective catalyst bed 104
can maintain a maximum temperature rise rate across the respective catalyst
bed 104 of less than about 50°C/cm; less than about 40°C/cm; less than about
30°C/cm; less than about 25°C/cm; less than about 20°C/cm; less than about
15°C/cm; less than about 10°C/cm; less than about 5°C/cm); less than about
1°C/cm; or less than about 0.5°C/cm.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114, 614, 634 introduced to the respective
catalyst bed 104 can maintain a maximum temperature at any point in any one
layer 402 of the respective catalyst bed 104 of less than about 1100°C; less
than about 1050°C; less than about 1000°C; less than about 950°C; less than
about 900°C; less than about 850°C; less than about 800°C; less than about
750°C; less than about 700°C; less than about 650°C; or less than about 600°C.
In at least some embodiments, a target temperature or a target composition for
the bulk gas mixture 114, 614, 634 introduced to the respective catalyst bed

104 can maintain a maximum temperature at any point in the at least one
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catalyst bed 104 of less than about 1100°C; less than about 1050°C; less than
about 1000°C; less than about 950°C; less than about 900°C; less than about
850°C; less than about 800°C; less than about 750°C; less than about 700°C;
less than about 650°C; or less than about 600°C.

As shown in Figure 6, the methane source 106 and the oxidant
108 are introduced to the first catalyst bed 104a within the vessel 102. The
methane source 106 and the oxidant 108 are combined to form the bulk gas
mixture 114 that passes through the first catalyst bed 104a containing three
layers 402a, 402b, and 402c. Within the first catalyst bed 104a, at least a
portion of the methane present in the methane source 106 is converted to form
an first intermediate OCM gas 604 containing one or more hydrocarbons.
Additionally, at least a portion of the oxygen is consumed to form water and
carbon dioxide within the first bed 104a.

Where oxygen is maintained as the limiting reagent in the bulk
gas mixture 114 introduced to the first catalyst bed 104a, the first intermediate
OCM gas 604 removed from the vessel 102 will contain a quantity of unreacted
methane. The oxygen concentration in the first intermediate OCM gas 604 can
be less than about 20 mol%; less than about 15 mol%; less than about 10
mol%; less than about 5 mol%; less than about 2 mol%; less than about 1
mol%; less than about 0.5 mol%; or less than about 0.1 mol%. The methane
concentration in the first intermediate OCM gas 604 can be greater than about
1 mol%; greater than about 2 mol%; greater than about 5 mol%,; greater than
about 10 mol%; greater than about 20 mol%; greater than about 25 mol%;
greater than about 30 mol%; greater than about 35 mol%; greater than about
40 mol%; greater than about 45 mol%; or greater than about 50 mol%. The
temperature of the first intermediate OCM gas 604 can be less than about
1100°C; less than about 1000°C; less than about 900°C; less than about 800°C;
less than about 750°C; less than about 700°C; or less than about 650°C.

At least a portion of the thermal energy in the first intermediate

OCM gas 604 is removed using one or more thermal transfer devices 606a to
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provide a first cooled intermediate OCM gas 608. As shown in Figure 6, in at
least some instances, boiler feed water 306 may be used to remove at least a
portion of the thermal energy present in the first intermediate OCM gas 604 to
provide heated boiler feed water, saturated steam or superheated steam 310.
One or more temperature sensors and transmitters can be used to provide a
process signal input indicative of the temperature of the first cooled
intermediate OCM gas 608 to one or more temperature, pressure, or flow
controllers (not shown in Figure 6). In at least some instances, one or more
flow controllers can be used to provide a control signal output to one or more
final control elements, for example one or more flow control valves used to
adjust the flow of the boiler feed water 306. Because of the unreacted methane
present in the first cooled intermediate OCM gas 608, at least a portion of the
first cooled intermediate OCM gas 608 removed from the one or more thermal
transfer devices 606a can be used to provide at least a portion of the methane
source for the second catalyst bed 104b. In some instances, the temperature of
the first cooled intermediate OCM gas 608 may be adjusted by bypassing all or
a portion of the first intermediate OCM gas 604 around the one or more thermal
transfer devices 606a. The temperature of the first cooled intermediate OCM
gas 608 can be less than about 600°C; less than about 550°C; less than about
500°C; less than about 450°C; or less than about 400°C. Although not shown in
Figure 6, in at least some situations, additional methane or other Ca+
hydrocarbons may be added to the second bulk gas mixture 614. The Co.
alkane, alkene, alkyne, or aromatic hydrocarbon concentration within the
second bulk gas mixture 614 can be less than about 10 mol%; less than about
5 mol%; less than about 3 mol%; less than about 2 mol%; less than about 1
mol%; less tha n about 0.5 mol%; or less than about 0.05 mol%.

Oxygen is maintained as the limiting reagent in the bulk gas
mixture 114 introduced to the first catalyst bed 104a, the first intermediate
cooled OCM gas 608 will have little, if any, residual oxygen content. In at least

some embodiments, a second oxidant 610 can be added to the first
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intermediate cooled OCM gas 608 to provide a second bulk gas mixture 614 for
introduction to the second catalys bed 104b. In some instances, the second
oxidant 610 can be added as a cooled, condensed liquid or as a cooled gas to
further lower the temperature of the second bulk gas mixture 614. By adjusting
the quantity of second oxidant 610 added to the first intermediate cooled OCM
gas 608 and by adjusting the quantity of thermal energy removed from the first
intermediate OCM gas 604 by the one or more thermal transfer devices 606a,
the methane concentration, oxygen concentration, and temperature of the
second bulk gas mixture 614 can be adjusted or otherwise controlled. In at
least some instances, the second oxidant 610 may be at a temperature less
than the temperature of the first intermediate cooled OCM gas 608, in such
instances the second oxidant provides additional cooling to the second bulk gas
mixture 614. One or more temperature transmitters may be used to provide a
process signal input indicative of the temperature of the second bulk gas
mixture 614 to one or more temperature, pressure, or flow controllers (not
shown in Figure 6). In at least some instances, one or more temperature
controllers can be used to provide a control signal output to one or more final
control elements, for example one or more temperature control valves used to
adjust the temperature of the second oxidant 610.

The methane concentration within the second bulk gas mixture
614 can be less than about 5 mol%; less than about 10 mol%; less than about
15 mol%; less than about 20 mol%; less than about 25 mol%; less than about
30 mol%; less than about 40 mol%; less than about 50 mol%; less than about
60 mol%; less than about 70 mol%. The oxygen concentration within the
second bulk gas mixture 614 can be less than about 5 mol%; less than about
10 mol%; less than about 15 mol%; less than about 20 mol%; less than about
25 mol%; less than about 30 mol%; less than about 40 mol%; less than about
50 mol%; less than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the

second bulk gas mixture 614 can be advantageously adjusted by controlling or

124



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

otherwise limiting the quantity of oxygen added via the second oxidant 610 to
control the OCM reaction within the second catalyst bed 104b. In some
embodiments, one or more analyzers can measure the oxygen concentration
within the second bulk gas mixture 614 and provide one or more process signal
inputs indicative of the second bulk gas mixture oxygen concentration to one or
more flow controllers. The one or more flow controllers can provide a control
signal output to one or more final control elements, for example one or more
flow control valves used to adjust the flow of the second oxidant 610 to the first
intermediate cooled OCM gas 608. The oxygen concentration within the
second bulk gas mixture 614 can be less than about 5 mol%:; less than about
10 mol%; less than about 15 mol%; less than about 20 mol%; less than about
25 mol%; less than about 30 mol%; less than about 40 mol%; less than about
50 mol%; less than about 60 mol%; less than about 70 mol%.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the second bulk gas mixture 614 will also affect the
overall conversion of raw materials to one or more preferred products such as
ethylene within the second catalyst bed 104b. Establishing the stoichiometric
ratio within the gas mixture such that oxygen is the limiting reagent (i.e.,
maintaining a stoichiometric ratio of greater than 2:1) may advantageously
minimize the likelihood of a detonation or deflagration occurring within the
second catalyst bed 104b. One or more analyzers may be used to determine
either or both the methane or the oxygen concentration in second bulk gas
mixture 614 and provide a process signal input indicative of the
concentration(s) to one or more flow controllers. In at least some embodiments
the one or more flow controllers can provide a control signal output to one or
more final control elements, for example one or more flow control valves used
to adjust the flow of the second oxidant 610 to the second bulk gas mixture 614.
In at least some embodiments, the stoichiometric ratio (expressed as methane
molar concentration to oxygen molar concentration) in the second bulk gas

mixture 614 can be greater than about 2:1; greater than about 2.25:1; greater
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than about 2.5:1; greater than about 2.75:1; greater than about 3:1; greater
than about 3.5:1; greater than about 4:1; greater than about 4.5:1; greater than
about 5:1; greater than about 7.5:1; or greater than about 10:1.

In the second catalyst bed 104b, the second bulk gas mixture 614
passes through a single catalyst layer 402a. Within the second catalyst bed
104b, at least a portion of the methane present in the second bulk gas mixture
614 is converted to form a second intermediate OCM gas 624 containing one or
more hydrocarbons. At least a portion of the oxygen present in the second bulk
gas mixture 614 is consumed within the second catalyst bed 104b to form water
and carbon dioxide. Where oxygen is maintained as the limiting reagent in the
second bulk gas mixture 614, the second intermediate OCM gas 624 removed
from the second catalyst bed 104b will continue to contain unreacted methane
originally added with the methane source 106 to the first catalyst bed 104a.

The oxygen concentration in the second intermediate OCM gas 624 can be less
than about 20 mol%; less than about 15 mol%; less than about 10 mol%; less
than about 5 mol%; less than about 2 mol%; less than about 1 mol%; less than
about 0.5 mol%; or less than about 0.1 mol%. The methane concentration in
the second intermediate OCM gas 624 can be greater than about 1 mol%;
greater than about 2 mol%; greater than about 5 mol%; greater than about 10
mol%; greater than about 20 mol%; greater than about 25 mol%; greater than
about 30 mol%; greater than about 35 mol%; greater than about 40 mol%;
greater than about 45 mol%; or greater than about 50 mol%. The temperature
of the second intermediate OCM gas 624 can be less than about 1100°C; less
than about 1050°C; less than about 1000°C; less than about 900°C; less than
about 800°C; less than about 700°C; less than t about 650°C.

