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COMPOSITE MEMBRANES FOR SEPARATION OF GASES

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of UK. Provisional Patent Application Serial No.
62/027,151 filed July 21, 2014, the disclosure of which 1s expressly mceorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCHOR
DEVELOPMENT
This invention was made with Government Support under Grant No. DE-FEQ007632
awarded by the U.S. Department of Energy, National Evergy Techuology Laboratory. The

Government has cerfain rights 1o the invention.

FIKLD OF THE DISCLOSURE
This disclosure relates generally to membrane structures, more particularly, to membrane

structures for the separation of at least one gas from a gaseous mixture.

BACKGROUND OF THE DISCLOSURE

There are numerous industrial processes that produce gas streams containing carbon
droxide, hydrogen sulfide, hydrogen chloride, nitrogen oxude, and sulfur oxide. It s often
desivable to remove one or more of these gases from the other components of the gas streams,
such as hydrogen and nitrogen. Inorganic maembranes have been employed for a varicty of gas
separation applications, mcluding hydrogen purification and carbon dioxide sequestration.
However, a major limiting factor to the application of inorganic membranes is the frequent
occurrence of defects which limits reproducibility, stability, and the separation performance of
the membranes. There remains a need in the art for membranes, methods of making membranes,

and methods of separating gases.

SUMMARY OF THE DISCLOSURE
Membranes, methods of making the merbranes, and methods of using the merbranes
arc described hercin. The membranes can comprise a gas permeable support layer, an morganic
laver disposed on the gas permeable support layer, and a selective polymer layer disposed on the

i



(9]

10

]
o

WO 2016/014491 PCT/US2015/041282

worganic layer. The worganic layer can coraprise a plurality of discreet nanoparticles baving an
average particle size of less than 1 micron. The selective polymer layer can comprise a selective
polymer having a CO2: Ny selectivity of at least 10 at 57°C. In some embodiments, the membrane
can be selectively permeable to an acidic gas. In certain erabodiraents, the membrane can be
selectively permeable to a gas selected from the group consisting of carbon dioxide, hydrogen
sulfide, sulfur dioxide, sulfur trioxide, nitrogen oxide, hydrogen chloride, water, and
combinations thereof.

The gas permeable support layer can comprise a gas permeable polymer. The gas
permeable polymer can be a polymer selected from the group consisting of polyamides,
polyimides, polypyrrolones, polyesters, sulfone-based polymers, polymeric organosilicones,
fluorinated polymers, polyolefins, copolymers thereof, and blends thercof. Tu soroe embodiments,
the gas permeable polymer comprises polyethersulfone. In certain cases, the gas permeable
support layer comprises a gas permeable polymer disposed on a base {¢.g., 8 nonwoven fabric
such as a polyester nonwoven).

The nanoparticles in the inorganic layer can comprise any suitable nanoparticles having
an average particle size of less than 1 micron. The average particle size of the nanoparticles in the
inorganic layer can be from 1 om to 200 nm (e.g., from 1 nm to 30 nm). In some embodiments,
the nanoparticles in the inorganic layer can comprise alkaline carth metal oxide nanoparticles,
transttion metal oxide nanoparticles, lanthanide metal oxide nanoparticles, group IVA metal
oxide nanoparticles, transition metal nanoparticles, transition-metal catalyst nanoparticles,
nanoparticies comprising a transition metal adsorbed on a non-reactive support, metal alloy
nanoparticles, silicate nanoparticles, alumino-silicate nanoparticles, nanoparticles comprising
clays, and combinations thereof, In certain embodiments, the nanoparticles in the inorganic layer
can be chosen from silicate nanoparticles, alumino-silicate nanoparticies, or combinations
thereof. In certain embodiments, the nanoparticles can comprise zeolite nanoparticies. The
zeolite nanoparticles can have varying frameworks and differing Si/Al rations. For example, the
nanoparticles can be zeolite Y nanoparticles.

The selective polymer can comprise a selective polymer that has a TN, selectivity of
from 10 to 500 (c.g., from 75 to 350) at 57°C. The sclective polymer can comprise a hydrophilic
polymer, an amino compound, or a corabivation thereofl In some embodiments, the hydrophilic

polvmer can be absent. In other embodiments, the selective polymer can comprise a cornbination
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of a hydrophilic polymer and an amino compound. For example, the selective polymer can
comprise an amino compound dispersed tn a hydrophilic polymer matrix.

The amino compound can be, for example, an amine-containing polymer, a low
molecular weight amine compound, or a combination thereof, In some embodiments, the amino
compound compriscs an amine-containing polymer, such as polyvinylamine, polyallylamine,
polyethylencinine, poly-N-isopropylaliylamine, poly-N-tert-butylallylamine, poly-#¥-1,2-
dimethylpropylallylamine, poly-N-methylalivlamine, poly-N,N-dimethylaliylamine, poly-2-
vinylpiperidine, poly-4-vinylpiperidine, polyaminostyrene, chitosan, copolymers, and blends
thereof. In some embodiments, the amino compound can comprise a low molecular weight
amino compound, such as a salt of a primary amine or a salt of a secondary amine.

The hydrophilic polymer can comprise, for example, a polyrer selected from the group
consisting of polyvinylalcobol, polyvinylacetate, polyethviene oxide, polyvinylpyrrolidone,
polvacrylamine, a polyamine such as polyaliylamine, polyvinyl amine, or polycthylenimine,
copolymers thereof, and blends thercof. In some embodiments, the sclective polymer can further
comprise a cross-linking agent, such as formaldehyde, glutaraldehyde, maleic anhydride, glyoxal,
divinylsulfone, toluencdiisocyanate, trimethylol melamine, terephthalatealdehyde,
epichlorohydrin, vinyl acrylate, and combinations thereof.

Methods of making the membranes disclosed herein are also provided. Methods of
making membranes can include depositing a nanoparticle dispersion on a gas permeable support
tayer to form an fnorganic layer disposed on the gas permeable support layer. The nanoparticle
dispersion can coraprise a plurality of discreet nanoparticles having an average particle size of
less than 1 micron in g suitable fluid carrier. In some ernbodiments, depositing the nanoparticle
dispersion on the gas permeable support layer can comprise vacuur-assisted dip-deposition of
the nanoparticle dispersion on the gas permeable support layer. Methods can further include
coating the inorganic layer with a selective polymer {¢.g., a selective polymer that exhibits a
CO2Ny selectivity of at least 10 at 57°C).

Methods for separating a gaseous mixture comprising a first gas and a second gas are also
provided. The method can include contacting any of the disclosed membrane with the gaseous

mixture under conditions effective to afford transmembrane perrocation of the first gas.

DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic of a composite membrane disclosed.
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Figure 2 18 a scheroatic of a vacuume-assisted dip-depositing set-up.

Figure 3 shows photographs of a Sterlitech PES support (top left, SEM), a top view of
Zeolite Y nanoparticles deposited on the PES support (top right, SEM}, and a cross-section of the
deposited Zeolite Y deposited on the support (bottom).

Figure 4 shows photographs of Zeolite Y nanoparticles deposited on a PES support (top,
SEM}, a top view of the Zeolite Y layer (bottom right, SEM}, and a top view of the PES support
{(bottom left, SEM}.

Figure 5 shows photographs of a Sterlitech PES support ({eft, SEM) and a top view of the
Zeolite Y nanoparticles deposited on the PES support {right, SEM)}.

Figure 6 shows photographs of a top view of Zeolite Y nanoparticles deposited on the
PES support at low magnification (top right, SEM), Zeolite Y nanoparticles at igher
maguification (top right, SEM), and a cross-section of the deposited Zeolite Y layer (bottom).

Figure 7 shows photographs of hydrophilic Zeolite Y nanoparticles (top) and
hydrophobically modified Zeolite Y nanoparticles (bottom) deposited on a polymer support.

Figure ¥ is a schematic of the mechanism by which an amine-containing polymer layer,
containing fixed and mobile carriers, transports carbon dioxide.

Figure 9 shows a graph of carbon dioxide permeance and carbon dioxide:nitrogen
selectivity of an amine-based selective layer on zeolite Y nanoparticles (40 nm) tested at 102°C
with 8% water in the feed stream.

