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SEPARATION MEMBRANES FORMED FROM PERFORATED GRAPHENE
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CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of United
States Provisional Application 61/951,930, filed March 12, 2014, which 1s hereby

incorporated by reference in its entirety:.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Not applicable.
FIELD
[0003] The present disclosure generally relates to separation processes, and, more

specifically, to separation membranes containing graphene or other two dimensional

materials and methods for use and fabrication thereof.

BACKGROUND

[0004] (Gas species separation from mixtures represents an important industrial and
economic process. In the natural gas production industry, for example, almost all raw (as-
produced) natural gas 1s processed to remove various contaminants and non-valued gases
before downstream utilization, such as introducing it as a product into a pipeline
transportation system. For example, co-produced gases such as carbon dioxide and hydrogen
sulfide, especially in combination with water, can heavily impact the value of as-produced
natural gas. Production of unconventional gas sources such as shale plays and coal beds 1s
increasing and driving a need for more efficient and atfordable processing systems at more
remote sites and with higher contaminant gas level processing capabilities. Contaminants in
other types of gases can also be problematic and can impact their valuation, as well as the
applicability of various industrial processes. For example, CO, and contaminant capture
from industrial flue gas, hydrogen puritfication and recovery processes, syngas production,

and fuel cells represent non-limiting areas that can benefit from gas separation technology.

[0005] Separation membranes are commonly used for gas separation processes 1n a
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variety of industrial settings, including speciation of natural gas. (Gas separation membranes
are attractive for use 1n gas phase separation processes because they generally possess no or
few moving parts, require low maintenance, exhibit low energy consumption, and possess
exceptional reliability. However, many conventional membranes are not highly efficient, can
be chemically unstable 1n certain instances, and do not compete well with bulk separation
processes (non-membrane). For example, illustrative bulk carbon dioxide separation
technologies can include cryogenic separation, pressure-temperature adsorption cycles, CO»
capture with amines, and the like. CO, separation membranes, 1in contrast, can operate well
at high CO, concentrations, but can be less effective at modest H>S concentrations.
Nevertheless, with proper process design, membrane-based gas separation processes can be
used to simplify overall process design and be more convenient for deployment 1n remote

field locations.

[0006] Specialized polymer membranes have been developed for use in specific gas

separation applications. Examples include cellulose acetate membranes for CO, separations
in "sour gas" conditions, polyimide membranes, and polyamide membranes. Many different
polymers are used 1n this regard, as different polymers have utility and affinity for use with
different gas species, allowing certain gases to transit the membrane 1n preference to others.
The transit mechanism can depend on specific interactions between gas and polymer
molecules that affect gas dissolution and diffusion through the polymer. The polymer 1s
generally chosen to enhance these interactions for the target gases and enhance the
permeation rate of a desired gas over the permeation rate of an undesired gas. Generally, a
membrane 1s considered to give an adequate separation of two gases from one another if the
permeation ratio of the two gases 1s about 10:1 or above, although other permeation ratios can
also be adequate depending on the intended application 1n which the gas will be used.
Although widely used, existing polymer membranes can display inadequate performance for
certain gas mixtures or not be applicable to certain types of process conditions. For example,
chemical stability of the polymer membrane under certain process conditions can represent a

CONCCIT.

[0007] In view of the foregoing, improved techniques for gas separation, particularly
using membrane technology, would be of considerable benefit 1in the art. ‘The present

disclosure satisties this need and provides related advantages as well.
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SUMMARY

[0008] The present disclosure describes separation membranes containing at least one
layer of a polymer and at least one layer of a perforated two-dimensional material,
particularly perforated graphene. Methods for preparing the separation membranes can
include stacking one or more layers of polymer and one or more layers of the two-
dimensional material upon one another. The two-dimensional material can be perforated
before or after being stacked with the polymer layers. In specific embodiments, the two-
dimensional material 1s a graphene-based material such as a graphene-based sheet. In an
embodiment, the at least one layer of polymer exhibits a selected permeability for a first
elected gas with respect to one or more other gases. In specific embodiments, the at least one
layer of polymer 1s non-porous or dense. In specific embodiments, the at least one layer of
polymer exhibits permeance to one or more gases via one or more solution ditffusion

PTroOCCSSCS.

[0009] Separation processes using the separation membranes described herein can be
accomplished by contacting a gas mixture with the separation membrane. In an embodiment,
the gas mixture comprises a first and a second gas. By perforating the two-dimensional
material, such as graphene, with perforations or apertures that are of a sufficient size to allow
increased transit of a desired gas through the membrane over that of one or more undesired
gases, Or vice versa, separation of the gas mixture can take place. Separation of two or more
species 1n a muxture includes at least a change 1n the ratio(s) (weight or molar ratio) of the
two or more species 1n the gas mixture after passage of the mixture through a perforated two-
dimensional material or through the composite separation membranes herein. It will be
appreciated that separation of a desired gas component from an undesired component can be
achieved by retarding passage of the undesired species with respect to the desired species or
by retarding passage of the desired species with respect to the undesired species. Separation
processes herein may include multiple passages of a given gas mixture through a given

separation membrane or passage of a gas mixture through multiple separation membranes.

[0010] In an aspect, the invention provides separation membranes comprising at least
one dense polymeric membrane and at least one layer of a perforated two dimensional
material. The dense polymer membrane can operate normally by solution-diffusion

processes, giving some initial separation of gas species. ‘The filter of perforated two



10

15

20

25

30

CA 029%4249%6 2016-09-12

WO 2015/138771 PCT/US2015/020246

dimensional material (i.e., perforated graphene layers) can block or limit passage of
molecules larger than the holes 1n the two dimensional material, while at the same time
permitting passage of smaller molecules. Thus, the composite membrane can separate gas
species by two complementary mechanisms: solution-diffusion at the polymer (i.e.,
molecule—polymer interaction) and molecule size sieving. In this regard, the two-
dimensional sieve barrier can provide very high permeability contrast at a threshold
molecular size, allowing high separation ratios based upon size to be realized (e.g., CO»
compared to methane). It the hole-size density in the graphene layer 1s sufficiently high, the
graphene layer can convey very little added resistance to permeation of small molecules.
Accordingly, the higher selectivity provided by the graphene layer can allow for a much

thinner polymer membrane to be used, compared to solely polymer-containing membranes.