At least a portion of the thermal energy in the second intermediate
OCM gas 624 is removed using one or more thermal transfer devices 606b to
provide a second cooled intermediate OCM gas 628. As shown in Figure 6, in
at least some instances, boiler feed water 306 may be used to remove at least

a portion of the thermal energy present in the second intermediate OCM gas
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624 to provide heated boiler feed water, saturated steam or superheated steam
310. One or more temperature sensors and transmitters can be used to
provide a process signal input indicative of the temperature of the second
cooled intermediate OCM gas 628 to one or more temperature, pressure, or
flow controllers (not shown in Figure 6). In at least some instances, one or
more flow controllers can be used to provide a control signal output to one or
more final control elements, for example one or more flow control valves used
to adjust the flow of the boiler feed water 306 to the one or more thermal
transfer devices 606b. Because of the unreacted methane present in the
second cooled intermediate OCM gas 628, at least a portion of the second
cooled intermediate OCM gas 628 removed from the one or more thermal
transfer devices 606b can be used to provide at least a portion of the methane
source for the third catalyst bed 104c. In some instances, the temperature of
the second cooled intermediate OCM gas 628 a portion of the second
intermediate OCM gas 624 may be bypassed around the one or more thermal
transfer devices 606b. The temperature of the second cooled intermediate
OCM gas 628 can be less than about 600°C; less than about 550°C; less than
about 500°C; less than about 450°C; or less than about 400°C. Although not
shown in Figure 6, in at least some situations, additional methane or other Co.
hydrocarbons may be added to the third bulk gas mixture 634. The Cgz. alkane,
alkene, alkyne, or aromatic hydrocarbon concentration within the third bulk gas
mixture 634 can be less than about 10 mol%; less than about 5 mol%; less than
about 3 mol%; less than about 2 mol%; less than about 1 mol%; less tha n
about 0.5 mol%; or less than about 0.05 mol%.

Oxygen is maintained as the limiting reagent in the second bulk
gas mixture 614 introduced to the second catalyst bed 104b, therefore the
second intermediate cooled OCM gas 624 will have little, if any, residual
oxygen content. In at least some embodiments, a third oxidant 630 may be
added to the second intermediate cooled OCM gas 628 to provide a third bulk

gas mixture 634 for introduction to the third catalyst bed 104c. In some
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instances, the third oxidant 630 may be added as a cooled, condensed liquid or
as a cooled gas to further lower the temperature of the third bulk gas mixture
634. By adjusting the quantity of third oxidant 630 added to the second
intermediate cooled OCM gas 628 and by adjusting the quantity of thermal
energy removed from the second intermediate OCM gas 624 by the one or
more thermal transfer devices 606b, the methane concentration, oxygen
concentration, and temperature of the third bulk gas mixture 634 may be
adjusted or otherwise controlled. In at least some instances, the third oxidant
630 may be at a temperature less than the temperature of the second
intermediate cooled OCM gas 628, in such instances the third oxidant 630 may
provide additional cooling for the third bulk gas mixture 634. One or more
temperature transmitters may be used to provide a process signal input
indicative of the temperature of the third bulk gas mixture 634 to one or more
temperature, pressure, or flow controllers (not shown in Figure 6). In at least
some instances, one or more temperature controllers can be used to provide a
control signal output to one or more final control elements, for example one or
more temperature control valves used to adjust the temperature of the third
oxidant 630.

The methane concentration within the third bulk gas mixture 634
can be less than about 5 mol%; less than about 10 mol%; less than about 15
mol%; less than about 20 mol%; less than about 25 mol%; less than about 30
mol%; less than about 40 mol%; less than about 50 mol%; less than about 60
mol%; less than about 70 mol%. The oxygen concentration within the third bulk
gas mixture 634 can be less than about 5 mol%; less than about 10 mol%; less
than about 15 mol%; less than about 20 mol%; less than about 25 mol%; less
than about 30 mol%; less than about 40 mol%; less than about 50 mol%; less
than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the
third bulk gas mixture 634 can be advantageously adjusted by controlling or

otherwise limiting the quantity of oxygen added via the third oxidant 630 to
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control the OCM reaction or to maintain a desired temperature profile or
temperature rise across the third catalyst bed 104c. In some embodiments,
one or more analyzers can measure the oxygen concentration within the third
bulk gas mixture 634 and provide one or more process signal inputs indicative
of the second bulk gas mixture oxygen concentration to one or more flow
controllers. The one or more flow controllers can provide a control signal output
to one or more final control elements, for example one or more flow control
valves used to adjust the flow of the second oxidant 610 to the first intermediate
cooled OCM gas 608. The oxygen concentration within the third bulk gas
mixture 634 can be less than about 5 mol%; less than about 10 mol%; less than
about 15 mol%; less than about 20 mol%; less than about 25 mol%; less than
about 30 mol%; less than about 40 mol%; less than about 50 mol%; less than
about 60 mol%; less than about 70 mol%.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the third bulk gas mixture 634 will also affect the overall
conversion of methane within the third catalyst bed 104c or the temperature
profile or temperature rise across the third catalyst bed 104c. Establishing the
stoichiometric ratio within the gas mixture such that oxygen is the limiting
reagent (i.e., maintaining a stoichiometric ratio of greater than 2:1) may
advantageously minimize the likelihood of a detonation or deflagration occurring
within the vessel 102. One or more analyzers may be used to determine either
or both the methane or the oxygen concentration in third bulk gas mixture 634
and provide a process signal input indicative of the concentration(s) to one or
more flow controllers. In at least some embodiments the one or more flow
controllers can provide a control signal output to one or more final control
elements, for example one or more flow control valves used to adjust the flow of
the third oxidant 630 to the third bulk gas mixture 634. In at least some
embodiments, the stoichiometric ratio (expressed as methane molar
concentration to oxygen molar concentration) in the third bulk gas mixture 634

can be greater than about 2:1; greater than about 2.25:1; greater than about
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2.5:1; greater than about 2.75:1; greater than about 3:1; greater than about
3.5:1; greater than about 4:1; greater than about 4.5:1; greater than about 5:1;
greater than about 7.5:1; or greater than about 10:1.

In the third catalyst bed 104c, the third bulk gas mixture 634
passes through the third catalyst bed 104c which contains three layers 402a,
402b, and 402c. Within the third catalyst bed 104c, at least a portion of the
methane present in the third bulk gas mixture 634 is converted to form a third
intermediate OCM gas 644 containing one or more hydrocarbons. At least a
portion of the oxygen present in the third bulk gas mixture 634 is consumed to
form water and carbon dioxide. If oxygen is maintained as the limiting reagent
in the third bulk gas mixture 634, the third intermediate OCM gas 644 removed
from the third catalyst bed 104c may continue to contain unreacted methane
originally added with the methane source 106. The oxygen concentration in the
third intermediate OCM gas 644 can be less than about 20 mol%; less than
about 15 mol%; less than about 10 mol%; less than about 5 mol%; less than
about 2 mol%; less than about 1 mol%; less than about 0.5 mol%; or less than
about 0.1 mol%. The methane concentration in the third intermediate OCM gas
644 can be less than about 50 mol%; less than about 45 mol%; less than about
40 mol%; less than about 35mol%; less than about 30 mol%; less than about
25 mol%; less than about 20mol%; less than about 10 mol%; less than about 5
mol%; less than about 2 mol%; or less than about 1 mol%. The temperature of
the third intermediate OCM gas 644 can be less than about 1100°C; less than
about 1050°C; less than about 1000°C; less than about 900°C; less than about
800°C; less than about 700°C; less than about 650°C.

At least a portion of the thermal energy in the third intermediate
OCM gas 644 is removed using one or more thermal transfer devices 112 to
provide the OCM gas 110. As shown in Figure 6, in at least some instances,
boiler feed water 306 may be used to remove at least a portion of the thermal
energy present in the third intermediate OCM gas 644 to provide heated boiler

feed water, saturated steam or superheated steam 310. One or more
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temperature sensors and transmitters can be used to provide a process signal
input indicative of the temperature of the third intermediate OCM gas 644 to
one or more temperature, pressure, or flow controllers (not shown in Figure 6).
In at least some instances, one or more flow controllers can be used to provide
a control signal output to one or more final control elements, for example one or
more flow control valves used to adjust the flow of the boiler feed water 306 to
the one or more thermal transfer devices 112.

Figure 7 shows a process flow diagram of a system 700 for the
production of one or more alkene hydrocarbons via oxidative coupling of
methane (*OCM”) using two illustrative catalyst beds 104a and 104b
(collectively “catalyst beds 104”) disposed within a single vessel 102. The
catalyst beds 104 are disposed in interior spaces 702a, 702b, respectively
(collectively “interior spaces 702") formed by one or more hollow members
704a, 704b (collectively “hollow members 704”). Each of the hollow members
704 includes an exterior surface 706a, 706b, respectively (collectively “exterior
surface 706”). The first and second catalyst beds 104a, 104b each have three
layers 402a, 402b, and 402c surrounded by one or more coolant filled voids
206 and thus operating under substantially isothermal conditions. The catalyst
beds 104 provide parallel flow paths for the bulk gas mixture 114, therefore to
maintain relatively equal flow through all of the catalyst beds 104, the pressure
drop through each bed should be substantially similar. To achieve a
substantially similar pressure drop through each of the catalyst beds, the
number and composition of the layers 402 within each catalyst bed 104 may be
substantially similar.

In one example, each catalyst bed 104 can include a first layer
402a, for example containing a catalyst having a composition, structure, or
composition and structure providing a relatively high activity, for example a
catalyst that will convert the methane present in the bulk gas 114 to one or
more hydrocarbons. Each catalyst bed 104 can also include a second layer

402b, for example containing a catalyst having a composition, structure, or
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composition and structure providing a high selectivity for one or more targeted
hydrocarbons such as ethylene. Each catalyst bed 104 can also include a third
layer 402c, for example containing one or more inert materials useful in
providing a support for first and second layers 402a, 402b. A support structure,
for example a screen or grid is disposed proximate the hollow members 704 to
retain the catalyst beds 104 within the hollow members 704.