Figure 10 shows a graph of carbon dioxide permeance and carbon dioxidenitrogen
selectivity of an amine-based selective layer on zeolite Y nanoparticles (40 nro) tested at 102°C
with 80% water in the feed stream with sultur dioxade concentration iess than 1 ppm.

Figure 11 shows a graph of carbon dioxide permesnce and carbon dioxidenitrogen
selectivity of an amine-based selective layer on zeolite Y nanoparticles (40 nm) tested at 102°C
with 80% water in the feed stream with sulfur dioxide concentration of about 5 ppm.

Figure 12 shows a graph of carbon dioxide permeance and carbon dioxidemitrogen
selectivity of an amine-based selective laver on zeolite Y nanoparticles (40 nm) tested at 102°C
with 80% water in the feed stream with sulfur dioxide concentration of about 5 ppm.

Figure 13 shows a graph of carbon dioxide permeance and carbon dioxide:nitrogen
selectivity of an amine-based selective laver ou zeolite Y nanoparticles (40 nm) tested at 102°C
with 80% water in the feed stream.

Figure 14 is a graph showing a cormparison of carbon dioxide and hydrogen sulfide
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permeance in the aembrane.
Figure 15 18 a graph showing the concentration of HuS as a function of feed flow rate in
the permaeate of a merobrane containing a zeolite/polyethersulfone multilayer covered with an

amine-containing selective layer.

DETAILED DESCRIPTION

Membranes, methods of making the membranes, and methods of using the membranes
are described herein. The membranes can comprise a gas permeable support layer, an inorganic
layer disposed on the gas permeable support layer, and a selective polymer layer disposed on the
inorganic layer. The inorganic layer can comprise a pharality of discreet nanoparticles having an
average particle size of less than 1 micron. The selective polymer layer can comprise a selective
polymer having a COxN; selectivity of at least 10 at 37°C. The gas permeable support layer, the
morganic layer, and the sclective polymer layer can optionally comprise one or more sub-layers.

The gas perracable support laver can be a porous layer that comprises a plurality of
substantially connected pores. “Substantially connected” as used herein, refer to pores that are
connected with cach other, and substantially extend from a surface of the support layer to an
inner portion of the support layer.

The gas permeable support layer can be formed from any suitable material. The material
used to form the gas permeable support layer can be chosen based on the end use application of
the raembrane. In some embodiments, the gas permeable sapport layer can comprise a gas
permeable polymer. The gas permeable polymer can be a cross-linked polymer, a phase separated
polymer, a porous condensed polymer, or a blend thercof. Exaraples of suitable gas permeable
polymers include polyaraides, polyimides, polypyrrolones, polyvesters, sulfone-based polymers,
polymeric organosilicones, fluorinated polymers, polyolefins, copolymers thercof, or blends
thereof. Specific examples of polymers in the gas permeable support layer can include
polydimethylsiloxane, polydiethylstioxane, polydi-iso-propylsiloxane, polydiphenylsiloxane,
polyethersulione, polyphenylsalfone, polysulfone, partially fluosrinated or perfluorinated
derivatives thereof, copolymers thereof, or blends thereof. In some embodiments, the gas
permeable polymer can be polyethersulfone. If desired, the gas permeable support layer can
melude fnorganic particles to crcase the mechanical strength without altering the permeability
of the support layer,

In certain embodiments, the gas permeable support layer can coraprise a gas pormeable
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polymer disposed on a base. The base can be n any configuration configured to facilitate
formation of a raombrane suitable for use in a particolar application. For exaraple, the base can
be a flat disk, a tube, a spiral wound, or a hollow fiber base. The base can be formed from any
suitable material. In some embodiments, the layer can include a fibrous ruaterial. The fibrous
material in the base can be a mesh (e.¢., a metal or polymer mesh), a woven or non-woven fabric,
a glass, fiberglass, a resin, a screen {e.g., a metal or polymer screen). In certain embodiments, the
base can include a non-woven fabric (e.g., a non-woven fabric comprising fibers formed from a
polyester.

The inorganic layer can comprise a plurality of discreet nanoparticies having an average
particle size of less than 1 micron. The inorganic layer can comprise multiple pores and/or
chaunels formed between the panoparticles and/or within the nanoparticles. The pores and/or
channels formed can be 1o fhuid contact with the gas permeable support layer.

The nanoparticles in the inorganic layer can have any suitable size and shape. For
exarnple, the nanoparticles can be spherical, eylindrical, or rod-like. In some erabodiraents, the
nanoparticies can have an average particie size of less than 1 micron {e.g., less than 750 microns,
less than 500 microns, less than 250 microns, less than 200 microns, less than 150 microns, less
than 100 microns, less than 30 microns, or less than 25 microns. In some embodiments, the
nanoparticies can have an average particle size of at least 1 nm {e.g., at least S nm, at least 10 nm,
at least 15 nm, or at least 25 nm). The nanoparticles can have an average particie size ranging
frorn any of the minimum values described above to any of the maximum values described
above. For example, i certain embodiments, the nanoparticles can have an average particle size
of from 1 nrn to 200 um {e.g., from 1 nro to 150 nm, from 1 nmto 100 nm, or from | nm to 50
nra). The term “average particle size,” as used herein, generally refers to the statistical mean
particle size (diameter) of the particles in a population of particles. The diameter of an
cssentially spherical particle may refer to the physical or hydrodynamic diameter. The diameter
of a non-spherical particle may refer preferentially to the hydrodynamic diameter. As used
herein, the diameter of a non-spherical particle may refer to the largest linear distance between
two points on the surface of the particle. Mean particle size can be measured using methods
known in the art, such as dynamic light scattering or electron microscopy.

fu somie embodirents, the nanoparticles in the morganic layer comprise a population of
nanoparticies having a monodisperse particle size distribution. The term “monodisperse,” as used

herem, describes a population of nanoparticles where all of the nanoparticles are the same or
PO ,
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vearly the saroe size. As used herein, a monodisperse particle size distribution refers to particle
distributions in which 80% of the distribution {e.g., 85% of the distribution, 90% of the
distribution, ot 93% of the distribution) Hes within 20% of the median particle size {e.g., within
15% of the median particle size, within 10% of the median particle size, or within 5% of the
median particle size).

The nanoparticles can be formed from a variety of suitable materials. In certain
cembodiments, the nanoparticies can be selected to have a surface chemistry that is compatible
with the selective polymer layer, the gas permeable support layer, or a combination thereof. For
example, in certain cases, the nanoparticle can comprise hydrophilic nanoparticles. Examples of
suitable nanoparticles include alkaline carth metal oxide nanoparticles, transition metal oxide
nanoparticles, lanthanide maetal oxde navoparticles, group TVA wetal oxide nanoparticles,
transition metal nanoparticles, transition-wetal catalyst nanoparticies, nanoparticles comprising a
transition metal adsorbed on a non-reactive support, metal alloy nanoparticles, silicate
nanoparticles, alumino-silicate nanoparticles, nanoparticles comprising clays, and combinations
thercof. Specific examples of nanoparticles include alumina nanoparticles, silica nanoparticles,
zeolite nanoparticles, titania nanoparticles, zirconia nanoparticles, palladium nanoparticles,
platinum nanoparticles, nickel nanoparticies, transition-metal catalyst nanoparticles, and
combinations thereof.

In certain embodiments, the nanoparticles in the inorgantc layer can be chosen from
siticate nanoparticles, alurnino-silicate nanoparticles, or cormbinations thereof. In certain
embodiments, the nanoparticies can comprise zeolite nanoparticles. The zeolite nanoparticles
can comprise zeolites having varying frameworks and differing Sv/Al rations. For example, the
nanoparticles can be zeolite Y nanoparticles.