[0011] The disclosure provides a composite membrane for separation of a first gas
from a second gas; said separation membrane comprising: at least one dense polymeric
membrane permeable to said first gas and at least one layer of a perforated two-dimensional
material wherein said composite membrane is arranged to provide preferential transport of
said first gas relative to said second gas through said at least one dense polymer membrane
and said at least one layer of said perforated two-dimensional material. In embodiments, at
least one of or each of the dense polymeric membranes 1s independently characterized by a
permeability to said first gas greater or equal to than 1 Barrer (7.5 x 10" em” em™s™ kPa™),
10 Barrer (7.5 x 10" em” ecm™s™ kPa™) or 100 Barrer(7.5 x 10° ¢cm” cm™ s kPa™). In
embodiments, at least one of or each of the dense polymeric membranes 1s independently
characterized by a permeability for said first gas 1s independ from 1 Barrer to 100,000 Barrer,
from 10 Barrer to 100,000 Barrer or from 100 Barrer to 100,000 Barrer. In embodiments, the
composite membrane 1s characterized by a net or overall permeability to said first gas greater
or equal to than 1 Barrer (7.5 x 10" em” cm™s™ kPa'l), 10 Barrer (7.5 x 10" em” cm™s™
kPa'l) or 100 Barrer (7.5 x 10 cm° em™s™ kPa'l). In embodiments, the net permeability of

the composite membrane to said first gas 1s from 1 Barrer to 100,000 Barrer, from 10 Barrer

to 100,000 Barrer or from 100 Barrer to 100,000 Barrer.

[0012] The separation selectivity or efficiency of the composite membrane may be
taken as the ratio of the net permeability of the composite membrane to the first gas to the net
permeability of the composite membrane to the second gas. In embodiments, the net

separation selectivity of the composite membrane 1s greater than 10, greater than 2, greater
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than 50 or greater than 100.

[0013] In an aspect, the disclosure provides a composite membrane comprising at
least one dense polymeric membrane and at least one layer of said perforated two-
dimensional material, wherein the at least one dense polymeric membrane and at least one
layer of said perforated two-dimensional material are provided in physical contact with each
other or separated by one or more intermediate structures provided in physical contact with
said at least one dense polymeric membrane and said at least one layer of said perforated two-
dimensional material. In an embodiment, said at least one dense polymeric membrane and
said at least one layer of said perforated two-dimensional material are provided 1n in a
stacked multilayer geometry. In embodiments, said stacked multilayer geometry comprises
1 to 100 layers of dense polymeric membrane and 1 to 100 layers of said perforated two-
dimensional material, 1 to 50 layers of said dense polymeric membrane and 1 to S0 layers of
said pertforated two-dimensional material, 1 to 25 layers of said dense polymeric membrane
and 1 to 25 layers of said perforated two-dimensional material, 1 to 10 layers of said dense
polymeric membrane and 1 to 10 layers of said perforated two-dimensional material or 1 to 3
layers of dense polymeric membrane and 1 to 5 layers of said pertorated two-dimensional
material. In an embodiment, said stacked multilayer geometry comprises at least one dense
polymeric membrane positioned on an external surface of said composite membrane 1n
physical contact with said first gas and said second gas. In an embodiment, each of said
layers of said perforated two-dimensional material provided 1n said stacked multilayer
gecometry is independently positioned between first and second adjacent dense polymeric
membranes. In an embodiment, said stacked multilayer geometry comprises a first dense
polymeric membrane in physical contact with a first layer of said perforated two-dimensional
material. In an embodiment, said stacked multilayer geometry further comprises a second
dense polymeric membrane wherein said first layer of said perforated two-dimensional
material 1s provided between, and in physical contact with, said first and second dense
polymeric membranes. In an embodiment, said stacked multilayer geometry comprises a
plurality of said dense polymeric membranes, wherein at least a portion of said dense
polymeric membranes have a different chemical compositions, thicknesses or both. In an
embodiment, said stacked multilayer geometry comprises a plurality of said layers of said
perforated two-dimensional material, wherein at least a portion of said layers of said
perforated two-dimensional material have a different chemical compositions, hole cross

sectional dimensions, hole densities or any combination of these.
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[0014] In an embodiment, each of said layers of a perforated two dimensional
material independently provides separation of said first and second gases via a molecular
sieving process. In an embodiment, each of said layers of perforated two-dimensional
material 1s independently characterized by a ratio of a permeance for said first gas to a
permeance for said second gas greater than or equal to 1000. In an embodiment, each of said
layers of perforated two-dimensional material 1s independently characterized by a thickness
selected from the range of 0.3 to 5 nm. In an embodiment, each of said layers of perforated
two-dimensional material 1s independently characterized by a tensile strength greater than or
equal to 50 MPa. In an embodiment, each of said layers of perforated two-dimensional
material 1s independently characterized by a plurality of holes independently having cross
sectional dimensions less than or equal to 15 angstroms, less than or equal to 10 angstroms,
or less than or equal to 5 angstroms. In an embodiment, said plurality of holes independently
have cross sectional dimensions selected over the range of 3 to 5 angstroms, 3 to 10

angstroms or 3 to 15 angstroms.

[0015] In an embodiment each of said layers of perforated two dimensional material
independently comprises graphene, a graphene-based material, a transition metal
dichalcogenide, molybdenum sulfide, a-boron nitride, silicene, germanene, or a combination
thereof. In an embodiment, each of said layers of perforated two-dimensional material
independently comprises a perforated graphene-based material. In an embodiment, said
perforated graphene-based material comprises single-layer graphene or multi-layer graphene.
In an embodiment, the perforated graphene-based material comprises 2 to 20 layers of
graphene. In an embodiment, said perforated graphene-based material comprises at least
70% graphene. In an embodiment, said perforated graphene-based has a thickness selected

from the range of 0.34 to 5 nm.

[0016] In an embodiment, the dense polymeric membrane 1s selected to provide a
higher flux, permeance or permeability for one component of a feedstock mixture over
another. In an embodiment, each of said dense polymeric membranes independently provides
separation of said first gas and second gas via one or more solution diffusion processes. In an
embodiment, each of said dense polymeric membranes 1s independently characterized by a
ratio of the permeability for said first gas to the permeability for said second gas greater than
or equal to 10. In an embodiment, each of the dense polymeric membranes 1s independently

characterized by a porosity less than or equal to 1%.
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[0017] In an embodiment, the dense polymeric membrane contacts the layer of two-
dimensional material so that the primary gas transport occurs through the dense polymeric
material and layer of two-dimensional material (rather than leakage from the membrane
assembly at the interface between the layers). In an embodiment, the dense polymeric

membrane 1s a homogeneous membrane. In embodiments, the thickness of each of the dense

polymeric membranes 1s from less than or equal to SO0um, from 0.1 wm to 50 wm, from 0.1

um to 20 wm, 1.0 um to 15 wm, 0.25 um to 5 um, or 5 wm to 10 wm.