Within each of the hollow members 704, thermal energy is
liberated as the OCM reaction occurs within the catalyst bed 104. In contrast to
adiabatic conditions where thermal energy is not removed from the catalyst bed
104, in an isothermal condition such as that shown in Figure 7, the thermal
energy liberated by the OCM reaction occurring inside each of the hollow
members 704 flows through the hollow member 704 to a coolant in the void
space 206 surrounding the hollow members 704. Structurally, the vessel 102
resembles a vertically oriented shell and tube heat exchanger with the catalyst
bed 104 disposed inside the tube portion of the exchanger and the coolant
disposed insider the shell of the exchanger. The thermal energy is removed
from the coolant using one or more thermal transfer devices 212 fluidly coupled
210, 214 to the void space 206. In at least some situations, all or a portion of
the thermal energy removed from the coolant via the one or more thermal
transfer devices 212 may be transferred to one or more coolants which may be
subsequently used heat boiler feed water 306 to provide heated boiler feed
water, low pressure steam or superheated steam 310 as depicted in Figure 7.

The presence of the coolant surrounding each of the hollow
members 704 permits the OCM reaction to occur under substantially isothermal
conditions within the hollow member 704 at a temperature substantially
determined by the temperature of the coolant. Thermal energy is removed from
the OCM gas 110 using one or more thermal transfer devices 112. One or
more temperature transmitters can be used to provide a process signal input
indicative of the temperature of the coolant in the void 206 to one or more

temperature, pressure, or flow controllers (not shown in Figure 7). In at least
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some instances, one or more temperature or flow controllers can be used to
provide a control signal output to one or more final control elements, for
example one or more flow control valves used to adjust the flow of the boiler
feed water 306 to the one or more thermal transfer devices 112, or one or more
temperature control devices, such as a finned air cooler, used to remove
thermal energy from the coolant (not shown in Figure 7).

Since all of the catalyst beds 104 operate under substantially
similar conditions, all of the catalyst beds 104 are similarly affected by changes
to the temperature, pressure, flow or composition of the the bulk gas mixture
114. In a like manner, all of the catalyst beds 104 will be similarly affected by
changes in the coolant temperature. At least one of the inlet temperature, the
outlet temperature, the temperature increase, or the temperature profile across
one or more individual layers 402 or across the the catalyst beds 104 may
controlled. For example, the one or more catalyst beds 104 or even one or
more layers 402 in one or more catalyst beds 104 within the vessel 102 may be
operated similarly or differently based on at least one of: the temperature, the
pressure, the flow or the composition of the bulk gas mixture 114; the
concentration of one or more targeted hydrocarbons in the OCM gas 110; the
concentration of one or more non-targeted hydrocarbons in the OCM gas 110;
or the type and number of catalyst layers 402 in the catalyst beds 104.

The temperature increase across the catalyst bed 104 or each of
the layers 402, the outlet temperature of each catalyst bed 104 or each of the
layers 402, or the temperature profile of each catalyst bed 104 or each of the
layers 402 may be controlled based upon the temperature, pressure, flow, and
composition of the bulk gas mixture 114. Within some or all of the plurality
beds 104, the catalyst bed 104 or layer 402 inlet, outlet, and intermediate
temperatures may be measured using one or more temperature sensors and
transmitters (not shown in Figure 7). All or a portion of the measured catalyst
bed 104 or layer 402 temperature data may be used to provide one or more

process input signals indicative of the respective temperature(s) to one or more
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temperature, pressure, flow, or composition controllers. The one or more
controllers can provide one or more control signal outputs to one or more final
control elements capable of directly or indirectly acting on at least one of: the
methane source 106 temperature, pressure, flow or composition; or the oxidant
108 temperature pressure, flow, or composition.

In some instances, a desired temperature rise or linear or non-
linear temperature profile across any one or more layers 402 of catalyst may be
used to establish a target temperature or a target composition for the bulk gas
mixture 114. In some instances, a desired linear or non-linear temperature rise
rate (/.e., degrees of temperature per unit depth or length of catalyst) across
one or more layers 402 within the catalyst beds 104 may be used to establish a
target temperature or a target composition for the bulk gas mixture 114. In
other instances, a desired linear or non-linear temperature profile across across
all layers 402 of a catalyst bed 104 may be used to establish a target
temperature or a target composition for the bulk gas mixture 114.

In at least some embodiments, a target temperature or a target
composition for the bulk gas mixture 114 introduced to the catalyst beds 104
can be selected to maintain a temperature increase across any one or more
layers 402 of catalyst of less than about 200°C; less than about 150°C; less
than about 100°C; less than about 50°C; less than about 40°C; less than about
30°C; less than about 20°C; or less than about 10°C. In at least some
embodiments, at least one of the temperature, pressure, flow or composition of
the bulk gas mixture 114 may be controlled or otherwise adjusted using one or
more transmitters, controllers, and final control elements to maintain a
temperature rise across the catalyst beds 104 of less than about 250°C; less
than about 225°C; less than about 200°C; less than about 175°C; less than
about 150°C; less than about 125°C; less than about 100°C; less than about
75°C; or less than about 50°C.

In at least some embodiments, at least one of the temperature,

pressure, flow or composition of the bulk gas mixture 114 may be controlled or
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otherwise adjusted using one or more transmitters, controllers, and final control
elements to maintain a maximum temperature rise rate across any one or more
layers 402 of catalyst of less than about 50°C/cm; less than about 40°C/cm;
less than about 30°C/cm; less than about 25°C/cm; less than about 20°C/cm;
less than about 15°C/cm; less than about 10°C/cm; less than about 5°C/cm;
less than about 1°C/cm; or less than about 0.5°C/cm. In at least some
embodiments, at least one of the temperature, pressure, flow or composition of
the bulk gas mixture 114 may be controlled or otherwise adjusted using one or
more transmitters, controllers, and final control elements to maintain a
maximum temperature rise rate across the catalyst beds 104 of less than about
50°C/cm; less than about 40°C/cm; less than about 30°C/cm; less than about
25°C/cm; less than about 20°C/cm; less than about 15°C/cm; less than about
10°C/cm; less than about 5°C/cm; less than about 1°C/cm; or less than about
0.5°C/cm.

In at least some embodiments, at least one of the temperature,
pressure, flow or composition of the bulk gas mixture 114 may be controlled or
otherwise adjusted using one or more transmitters, controllers, and final control
elements to maintain a maximum temperature within any one or more layers
402 of catalyst of less than about 1100°C; less than about 1050°C; less than
about 1000°C; less than about 950°C; less than about 900°C; less than about
850°C; less than about 800°C; less than about 750°C; less than about 700°C;
less than about 650°C; or less than about 600°C. In at least some
embodiments, at least one of the temperature, pressure, flow or composition of
the bulk gas mixture 114 may be controlled or otherwise adjusted using one or
more transmitters, controllers, and final control elements to maintain a
maximum temperature within the catalyst beds 104 of less than about 1200°C,;
less than about 1100°C; less than about 1000°C; less than about 950°C; less
than about 900°C; less than about 850°C; less than about 800°C; less than
about 750°C; less than about 700°C; less than about 650°C; or less than about
600°C.
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In at least some embodiments, at least one of the temperature,
pressure, flow or composition of the bulk gas mixture 114 may be controlled or
otherwise adjusted using one or more transmitters, controllers, and final control
elements to maintain a temperature range within any one or more layers 402 of
catalyst of from about 400°C to about 950°C; about 500°C to about 900°C; or
about 500°C to about 850°C. In at least some embodiments, at least one of the
temperature, pressure, flow or composition of the bulk gas mixture 114 may be
controlled or otherwise adjusted using one or more transmitters, controllers,
and final control elements to maintain a temperature range within the catalyst
beds 104 of from about 400°C to about 950°C; about 500°C to about 900°C; or
about 500°C to about 850°C.

As shown in Figure 7, the methane source 106 and the oxidant
108 are combined to form the bulk gas mixture 114 which then divides and
passes through all of the catalyst beds 104. Within the catalyst beds 104, at
least a portion of the methane present in the bulk gas mixture 114 is converted
to form the OCM gas 110 containing one or more hydrocarbons. Additionally,
at least a portion of the oxygen in the bulk gas mixture 114 is consumed to form
water and carbon dioxide.

Where oxygen is maintained as the limiting reagent in the bulk
gas mixture 114, the OCM gas 110 removed from the vessel 102 will contain a
quantity of unreacted methane. The oxygen concentration in the OCM gas 110
can be less than about 20 mol%; less than about 15 mol%; less than about 10
mol%; less than about 5 mol%; less than about 2 mol%; less than about 1
mol%; less than about 0.5 mol%; or less than about 0.1 mol%. The methane
concentration in the OCM gas 110 can be less than about 50 mol%; less than
about 45 mol%; less than about 40 mol%; less than about 35mol%; less than
about 30 mol%; less than about 25 mol%; less than about 20mol%; less than
about 10 mol%; less than about 5 mol%; less than about 2 mol%; or less than
about 1 mol%. The temperature of the OCM gas after exiting the vessel 102

and prior to passing through the at least one thermal transfer device 112 can be
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less than about 1100°C; less than about 1050°C; less than about 1000°C; less
than about 900°C; less than about 800°C; less than about 700°C; less than
about 650°C.

Figure 8 shows a process flow diagram of a system 800 for the
production of one or more alkene hydrocarbons via oxidative coupling of
methane (*“OCM”) using a plurality of serial, fluidly coupled, vessels 102a, 102b,
102c, 102d (collectively “plurality of vessels 1027). Although each of the
vessels 102 are illustrated as having a single catalyst bed 104 containing two
layers 402a and 402b, each of the vessels 102 may have more than one
catalyst bed 104 and each catalyst bed 104 may have a greater or lesser
number of layers 402. Each of the plurality of vessels 102 operates under
substantially adiabatic conditions. Thermal energy is removed from the OCM
gas 820, 840, 860, removed, respectively, from the first, second, and third
vessels 102a, 102b, 102c using one or more interstage thermal transfer devices
822a, 822b, 822c (collectively “thermal transfer devices 822”). Thermal energy
is removed from the OCM gas 110 removed from the fourth vessel 102d using
one or more thermal transfer devices 112. One or more supplemental oxidants
830, 850, 870 may be added between some or all of the plurality of vessels
102.

Although not depicted in Figure 8, exchanging thermal energy
between one or more reactants or products having a thermal energy excess
with one or more reactants or products having a thermal energy deficit, may be
integrated into the serially arranged plurality of vessels 102 shown in Figure 8.