The membranes can further include a selective polymer layer disposed on the inorganic
layer. In some cases, the selective polymer layer can be a selective polymer through which gas
permeates via diffusion or facilitated diffusion. The selective polymer layer can comprise a
selective polymer having a COz:No selectivity of at least 10 at 57°C. For example, the selective
polymer can have a COiNg selectivity of at least 25 at 57°C {e.g., at least 50 at 57°C, at least 75
at 57°C, at least 100 at 57°C, at least 200 at 37°C, at least 250 at 57°C, at least 300 at 37°C, at
least 350 at 57°C, ov at least 400 at 57°C). In some embodiments, the selective polymer can
comprise a selective polymer that has 8 CO2:N; selectivity of 500 or less. In certain
erabodiracnts, the selective polymer can comprise a selective polymer that has a COxN»
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selectivity ranging from any of the munimum values described above to any of the maximum
values described above. For exaraple, in certain embodiments, the selective polymer can
comprise a selective polymer that has a CO:N; selectivity of from 10 to 500 (e.g., from 75 o
350y at 57°C. The CO2:1Ny selectivity of the selective polyraer can be mceasured using standard
methods for measuring gas permeance known in the art, such as those described in the exaruples
below.

The selective polymer can comprise a hydrophilic polymer, an amino compound, or a
combination thereof. In some embodiments, the hydrophilic polymer can be absent. In other
embodiments, the selective polymer can comprise a combination of a hydrophilic polymer and an
amino compound. For example, the selective polymer can comprise an amino compound {e.g., a
small molecule or a polymer) dispersed in a hydrophilic polyroer matrix.

fu somie embodirnents, the araino compound can include a compound {¢.g., a small
molecule or a polymer} coraprising one or more priyary arging moictics and/or one or more
sccondary amine moietics, The arnino compound can be, for exaraple, an amine-containing
polymer, a low molecular weight amino compound (i.e., a small molecule), or a combination
thereof.

in some embodiments, the amino compound comprises an amine~containing polymer
{also referred to herein as a “fixed carrier”). The amine-containing polymer can have any
suitable molecular weight. For example, the amine-containing polymer can have a weight
average molecular weight of from 5,000 Da to 2,000,000 Da, or from 50,000 Da to 200,000 Da.
Suitable examples of amine-containing polymers include, but are pot imited to, polyvinylamine,
polyallylamine, polycthylencimine, poly-N-isopropylallylamine, poly-N-tert-butylallylamine,
poly-N-1.2-dimethylpropylalivlamine, poly-N-racthylallylaroine, poly-N N-dimethylaliyvlamine,
poly-2-vinylpiperidine, poly-4-vinylpiperidine, polyaminostyrene, chitosan, copolymers, and
blends thercof. In some embodiments, the amine-containing polymer can comprise
polyvinylamine {e.g., polyvinylamine having a weight average molecular weight of from 50,000
Da to 100,000 Da). In some embodiments when the amine compound comprises an amine-
containing polymer, the hydrophilic polymer is absent. In some embodiments when the aming
compound coraprises an amine~-containing polymer, the selective polymer layer can comprise a
blend of an amine-containing polywer and a hydrophilic polymer {e.g., an amine-containing
polymer dispersed in a hydrophilic polymer matrix).

In some embodirnents, the arnino compound can comprise a low molecular weight araino
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compound also referred to herein as a “wobile carrier”™). The low molecular weight amino
compound can have a molecular weight of 1,000 Da or less {e.g., 800 Da or less, 500 or less, 300
Da or less, or 250 Da or less). In some embodiments, the low molecular weight amine compound
can be non-volatile at the teraperatures at which the membrane will be stored or used. For
cxample, the low molccular weight amino corapound can comprise a salt of a primary amine or a
salt of a secondary amine. In some embodiments when the amino compound comprises a low
molecular weight amino compound, the selective polymer layer can comprise a blend of the low
molecular weight amino compound and a hydrophilic polymer {e.g., a low molecular weight
amino compound dispersed in a hydrophilic polymer matrix).

In some cases, the low molecular weight amino compound can include an aminoacid salt

having the formula:

K, R4
yi
| ~
i - - . o o -
N~ C ——(CH, W O TN
2 i
R, R, Ny /,.)'"'"" CH 00 | A"
=t N
BN
or £ w

wheretn Ry, Rz, Rs, and Ry are hydrogen or hydrocarbon groups having from 1 to 4 carbon atoms,
u is an integer ranging from 0 to 4, A™ is a cation having a valence of 1 to 3. In some cases, the
cation (A™) can be an amine cation having the formula:

J2 4

bl

i I':\]‘*'—(CHZ)}!—R,;

Rg

wherein Rs and Ry are hydrogen or hydrocarbon groups having from 1 to 4 carbon atoms, Ryis
hydrogen or hydrocarbon groups having frove 1 to 4 carbon atoms or an alkyl arome of from 2 to
6 carbon atorus and 1 to 4 nitrogen atoms, v 18 an integer ranging froro 1 to 4, and m s annteger
equal to the valence of the cation. In some crobodiments, A is a metal cation selected from
Groups la, Ha, and [Ha of the Periodic Table of Elements or a transition metal. For exaraple,

A™ can comprise lithium, aluminum, or fron.

(rther suitable low molecular weight amino compounds include aminoisobutyric acid-
potassium salt, aminoisobutyric acid-lithium salt, aminoisobutyric acid-piperazine salt, glycine-
potassium salt, glycine-lithium salt, glycine-piperazine salt, dimethylglycine- potassium salt,
dimethyiglycine-lihium salt, dimethyiglycine-piperazine salt, piperadine-2-carboxlic acid-

potassium salt, piperadine-2-carboxlic acid-hithium salt, piperadine-2-carboxlhic acid-piperazine
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salt, piperadme-4-carboxlic acid- potassium salt, piperadine-4-carboxlic acid-lithiam salt,
piperadine-4-carboxlic acid-piperazine salt, piperadine-3-carboxlic acid~ potassium salt,
piperadine-3-carboxlic acid-lithium salt, piperadine-3-carboxlic acid-piperazive salt, and blends
thereof.

The sclective polymer layer can comprise any suttable amount of the amino compound,
For example, in some embodiments, the hydrophilic polymer can be absent. In these
cembodiments, the selective polymer layer can comprise from 100% to 80% by weight amino
compound, based on the total weight of the components used to form the selective polymer layer.

in some cases, the selective polymer layer can comprise from 10% to 90% by weight {e.g., from
10% to 50% by weight) amino compound, based on the total weight of the components used to
form the selective polymer layer,

Optionally, the selective polymer layer can include any suitable hydrophilic polymer.
Exarnples of hydrophilic polymers suitable for use in the sclective polymer layer can include
polyvinvialeohol, polyvinylacetate, polyethylene oxide, polyvinylpyrrolidone, polyacrylamine, a
polyamine such as polyalivlamine, polyvinyl amine, or polyethylenimine, copolymers thercof,
and blends thereof. In some embodiments, the hydrophilic polymer includes polyvinylalcohol.

When present, the hydrophilic polymer can have any suitable molecular weight. For
example, the hydrophilic polymer can have a weight average molecular weight of from 15,000
Da to 2,000,000 Da (c.g., from 50,000 Da to 200,000 Da). In some embodiments, the hydrophilic
polymer can include polyvinylalcohol having a weight average molecular weight of from 50,000
Dato 150,000 Da.

The sclective polymer layer can comprise any suttable amount of the hydrophilic
polymer. For example, in some cases, the selective polymer layer can comprise from 10% to
0% by weight {c.g., from 10% to 50% by weight) hydrophilic polymer, based on the total
weight of the components used to form the selective polymer layer.

in some cmbodiments, the selective polymer can also inchide a cross-linking agent.
Cross-linking agents suitable for use in the selective polymer can include, but are not limited to,
formaldehyde, glutaraldehyde, maleic anhydride, glyoxal, divinylsulfone, toluenediisocyanate,
trimethylol melamine, terephthalatealdehyde, epichlorohydrin, vinyl acrylate, and corabinations
thereof. In sorue emabodiments, the cross-hinking agent can comprise formaldehyde,
glutaraldehyde, or maleic anhydride. The selective polymer can comprise any suitable amount of
the cross-linking agent. For exaraple, the selective polyraer can comprise 1 to 40 percent cross-
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tinking agents by weight of the selective polymer.