[0018] Dense polymeric membranes for gas permeation include, but are not limited
to, In an embodiment, said each of said dense polymeric membranes independently comprises
a fluorocarbon, hydrocarbon, polysilicone, polyimide (PI), cellulose acetate (CA),
polysulfone (PS1), polyethersultone (PES), and polycarbonate (PC) or any combination of
these. Polysilicone may also be referred to as silicone rubber. In embodiment, the dense
polymeric membrane 1s selected from the group consisting of polyimide or cellulose acetate.
In an embodiment, each of said dense polymeric membranes independently comprises a
material selected from the group consisting of Teflon ® AF, Sylgard ® and any combination

of these.

[0019] In an embodiment, each of said dense polymeric membranes is capable of
exposure to a pressure of S0 psi, 100 psi, S00 psi, 1000 ps1 or 1500 ps1 or 2000 psi without
undergoing mechanical failure. In an embodiment, each of said dense polymeric membranes
1s independently characterized by a tensile strength greater than or equal to 20 MPa. In
embodiments, each of said dense polymeric membranes 1s capable of exposure to
temperatures up to 300 K, 400 K, 500 K or 600 K without undergoing chemical or physical
degradation. In embodiment, each said each of said dense polymeric membranes 1s
independently characterized by a glass transition temperature greater than or equal to 300 K,
400 K, 500 K or 600 K. In an embodiment, each of said dense polymeric membranes 1s
resistant to chemical reaction with H,O, CO,, H,S, a hydrocarbon having from 1 to 9 carbon
atoms or any combination of these. The hydrocarbon may be an alkane, an alkene, or an
alkyne. In an embodiment, the hydrocarbon has the formula C,Hjn42 , CuHay, or CoHopo

where n 1s an integer from 1 t0 9.

[0020] In an aspect, the disclosure provides a method for separating a first gas from a

second gas; said method comprising the steps of:
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providing a composite membrane comprising: at least one dense polymeric membrane
permeable to said first gas and at least one layer of a perforated two-dimensional

material; and

contacting an external surface of said composite membrane with said first gas and
said second gas; wherein said composite membrane provides preferential transport of
said first gas relative to said second gas through said at least one dense polymer
membrane and said at least one layer of perforated two-dimensional material, thereby

separating said first gas from said second gas

In embodiments, at least one of or each of the dense polymeric membranes 1s characterized
by a permeability to said first gas greater or equal to than 1 Barrer (7.5 x 10" cm” em™s™
kPa™l), 10 Barrer (7.5 x 10" ¢m ® em™s™ kPa™) or 100 Barrer(7.5 x 10” ¢cm ° cm™s™ kPa™).
In embodiments, the permeability of at least one of or each of the dense polymeric
membranes to said first gas 1s from 1 Barrer to 100,000 Barrer, from 10 Barrer to 100,000
Barrer or from 100 Barrer to 100,000 Barrer. In embodiments, the composite membrane 1s
characterized by a net or overall permeability to said first gas greater or equal to than 1 Barrer
(7.5 x 10" em” em™s™ kPa'l), 10 Barrer (7.5 x 10" ¢cm ” cm™s™ kPa'l) or 100 Barrer (7.5 x
10”7 cm° em™s ' kPa™). In embodiments, the net permeability of the composite membrane to
said first gas 1s from 1 Barrer to 100,000 Barrer, from 10 Barrer to 100,000 Barrer or from
100 Barrer to 100,000 Barrer.

[0021] In an embodiment, the disclosure provides a method of processing a feedstock
gas, an exhaust gas, a revitalization gas or a commercial chemical product. In embodiments,
the method 1s a method of processing a product or a byproduct produced 1n chemical refining
or bioenergy production, a method of N, puritication or CO, purification, a method of capture
or sequestering of CO, or a method of revitalizing air. In an embodiment, said method 1s
carried out a pressure at said external surface selected over the range ot 15 PSI to 2000 PSI.

In an embodiment, said method 1s carried out a temperature at said external surface selected

over the range of 200 K to 600 K.

[0022] In a further embodiment, a method of processing natural gas by separation of
methane from non-methane components is provided. In an embodiment, methane 1s
separated from CO,, H,O, H»S or any combination of these. In an embodiment, methane 1s

said second gas and said first gas 1s selected from the group consisting of CO,, H,O, H2S or
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any combination of these. In an embodiment, said processing 1s carried out at the source of

said natural gas. In an embodiment, said natural gas 1s from a high-CQO, gas field

[0023] The foregoing has outlined rather broadly the features of the present disclosure
in order that the detailed description that follows can be better understood. Additional
features and advantages of the disclosure will be described hereinatter. These and other

advantages and features will become more apparent from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] For a more complete understanding of the present disclosure, and the
advantages thereof, reference 1s now made to the following descriptions to be taken in
conjunction with the accompanying drawings describing specific embodiments of the

disclosure, wherein:

[0025] FIGURE 1 shows a schematic of an illustrative graphene-based gas separation

membrane of the present disclosure and an exemplary method for 1ts fabrication.
DETAILED DESCRIPTION

[0026] A variety of two-dimensional materials useful in the present invention are
known 1n the art. In various embodiments, the two-dimensional material comprises

ographene, molybdenum sulfide, or boron nitride. In an embodiment, the two-dimensional
material 1s a graphene-based material. In more particular embodiments, the two-dimensional
material 1s graphene. Graphene according to the embodiments of the present disclosure can
include single-layer graphene, multi-layer graphene, or any combination thereof. Other
nanomaterials having an extended two-dimensional molecular structure can also constitute
the two-dimensional material in the various embodiments of the present disclosure. For
example, molybdenum sulfide 1s a representative chalcogenide having a two-dimensional
molecular structure, and other various chalcogenides can constitute the two-dimensional
material 1n the embodiments of the present disclosure. Choice of a suitable two-dimensional
material for a particular application can be determined by a number of factors, including the
chemical and physical environment into which the graphene or other two-dimensional

material 1s to be terminally deployed.