In at least some instances, the catalyst bed 104 inlet temperature,
the catalyst bed 104 outlet temperature, and one or more intermediate catalyst
bed 104 temperatures in any or all of the plurality of vessels 102 may be
measured using temperature sensors and transmitters to provide one or more
input signals indicative of the temperature at the respective catalyst bed 104
location to one or more controllers. The ability to individually measure and

control the catalyst thermal conditions in all or a portion of the plurality of
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vessels 102, including without limitation the inlet and outlet temperatures,
temperature increase or gradient, maximum temperature, and thermal profile
across a single catalyst layer, a single catalyst bed, a multi-layer catalyst bed,
and a multi-catalyst bed arrangement advantageously provides the ability to
individually control the process 800 to achieve a targeted conversion,
selectivity, and yield while operating at moderate temperatures.

Operating under substantially adiabatic conditions within each of
the plurality of vessels 102, the temperature increase or gradient across the
catalyst bed 104 or each of the layers 402, the outlet temperature of each
catalyst bed 104 or each of the layers 402, and the temperature profile of each
catalyst bed 104 or each of the layers 402 may be controlled based upon the
temperature, pressure, flow, and composition of the bulk gas mixture 114, 832,
852, 872 that is introduced to the catalyst beds 104 in each of the plurality of
vessels 102. Within some or all of the plurality of vessels 102, the catalyst bed
104 or layer 402 inlet, outlet, and intermediate temperatures may be measured
using one or more temperature sensors and transmitters (not shown in Figure
8). All or a portion of the measured catalyst bed 104 or layer 402 temperature
data within each of the respective plurality of vessels 102 may be used to
provide one or more process variable inputs to one or more temperature,
pressure, flow, or composition controllers. The one or more controllers can
provide one or more control signal outputs to final control elements capable of
directly or indirectly acting on at least one of: the methane source 106, the
oxidant 108, the second oxidant 830, the third oxidant 850, or the fourth oxidant
870. For example, responsive to at least one of the measured catalyst bed 104
or layer 402 inlet temperature, outlet temperature, maximum temperature,
temperature gradient or increase, or temperature profile in at least one of the
plurality of vessels 102, one or more of the temperature, pressure, flow, or
composition of the bulk gas mixture 114, 832, 852, 872 introduced to the
respective vessel 102 may be adjusted using one or more final control elements

such as one or more control valves or the like.
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In addition to individually controlling the catalyst thermal
conditions within each individual vessel 102, the catalyst temperature increase
or gradient across all or a portion of the plurality of vessels 102, the catalyst
outlet temperature across all or a portion of the plurality of vessels 102, and the
catalyst temperature profile across all or a portion of the plurality of vessels 102
may be controlled based upon the temperature, pressure, flow, and
composition of the methane source 106, the oxidant 108, the second oxidant
830, the third oxidant 850, or the fourth oxidant 870, the bulk gas mixture 114,
the second bulk gas mixture 824, the third bulk gas mixture 844, or the fourth
bulk gas mixture 864. Such flexibility in control permits the operation of the
process 800 at a wide variety of process conditions and compositions to enable
the efficient production of one or more targeted hydrocarbons at moderate
operating temperatures.

One or more individual layers 402 in a catalyst bed 104 in each of
the plurality of vessels 102 or the entire catalyst bed 104 in each of the plurality
of vessels 102 may be individually or jointly controlled or operated. In some
instances the inlet temperature, outlet temperature, maximum temperature,
temperature increase, or thermal profile in a particular layer 402 or a particular
catalyst bed 104 may be controlled across one of the plurality of vessels 102,
across several of the plurality of vessels 102, or across the entire plurality of
vessels 102. For example, the one or more catalyst beds 104 or even one or
more layers 402 forming a catalyst bed 104 within each of the plurality of
vessels 102 may be operated similarly or differently between vessels 102
based at least in part on the composition and temperature of the bulk gas
mixture introduced to the vessel 102, the concentration of one or more targeted
hydrocarbons in the OCM gas 820, 840, 860, 110 removed from the vessel
102, the concentration of one or more non-targeted hydrocarbons in the OCM
gas removed from the vessel 102, the type and number of catalyst layers 402
in one or more catalyst beds 104 in the respective vessel 102, or the type and

number of catalyst beds 104 in the respective vessel 102.
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In some instances, at least one of: the inlet temperature, the outlet
temperature, the maximum temperature, the temperature rise, or the thermal
profile across one or more layers 402 within the catalyst bed 104 may be used
to control or otherwise adjust at least one of the temperature, pressue, flow, or
composition of the bulk gas mixture 114, 832, 852, 872 introduced to the vessel
102. In some instances, at least one of: the inlet temperature, the outlet
temperature, the maximum temperature, the temperature rise, or the thermal
profile across the catalyst bed 104 in one vessel 102 may be used to control or
otherwise adjust at least one of the temperature, pressue, flow, or composition
of the bulk gas mixture 114, 832, 852, 872 introduced to the vessel 102. In
other instances, at least one of: the inlet temperature, the outlet temperature,
the maximum temperature, the temperature rise, or the thermal profile across
the catalyst beds 104 in two or more vessels 102 may be used to control or
otherwise adjust at least one of the temperature, pressue, flow, or composition
of the bulk gas mixture 114, 832, 852, 872 introduced to the respective two or
more vessels 102.

In at least some embodiments, at least one of: the temperature;
the pressure; the flow; or the composition of the bulk gas mixture 114, 832, 852,
872 introduced to one or more of the plurality of vessels 102 may be controlled
or otherwise adjusted to maintain a temperature increase across any one layer
402 of the catalyst bed 104 within one or more of the plurality of vessels 102 of
less than about 200°C; less than about 150°C; less than about 100°C; less than
about 50°C; less than about 40°C; less than about 30°C; less than about 20°C;
or less than about 10°C. In at least some embodiments, at least one of: the
temperature; the pressure; the flow; or the composition of the bulk gas mixture
114, 832, 852, 872 within one or more of the plurality of vessels 102 can be
controlled or otherwise adjusted to maintain a temperature increase across the
catalyst bed 104 within one or more of the plurality of vessels 102 of less than
about 250°C; less than about 225°C; less than about 200°C; less than about
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175°C; less than about 150°C; less than about 125°C; less than about 100°C;
less than about 75°C; or less than about 50°C.

In at least some embodiments, at least one of: the temperature;
the pressure; the flow; or the composition of the bulk gas mixture 114, 832, 852,
872 within one or more of the plurality of vessels 102 can be controlled or
otherwise adjusted to maintain a maximum temperature rise rate across any
one layer 402 of the catalyst bed 104 within one or more of the plurality of
vessels 102 of less than about 50°C/cm; less than about 40°C/cm; less than
about 30°C/cm; less than about 25°C/cm; less than about 20°C/cm; less than
about 15°C/cm; less than about 10°C/cm; less than about 5°C/cm; less than
about 1°C/cm; or less than about 0.5°C/cm. In at least some embodiments, at
least one of: the temperature; the pressure; the flow; or the composition of
thebulk gas mixture 114, 832, 852, 872 within one or more of the plurality of
vessels 102 can be controlled or otherwise adjusted to maintain a maximum
temperature rise rate across the catalyst bed 104 within one or more of the
plurality of vessels 102 of less than about 50°C/cm; less than about 40°C/cm;
less than about 30°C/cm; less than about 25°C/cm; less than about 20°C/cm;
less than about 15°C/cm; less than about 10°C/cm; less than about 5°C/cm;
less than about 1°C/cm; or less than about 0.5°C/cm.

In at least some embodiments, at least one of: the temperature;
the pressure; the flow; or the composition of the bulk gas mixture 114, 832, 852,
872 within one or more of the plurality of vessels 102 can be controlled or
otherwise adjusted to maintain a maximum temperature within any one layer
402 of the catalyst bed 104 within one or more of the plurality of vessels 102 of
less than about 1100°C; less than about 1050°C; less than about 1000°C; less
than about 950°C; less than about 900°C; less than about 850°C; less than
about 800°C; less than about 750°C; less than about 700°C; less than about
650°C; or less than about 600°C. In at least some embodiments, at least one
of: the temperature; the pressure; the flow; or the composition of the bulk gas

mixture 114, 832, 852, 872 within one or more of the plurality of vessels 102
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can be controlled or otherwise adjusted to maintain a maximum temperature
within the catalyst bed 104 within one or more of the plurality of vessels 102 of
less than about 1100°C; less than about 1050°C; less than about 1000°C; less
than about 950°C; less than about 900°C; less than about 850°C; less than
about 800°C; less than about 750°C; less than about 700°C; less than about
650°C; or less than about 600°C.

As shown in Figure 8, a variable quantity of thermal energy may
be added to variably increase the temperature of either or both the methane
source 106 and the oxidant 108 prior to their introduction to the first vessel
102a. Thermal energy may be added to increase the temperature of the
methane source 106 using one or more thermal transfer devices 802, one or
more combustion heaters 806, or combinations thereof. In at least some
instances, the one or more thermal transfer devices 802 can include one or
more non-contact heat exchangers where a heat transfer medium 804 releases
thermal energy to the methane source 106. In at least some instances, at least
a portion of the heat transfer medium can include the OCM gas 110 removed
from the fourth vessel 102d. In at least some embodiments, a one or more
combustion heaters 806 using one or more fuels 808 may be used to provide all
or a portion of the thermal energy to the methane source 106. One or more
temperature transmitters can provide a process signal input indicative of the
temperature of the methane source 106 to one or more temperature controllers.
The one or more temperature controllers can provide a control output signal to
one or more final control elements, for example one or more flow control valves
used to control the flow of heat transfer medium 804 to the one or more thermal
transfer devices 802 or to control the flow of the one or more fuels 808 to the
one or more combustion heaters 806.

A variable quantity of thermal energy may also be added to
variably increase the temperature of the oxidant 108 using one or more thermal
transfer devices 810, one or more combustion heaters (not shown in Figure 8),

or combinations thereof. In at least some instances, the one or more thermal
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transfer devices 810 can include one or more non-contact heat exchangers
where a heat transfer medium 812 is used to provide thermal energy to the
oxidant 108. In at least some instances, at least a portion of the heat transfer
medium can include the OCM gas 110 removed from the fourth vessel 102d.
One or more temperature transmitters can provide a process signal input
indicative of the temperature of the oxidant 108 to one or more temperature
controllers. The one or more temperature controllers can provide a control
output signal to one or more final control elements, for example one or more
flow control valves used to control the flow of heat transfer medium 812 to the
one or more thermal transfer devices 810 or to control the flow of the one or
more fuels to the one or more combustion heaters.