The selective polymer layer can further include a base. The base can act as a catalyst to
catalyze the cross-linking of the selective polyraer laver {e.g., cross-linking of a hydrophilic
polymer with an amine-containing pelymer). In some cmbodiments, the base can remain in the
sclective polyracr and constitute a part of the sclective polymer. Examples of suttable bases
include potassium hydroxide, sodivm hydroxide, lithium hydroxide, tricthylamine, N N-
dimethylaminopyridine, hexamethyliriethylenctetraamine, potassivm carbonate, sodium
carbonate, lithium carbonate, and combinations thercof. In some embodiments, the base can
include potasstum hydroxide. The selective polymer can comprise any suitable amount of the
base. For example, the selective polymer can comprise 1 to 40 percent base by weight of the
selective polymer

if desired, the selective polymer layer can be surface modified by, for example, chemical
grafting, blending, or coating to improve the performance of the sclective polymer layer. For
exarnple, hydrophobic components may be added to the sclective polyraer layer to alter the
propertics of the selective polymer layer in a manner that facilitates greater fluid selectivity.

The total thickness of cach layer in the membrane can be chosen such that the structure is
mechanically robust, but not so thick as to impair permeability. In some embodiments, the
selective fayer can have a thickness of from 50 nanometers to 3 microns {e.g., from 50 nm to 2
microns, or from 100 nanometers to 750 nanometers, or from 230 nanometers to 500
nanoracters), In some embodiments, the inorganic layer can have a thickuess of from 30
nanometers to 3 microus {¢.g., from 50 nm to 2 wicrons, or from 100 nanorocters to 750
nanometers, or from 250 nanometers to 500 nanometers). I some embodiments, the gas
permeable support layer can have a thickness of from 1 micron to 500 microns {(e.g., from 50 to
250 microns).  In some cases, the membranes disclosed herein can have a thickness of from 5
microns to 500 microns.

Methods of making the membranes are also disclosed herein. . Methods of making
membranes can include depositing a nanoparticle dispersion on a gas permeable support layer to
form an inorganic layer disposed on the gas permeable support layer. The nanoparticle
dispersion can comprise a plurality of discreet nanoparticles having an average particle size of
less than 1 micron in a suitable fhud carrier. In some embodiments, depositing the nanoparticle
dispersion on the gas permeable support layer can comprise vacuum-assisted dip-deposition of
the nanoparticle dispersion on the gas permesble support layer. Methods can further include
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coating the inorganic layer with a selective polywer {e.g., 4 selective polymer that exhubits a
CO2:Na selectivity of at feast 10 at S7°C).

In one example method of preparing a membrane disclosed berein, zeolite nanoparticles
can be dispersed in water via ultrasonication. During sonication, the water can be changed
ntermitiently to provent a temperature rise. The nanoparticle dispersion can then be depostted
onto a gas permeable support layer using a vacuun-assisted dip-depositing set-up, which is
shown schematically inn Figure 2. In this set-up, there is a circular or rectangular holder with a
hollow handle connected to a Buoseal 1405 Hquid ring vacuum pump. The holder has evenly
placed grooves for uniform distribution of the vacuum. A porous base, such as a metal plate 1s
held on the holder by the vacuum. The support to be coated can then be fixed and flattened on the
metal plate by both tape and vacuuro. The top sarface of a gas permeable support can theo be
dipped tangentially {as in crossflow filtration) 1uto the dispersion and theu taken out. The vacuum
i addition to assisting the layer formation helps to keep the support flat during the deposition
process. After the deposition, the inorganic nanoparticle layer can be dried overnight at room
temperature prior to further characterization. The inorganic layer can be characterized by
Scanning Electron Microscopy (SEM) and/or Dynamic Light Scattering. Pretreatment of the gas
permeable support polymer may be necessary to remove water or other adsorbed species using
methods appropriate to the sapport and the adsorbate. Examples of absorbed species are, for
example, water, alcohols, porogens, and surfactant teraplates.

The selective polyroer can be prepared by first forming a casting solution of a hydrophilic
polymer, an amine compound, and optionally a cross-linking agent and a basic compound in a
suitable solvent. One cxample of a suitable solvent 1s water. In somce erabodiraents, the aroount
of water cmployed will be in the range of from 50% to 99%, by weight of the casting solation.
The casting solution can then be used in forming a nonporous selective polymer membrane. The
selective polymer can be formed into a nonporous membrane by using any suitable technigues.
For cxample, the casting solution can be cast onto a substrate using any suitable techniques, and
the solvent may be evaporated such that a nonporous membrane is formed on the substrate.
Exaraples of suttable casting techuiques inclhude, but are not limited to, “knife casting” or “dip
casting”. Knife casting inchude a process 1n which a kuife 1s used to draw a polymer solution
across a flat substrate to forr a thin film of a polymwer solution of vuiform thickuess after which
the solvent of the polymer solution 18 evaporated, at arabiont tomperatures or temporatures up (o
about 100°C or higher, to yicld a fabricated membrane. Dip casting include a process in which 4
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polymer solation is contacted with a porous support. Excess solution 1s permitted to drain from
the sapport, and the solvent of the polyroer solution s evaporated at ambieut or elevated
temperatures. The membrancs disclosed can be shaped wn the form of hollow fibers, tubes, {ilms,
sheets, ete.

In some embodiments, membranes formed from selective polymers containing for
cxampie, the hydrophilic polymer, the cross-linking agent, the base, and the amino compound in
a suitable solvent can be heated at a temperature and for a time sufficient for cross-linking to
occur. In one example, cross-linking temperatures in the range from 80°C o 100°C can be
eraployed. fn another example, cross-linking can occur from 1 to 72 hours. The resulting solution
can be cast onto the top layer of the support coated with the inorganic layer and the solvent
evaporated, as discussed above. fo soroe erabodiments, a higher degree of cross-linking for the
sclective polymer after solvent removal takes place at about 1007C to about 180°C, and the
cross-linking occurs in from about 1 to about 72 hours,

An additive may be included in the selective polymer before forming the selective layer to
increase the water retention ability of the membrane. Suitable additives include, but are not
limited to, polystyrenesulfonic acid-potassium salt, polystyrenesulfonic acid-sodum salt,
polystyrenesuifonic acid-lithium salt, suifonated polyphenylencoxides, alum, and combinations
thereof. In one example, the additive comprises polystyrenesulfonic acid-potassiu salt.

In some embodiments, the method of making the membrane can be scaled to industrial
tevels.

The membranes disclosed berein can be used for separating a gascous mxture comprising
a first gas and a sccond gas. For cxample, the mermbrancs can be used to separate an acidic gas
frorn 4 gascous mixture containing at least one acidic gas. Methods of using the membrane can
include contacting the membrane, on the side comprising the selective polymer, with the gascous
mixture under conditions effective to afford transmembrane permeation of the first gas. In some
cembodiments, the method can also include withdrawing from the reverse side of the membrance a
permeate containing at least the first gas, wherein the first gas is selectively removed from the
gaseous stream. The permeate can comprises at least the first gas in an increased concentration
relative to the feed stream. The term “permeate” refers to a portion of the feed stream which is
withdrawn at the reverse or second side of the merobrane, exclusive of other fluids such as a
sweep gas or Hguid which may be present at the second side of the membrane,

The merbrane can be used to separate fluids at any suitable temperature, including
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temperatures of 100°C or greater. For example, the membrane can be used at temperatures of
from 100°C to 180°C. In some embodiments, the membrane can be used at temperatures less
than 100°C.

The first gas can include an acid gas. For example, the first gas can be carbon dioxide,
hydrogen sulfide, hydrochloric acid, sulfur dioxade, sulfur trioxide, nitrogen oxade, or
combinations thereot. In some embodiments, the membrane can be selective to carbon dioxide
versus hydrogen, nitrogen, or combinations thereofl In some embodiments, the membrane can be
selective to hydrogen sufide versus hydrogen, nitrogen, or combinations thereof. In some
erabodiments, the membrane can be selective to hydrochloric acid gas versus hydrogen, nifrogen,
or combinations thereof. In some embodiments, the acid gas may be derived from fossil fuels that
require hydrogen parification for fuel cell, electricity generation, and hydrogenation applications,
biogas for renewable cucrgy, and natural gas for commercial uses. The wmembranes can also be
used for rernoval of carbon dioxide from flue gas.