[0027] In an embodiment, the two dimensional material useful in membranes herein
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1s a sheet of graphene-based material. Graphene-based materials include, but are not limited
to, single layer graphene, multilayer graphene or interconnected single or multilayer graphene
domains and combinations thereof. In an embodiment, graphene-based materials also include
materials which have been formed by stacking single or multilayer graphene sheets. In
embodiments, multilayer graphene includes 2 to 20 layers, 2 to 10 layers or 2 to 5 layers. In
embodiments, graphene 1s the dominant material 1n a graphene-based material. For example,
a graphene-based material comprises at least 30% graphene, or at least 40% graphene, or at
least 50% graphene, or at least 60% graphene, or at least 70% graphene, or at least 80%
graphene, or at least 90% graphene, or at least 95% graphene. In embodiments, a graphene-

based material comprises a range of graphene selected from 30% to 95%, or from 40% to

30% from 50% to 70%, from 60% to 95% or from 75% to 100%.

[0028] As used herein, a “domain” refers to a region of a material where atoms are
uniformly ordered into a crystal lattice. A domain 1s uniform within 1ts boundaries, but
ditferent from a neighboring region. For example, a single crystalline material has a single
domain of ordered atoms. In an embodiment, at least some of the graphene domains are
nanocrystals, having a domain size from 1 to 100 nm or 10-100 nm. In an embodiment, at
least some of the graphene domains have a domain size greater than 100 nm to 1 micron, or
from 200 nm to 800 nm, or from 300 nm to 500 nm. “Grain boundaries” formed by
crystallographic defects at edges ot each domain differentiate between neighboring crystal
lattices. In some embodiments, a first crystal lattice may be rotated relative to a second
crystal lattice, by rotation about an axis perpendicular to the plane of a sheet, such that the

two lattices ditfer in “crystal lattice orientation”.

[0029] In an embodiment, the sheet of graphene-based material comprises a sheet of
single or multilayer graphene or a combination thereof. In an embodiment, the sheet of
graphene-based material 1s a sheet of single or multilayer graphene or a combination thereof.
In another embodiment, the sheet of graphene-based material 1s a sheet comprising a plurality
of interconnected single or multilayer graphene domains. In an embodiment, the
interconnected domains are covalently bonded together to form the sheet. When the

domains 1n a sheet differ in crystal lattice orientation, the sheet 1s polycrystalline.

[0030] In embodiments, the thickness of the sheet of graphene-based material is from
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0.34 to 10 nm, from 0.34 to 5 nm, or from 0.34 to 3 nm. In an embodiment, a sheet of
oraphene-based material comprises intrinsic defects. Intrinsic defects are those resulting
from preparation of the graphene-based material in contrast to perforations which are
selectively introduced 1nto a sheet ot graphene-based material or a sheet of graphene. Such
intrinsic defects include, but are not Iimited to, lattice anomalies, pores, tears, cracks or
wrinkles. Lattice anomalies can include, but are not limited to, carbon rings with other than 6
members (e.g2. 5, 7 or Y membered rings), vacancies, interstitial defects (including

incorporation of non-carbon atoms in the lattice), and grain boundaries.

[0031] In an embodiment, membrane comprising the sheet of graphene-based
material further comprises non-graphenic carbon-based material located on the surface of the
sheet of graphene-based material. In an embodiment, the non-graphenic carbon-based
material does not possess long range order and may be classified as amorphous. In
embodiments, the non-graphenic carbon-based material further comprises elements other than
carbon and/or hydrocarbons. Non-carbon elements which may be incorporated 1n the non-
oraphenic carbon include, but are not limited to, hydrogen, oxygen, silicon, copper and 1ron.
In embodiments, the non-graphenic carbon-based material comprises hydrocarbons. In
embodiments, carbon is the dominant material in non-graphenic carbon-based material. For
example, a non-graphenic carbon-based material comprises at least 30% carbon, or at least
40% carbon, or at least S0% carbon, or at least 60% carbon, or at least 70% carbon, or at least
80% carbon, or at least 90% carbon, or at least 95% carbon. In embodiments, a non-
ographenic carbon-based material comprises a range of carbon selected from 30% to 95%, or

from 40% to 80%, or from 50% to 70 %.

[0032] Two-dimensional materials 1n which pores are intentionally created are
referred to herein as "perforated”, such as “perforated graphene-based materials”, "perforated
two-dimensional materials’ or “perforated graphene.” Two-dimensional materials are, most
generally, those which have atomically thin thickness from single-layer sub-nanometer
thickness to a few nanometers and which generally have a high surface area. Two-
dimensional materials include metal chalogenides (e.g., transition metal dichalogenides),
transition metal oxides, hexagonal boron nitride, graphene, silicone and germanene (see: Xu

et al. (2013) “Graphene-like Two-Dimensional Materials) Chemical Reviews 113:3766-
3793).
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[0033] Two-dimensional materials include graphene, a graphene-based material, a
transition metal dichalcogenide, molybdenum sulfide, a-boron nitride, silicene, germanene,
or a combination thereof. Other nanomaterials having an extended two-dimensional, planar
molecular structure can also constitute the two-dimensional material in the various
embodiments of the present disclosure. For example, molybdenum sulfide 1s a representative
chalcogenide having a two-dimensional molecular structure, and other various chalcogenides
can constitute the two-dimensional material in embodiments of the present disclosure. In
another example, two-dimensional boron nitride can constitute the two-dimensional material
in an embodiment of the invention. Choice of a suitable two-dimensional material for a
particular application can be determined by a number of factors, including the chemical and
physical environment into which the graphene, graphene-based or other two-dimensional

material 1s to be deployed.

[0034] The technique used for forming the two-dimensional material, graphene or
oraphene-based material in the embodiments described herein 1s not believed to be
particularly limited. For example, in some embodiments CVD graphene or graphene-based
material can be used. In various embodiments, the CVD graphene or graphene-based
material can be liberated from its growth substrate (e.g2., Cu) and transferred to a polymer
backing. Likewise, the techniques for introducing perforations to the graphene or graphene-
based material are also not believed to be particularly limited, other than being chosen to
produce pertorations within a desired size range. Perforations are sized to provide desired
selective permeability of a species (atom or molecule) for a given gas separation application.
Selective permeability relates to the propensity of a porous material or a perforated two-
dimensional material to allow passage (or transport) of one or more species more readily or
faster than other species. Selective permeability allows separation of species which exhibit
ditferent passage or transport rates. In two-dimensional materials selective permeability
correlates to the dimension or size (e.g., diameter) of apertures and the relative effective size
of the species. Selective permeability of the perforations in two-dimensional materials such
as graphene-based materials can also depend on functionalization of pertorations (if any) and
the specific species that are to be separated. Selective permeability of gases can also depend
upon adsorption of a gas species on the filtration material, e.g2., graphene. Adsorption at least
in part can increase the local concentration of the gas species at the surface of the filtration

material enhancing the rate of passage through the apertures. Separation of two or more
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species 1n a mixture includes a change 1n the ratio(s) (weight or molar ratio) of the two or
more species 1n the mixture atter passage of the mixture through a perforated two-

dimensional material.