The methane source 106 and the oxidant 108 combine to form the
bulk gas mixture 114 prior to passing through a single catalyst bed 104
containing two layers 402a and 402b. Within the catalyst bed 104, at least a
portion of the methane present in the bulk gas mixture 114 is converted to form
a first intermediate OCM gas 820 containing one or more hydrocarbons and at
least a portion of the oxygen is consumed to form water and carbon dioxide.
Where oxygen is maintained as the limiting reagent in the bulk gas mixture 114,
the first intermediate OCM gas 820 removed from the first vessel 102a will
contain unreacted methane. The oxygen concentration in the first intermediate
OCM gas 820 can be less than about 20 mol%; at most about 15 mol%; at most
about 10 mol%; at most about 5 mol%,; less thanabout 2 mol%; less thanabout
1 mol%; less thanabout 0.5 mol%; or less thanabout 0.1 mol%. The methane
concentration in the first intermediate OCM gas 820 can be greater than about
1 mol%; greater than about 2 mol%; greater than about 5 mol%,; greater than
about 10 mol%; greater than about 20 mol%; greater than about 25 mol%;
greater than about 30 mol%; greater than about 35 mol%; greater than about
40 mol%; greater than about 45 mol%; or greater than about 50 mol%. The

temperature of the first intermediate OCM gas 820 can be less than about
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1100°C; less than about 1050°C; less than about 1000°C; less than about
900°C; less than about 800°C; less than about 700°C; or less than about 650°C.

At least a portion of the thermal energy carried with the first
intermediate OCM gas 820 is removed using one or more thermal transfer
devices 822a to provide a first cooled intermediate OCM gas 824. As shown in
Figure 8, in at least some instances, boiler feed water 826 may be used to
remove at least a portion of the thermal energy present in the first intermediate
OCM gas 820 to provide steam 828. One or more temperature sensors and
transmitters can be used to provide a process signal indicative of the
temperature of the first cooled intermediate gas 824 to at least one temperature
controller. A control signal output provided by the at least one temperature
controller may be fed to a final control element, for example a flow control
valve, that controls or otherwise adjusts the flow of boiler feed water 306 to the
one or more thermal transfer devices 822a. Because of the unreacted methane
present in the first cooled intermediate OCM gas 824, at least a portion of the
first cooled intermediate OCM gas 824 removed from the one or more thermal
transfer devices 822a may be used to provide at least a portion of the methane
source for the second vessel 102b. In some instances, the temperature of the
first cooled intermediate OCM gas 824 may be adjusted by bypassing all or a
portion of the first intermediate OCM gas 820 around the one or more thermal
transfer devices 822a using one or more bypass control devices 823. The
temperature of the first cooled intermediate OCM gas 824 can be less than
about 600°C; less than about 550°C; less than about 500°C; less than about
450°C; less than about 400°C. Although not shown in Figure 8, in at least some
situations, additional methane or other Cz. hydrocarbons may be added to the
second bulk gas mixture 832. The Co. alkane, alkene, alkyne, or aromatic
hydrocarbon concentration within the second bulk gas mixture 832 can be less
than about 10 mol%; less than about 5 mol%; less than about 3 mol%; less
than about 2 mol%; less than about 1 mol%; less tha n about 0.5 mol%; or less
than about 0.05 mol%.
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Oxygen may be maintained as the limiting reagent in the bulk gas
mixture 114 in the first vessel 102a, therefore the first intermediate cooled OCM
gas 824 will have little, if any, residual oxygen content. In at least some
embodiments, a second oxidant 830 can be added to the first intermediate
cooled OCM gas 824 to provide a second bulk gas mixture 832 for introduction
to the second vessel 102b. In some instances, the second oxidant 830 can be
added as a cooled, condensed liquid or as a cooled gas to further lower the
temperature of the second bulk gas mixture 832. In some situations, the
composition of the second bulk gas mixture 832 can be controlled or otherwise
adjusted using one of more analyzers to provide a process signal input
indicative of the composition of the second bulk gas mixture 832 to one or more
flow or composition controllers. The one or more controllers can provide a
control signal output to one or more final control elements, for example one or
more flow control valves capable of controlling or otherwise adjusting the flow of
the second oxidant 830. In some situations the temperature of the second bulk
gas mixture 832 can be controlled or otherwise adjusted using one of more
temperature transmitters to provide a process signal input indicative of the
temperature of the second bulk gas mixture 832 to one or more temperature
controllers. The one or more controllers can provide a control signal output to
one or more final control elements, for example one or more flow control valves
capable of controlling or otherwise adjusting the flow of the boiler feed water
306 to the one or more thermal transfer devices 822a.

The methane concentration within the second bulk gas mixture
832 can be less than about 5 mol%; less than about 10 mol%; less than about
15 mol%; less than about 20 mol%; less than about 25 mol%; less than about
30 mol%,; less than about 40 mol%; less than about 50 mol%; less than about
60 mol%; less than about 70 mol%. The oxygen concentration within the
second bulk gas mixture 832 can be less than about 5 mol%; less than about

10 mol%:; less than about 15 mol%; less than about 20 mol%:; less than about
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25 mol%; less than about 30 mol%; less than about 40 mol%,; less than about
50 mol%; less than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the
second bulk gas mixture 832 can be advantageously adjusted by controlling or
otherwise limiting the quantity of oxygen added via the second oxidant 530 to at
least one of: selectively control the OCM reaction within the second vessel
102b, or to provide a thermal profile through at least one of the catalyst bed
104b, or one of the plurality of layers 402 forming the catalyst bed 104b. In
some embodiments, the oxygen concentration within the second bulk gas
mixture 832 can be measured and adjusted via one or more feedback
controllers communicably coupled to a final control element 834 on the second
oxidant 830. The oxygen concentration within the second bulk gas mixture 832
can be less than about 5 mol%; less than about 10 mol%; less than about 15
mol%:; less than about 20 mol%; less than about 25 mol%; less than about 30
mol%; less than about 40 mol%; less than about 50 mol%; less than about 60
mol%; less than about 70 mol%. Although not shown in Figure 8, in at least
some instances, one or more hydrocarbons, including methane or Ca.
hydrocarbons, may be introduced to the second bulk gas mixture 832.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the second bulk gas mixture 832 may also be measured
and adjusted to selectively control the OCM reaction within the second vessel
102b. For example, the methane-to-oxygen stoichiometric ratio in the second
bulk gas mixture 832 may be controlled or otherwise adjusted or provide a
targeted thermal profile through at least one of the layers 402 forming catalyst
bed 104b or to provide a targeted thermal profile through the entire catalyst bed
104b. Maintaining the stoichiometric ratio within the second bulk gas mixture
832 such that oxygen is the limiting reagent (i.e., maintaining a stoichiometric
ratio of greater than 2:1) may advantageously minimize the likelihood of a
detonation or deflagration occurring within the second vessel 102b. One or

more analyzers may be used to determine either or both the methane and the
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oxygen concentration in second bulk gas mixture 832 and provide a process
signal input that is indicative of the concentration(s) to one or more flow or
composition controllers. The one or more controllers can provide a control
output signal to one or more final control elements configured, for example, to
adjust the flow of either or both the methane source and the oxidant to the
second bulk gas mixture 832. In at least some embodiments, the stoichiometric
ratio (expressed as methane molar concentration to oxygen molar
concentration) in the second bulk gas mixture 832 can be greater than about
2:1; greater than about 2.25:1; greater than about 2.5:1; greater than about
2.75:1; greater than about 3:1; greater than about 3.5:1; greater than about 4:1;
greater than about 4.5:1; greater than about 5:1; greater than about 7.5:1; or
greater than about 10:1.

Within the second vessel 102b, the second bulk gas mixture 832
is introduced to a single catalyst bed 104 having two layers 402a and 402b.
Within the catalyst bed 104, at least a portion of the methane present in the
second bulk gas mixture 832 is converted to form a second intermediate OCM
gas 840 containing one or more C,. hydrocarbons and at least a portion of the
oxygen is consumed to form water and carbon dioxide. Where oxygen is
maintained as the limiting reagent in the second bulk gas mixture 832, the
second intermediate OCM gas 840 removed from the second vessel 102b may
contain unreacted methane originally added with the methane source 106 to the
first vessel 102a or unreacted methane added to the second vessel 102b (not
shown in Figure 8). The oxygen concentration in the second intermediate OCM
gas 840 can be less than about 20 mol%; less than about 15 mol%; less than
about 10 mol%; less than about 5 mol%; less than about 2 mol%; less than
about 1 mol%; less than about 0.5 mol%; or less than about 0.1 mol%. The
methane concentration in the second intermediate OCM gas 840 can be
greater than about 1 mol%; greater than about 2 mol%; greater than about 5
mol%; greater than about 10 mol%; greater than about 20 mol%; greater than

about 25 mol%; greater than about 30 mol%; greater than about 35 mol%;
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greater than about 40 mol%; greater than about 45 mol%; or greater than about
50 mol%. The temperature of the second intermediate OCM gas 840 can be
less than about 1100°C; less than about 1050°C; less than about 1000°C; less
than about 900°C; less than about 800°C; less than about 700°C; less than
about 650°C.