The permeance of the first gas or the acid gas can be at least 30 GPU at 57°C. In some
emmbeodiments, the permeance of the first gas or the acid gas through the membranes can be up to
3,000 GPU at 57°C. For cxample, the permeance of the first gas or the acid gas through the
membranes can be 58 GPU or greater, 100 GPU or greater, 150 GPU or greater, 200 GPU or
greater, 500 GPU or greater, 1,000 GPU or greater, 1,500 GPU or greater, or 2,000 GPU or
greater at 37°C. The membrane can exhibit a first gas:second gas selectivity of at least 10 at

o
]
7

S7°C. Insome embodiments, the merbrane can exhibit a fivst gasisecond gas selectivity of up to
580 at 57°C. For example, the aembrane can exhibit a first gas:secound gas selectivity of 10 or
greater, 5O or greater, 100 or greater, 150 or greater, 200 or greater, 250 or greater, 300 or grester,
or 350 or greater at S7°C. In some cmbodiments, the permeance and selectivity of the membrane

for the first gas or the acid gas can vary at higher or lower temperatures.

Experimental

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how the compounds, compositions, articles,
devices and/or roethods claimed herein are made and evaluated, and are intended to be purely
exerplary and are not intended to limit the scope of the disclosure. Unless indicated otherwise,
parts are parts by weight, temperature 1s 1n °C or is at ambient temperature, and pressure is at or
near atmospheric.
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Example 1: Synthesis of a layer of 280-nm Zeolite Y particles on 2 polyethersulfone support
using vacuum-assisted dip-deposition

Zeohie Y particles (0.5 wt% based on the dispersion) with an average particle size of
about 200 wm were dispersed in deionized water. The dispersion was ulfrasonicated at room
temperature for about 90 minutes, changing the water intermittently (about every 15 minutes) to
prevent a temperature rise. A free-standing polycthersuifone (PES) support (Sterlitech
Corporation; commercially specified pore size: 30 nm} was taped onto a flat porous metal plate
supported on a holder as shown in Figure 2.

The top surface of the support was then dipped {lasting for about 2 seconds) tangentially
into the zeolite dispersion and then taken out. A vacuum was used to keep the support flat during
the deposition process as well as assist 1o layer formation. A bypass was used to control the
downstrearn vacuurs, if needed. When the bypass was completely closed, the downstream
pressure went down to about 3 inches Hg. The deposited zeolite layer was dried overnight at
room temperature prior to characterization by scanning clectron microscopy (SEM) for top views
and by SEM combined with focused ion beam (FIB) etching for cross-sectional views. For
comparison of the deposited layer with the polymer support substrate, the top surface of the
substrate was also analyzed by SEM. The images are shown in Figure 3.

The top views show a good coverage of randomly close-packed zeolite Y particles on the
polymer support substrate. The cross-sectional view shows a thickness of less than 1 um for the

Zeolite Y layer.

Example 2: Synthesis of a layer of 280-nm Zeolite Y particles on a polyethersulfone suppeort
using dip-deposition without vacuum

Zeolite Y particles (0.5 wt% based on the dispersion) with an average particle size of
about 200 mm were dispersed in deionized water. The dispersion was ultrasonicated at room
temperature for about 90 minutes, changing the water intermittently (about every 15 minutes) fo
prevent a temperature rise. A free-standing polyethersulfone (PES) support was taped and
flattened onto a glass plate. The Zeolite dispersion was spread evenly on the support after which
it was allowed to stand 1o a vertical position, thereby draiming all the liquid. The zeolite layer was
dried overnight at room temperature prior to characterization by SEM. The images are shown in
Figure 4.

The trmages show a good coverage of Zeolite Y particles on the polymer support,
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However, the packing of the Zeolite Y particles was not as closely packed as that obtained with

the vacuum, as shown in Figure 3.

Example 3: Synthesis of a layver of 40-nm Zeolite Y particles on a polvethersulfone support
using vacuum-assisted dip-deposition

Zeolite Y particles {0.58 wt% based on the dispersion) with an average particie size of
about 40 nm were dispersed in deionized water. The dispersion was ultrasonicated at room
temperature for about 40 minutes, changing the water intermittently (about every 15 minutes) to
prevent a temperature rise. A composite polyethersulfone (PESYpolypropylene support (EMD
Millipore, Inc. (molecular wt cut-off: 1000 kida) was taped onto a flat porous metal plate
supported on a holder as shown in Figure 2. Millipore PES supports are sold with glycerol in the
pores which was removed by washing with water followed by dipping (lasting for about 30
minutes) in isopropancl (IPA). A bypass was used to control the downstream vacuum, if needed.

The top surface of the support was then dipped (lasting for about 2 scconds) tangentially
into the zeolite dispersion and then taken out. A vacuum was used to keep the support flat during
the deposition process as well as assist in layer formation. A bypass was used to control the
downstream vacuum, if needed. When the bypass was completely closed, the downstream
pressure went down to about 3 inches Hg. The deposited zeolite layer was dried overnight at
room teraperature prior to characterization by scanning electron microscopy (SEM) for top
views. For comparison of the depostted layer with the polymer support substrate, the top surface
of the substrate was also analyzed by SEM. The tmages are shown in Figure 5.

The Zeolite Y layer was shown to be cracked, presumably due to the relatively large

thickness of the layer with small zeolite particles.

Example 4: Synthesis of a layer of 40-nm Zeolite Y particles on a polvethersulfone suppeort
using vacuum-assisted dip-deposition and a dispersion concentration of 8.1 wt%

Zeolite Y particles (0.1 wt% based on the dispersion) with an average particle size of
about 40 nm were dispersed in deionized water. The disperston was ultrasonicated at room
temperature for about 40 minutes, changing the water intermittently (about every 15 minutes) fo
prevent a temperature rise. A composite polyethersulfone (PESYpolypropylene support was taped
onto a flat porous metal plate supported on a holder as shown in Figure 2. Glycerol in the
Millipore PES support was remaoved by washing with water followed by dipping (lasting for
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about 30 minutes) in isopropanol (IPA). A bypass was used to control the downstream vacuum, if
veeded.

The top surface of the support was then dipped (lasting for about 2 seconds) tangentially
into the zeolite dispersion and then taken out. A vacuum was used to keep the support flat during
the deposition process as well as assist in layer formation. A bypass was used to control the
downstream vacuum, if needed. When the bypass was completely closed, the downstream
pressure went down to about 3 inches Hg. The deposited zeolite layer was dried overnight at
room temperature and 70% relative humidity prior to characterization by scanning electron
microscopy {SEM) for top views and by SEM combined with focused ion beam etching fora
cross-sectional view. The images are shown in Figure 6.

The Zeolite Y layer showed cracks of much smaller width than those shown in Exaraple 3.
This was presumably due to the reduction in dispersion concentration aund the associated laye
thickness. The cross-section shows a thickness of <400 nm for the zeolite layer which may be

desirable for applications that may mvolve such multilayer composites nchading as membranes.

Example 5: Synthesis of a polydimethylsiloxane covered zeolite/polyethersulfone multilayer
composite membrane with 200-nm zeolife particles

Zeolite Y particles with an average particle size of about 200 nm were deposited on
Miilipore 1000 kda PES support as described in Example 1. The membrane was spin-coated
with a polydimethylsiloxane (PDMS; Wacker Silicones, Dehesive®™ 944; 30-40% solution in an
organic solvent) solution as follows. Dehesive® 944 (2.5 ¢) was dissolved in heptane (16.2 g}
tollowed by addition of a corresponding cross-linker and catalyst in the ratio of 100:1:0.5
(PDMS:crosslinker:catalyst) to form a PDMS solution. The PDMS solution (about 1 mi) was
spread evenly on the support. The membrane was spun at a spinning speed of about 1000 rpm,
maintained for 10 sec after which the spinning speed was increased to 3500 rpm for a minute.
The coated membrane was dried in a hood for about 30 minutes followed by curing 100°C for
about 30 minutes.