[0035] For example in applications for separation of gases, permeance 1s correlated
with the size of a gas atom or molecule, for example as 1n kinetic diameters [see Marreucci et
al. (2006) “Iransport of gases and Vapors in Glass and Rubbery Polymers™ in Materials
Science of Membranes for Gas and Vapor Separation. (Eds. Yu et al.) John Wiley & Sons
(New York).

[0036] The present disclosure 1s also directed, in part, to perforated graphene,
perforated graphene-based materials and other pertorated two-dimensional materials
containing a plurality of apertures (or holes) ranging from about 3 to 15 angstroms 1n size.

In a further embodiment, the hole size ranges from 3 to 10 angstroms or from 3 to 6
angstroms 1n size. The present disclosure 1s further directed, 1n part, to pertorated graphene,
perforated graphene-based materials and other pertorated two-dimensional materials
containing a plurality of holes ranging from about 3 to 15 angstrom 1n size and having a
narrow size distribution, including but not limited to a 1-10% deviation in size or a 1-20%
deviation 1n size. In an embodiment, the characteristic dimension of the holes 1s from about 3
to 15 angstroms 1n size. For circular holes, the characteristic dimension 1s the diameter of the
hole. In embodiments relevant to non-circular pores, the characteristic dimension can be
taken as the largest distance spanning the hole, the smallest distance spanning the hole, the
average of the largest and smallest distance spanning the hole, or an equivalent diameter
based on the in-plane area of the pore. As used herein, perforated graphene-based materials
include materials in which non-carbon atoms have been incorporated at the edges of the

pores.

[0037] The present disclosure 1s directed, 1n part, to methods for conducting gas
separation using perforated graphene or another two dimensional material. The present
disclosure is also directed, 1in part, to separation membranes formed from graphene or another
two dimensional material. The present disclosure 1s also directed, 1n part, to methods for

fabricating a separation membrane containing graphene or another two dimensional material.
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[0038] Graphene has garnered widespread interest for use in a number of applications
due to its favorable mechanical, thermal and electronic properties. (Graphene represents an
atomically thin layer of carbon in which the carbon atoms reside as closely spaced atoms at
regular lattice positions. The regular lattice positions can have a plurality of defects present

therein, which can occur natively or be intentionally introduced to the graphene basal plane.

tt 1 t

Such defects will also be equivalently referred to herein as "apertures,” "perforations,” or
"holes.” The term "perforated graphene” will be used herein to denote a graphene sheet with
detects 1n 1ts basal plane, regardless of whether the detects are natively present or
intentionally produced. Aside from such apertures, graphene and other two-dimensional
materials can represent an impermeable layer to many substances. Therefore, it they can be

sized properly, the apertures in the impermeable layer can be useful for only allowing

substances meeting certain size criteria through the impermeable layer.

[0039] In an embodiment, a dense polymeric membrane 1s substantially nonporous.
In an embodiment, gas transport through a nonporous membrane occurs at least 1n part
through a solution-diffusion mechanism. The present inventors recognized that the
performance of polymer membranes could be improved by inserting a molecular sieve barrier
into the polymer, specitically a molecular sieve barrier formed from graphene or a like two-
dimensional material. In particular, the inventors recognized that pertorated graphene could
be used 1n a gas separation membrane to provide improved gas separation properties.
Pertorated graphene can be produced by any suitable technique, such as disclosed 1n
commonly owned United States Patent Application Publication 2012/0048804, which is
incorporated herein by reference in its entirety. In this regard, the extreme thinness of
ographene retlects that molecular transport across the membrane can involve the least possible
driving energy, and there are not believed to be distinct "dissolution™ and "evaporation” steps

involved during transport across its atomic lattice.

[0040] The use of graphene 1n gas separation processes can allow very selective
separation processes to take place with various gases. For example, use of graphene in
separating a mixture of CO, and methane can result 1n a selectivity ratio of about 10,000:1.
By carefully choosing the perforation size within the graphene basal plane, graphene can
allow complex gas mixtures to be separated that are not able to be etficiently handled using

ex1sting processes.
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[0041] In addition to the foregoing benefits, permeation rates across the graphene can
be "tuned" via specialized chemical functionalization of the graphene, such as along its edges,
thereby providing an additional means of designing membranes for specific separation
applications. Moreover, because the membranes described herein represent a layered
structure with atomically thin layers of graphene embedded therein, the mass and footprint of
the present membranes are not significantly different than existing polymeric membranes,

while still achieving improved gas separation performance.

[0042] Further to the above, graphene-containing gas separation membranes can
further offer reduced pressure sensitivity requirements, improved chemical inertness, and the
opportunity to functionalize the surface of the graphene. Functionalization, 1n particular, can

be used to tailor the graphene's performance during various separation operations.

[0043] In various embodiments, the gas separation membranes described herein can
include one or more layers of a polymer and one or more layers of perforated graphene.
Polymers suitable for use in the gas separation membranes can include those that are used in
conventional gas separation membranes. The perforated graphene can be produced by any
technique, known or presently unknown, used for introducing a plurality of holes in
graphene. Suitable techniques can include plasma treatment, 1on or other particle beams,
chemical modifications, and the like. The holes 1n the graphene can be sized such that they
render the graphene impermeable to gases that are larger than the hole size. In various
embodiments, the perforations can range between about 0.2 nm to about 15 nm in size, from

3 to 15 angstroms 1n size, from 3 to 10 angstroms in size or from 3 to 6 angstroms 1n size.

[0044] Benefits that can be conveyed by the polymer in the gas separation membranes
can include support of the graphene and conveyance of some gas separation properties in
their own right. In illustrative embodiments, the polymer can include a fluorocarbon
polymer, such as polytetrafluoroethylene, or a silicone polymer. In addition, the polymer can
provide good tensile strength and good tensile elongation properties. Moreover, some
polymers can be flexible as thin layers and exhibit high glass transition temperatures. All of
these properties can be complementary to the graphene and its properties and support its

combination therewith 1in forming a gas separation membrane.