At least a portion of the thermal energy in the second intermediate
OCM gas 840 is removed using one or more thermal transfer devices 822b to
provide a second cooled intermediate OCM gas 844. As shown in Figure 8, in
at least some instances, boiler feed water 826 may be used to remove at least
a portion of the thermal energy present in the second intermediate OCM gas
840 to provide steam 828. One or more temperature transmitters can be used
to provide a process signal input indicative of the second cooled intermediate
OCM gas 844 to one or more temperature or flow controllers. A control signal
output from the at least one controller may be provided to a final control
element, for example a flow control valve used to control or otherwise adjust the
flow of boiler feed water 306 to the one or more thermal transfer devices 822b.
Because of the unreacted methane present in the second cooled intermediate
OCM gas 844, at least a portion of the second cooled intermediate OCM gas
844 removed from the one or more thermal transfer devices 822b may be used
to provide at least a portion of the methane source in the third bulk gas mixture
852. In some instances, the temperature of the second cooled intermediate
OCM gas 844 may be adjusted by bypassing all or a portion of the second
intermediate OCM gas 840 around the one or more thermal transfer devices
822b using one or more bypass control devices 843. The temperature of the
second cooled intermediate OCM gas 844 can be less than about 600°C; less
than about 550°C; less than about 500°C; less than about 450°C; or less than
about 400°C. Although not shown in Figure 8, in at least some situations,
additional methane or other C.. hydrocarbons may be added to the third bulk
gas mixture 852. The C,. alkane, alkene, alkyne, or aromatic hydrocarbon

concentration within the third bulk gas mixture 852 can be less than about 10
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mol%; less than about 5 mol%; less than about 3 mol%; less than about 2
mol%; less than about 1 mol%; less tha n about 0.5 mol%; or less than about
0.05 mol%.

Oxygen may be maintained as the limiting reagent in the second
bulk gas mixture 832 introduced to the second vessel 102b, therefore the
second intermediate cooled OCM gas 844 will have little, if any, residual
oxygen content. In at least some embodiments, a third oxidant 850 can be
added to the second intermediate cooled OCM gas 844 to provide a third bulk
gas mixture 852 for introduction to the third vessel 102c. In some instances,
the third oxidant 850 can be added as a cooled, condensed liquid or as a
cooled gas to further lower the temperature of the third bulk gas mixture 852. In
some situations, the composition of the third bulk gas mixture 852 can be
controlled or otherwise adjusted using one of more analyzers to provide a
process signal input indicative of the composition of the third bulk gas mixture
852 to one or more flow or composition controllers. The one or more controllers
can provide a control signal output to one or more final control elements, for
example one or more flow control valves capable of controlling or otherwise
adjusting the flow of the third oxidant 850. In some situations the temperature
of the third bulk gas mixture 852 can be controlled or otherwise adjusted using
one of more temperature transmitters to provide a process signal input
indicative of the temperature of the third bulk gas mixture 852 to one or more
temperature controllers. The one or more controllers can provide a control
signal output to one or more final control elements, for example one or more
flow control valves capable of controlling or otherwise adjusting the flow of the
boiler feed water 306 to the one or more thermal transfer devices 822b.

The methane concentration within the third bulk gas mixture 852
can be less than about 5 mol%; less than about 10 mol%; less than about 15
mol%; less than about 20 mol%; less than about 25 mol%; less than about 30
mol%; less than about 40 mol%; less than about 50 mol%; less than about 60

mol%; less than about 70 mol%. The oxygen concentration within the third bulk
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gas mixture 852 can be less than about 5 mol%; less than about 10 mol%; less
than about 15 mol%; less than about 20 mol%; less than about 25 mol%; less
than about 30 mol%; less than about 40 mol%; less than about 50 mol%; less
than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the
third bulk gas mixture 852 may also be measured and adjusted to selectively
control the OCM reaction within the third vessel 102c. For example, the oxygen
concentration in the third bulk gas mixture 852 may be controlled or otherwise
adjusted or provide a targeted thermal profile through at least one of the layers
402 forming catalyst bed 104c or to provide a targeted thermal profile through
the entire catalyst bed 104c. In some embodiments, the oxygen concentration
within the third bulk gas mixture 852 can be measured and adjusted via one or
more feedback controllers communicably coupled to a final control element 854
on the third oxidant 850. The oxygen concentration within the third bulk gas
mixture 852 can be less than about 5 mol%; less than about 10 mol%; less than
about 15 mol%; less than about 20 mol%; less than about 25 mol%; less than
about 30 mol%; less than about 40 mol%; less than about 50 mol%; less than
about 60 mol%; less than about 70 mol%.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the third bulk gas mixture 852 may also be measured and
adjusted to selectively control the OCM reaction within the third vessel 102c.
For example, the methane-to-oxygen stoichiometric ratio in the third bulk gas
mixture 852 may be controlled or otherwise adjusted or provide a targeted
thermal profile through at least one of the layers 402 forming catalyst bed 104c
or to provide a targeted thermal profile through the entire catalyst bed 104c.
Establishing the stoichiometric ratio within the third bulk gas mixture 852 such
that oxygen is the limiting reagent (i.e., maintaining a stoichiometric ratio of
greater than 2:1) may advantageously minimize the likelihood of a detonation or
deflagration occurring within the third vessel 102c. One or more analyzers may

be used to determine either or both the methane or the oxygen concentration(s)

150



10

15

20

25

30

CA 02874526 2014-11-21

WO 2013/177433 PCT/US2013/042480

in third bulk gas mixture 852 and provide a input signal indicative of the
concentration(s) to one or more flow or composition controllers. The one or
more controllers can provide a control signal output to one or more final control
elements configured, for example, to adjust the flow of the third oxidant 850 to
the third bulk gas mixture 852. In at least some embodiments, the
stoichiometric ratio (expressed as methane molar concentration to oxygen
molar concentration) in the third bulk gas mixture 852 can be greater than about
2:1; greater than about 2.25:1; greater than about 2.5:1; greater than about
2.75:1; greater than about 3:1; greater than about 3.5:1; greater than about 4:1;
greater than about 4.5:1; greater than about 5:1; greater than about 7.5:1; or
greater than about 10:1.

Within the third vessel 102c, the third bulk gas mixture 852 is
introduced to a single catalyst bed 104c having two layers 402a and 402b.
Within the catalyst bed 104c, at least a portion of the methane present in the
third bulk gas mixture 852 is converted to form a third intermediate OCM gas
860 containing one or more Cy+ hydrocarbons and at least a portion of the
oxygen is consumed to form water and carbon dioxide.

Where oxygen is maintained as the limiting reagent in the third
bulk gas mixture 852, the third intermediate OCM gas 860 removed from the
third vessel 102c may continue to contain unreacted methane added to the third
vessel 102c¢, or originally added with the methane source 106 to the first vessel
102a. The oxygen concentration in the third intermediate OCM gas 860 can be
less than about 20 mol%; less than about 15 mol%; less than about 10 mol%;
less than about 5 mol%; less than about 2 mol%; less than about 1 mol%; less
than about 0.5 mol%; or less than about 0.1 mol%. The methane concentration
in the third intermediate OCM gas 860 can be greater than about 1 mol%;
greater than about 2 mol%; greater than about 5 mol%; greater than about 10
mol%; greater than about 20 mol%; greater than about 25 mol%; greater than
about 30 mol%; greater than about 35 mol%; greater than about 40 mol%;

greater than about 45 mol%; or greater than about 50 mol%. The temperature
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of the third intermediate OCM gas 860 can be less than about 1100°C; less
than about 1050°C; less than about 1000°C; less than about 900°C; less than
about 800°C; less than about 700°C; or less than about 650°C.

At least a portion of the thermal energy in the third intermediate
OCM gas 860 is removed using one or more thermal transfer devices 822c¢ to
provide a third cooled intermediate OCM gas 864. As shown in Figure 8, in at
least some instances, boiler feed water 826 may be used to remove at least a
portion of the thermal energy present in the third intermediate OCM gas 860 to
provide steam 828. One or more temperature transmitters can be used to
provide a process signal input indicative of the third cooled intermediate OCM
gas 864 to one or more temperature or flow controllers. A control signal output
from the at least one controller may be provided to a final control element, for
example a flow control valve used to control or otherwise adjust the flow of
boiler feed water 306 to the one or more thermal transfer devices 822c.
Because of the unreacted methane present in the third cooled intermediate
OCM gas 864, at least a portion of the third cooled intermediate OCM gas 864
removed from the one or more thermal transfer devices 822¢ may be used to
provide at least a portion of the methane source in the fourth bulk gas mixture
872. In some instances, the temperature of the third cooled intermediate OCM
gas 864 may be adjusted by bypassing all or a portion of the third intermediate
OCM gas 860 around the one or more thermal transfer devices 822c¢ using one
or more bypass control devices 863. The temperature of the third cooled
intermediate OCM gas 864 can be less than about 600°C; less than about
550°C; less than about 500°C; less than about 450°C; or less than about 400°C.
Although not shown in Figure 8, in at least some situations, additional methane
or other Co: hydrocarbons may be added to the fourth bulk gas mixture 872.
The C,. alkane, alkene, alkyne, or aromatic hydrocarbon concentration within
the fourth bulk gas mixture 872 can be less than about 10 mol%; less than
about 5 mol%; less than about 3 mol%; less than about 2 mol%; less than

about 1 mol%:; less tha n about 0.5 mol%; or less than about 0.05 mol%.
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Oxygen may be maintained as the limiting reagent in the third
bulk gas mixture 852 introduced to the third vessel 102c, therefore the third
intermediate cooled OCM gas 864 will have little, if any, residual oxygen
content. In at least some embodiments, a fourth oxidant 870 can be added to
the third intermediate cooled OCM gas 864 to provide a fourth bulk gas mixture
872 for introduction to the fourth vessel 102d. In some instances, the fourth
oxidant 870 can be added as a cooled, condensed liquid or as a cooled gas to
further lower the temperature of the fourth bulk gas mixture 872. In some
situations, the composition of the fourth bulk gas mixture 872 can be controlled
or otherwise adjusted using one of more analyzers to provide a process signal
input indicative of the composition of the fourth bulk gas mixture 872 to one or
more flow or composition controllers. The one or more controllers can provide
a control signal output to one or more final control elements, for example one or
more flow control valves capable of controlling or otherwise adjusting the flow of
the fourth oxidant 870. In some situations the temperature of the fourth bulk
gas mixture 872 can be controlled or otherwise adjusted using one of more
temperature transmitters to provide a process signal input indicative of the
temperature of the fourth bulk gas mixture 872 to one or more temperature
controllers. The one or more controllers can provide a control signal output to
one or more final control elements, for example one or more flow control valves
capable of controlling or otherwise adjusting the flow of the boiler feed water
306 to the one or more thermal transfer devices 822c.