To determitne the COy permeance and CO2N» selectivity, the membrane was placed in a
small rectangular permeation cell coclosed inside a temperature control chamber. The cell
comprised an upstream chamber to countact the feed against the upstream side of the merobrane
along with a downstream chamber to sweep the permeate frora the downstream side of the
mermbrane. The active membrane area in the cell was 2.71 cm?. The feed, consisting of 25% CO»

i
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and 75% Ny ander amabient pressure, was coutacted against the membrane at a flow rate of 60
cc/rotn. The perracate was swept by Ar gas under ambient pressure at a flow rate of 30 co/min.
The temperature was kept at 57 C. Under these conditions, a CO» permeance of about 330 GPU

with a CO2/N; selectivity of about 8.5 was obtained for the membranc.

Example 6: Synthesis of a polvdimethyisiloxane covered zeolite/polyethersulfone multilaver
composite membrane with 40-nm Zeolite particles

Zeolite Y particles with an average particie size of about 40 nm were deposited on
Millipore 300 kDa PES support as described in Example 3. The membrane was spin-coated with
PDMS solution as described in Example 5. The coated membrane was dried tn a hood for about
30 minutes followed by curing 100 C for about 30 minuies. For coraparison, a PDMS layer was
also made on a PES support without zeoliie particles. For this membrane, the glycerol in the
pores of the Millipore PES support was removed only after PDMS curing by overnight
immersion in IPA. The IPA was removed by drying the mentbrane at 70°C for 30 minutes before
testing.

The CO2 permeance and CO2:Nz selectivity of the membrane was determined as
described in Hxample 6. Under these conditions, a U0 permeance of about 277 GPU with a
CO/N2 selectivity of about 9.2 was obtained. The membrane without zeolite nanoparticles
showed a CO; permeance of about 2440 GPU with a CO»/N» selectivity of about 4.6 was

obtained.

Example 7: Synthesis of a polydimethyisiloxane selective layer on
zeolite/polyethersulfone multilayer substrate with reduced infiliration

Zeolite Y particles with an average particle size of about 40 nm were deposited on
Millipore 300 kDa PES support as described in Example 4. A PDMS solution was prepared and
coated onto the zeolite particles as described in Examples 5 and 6. However, to minimize or
eltminate infiltration of the PBMS solution into the zeolite layer, water was eveunly spread over
the surface of the zeolite layer followed by spinming at 1000 rpm for 10 sec and at 3000 rpm for 5
sec. This step was repeated five times before coating with PDMS.

The COy permeance and COuN» selectivity of the membrane was determived as
described in Exaraple 6. Under these conditions, a CO; permeance of about 2650-3930 GPU with
a COo/N: selectivity of about 3.8 was obtained. The PDMS mermbrancs on the PES 300 kDa
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support gave an average U0y permeance of about 2440 GPU with an average CO»/No selectivity

of about 4.6,

Example 8: Synthesis of an amine ({riethylenetetramine + polyvinviamine}-based selective
laver on zeolite/polyethersulfone muliilaver substrate

Zeolite Y particles with an average particle size of about 40 nm were deposited on
Millipore 300 kDa PES support as described in Example 4. An amine-based coating solution was
prepared as follows. Sulfonic acid salt-medified polyvinyl alcohol (PVA; Grade S-2217 from
Kuraray America, Inc., Houston, TX; 3.177 g) was dissolved in water {18,123 g} at room
temperature overnight followed by stirring at 80°C for two hours to obtain a clear solution.
Agqueous KOH solution (38.7 wit%; 3.829 g) was then added to the PVA solution and stirred for
20 rainutes. Glutaraldehyde (50 wt% solution in water; 2.039 g) was then added 1 a proportion
to crossiink about 60 mol% of the hydroxyl groups of PVA assuming complete reaction. The
reaction was continucd for around 150 minutes after which the reaction mixture was cooled. The
arnount of water in the sohuition before addition of glutaraldehyde was adjusted to obtain about
13.3 wt% crosslinked PVA and 5.4 wt% KOH in the product mixture.

Lupamin® (commercial polyvinylamine containing product from BASF AG, Germany;
1.727 ¢) was mixed with water {1.487 g}, tricthylenctetramine (8.165 g, lincar TETA was about
>60% while the rest was constituted by cyelic and branched TETA), and KOH solution (38.7
wi%; .419 g} to form a homogeneous carrier solution. Crosslinked PV A (1,563 g) was added
dropwise to the carrier solution while stirring. Stirting was continued vnder a Ny purge for 75
minuies. The final concentration of polyracr in sohution was about 22.5 wt%. The polymer
solution was then cast onto the hybrid zeolite/PES hybrid substrate with an apparently negative
gap setting. The cast nembrane was dried immediately in a convective oven at 120°C for 10
minutes. The final membrane contained about 21.1% crosslinked PVA, 24 8% KOH, 37.4%
Lupamin® and 16.7% TETA.

To determitne the CO; permeance and CO2N» selectivity, the membrane was placed in a
small rectangular permeation cell enclosed inside a temperature control chamber. The cell
comprised an upstream chamber to countact the feed against the upstream side of the merobrane
along with a downstream chamber to sweep the permeate froro the downstream side of the
mermbrane. The active membrane area in the cell was 3.4 cm’. The feed, consisting of 20% CO,
40% N and 40% H:z {(dry basis) under ambicnt pressure, was contacted agamst the membranc at a
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flow rate of 60 co/min. The permeate was swept by Ar gas under ambicot pressure at a flow rate
of 30 co/min. The temperature was kept at 102°C. Both the feed and sweep streams were mixed
with water vapor to obtain 81% and 57% relative bumidity, respectively, under the test
conditions. Under these conditions, a CO; permeance of about 1026 GPU with a CO/N»
sclectivity of about 208 was obtained for the maembrance. The water permcance was about 10600

GPU. The CO»/H; selectivity was about 50.

Example 9: Synthesis of an amine (triethvlenetetramine + polyvinylamine)-based selective
layer on polysulione subsirate

An amine-based coating solution was prepared as follows. First, crosslinked PV A was
prepared as described in Exaraple 8. Lupamin®{1.762 g) was mixed with water (1.802 g),
tricthylenctetramine (0.176 g), and KOH solution (3R.7 wt%; 0.425 g) to form a homogeneous
carrier solution. Crosslinked PVA (1.645 g} was added dropwise to the carrier solution while
stirring. Stirring was continued under a No purge for 90 minutes. The final conceniration of
polymer in solution was about 22.5 wit%. The polymer solution was then cast onto a polysulfone
support (having pore sizes similar to the zeolite layer in Example 8) with an apparently negative
gap setting. The cast membrane was dried immediately in a convective oven at 120°C for 10
minutes. The final membrane contained about 21.3% crosslinked PVA, 24 8% KOH, 36.8%
Lupamin® and 17.1% TETA.

The CO; perracance and CO2:Np selectivity of the membrane was determined as
described in Hxample X, Under these conditions, a CO; perrocance of about 819 GPU with a
CO2/MNs sclectivity of about 251 was obtained. The water perracance was about 4090 GPU. The

CO2/H; selectivity was about 53,

Example 18: Synthesis of an amine {potassium sal of aminoiscbutyric acid +
polyvinyiamine}-based selective layver on zeolite/polyethersulione multilayer substrate
Zeolite Y particles with an average particie size of about 40 nm were deposited on
Millipore 300 kDa PES support as described in Example 4. An amine-based coating solution was
prepared as follows. Sulfonic acid salt-modified PVA (3.040 g) was dissolved in water (18,150
g) at room temperature overnight followed by stirring at 80 C for two hours to obtain a clear
solution. Aqueous KOH solution (38.7 wt%; 2.080 g) was then added to the PV A solution and
stirred for 20 minutes. Glutaraldehyde (50 wi% solution in water; 1.921 g) was then added in a
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proportion to crosslink about 60 mol% of the hydroxyl groups of PV A assuming complete
reaction. The reaction was continued for around 180 minutes after which the reaction mixture
was cooled. The amount of water in the solation before addition of glutaraldehyde was adjusted
to obtain about 12.3 wt% crosshinked PVA and 3.1 wit% KOH in the product mixture. Separately,
aminoisobutyric acid was neutralized by KOH 1n water for one hour to prepare a 40.8 wt%
solution of the corresponding potassium salt (AIBA-K).