[0045] Benefits that can be conveyed by the graphene 1n the gas separation

membranes can include extreme molecular separation capabilities at high permeability. The
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extreme thinness of graphene (e.g., 0.3-3 nm) can enhance these features. Moreover,
graphene exhibits high tensile strength (~106 GPa), excellent chemical stability, and thermal
stability above 400°C. Again, the graphene properties can well complement those of the

polymer 1n forming a gas separation membrane.

[0046] Several parameters are known 1n the art to characterize transport through
membranes. As used herein, the flux (J;) refers to the number of moles, volume or mass of a
specitied component 1 passing per unit tume through a unit of membrane surface area normal
to the thickness direction (ST Units: m” m™ s™'). As used herein, the permeance or pressure
normalized flux refers to the transport flux per unit transmembrane driving force (SI Units:
m3 m~ s kPa'. As used herein, the permeability refers to the transport flux per unit
transmembrane driving force per unit membrane thickness (Pj=Ji/transmembrane driving

force of component i SI Units: m° m m™ s kPa™'). Other units for permeability include the

3 2 -1 3

Barrer, defined as 1 Barrer = 10" ecm” em em™ s emHg™, which is equal to 7.5 x 107! c¢m
cm cm” s kPa’. Techniques for measuring these parameters for conventional membranes

are known to those skilled in the art.

[0047] FIGURE 1 shows a schematic of an illustrative graphene-based gas separation
membrane of the present disclosure and an exemplary method for its fabrication. As shown,
the graphene layer (10) is made on a layer of copper (50). A polymer layer (20) is then spun
on the graphene layer (10) and annealed. A stamp (60) 1s applied to the polymer layer before
the copper 1s removed through etching. The graphene layer 1s perforated and then transferred
to a substrate (30). The stamp 1s then removed, producing the polymer and graphene layered
upon one another on a substrate. Although FIGURE 1 shows perforation of the graphene

with Xe 10ns, other perforation processes can be used. Moreover, the graphene can be

pertorated before or atter being layered with the polymer.

[0048] Reterring still to FIGURE 1, a stmple molding process can be used to embed
large areas of graphene 1into polymer matrices, such as an exemplary siloxane (PDMS) rubber

matrix. The rubber matrix can mechanically support and protect the graphene, while the
graphene layer lends new separation capabilities to the composite membrane, as described
above. Substantially impermeable membranes are also possible by embedding un-pertorated

graphene layers 1n a polymer stack.

[0049] The bulk polymer membrane can operate normally by solution-diffusion
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processes, giving some separation of gas species. The embedded graphene sieve filter (i.e.,
perforated graphene layers) can block or 1nhibit diffusion of molecules larger than the holes
in the graphene, while at the same time permitting diffusion of smaller molecules. Thus, the
composite membrane can separate gas species by two complementary mechanisms: solution-
diffusion at the polymer (i.e., molecule—polymer interaction) and molecule size sieving. In
this regard, the two-dimensional sieve barrier can provide very high permeability contrast at a
threshold molecular size, allowing high separation ratios based upon size to be realized (e.g.,
CO, compared to methane). If the hole-size density 1n the graphene layer 1s sutficiently high,
the graphene layer can convey very little added resistance to permeation of small molecules.
Accordingly, the higher selectivity provided by the graphene layer can allow for a much

thinner polymer membrane to be used, compared to solely polymer-containing membranes.

[0050] Due to the complementary solution-diffusion separation provided by the
polymer, enhanced separation capabilities can be further realized. For example, when
separating H»>S from methane, H,S separation can take place i1n a silicone-rubber polymer
(silicone-rubber has high affinity for separating H,S) even if the graphene layer doesn’t
separate these species efficiently. With a proper selection of polymer type, polymer
thickness, graphene hole size, graphene hole density, and graphene hole functionalization,
composite membranes of this type can be designed that are capable of high selectivity across

a wide range of molecular types while preserving or even enhancing overall separation

efficiency (1n terms of tlux of separating species passing therethrough).

[0051] A membrane that can simultaneously handle both high CO, and H,S gas
concentrations would extend the range of applications for membrane separations 1n natural
gas processing. If such a membrane could simultaneously remove these gases from natural
gas 1n a single process step, it would eliminate the need for separate cleaning processes for
these contaminants, thereby reducing overall process costs and complexity. In this regard,
various gas separation membranes described herein can be used 1n separating natural gas
from various contaminant gases therein. The methods can include contacting as-produced or
partially puritied natural gas with the described separation membranes. Other gas mixtures

can be purified 1n a like manner by appropriately sizing the holes in the graphene layer.

[0052] Other new functionalities are also possible by the foregoing composite
membrane approach. For example, graphene 1s electrically conductive and can be built into a

multi-layer composite stack with graphene layers separated by dielectric layers and
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electrically connected to a voltage source to enable capacitive charging between layers. Such
an arrangement can be used to electrophoretically or dielectrophoretically control the
movement of charged or polar particles between charged graphene electrode layers. It the
graphene layers are perforated, the motion of molecules entering thorough graphene pores
can be controlled between graphene layers by application of an appropriate voltage wavetform
to the graphene layers. Thus, molecular transport between graphene layers can be
controllably retarded or enhanced 1n accordance with these embodiments. Such an
arrangement can ettectively represent a switchable membrane "gate” through which transport
can be reduced or enhanced at will. Other versions are also possible for the case of
uncharged or non-polar particles or very small particles (molecules). For example, electrical
heating of embedded graphene layers can be used to force interlayer material phase changes
(for example from a glassy state to liquid or back), thereby providing further control options

over molecular transport between layers.

[0053] In addition to the foregoing uses in gas separation described hereinabove, it 1s
to be recognized that the membranes described herein can also be used 1n a variety of other
applications.  Illustrative processes can include, for example, reverse osmosis filters,
integrated circuits, flat panel displays, electrodes, flexible solar cells, desalination, and other

molecular filtration processes, both 1n the gas and liquid phases.

[0054] Although the disclosure has been described with reference to the disclosed
embodiments, one having ordinary skill in the art will readily appreciate that these are only
illustrative of the disclosure. It should be understood that various modifications can be made
without departing from the spirit of the disclosure. The disclosure can be moditied to
incorporate any number of variations, alterations, substitutions or equivalent arrangements not
heretotore described, but which are commensurate with the spirit and scope of the disclosure.
Additionally, while various embodiments of the disclosure have been described, it 1s to be
understood that aspects of the disclosure may include only some of the described embodiments.