The methane concentration within the fourth bulk gas mixture 872
can be less than about 5 mol%; less than about 10 mol%; less than about 15
mol%; less than about 20 mol%; less than about 25 mol%; less than about 30
mol%; less than about 40 mol%; less than about 50 mol%; less than about 60
mol%; less than about 70 mol%. The oxygen concentration within the fourth
bulk gas mixture 872 can be less than about 5 mol%; less than about 10 mol%;

less than about 15 mol%; less than about 20 mol%:; less than about 25 mol%;
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less than about 30 mol%; less than about 40 mol%; less than about 50 mol%;
less than about 60 mol%; less than about 70 mol%.

In one or more embodiments, the oxygen concentration in the
fourth bulk gas mixture 872 may also be measured and adjusted to selectively
control the OCM reaction within the fourth vessel 102d. For example, the
oxygen concentration in the fourth bulk gas mixture 872 may be controlled or
otherwise adjusted or provide a targeted thermal profile through at least one of
the layers 402 forming catalyst bed 104d or to provide a targeted thermal profile
through the entire catalyst bed 104d. In some embodiments, the oxygen
concentration within the fourth bulk gas mixture 872 can be measured and
adjusted via one or more feedback controllers communicably coupled to a final
control element 874 on the fourth oxidant 870. The oxygen concentration
within the fourth bulk gas mixture 872 can be less than about 5 mol%; less than
about 10 mol%; less than about 15 mol%; less than about 20 mol%:; less than
about 25 mol%; less than about 30 mol%; less than about 40 mol%; less than
about 50 mol%; less than about 60 mol%; less than about 70 mol%.

In addition to the composition, the methane-to-oxygen
stoichiometric ratio in the fourth bulk gas mixture 872 may also be measured
and adjusted to selectively control the OCM reaction within the fourth vessel
102d. For example, the methane-to-oxygen stoichiometric ratio in the fourth
bulk gas mixture 872 may be controlled or otherwise adjusted or provide a
targeted thermal profile through at least one of the layers 402 forming catalyst
bed 104d or to provide a targeted thermal profile through the entire catalyst bed
104d. Establishing the stoichiometric ratio within the fourth bulk gas mixture
872 such that oxygen is the limiting reagent (i.e., maintaining a stoichiometric
ratio of greater than 2:1) may advantageously minimize the likelihood of a
detonation or deflagration occurring within the third vessel 102c. One or more
analyzers may be used to determine either or both the methane and the oxygen
concentration(s) in fourth bulk gas mixture 872 and provide a process signal

input indicative of the concentration(s) to one or more flow or composition
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controllers. In at least some embodiments the one or more controllers can
provide a control output signal to one or more final control elements, for
example one or more flow control valves used to adjust the flow of the fourth
oxidant 870 to the fourth bulk gas mixture 872. In at least some embodiments,
the stoichiometric ratio (expressed as methane molar concentration to oxygen
molar concentration) in the fourth bulk gas mixture 872 can be greater than
about 2:1; greater than about 2.25:1; greater than about 2.5:1; greater than
about 2.75:1; greater than about 3:1; greater than about 3.5:1; greater than
about 4:1; greater than about 4.5:1; greater than about 5:1; greater than about
7.5:1; or greater than about 10:1.

Within the fourth vessel 102d, the fourth bulk gas mixture 872 is
introduced to a single catalyst bed 104d having two layers 402a and 402b.
Within the catalyst bed 104c, at least a portion of the methane present in the
fourth bulk gas mixture 872 is converted to form a fourth intermediate OCM gas
880 containing one or more C,. hydrocarbons and at least a portion of the
oxygen is consumed to form water and carbon dioxide. Where oxygen is
maintained as the limiting reagent in the fourth bulk gas mixture 872, the fourth
intermediate OCM gas 880 will contain unreacted methane originally added
with the methane source 106. The oxygen concentration in the fourth
intermediate OCM gas 880 can be less than about 20 mol%; less than about 15
mol%; less than about 10 mol%; less than about 5 mol%; less than about 2
mol%; less than about 1 mol%; less than about 0.5 mol%; or less than about
0.1 mol%. The methane concentration in the fourth intermediate OCM gas 880
can be less than about 50 mol%; less than about 45 mol%; less than about 40
mol%; less than about 35mol%; less than about 30 mol%; less than about 25
mol%; less than about 20mol%; less than about 10 mol%; less than about 5
mol%; less than about 2 mol%; or less than about 1 mol%. The temperature of
the OCM gas 880 after exiting vessel 102d and prior to passing through the at

least one thermal transfer device 112 can be less than about 1100°C; less than
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about 1050°C; less than about 1000°C; less than about 900°C; less than about
800°C; less than about 700°C; less than about 650°C.

At least a portion of the thermal energy in the fourth intermediate
OCM gas 880 is removed using one or more thermal transfer devices 112. As
shown in Figure 8, in at least some instances, boiler feed water 306 may be
used to remove at least a portion of the thermal energy present in the fourth
intermediate OCM gas 880 to provide heated boiler feed water, saturated
steam or superheated steam 310. One or more temperature sensors and
transmitters can be used to provide an input signal indicative of the temperature
of the OCM gas 110 to at least one temperature controller. The at least one
temperature controller can provide a control signal output to at least one final
control element, for example a flow control valve, used to control or otherwise
adjust the flow of boiler feed water 306 to the one or more thermal transfer
devices 112.

Figure 9 shows a system 400 for the production of one or more
alkene hydrocarbons via oxidative coupling of methane (*OCM”) using one or
more annular vessels 102 having a single catalyst bed 104 operating under
substantially adiabatic conditions. For illustrative purposes and for clarity,
brevity, and conciseness, a single vessel 102 having a single catalyst bed 104
will be discussed in detail, however one of ordinary skill in the art will readily
appreciate that any number of beds 104 having any number of layers may be
similarly disposed in any number of vessels 102.

The methane source 106 and the oxidant 108 are mixed or
otherwise combined to provide the bulk gas mixture 114. The bulk gas mixture
114 is introduced to one or more chambers 902 each defined by one or more
permeable walls 904. The bulk gas mixture 114 in each of the chambers 902
penetrates through the permeable walls 904 and passes through the catalyst
bed 104 arranged annularly about each of the one or more chambers 902.

In some instances, the catalyst bed 104 may contain one or more

layers 402. Each layer 402 within the catalyst bed 104 may contain one or
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more catalysts, one or more inert materials, or combinations thereof. The
individual catalysts or inerts selected for inclusion in each layer 402 may be
selected for one or more properties or characteristics that include, but are not
limited to, catalyst activity, catalyst end product selectivity, catalyst or inert gas
phase pressure drop, catalyst or inert effect on thermal profile through the
individual layer or through the entire bed, or combinations thereof.

Each of the layers 402 may be homogeneous, containing a
catalyst having a single chemical composition, a catalyst having a single
physical configuration, an inert having a single chemical composition, or an
inert having a single physical configuration. Alternatively, all or a portion of the
layers 402 may be heterogeneous, containing two or more catalysts having
differing chemical compositions or physical configurations, or containing two or
more inert materials having differing chemical compositions or physical
configurations.

The catalyst bed 104 can be controlled or operated in a variety of
manners. In some instances, a desired temperature increase or linear or non-
linear temperature profile across one or more layers 402 within the catalyst bed
104 may be used to establish a target temperature or a target composition for
the bulk gas mixture 114. In at least some embodiments, at least one of: the
temperature; the pressure; the flow; or the composition of the bulk gas mixture
114 may be adjusted or otherwise controlled to maintain a temperature rise
across the catalyst bed 104 of less than about 250°C; less than about 225°C;
less than about 200°C; less than about 175°C; less than about 150°C; less than
about 125°C; less than about 100°C; less than about 75°C; or less than about
50°C.

In at least some embodiments, at least one of: the temperature;
the pressure; the flow; or the composition of the bulk gas mixture 114 may be
controlled or otherwise adjusted to maintain a maximum temperature rise rate
across the catalyst bed 104 of less than about 200°C; less than about 150°C;

less than about 100°C; less than about 75°C; less than about 50°C/cm; less
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than about 40°C/cm; less than about 30°C/cm; less than about 25°C/cm; less
than about 20°C/cm; less than about 15°C/cm; less than about 10°C/cm; less
than about 5°C/cm; less than about 1°C/cm; or less than about 0.5°C/cm. In at
least some embodiments, at least one of: the temperature; the pressure; the
flow; or the composition of the bulk gas mixture 114 may be controlled or
otherwise adjusted to maintain a maximum temperature within the catalyst bed
104 of less than about 1100°C; less than about 1050°C; less than about
1000°C; less than about 950°C; less than about 900°C; less than about 850°C;
less than about 800°C; less than about 750°C; less than about 700°C; less than
about 650°C; or less than about 600°C.

Operationally, an annular reactor such as that depicted in Figure 9
may be characterized in some instances based upon the entry surface (i.e.,
catalyst bed inlet) area formed by the chamber 902 divided by the catalyst bed
104 volume (units of inverse length). In at least some embodiments, the ratio of
the inlet area to bed volume can be less than about 1000 m™; less than about
500 m™'; less than about 250 m™; less than about 200 m™'; less than about 150
m™"; less than about 100 m™'; less than about 50 m™; less than about 25 m™;
less than about 10 m™; less than about 5 m™; less than about 2.5 m™; less than
about 1 m™, less than 0.1 m™, less than 0.01 m™, less than 0.001m™, or even
less than 0.0005m™

The bulk gas mixture 114 is introduced to the catalyst bed 104.
Within the catalyst bed 104, at least a portion of the methane present in the
bulk gas mixture 114 is converted to form an OCM gas 110 containing one or
more hydrocarbons and at least a portion of the oxygen is consumed to form
water and carbon dioxide. OCM Gas 110 exits the catalyst bed and is
collected in a collection channel disposed about the perimeter of the catalyst
bed 104. Where oxygen is maintained as the limiting reagent in the bulk gas
mixture 114, the OCM gas 110 removed from the vessel 102 will contain

unreacted methane added with the methane source 106.
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The foregoing detailed description has set forth various
embodiments of the devices and/or processes via the use of block diagrams,
schematics, and examples. Insofar as such block diagrams, schematics, and
examples contain one or more functions and/or operations, it will be understood
by those skilled in the art that each function and/or operation within such block
diagrams, flowcharts, or examples can be implemented, individually and/or
collectively, by a wide range of hardware, software, firmware, or virtually any
combination thereof. In one embodiment, the present subject matter may be
implemented via Application Specific Integrated Circuits (ASICs) or
programmable gate arrays. However, those skilled in the art will recognize that
the embodiments disclosed herein, in whole or in part, can be equivalently
implemented in standard integrated circuits, as one or more computer programs
running on one or more computers (e.g., as one or more programs running on
one or more computer systems), as one or more programs running on one or
more controllers (e.g., microcontrollers) as one or more programs running on
one or more processors (e.g., microprocessors), as firmware, or as virtually any
combination thereof, and that designing the circuitry and/or writing the code for
the software and or firmware would be well within the skill of one of ordinary
skill in the art in light of this disclosure.