Lupamin® (1.244 g} was mixed with water {2.593 p), and AIBA-K (0.750 gy to form a
homogeneous carrier solution. Crosslinked PVA (1.274 g) was added dropwise to the carrier
solution while stirring. Stirring was continued under a Ny purge for 60 minutes. The final
concentration of polymer in solution was about 14.8 wit%. The polymer solution was then cast
onto a zeolite/PES hybrid support with a gap setting of about 1.7 mils. The cast merbrane was
dried immediately in a convective oven at 120°C for 100 minutes. The final roembrane contained
about 20.4% crosslinked PVA, 5% KOH, 34.7% Lupamin® and 39.9% AIBA-K.

To determine the CO; permeance and CO2: Nz selectivity, the mermbrane was placed m a
small rectangular permeation cell enclosed inside a temperature control chamber. The cell
comprised an upstream chamber to contact the feed against the upstream side of the membrane
along with a downstream chamber to sweep the permeate from the downstream side of the
membrane. The active membrane area in the cell was 3.4 cm?. The feed, consisting of 18% €O,
82% Nz {dry basis} under ambient pressure, was contacted against the membrane at a flow rate of
60 co/min. The permeate was swept by Ar gas under ambient pressure at a flow rate of 30 ce/rn.
The temperature was kept at 102'C. Both the feed and sweep streams were mixed with water
vapor to obtain 81% and 57% relative hurnidity, respectively, under the test conditions. Under
these conditions, 8 CO2 permeance of about 562 GPU with a CO»/N: selectivity of about 296 was

obtained for the membrane. The water permeance was about 7640 GPUL

Example 11: Synthesis of an amine {potassium salt of aminoiscbutyric acid +
polyvinviamine)-based selective laver on polysulfone substrate

An amine-based casting solution was prepared as deseribed in Example 11, The solution
was cast onto a polysulfone support (having comparable surface pore size as the zeolite/polymer
hybrid sobstrate).

The CO2 permeance and CO2:Nz selectivity of the membrane was deterrmined as
described in Exaraple 10. Under these conditions, a CO2 permeance of about 536 GPU with a

21



(¥4

10

]
o

30

WO 2016/014491 PCT/US2015/041282

CO/Ny selectivity of about 254 was obtained. The water permcance was about 3890 GPU. The

CO./Hy selectivity was about 53.

Example 12: Synthesis of an amine (potassium salt of glycine + polyvinylamine)-based
selective laver on zeolite/polyethersuifone multilayer substrate

Zeolite Y particles with an average particle size of about 40 nm were deposited on
Millipore 300 kDa PES support as described in Example 4. An amine-based coating solution was
prepared as follows. First, crosslinked PVA and KOH was prepared as described in Example 10
Separately, glycine was neutralized by KOH in water for one hour to prepare a 24.6 wi% solution
of the corresponding potassium salt {Glycine-K).

Lupamin® {1.091 g) was mixed with water (2.552 g}, and Glycine-K (1.099 g) to form a
homogeneous carrier solution. Crosslinked PV A (1.120 g) was added dropwise to the carrier
solution while stirring. Sturring was continued under 8 No purge for 120 minutes. The final
concentration of polymer in solution was about 14.3 wi%. The polymer solution was then cast
onto a zeolite/PES hybrid support with a gap setting of about 1.7 mils. The cast membrane was
dried immediately in a convective oven at 120°C for 90 minutes. The final membrane contained
about 20.3% crosslinked PVA, 5.0% KOH, 34.6% Lupamin® and 40.1% Glycine-K.

The CO, permeance and CO2Nz selectivity of the membrane was determined as
described in Hxample 10. Under these conditions, a CO; permeance of about 1027 GPU with a

COu/MNs selectivity of about 885 was obtained. The water permeance was about 8720 GPU,
¥

Example 13: Synthesis of an amine (potassium salt of glycine + polyvinylamine)-based
selective laver with a lower thickness on zeolite/polyethersulfone multilaver substrate
The amine-based casting solution was prepared as described in Example 12, However,
the polymer membrane was cast with a gap-sctting of 1.2 mils instead of 1.7 mils.
The CO: permeance and CO2: N2 selectivity of the membrane was determined as
described in Example 10. Under these conditions, a CO; permeance of about 1168 GPU with a

COy/N; selectivity of about 802 was obtained. The water permeance was about 11945 GPU.

Example 14: Synthesis of a2 compesite membrane containing a zeolite/polyethersulfone
multilaver covered with an amine-containing selective layer
Zeolite Y particles with an average particle size of about 40 nm were deposited on PES
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support as described in Example 4. An amine-containing coating solution was prepared and cast
onto the hybnid zeolite/PES hybrid substrate as described in Example 8.

To determune the CO; permeance and CO2:Np selectivity, the maembrane was placed in a
small rectangular permeation cell enclosed mside a terperature control chamber, The cell
comprised an upstream chamber to contact the feed against the upstream side of the membrane
along with a downstream chamber to sweep the permeate from the downstream side of the
membrane. The feed, consisting of 80% H>O under ambient pressure, was contacted against the
membrane at a flow rate of 60 co/min. The permeate was swept by Ar gas under ambient pressure
at a flow rate of 30 co/min. The temperature was kept at 102°C. The CO: permeance and CO/Ny

selectivity are shown in Figures 9-13.

Example 15: Determination of H2S and CO; permeance in membranes coniaining a
zeolite/polvethersulfone multilaver covered with an amine-containing selective layer

Zeolite Y particles with an average particle size of about 40 nm were deposited on PES
support as described in Example 4. An aminc-containing coating solution was prepared and cast
ontoe the hybrid zeolite/PES hybrid substrate as described in Example 8.

To determine the HzS and CO» permeance, the membrane was placed in a small
rectangular permeation cell enclosed inside a temperature control chamber. The cell comprised
an upstream chamber to contact the feed against the upstream side of the membrane along with a
downstream chamber to sweep the permeate from the downstream side of the mewbrane. The
The feed, consisting of 50 ppm HLS, 1% CO, 17% €O, 453% Hy, 37% N {dry basis) under
ambient pressure, was contacted against the membrane at varying foed flow rate and
temperatures as shown in Figures 14 and 15, respectively. The permeate was swept by Ar gas
and the HoS and CO: permeance and the concentration of HoS in the permeate were determined.
The H:S and CO2 permeance as a function of temperature are shown in Figure 14, The
concentration of HzS in the permeate as a function of feed flow rate 18 shown in Figure 15,

The compositions and methods of the appended claims are not Hmited in scope by the
specific compositions and methods described herein, which are intended as illustrations of a few
aspects of the claims and any compaositions and rocthods that are functionally equivalent are
mtended to fall within the scope of the claims. Various modifications of the compositions and
methods 1n addition to those shown and deseribed herein are intended to fall within the scope of
the appended claims. Further, while only certain representative materials and method steps
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disclosed herein are specifically described, other corabinations of the materials and method steps
also are intended to fall within the scope of the appended claims, even if not specifically recited.
Thus, a combination of steps, cleroents, coraponents, or constituents may be exphcitly rmentioned
herein; however, other combinations of steps, clements, components, and constituents are
cluded, even though not exphceitly stated.