Accordingly, the disclosure 1s not to be seen as limited by the foregoing description.

[0055] Every formulation or combination of components described or exemplified

can be used to practice the invention, unless otherwise stated. Specitic names of compounds
are intended to be exemplary, as it 1s known that one of ordinary skill in the art can name the

same compounds differently. When a compound is described herein such that a particular
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isomer or enantiomer of the compound 1s not specitied, for example, in a formula or 1n a
chemical name, that description 1s intended to include each 1somers and enantiomer of the
compound described individual or in any combination. One of ordinary skill in the art will
appreciate that methods, device elements, starting materials and synthetic methods other than
those specifically exemplified can be employed 1n the practice of the invention without resort
to undue experimentation.  All art-known functional equivalents, of any such methods,
device elements, starting materials and synthetic methods are intended to be included 1n this
invention. Whenever a range 1s given in the specification, for example, a temperature range,
a time range, or a composition range, all intermediate ranges and subranges, as well as all
individual values included in the ranges given are intended to be included 1n the disclosure.
When a Markush group or other grouping 1s used herein, all individual members of the group
and all combinations and subcombinations possible of the group are intended to be

individually included 1n the disclosure.

[0056] As used herein, “comprising” 1s synonymous with "including,” "containing,”
or "characterized by,” and i1s inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of" excludes any element,
step, or ingredient not specitfied in the claim element. As used herein, "consisting essentially
of" does not exclude materials or steps that do not materially affect the basic and novel
characteristics of the claim. Any recitation herein of the term “comprising”, particularly 1n a
description of components of a composition or in a description of elements of a device, 1s
understood to encompass those compositions and methods consisting essentially of and
consisting of the recited components or elements. The invention illustratively described

herein suitably may be practiced in the absence of any element or elements, limitation or

limitations which 1s not specitically disclosed herein.

[0057] The terms and expressions which have been employed are used as terms of
description and not of limitation, and there 1s no intention in the use of such terms and
expressions of excluding any equivalents of the features shown and described or portions
thereof, but it 1s recognized that various modifications are possible within the scope of the
invention claimed. Thus, 1t should be understood that although the present invention has been
specifically disclosed by preferred embodiments and optional features, modification and
variation of the concepts herein disclosed may be resorted to by those skilled 1n the art, and

that such modifications and variations are considered to be within the scope of this invention
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as defined by the appended claims.

[0058] In general the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and contexts
known to those skilled in the art. The preceding definitions are provided to clarity their

specific use 1n the context of the invention.

[0059] All reterences throughout this application, for example patent documents
including 1ssued or granted patents or equivalents; patent application publications; and non-
patent literature documents or other source material; are hereby incorporated by reference
herein 1n their entireties, as though individually incorporated by reference, to the extent each
reference 1s at least partially not inconsistent with the disclosure in this application (for
example, a reference that 1s partially inconsistent 1s incorporated by reference except for the

partially inconsistent portion of the reference).

[0060] All patents and publications mentioned in the specification are indicative of
the levels of skill of those skilled in the art to which the invention pertains. References cited
herein are incorporated by reference herein in their entirety to indicate the state of the art, 1n
some cases as of their filing date, and 1t 1s intended that this information can be employed
herein, 1f needed, to exclude (for example, to disclaim) specific embodiments that are 1n the
prior art. FPor example, when a compound 1s claimed, it should be understood that
compounds known 1n the prior art, including certain compounds disclosed 1n the references
disclosed herein (particularly 1n referenced patent documents), are not intended to be

included 1n the claim.
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CLAIMS

We claim:

A composite membrane for separation of a first gas from a second gas; said separation
membrane comprising:
at least one dense polymeric membrane characterized by a permeability for

said first gas greater or equal to than 7.5 x 10" ¢cm ° em™s™ kPa™' and

at least one layer ot a perforated two-dimensional material;

wherein said composite membrane 1s arranged to provide preferential transport of said
first gas relative to said second gas through said at least one dense polymer membrane

and said at least one layer of said perforated two-dimensional material.

The composite membrane of claim 1 providing a net permeability of said first gas

greater than or equal to 7.5 x 10"m * ecm™ st kPat

The composite membrane of any one of claims 1-2 providing a net gas separation

selectivity for said first gas relative to said second gas greater than or equal to 100.

The composite membrane of any one of claims 1-3, wherein each of said dense
polymeric membranes independently provides separation of said first gas and second

gas via one or more solution diffusion processes.

The composite membrane of any one of claims 1-4, wherein each of said dense
polymeric membranes 1s independently characterized by a permeability for said first

oas selected over the range of 7.5 x 10" %cm ° em™s™ kPa™ t0 7.5 x 10°cm ° cm™s™

kPal.

The composite membrane of any one of claims 1-5, wherein each of said dense

polymeric membranes 1s independently characterized by a ratio of a permeability for

said first gas to a permeability for said second gas greater than or equal to 10.

The composite membrane of any one of claims 1-6, wherein each of said dense

polymeric membranes 1s independently characterized by a porosity less than or equal

to 1%.
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10.

11.

12.

13.

14.

15.

16.

17.

The composite membrane of any one of claims 1-7, wherein each of said dense
polymeric membranes 1s independently characterized by a tensile strength greater than

or equal to 20 MPa.

The composite membrane of any one of claims 1-8, wherein each of said dense
polymeric membranes is capable of exposure to a pressure of 500 psi without

undergoing mechanical failure.

The composite membrane of any one of claims 1-9, wherein each of said dense
polymeric membranes 1s capable of exposure to temperatures up to 300 K without

undergoing chemical or physical degradation.

The composite membrane of any one of claims 1-10, wherein said each of said dense
polymeric membranes 1s independently characterized by a glass transition temperature

oreater than or equal to 300 K.

The composite membrane of any one of claims 1-11, wherein said each of said dense
polymeric membranes 1s resistant to chemical reaction with H,O, CO,, H»S, a

hydrocarbon having from 1 to 9 carbon atoms, or any combination of these.

The composite membrane of any one of claims 1-12, wherein said each of said dense

polymeric membranes independently has a thickness less than or equal to 50O microns.

The composite membrane of any one of claims 1-13, wherein said each of said dense
polymeric membranes independently has a thickness selected over the range of 0.1 to

50 microns.

The composite membrane of any one of claims 1-14, wherein said each of said dense
polymeric membranes independently comprises a fluorocarbon, hydrocarbon,

polysilicone, polyimide, cellulose acetate, polysultone, polyethersulfone, and

polycarbonate or any combination of these.