Various methods and /or algorithms have been described. Some
or all of those methods and/or algorithms may omit some of the described acts
or steps, include additional acts or steps, combine acts or steps, and/or may
perform some acts or steps in a different order than described. Some of the
method or algorithms may be implemented in software routines. Some of the
software routines may be called from other software routines. Software
routines may execute sequentially or concurrently, and may employ a multi-
threaded approach.

In addition, those skilled in the art will appreciate that the
mechanisms taught herein are capable of being distributed as a program

product in a variety of forms, and that an illustrative embodiment applies equally
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regardless of the particular type of signal bearing media used to actually carry
out the distribution. Examples of nontransitory signal bearing media include,
but are not limited to, the following: recordable type media such as portable
disks and memory, hard disk drives, CD/DVD ROMs, digital tape, computer
memory, and other non-transitory computer-readable storage media.

These and other changes can be made to the embodiments in
light of the above-detailed description. To the extent that they are not
inconsistent with the specific teachings and definitions herein, all of the U.S.
patents, U.S. patent application publications, U.S. patent applications, foreign
patents, foreign patent applications and non-patent publications referred to in
this specification and/or listed in the Application Data Sheet, including but not
limited to U.S. Provisional Patent Application No. 61/651,485, filed May 24,
2012 and U.S. Provisional Patent Application No. 61/791,312, filed March 15,
2013 . In general, in the
following claims, the terms used should not be construed to limit the claims to
the specific embodiments disclosed in the specification and the claims, but
should be construed to include all possible embodiments along with the full
scope of equivalents to which such claims are entitled. Accordingly, the claims

are not limited by the disclosure.
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CLAIMS

1. A method of controlling the production of alkene hydrocarbons generated by the
exothermic reaction of methane from a methane source and oxygen from an oxidant source
over an oxidative coupling of methane (OCM) catalyst bed to provide an OCM gas
comprising the alkene hydrocarbons, the method comprising:
monitoring a temperature of the OCM catalyst bed during production of the OCM gas,
wherein said OCM catalyst bed comprises at least one nanostructure catalyst;
identifying a deviation in a maximum temperature of the OCM catalyst bed, which
deviation is to a temperature that is above or below said maximum temperature; and
responsive to said deviation, performing at least one of the following:
(1) adjusting a quantity of the methane over the OCM catalyst bed,
(1) adjusting a quantity of the oxygen over the OCM catalyst bed;
(111) adjusting a proportion between a quantity of the oxygen and a quantity of the
methane over the OCM catalyst bed;
(iv) adjusting a temperature of the methane source; and

(v) adjusting a temperature of the oxidant source.

2. The method of claim 1, wherein the temperature that is above or below said maximum

temperature is at least 800°C.

3. The method of claim 1, further comprising conducting the production of the OCM gas
with the OCM catalyst bed under substantially adiabatic conditions.

4. The method of claim 1, further comprising conducting the production of the OCM gas at
a selectivity for hydrocarbons having two or more carbon atoms (C»+ hydrocarbons) of at

least 50%.

5. The method of claim 1, further comprising maintaining the methane source at a
temperature of at least 400°C using at least one heat transfer unit thermally coupled to the

methane source.
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6. The method of claim 1, further comprising maintaining the methane source at a
temperature of at most 600°C using at least one heat transfer unit thermally coupled to the

methane source.

7. The method of claim 1, further comprising maintaining the oxidant source at a
temperature of at least 400°C using at least one heat transfer unit thermally coupled to the

oxidant source.

8. The method of claim 1, further comprising conducting the production of the OCM gas at
a pressure of greater than 15 pounds per square inch gauge (psig) in the OCM catalyst bed.

9. The method of claim 1, further comprising conducting the production of the OCM gas at
a pressure of less than 150 pounds per square inch gauge (psig) in the OCM catalyst bed.

10. The method of claim 9, further comprising conducting the production of the OCM gas at
a pressure of less than 100 pounds per square inch gauge (psig) in the OCM catalyst bed.

11. The method of claim 1, further comprising adjusting a proportion between a
concentration of the methane and a concentration of the oxygen to provide a ratio between
the methane and the oxygen over the OCM catalyst bed such that the oxidant acts as a

limiting reagent.

12. The method of claim 1, wherein the monitoring is conducted using a temperature sensor

positioned within the OCM catalyst bed.

13. The method of claim 1, wherein the at least one nanostructure catalyst is pressed or

formed into at least one shape.

14. The method of claim 13, wherein the at least one nanostructure catalyst is selected from

at least one of: a metal oxide, a metal hydroxide, a perovskite, a metal oxyhydroxide, a metal
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oxycarbonate, a metal carbonate, a metal element from any of Groups 1 through 7 of the

periodic table, a lanthanide, or an actinide.

15. The method of claim 13, wherein the at least one nanostructure catalyst comprises at least

one metal dopant.

16. A method for generating hydrocarbons having two or more carbon atoms (Cz+
hydrocarbons), comprising:

(a) providing a methane source and an oxidant source;

(b) directing methane from said methane source and an oxidant from said oxidant source
into a reaction unit, wherein said reaction unit comprises a catalyst bed that includes at least
one oxidative coupling of methane (OCM) catalyst that facilitates an OCM reaction using
said methane and said oxidant, wherein said at least one OCM catalyst is a nanostructured
catalyst, and wherein said catalyst bed has an inlet zone that is contacted by a bulk gas
mixture formed upon entry of said methane from said methane source and said oxidant from
said oxidant source into said reaction unit; and

(c) in said reaction unit, conducting said OCM reaction using said methane and said
oxidant to generate said C>+ hydrocarbons under conditions that are selected to:

a. maintain a thermal profile across said catalyst bed during said OCM reaction, which
thermal profile is characterized by (i) a temperature of said inlet zone being less than 550° C,
and (i1) a maximum temperature within said catalyst bed being greater than 800° C;

b. maintain a pressure within said reaction unit greater than 15 pounds per square inch
gauge (psig); and

c¢. maintain said OCM reaction within said catalyst bed at a methane conversion of at

least 6% and a C2+ hydrocarbon selectivity of at least 40%.

17. The method of claim 16, wherein said conditions are selected to maintain said OCM

reaction within said catalyst bed under substantially adiabatic conditions.

18. The method of claim 16, wherein said conditions are selected to maintain said OCM

reaction at a C2+ hydrocarbon selectivity of at least 50%.
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19. The method of claim 16, further comprising maintaining said methane source at a
temperature of at least 400°C using at least one heat transfer unit thermally coupled to said

methane source.

20. The method of claim 16, further comprising maintaining said oxidant source at a
temperature of at least 400°C using at least one heat transfer unit thermally coupled to said

oxidant source.

21. The method of claim 16, further comprising maintaining said methane source at a
temperature of at most 600°C using at least one heat transfer unit thermally coupled to said

methane source.

22. The method of claim 16, wherein said OCM reaction is maintained at a methane

conversion of at least 10%.

23. The method of claim 16, wherein said reaction unit comprises a plurality of serially
coupled vessels, wherein each of said serially coupled vessels includes at least one catalyst
bed, and wherein said method further comprises (i) operating said catalyst bed in each of said
plurality of serially coupled vessels under substantially adiabatic conditions and (i)
maintaining said OCM reaction at a C»+ hydrocarbon selectivity of at least 50% within said

catalyst bed in each of said plurality of serially coupled vessels.

24. The method of claim 23, further comprising using a thermal transfer unit located
upstream of a given vessel among said plurality of serially coupled vessels to maintain a bulk

gas temperature of at most 700°C in an inlet zone of said given vessel.

25. The method of claim 23, further comprising, using at least one thermal adjustment unit
fluidly coupled between a first vessel and a second vessel of said plurality of serially coupled
vessels, said first vessel being upstream of said second vessel, performing at least one of (i)

removing a portion of an OCM product stream comprising said C2+ hydrocarbons from said
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first vessel and directing a remainder of said OCM product stream to said second vessel, (i)
directing said methane or said oxidant to said second vessel, or (iii) transferring heat from

said OCM product stream to a coolant.

26. The method of claim 16, further comprising conducting said OCM reaction using said
methane and said oxidant to generate said C+ hydrocarbons under conditions that are

selected to maintain said pressure within said reaction unit greater than 30 pounds per square

inch gauge (psig).

27. The method of claim 16, further comprising conducting said OCM reaction using said
methane and said oxidant to generate said C2+ hydrocarbons under conditions that are

selected to maintain said pressure within said reaction unit greater than 45 pounds per square

inch gauge (psig).

28. The method of claim 16, further comprising adjusting a proportion between a
concentration of said methane and a concentration of said oxidant in said inlet zone to
provide a ratio between said methane and said oxidant in said inlet zone such that said

oxidant acts as a limiting reagent.

29. The method of claim 16, further comprising measuring a temperature of said catalyst bed

using a temperature sensor positioned within said catalyst bed.

30. The method of claim 16, wherein said thermal profile across said catalyst bed has a

maximum temperature within said catalyst bed of less than 900°C.

31. The method of claim 17, wherein said thermal profile is further characterized by a

temperature increase across said catalyst bed of greater than 200°C.

32. The method of claim 16, wherein said nanostructured catalyst is selected from at least

one of: a metal oxide, a metal hydroxide, a perovskite, a metal oxyhydroxide, a metal
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oxycarbonate, a metal carbonate, a metal element from any of Groups 1 through 7 of the

periodic table, a lanthanide, or an actinide.

33. The method of claim 16, wherein said nanostructured catalyst comprises at least one

metal dopant that provides said Cz2+ hydrocarbon selectivity of at least 40%.

34. The method of claim 16, wherein said methane source has a temperature that is less than

600°C.

35. The method of claim 16, wherein said temperature of said inlet zone is less than 500°C.
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