The term “comprising” and variations thereof as used herein is used synonymously with
the term “including” and variations thereof and are open, non-limiting terms. Although the terms
“comprising” and “including” have been used herein to describe various embodiments, the terms
“cousisting essentially of” and “consisting of” can be used in place of “comprising” and
“including” to provide for more specific embodiments and are also disclosed. As used in this
disclosure and i the appended claims, the stngular formas “a”, “an”, “the”, nclude plural

refercots unless the context clearly dictates otherwise.
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What is claimed is:
i. A membrane comprising:

a gas permeable support layer,

an inorganic layer disposed on the gas permeable support layer, the inorganic layer
comprising a plurality of discreet nanoparticles having an average particle size of less than 1
micron, and

a sclective polymer layer disposed on the norganic layer, the selective polymer layer
comprising a sclective polymer having a COz:N; selectivity of at least 10 at 57°C.
2. The membrane of claim 1, wherein the gas permeable support layer comprises a gas
permeable polymer.
3. The membrane of claim 2, wherein the gas permeable polymer comprises a polymer
selected from the group consisting of polyvamides, polyimides, polypyrrolones, polyesters,
sulfone-based polymers, polymeric organosilicones, fluorinated polymers, polyolefins,
copolymers thereof, and blends thereof.
4. The membrane of claim 2 or 3, wherein the gas permcable polymer comprises
polyethersulfone.
5. The racmbrane of any of claims -4, wherein the gas permeable support layer
comprises a gas permeable polymer disposed on a base.
6. The membrane of claim 3, wherein the base comprises a non-woven fabric.
7. The membrane of claim 6, wherein the non-woven fabric comprises fibers formed
from a polyester.
g. The membrane of any one of claims 1-7, wherein the nanoparticles are selected from
the group consisting of alkaline carth metal oxide nanoparticles; transition metal oxide
nanoparticles; lanthanide metal oxide nanoparticles; group IVA metal oxide nanoparticles;
transition metal nanoparticles; transition-metal catalyst nanoparticles; nanoparticles
comprising a transition metal adsorbed on a non-reactive support; metal alloy nanoparticles;
stlicate nanoparticles; alumino-silicate nanoparticles; clays; and combinations thercof,
9. The membrane of any one of claims 1-§, wherein the nanoparticles comprise silicate
nanoparticles, aluming-silicate nanoparticles, or a combination thereof.
18, The membrane of claim 9, wherein the nanoparticles comprise zeolite Y

nanoparticles.

N2
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11, The membrane of any one of claims 1-10, wherein the average particle size of the
nanoparticles is from 1 nm to 200 nm.

12.  The membrane of claim 11, wherein the average particle size of the nanoparticles is
from | um to 50 nm.

13, The membraune of any of claims 1-12, wherein the selective polymer has a COxIN
selectivity of from 18 to 500 at 57°C.

14, The membrane of any of claims 1-13, wherein the selective polymer has a CO N
selectivity of from 75 to 350 at 57°C.

15.  The membranc of any of claims 1-14, wherein the sclective polymer comprises a
hydrophilic polymer, an aming compound, or a combination thereof.

16.  The membrance of claim 15, wherein the amino compound comprises an amine-
containing polymer.

17.  The membrane of claim 16, wherein the amine-containing polymer is selected from
the group consisting of polyvinylamine, polyallylamine, polyethylencimine, poly-NV-
isopropylaliviamine, poly-N-tert-butylalivlamine, poly-N-L2-dimethvipropylaliviamne,
poly-N-methylallylarine, poly-N, N-dimethylallylamine, poly-2-vinylpiperidine, poly-4-

vinylpiperidine, polyaminostyrene, chitosan, copolymers, and blends thereofl

18. The membrane of claim 16 or 17, wherein the amine-containing polymer comprises
polyvinylamine.
19.  The membrane of claim 15, wherein the amino compound comprises a low

molecular weight amino compound.
20.  The membrane of claim 19, wherein the low molecular weight amino compound has

a molecular weight of less than 1,600 Da.

21, The mersbrane of claim 19 or 20, wherein the low molecular weight amine
compound comprises 4 salt of a primary amine or a salt of a sccondary amine,

22, The membrance of any of claims 19-21, wherein the low molecular weight amino

compound comprises an aninocacid salt defined by g general formula below
(R R, i
| 1 C e (CH e O |

PR, Ry

H Z i
1 -

w

wherein Ry, Ro, Rs, and Ra arve hvdrogen or hiydrocarbon groups haviug from 1 to 4 carbon
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atoms, 1 is an integer ranging from 0 to 4, and A™ is a cation having a valence of 1 to 3,
and m is an integer cqual to the valence of the cation.
23, The membrane of any of claims 19-21, wherein the low molecular weight amino
compound comprises a salt selected from the group consisting of aminoisobutyric acid-
potassiurg salt, arainoisobutyric acid-lithiurm salt, armnowsobutyric acid-piperazine salt,
ghycine-potassiur salt, glycine-lithium salt, glycine-piperazine sall, dimethylglycine-
potassiurn salt, dimethylglycine-lihium salt, diracthylglycine-piperazine salt, piperadine-2-
carboxlic acid- potassium salt, piperadine-2-carboxlic acid-lithiura salt, piperadine-2-
carboxlic acid-piperazine salt, piperadine-4-carboxlic acid- potassium salt, piperadine-4-
carboxlic acid-lithium salt, piperadine-4-carboxlic acid-piperazine salt, piperadine-3-
carboxlic acid- potassium salt, piperadine-3-carboxlic acid-lithium salt, piperadine-3-
carboxlic acid-piperazine salt, and blends thereof
24, The membrane of any of claims 15-23, wherein the hydrophilic polymer comprises
a polymer selected from the group cousisting of polyvinylaleohol, polyvinylacetate,
polyethylene oxide, polyvinylpyrrolidone, polyacrylaraine, a polyamine such as
polvallylamine, polyvinyl amine, or polyethylenimine, copolymers thereof, and blends
thereof.
25, The membrane of any of claims 1-23, wherein the selective polymer further
comprises a cross-linking agent.
26, The membrane of claim 25, wherein the cross-linking agent comprises a compound
selected from the group counsisting of formaldehyde, ghitaraldehyde, maleic anhydride,
glyoxal, divinylsulfone, tohuenediisocyanate, trimethylol melamine, terephthalatealdehyde,
epichlorohydrin, vinyl acrylate, and combinations thereofl
27.  The mersbrane of any one of claims 1-26, wherein the membrane 1s selectively
permeable to an acidic gas.
28. The racmbranc of any one of claims 1-27, wheretn the mermbranc 1s selectively
permeable to a fluid selected frorn the group consisting of carbon dioxide, hydrogen sulfide,
sulfur dioxide, sulfur trioxide, nitrogen oxide, hydrogen chloride, water, and combinations
thereof.
28, A method of making a membrane comprising,

depositing a nanoparticle dispersion on a gas permeable support laver to form an

inorgaumc layer disposed on the gas permeable support layer, wherein the nanoparticle

b2
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dispersion comprises a plurality of discreet nanoparticles having an average particle size of
icss than 1 micron; and

coating the inorganic layer with a selective polymer, wherein the selective polymer
exhibits a CO2:N; selectivity of at least 10 at 37°C.
30.  The method of claim 29, wherein depositing the nanoparticle dispersion on the gas
permeable support layer coraprises vacuum-~assisted dip~-deposition of the nanoparticle
dispersion oun the gas permeable support layer.
31, A method for scparating a gascous ruxture coruprising a first gas and a sccond gas,
the method comprising contacting a membrane defined by any of claims 1-28 with the

gascous mixture under conditions effective to afford transmembrane permeation of the first

zas.

32, The method of claim 31, wherein the permeance of the first gas is at least 50 GPU at
s7°C.

33. The roethod of claim 32, wherein the permeance of the first gas is from 50 GPU to

3,000 GPU at 57°C.

34.  The method of claira 33, wherein the permeance of the first gas is from 800 GPU to
1,500 GPU at 57°C.

3S. The method of any one of claims 31-34, wherein the membrane exhibits a first
gas:second gas selectivity of at least 10 at 57°C.

36, The method of claim 35, wherein the membrane exhibits a first gas:second gas
selectivity of from 10 to 500 at 57°C.

37.  The method of any of claims 31-36, wherein the first gas is selected from the group
consisting of carboun dioxide, hydrogen sulfide, sulfur dioxide, sultur trioxide, nittogen
oxide, hydrogen chloride, water, and combinations thereof.

38, The method of any of claims 31-37, wherein the second gas is sclected from the

group consisting of nitrogen, hydrogen, and combinations thercof.
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