The composite membrane of any one of claims 1-15, wherein said each of said dense
polymeric membranes independently comprises a material selected from the group

consisting of Teflon ® AF, Sylgard ® and any combination of these.

The composite membrane of any one of claims 1-16, wherein each of said layers of
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perforated two dimensional material independently provides separation of said first

and second gases via a molecular sieving process.

The composite membrane of any one of claims 1-17, wherein each of said layers of
perforated two-dimensional material 1s independently characterized by a ratio of a

permeability for said first gas to a permeability for said second gas greater than or

equal to 1000.

The composite membrane of any one of claims 1-18, wherein each of said layers of
perforated two-dimensional material 1s independently characterized by a thickness

selected from the range of 0.3 to S nm.

The composite membrane of any one of claims 1-19, wherein each of said layers of
perforated two-dimensional material 1s independently characterized by a tensile

strength greater than or equal to S0 MPa.

The composite membrane of any one of claims 1-20, wherein each of said layers of
perforated two-dimensional material 1s independently characterized by a plurality of
holes independently having cross sectional dimensions less than or equal to 10

angstroms.

The composite membrane of claim 21, wherein said plurality of holes independently

have cross sectional dimensions selected over the range of 3 to 5 angstroms.

The composite membrane of any one of claims 1-22, wherein each of said layers of
perforated two-dimensional material independently comprises graphene, a graphene-
based material, a transition metal dichalcogenide, molybdenum sulfide, a-boron

nitride, silicene, germanene, or a combination thereof .

The composite membrane of any one of claims 1-23, wherein each of said layers of

perforated two-dimensional material independently comprises a pertorated graphene-

based material.

The composite membrane of any one of claims 1- 24, wherein said perforated

oraphene-based material comprises single-layer graphene or multi-layer graphene.

The composite membrane of any one of claims 1-25, wherein said perforated
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27.

28.

29.

30.

31.

32.

33.

34.

oraphene-based material comprises 2 to 20 layers ot graphene.

The composite membrane of any one of claims 1-26, wherein said perforated

oraphene-based material comprises at least 70% graphene.

The composite membrane of any one of claims 1-27, wherein said perforated

oraphene-based has a thickness selected from the range of 0.34 to 5 nm.

The composite membrane of any one of claims 1-28, wherein at least one dense
polymeric membrane and at least one layer of said perforated two-dimensional
material are provided in physical contact with each other or separated by one or more
intermediate structures provided 1n physical contact with said at least one dense
polymeric membrane and said at least one layer of said perforated two-dimensional

material.

The composite membrane of any one of claims 1-29, wherein said at least one dense
polymeric membrane and said at least one layer of said perforated two-dimensional

material are provided in 1n a stacked multilayer geometry.

The composite membrane of any one of claims 1- 30, wherein said stacked multilayer
geometry comprises 1 to 100 layers of said dense polymeric membrane and 1 to 100

layers of said perforated two-dimensional material.

The composite membrane of any one of claims 1-31, wherein said stacked multilayer
geometry comprises at least one dense polymeric membrane positioned on an external
surface of said composite membrane in physical contact with said first gas and said

second gas.

The composite membrane of any one of claims 1-32, wherein said each of said layers
of said pertorated two-dimensional material provided 1n said stacked multilayer
geometry 1s independently positioned between first and second adjacent dense

polymeric membranes.

The composite membrane of any one of claims 1-33, wherein said stacked multilayer
geometry comprises a first dense polymeric membrane in physical contact with a first

layer of said perforated two-dimensional material.

24



WO 2015/138771

35.
5 36.
37.

10
38.

15

20
25  39.
40.

CA 029%4249%6 2016-09-12

PCT/US2015/020246

The composite membrane of any one of claims 1-34, wherein said stacked multilayer
gcometry further comprises a second dense polymeric membrane wherein said first
layer of said perforated two-dimensional material 1s provided between, and 1n

physical contact with, said first and second dense polymeric membranes.

The composite membrane of any one of claims 1-35, wherein said stacked multilayer

geometry comprises a plurality of said dense polymeric membranes, wherein at least a
portion of said dense polymeric membranes have a different chemical compositions,

thicknesses or both.

The composite membrane of any one of claims 1-36, wherein said stacked multilayer
gecometry comprises a plurality of said layers of said perforated two-dimensional
material, wherein at least portion of said layers ot said pertforated two-dimensional
material have a different chemical compositions, hole cross sectional dimensions, hole

densities or any combination of these.

A method for separating a first gas from a second gas; said method comprising the

steps of:
providing a composite membrane comprising:

at least one dense polymeric membrane characterize by a permeability for said
first gas greater or equal to than 7.5 x 10" em” em™s™ kPa™ and

at least one layer of a perforated two-dimensional material;

contacting an external surface of said composite membrane with said first gas and
said second gas; wherein said composite membrane provides preferential transport of
said first gas relative to said second gas through said at least one dense polymer

membrane and said at least one layer of perforated two-dimensional material, thereby

separating said first gas from said second gas.

The method of claim 38, providing a method of processing a feedstock gas, an

exhaust gas, a revitalization gas or a commercial chemical product.

The method of claim 38, providing a method of processing natural gas by separation

of methane from non-methane components.

23



10

15

CA 029%4249%6 2016-09-12

WO 2015/138771 PCT/US2015/020246

41.

42.

43.

44,

45.

46.

47.

43.

49.

50.

The method of claim 40, wherein methane 1s separated from CO,, H,O, H,S or any

combination of these.

The method of claim 40, wherein methane 1s said second gas and said first gas 1s

selected from the group consisting of CO,, H O, HxS or any combination of these.

The method of any one of claims 40-42, wherein said processing 1s carried out at the

source of said natural gas.

The method of any one of claims 40-43, wherein said natural gas 1s from a high-CO,

gas field.

The method of claim 38, providing a method of processing a product or a byproduct

produced in chemical refining or bioenergy production.

The method of claim 38, providing a method of N, purification or CO, purification.

The method of claim 38, providing a method of capture or sequestering of COs.

The method of claim 38, providing a method of revitalizing air.

The method of any one of claims 33-48, wherein said method 1s carried out a pressure

at said external surface selected over the range of 15 PSI to 2000 PSI.

The method of any one of claims 33-49, wherein said method 1s carried out a

temperature at said external surface selected over the range of 200 K to 600 K.
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