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POLYMERIC MEMBRANES FOR SEPARATION OF GASES

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benetit of U.S. Provisional Patent Application Serial No.
62/168,410 filed May 29, 2015, the disclosure of which is expressly incorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
This invention was made with Government Support under Grant Nos. DE-FE0007632
and DE-FE0026919 awarded by the U.S. Department of Energy, National Energy Technology

Laboratory. The Government has certain rights in the invention.

FIELD 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
dioxide, hydrogen sulfide, hydrogen chloride, nitrogen oxide, and sulfur oxide. It is often
desirable to remove one or more of these gases from the other compounents of the gas streams,
such as hydrogen and nitrogen. Inorganic membranes have been employed for a variety of gas
separation applications, including hydrogen purification and carbon dioxade sequestration.
However, a major limiting factor to the application of inorganic membranes is the frequent
occurrence of defects which Himits 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 membranes, and methods of using the membranes
are described herein. The membranes can comprise a gas permeable support layer, and a
selective polymer layer disposed on the gas permeable support layer. In some cases, the
selective polymer layer can comprise an amine-containing polymer and an amino acid salt
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dispersed within the amine-containing polymer. In sore cases, the selective polymer layer can
comprise a sterically hindered amine-containing polymer.

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, polvolefins, copolymers thereof, and blends thereof In some
embodiments, the gas permeable polymer comprises polyethersulfone. In certain cases, the gas
permeable support layer comprises a gas permeable polymer disposed ona base(eg., a
nonwoven tabric such as a polyester nonwoven).

In some embodiments, the selective polymer layer can comprise an amine-containing
polymer and an amino acid salt dispersed within the amine-containing polymer. The amine-
containing polymer can be, for example, polyvinylamine, polyallylamine, polyethylencimine,
poly-N-isopropylallylamine, poly-N-tert-butylallylamine, poly-N-1,2-dimethylpropylallylamine,
poly-N-l-methylpropylallylamine, poly-N-2-methylpropylallylamine, poly-N-1-
ethyipropylallylamine, poly-N-2-ethylpropylallylamine, poly-N-methylallylamine, poly-N . N-
dimethylallylamine, poly-N-ethylallylamine, poly-N N-diethylallylamine, poly(N-methyl-N-
vinylamine), poly(N-ethyl-N-vinylamine), polv{N-tsopropyl-N-vinylamine), poly(N-tert-butyl--
vinylamine}, poly(N-propyl-N-vinylamine), poly(N N-dimethyl-N-vinylamine), poly(N N-
diethyl-N-vinylamine}, poly-2-vinylpiperidine, poly-4-vinylpiperidine, polyaminostyrene,
chitosan, copolymers, and blends thereof.

The amine-containing polymer can be a high rolecular weight amine-containing
polymer. For example, the amine-containing polymer can have a weight average molecular
weight of at least 500,000 Da (e.g., at least 700,000 Da, or at least 1,000,000 Da). In certain
embodiments, the amine-containing polymer can have a weight average molecular weight of
from 500,000 Da to 5,000,000 Da, or from 500,000 Da to 2,000,000 Da. The amine-containing
polymer can be a modest molecular weight amine-containing polymer. For example, the amine-
containing polymer can have a weight average molecular weight of at least 50,000 Da{e.g., at
least 100,000 Da, or at least 500,000 Da). In certain embodiments, the amine-containing
polymer can have a weight average molecular weight of from 50,000 Da to 500,000 Da.

In some cases, the amine-containing polymer can comprise polyvinylamine. In some
cases, the anuine-containing polymer can comprise a sterically hindered derivative of
polyvinvlamine. In some embodiments, the sterically hindered derivative of polyvinylamine
comprises a polymer having the structure below

2
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wherein R1 and Rz are, independently for each occurrence, hydrogen, alkyl, alkenvl, alkynyl,
aryl, or cycloalkyl, or Ri and Ry, together with the nitrogen atom to which they are attached,

form a hetercyelic ring, with the proviso that at least one of R1 and Rz is not hvdrogen; and 1 is
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an integer from 10 to 25,000, In some embodiments, the sterically hindered derivative of

polyvinylamine comprises a random copolymer or block copolymer having the structure below
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wherein Ry and Rz are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,

"
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aryl, or cycloalkyl, or Ri and Ra, together with the nitrogen atom to which they are attached,
10 form a hetercyclic ring, with the proviso that at feast one of R1 and Ru is not hydrogen; m is an
integer from 10 to 10,000; and n is an integer from 10 to 10,000,
The amino acid salt can be a salt of any suitable amino acid. In some cases, the amino
acid salt can comprise a salt of a compound defined by the formula below
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Hoocﬁ
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15 wherein, independently for each occurrence in the amino acid, each of Ry, R2, Rs and R4 is

selected from one of the following
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or R1 and Rs, together with the atoms to which they are attached, forro a five-membered
heterocycle defined by the structure below when n is 1, or a six-membered heterocycle defined

by the structure below when nis 2

"

In certain embodiments, the amino acid salt can comprise a glycinate salt (e.g., sodium glycinate,
potassium glycinate, lithium glycinate, or piperazine glycinate). In certain embodiments, the
aminc actd salt can comprise an aminoisobutyrate salt (e.g., aminocisobutyric acid-potassium salt,
aminoisobutyric acid-lithium salt, or aminoisobutyric acid-piperazine salt). The selective
polymer layer can comprise from 30% to 80% by weight amino acid salt, based on the total
weight of the selective polymer layer.

In other embodiments, the selective polymer layer can comprise a sterically hindered
amine-containing polymer. The sterically hindered amine-containing polymer can include a
sterically hindered amine sidechain. Sterically hindered amine sidechains include either a
primary amine that is attached to a tertiary carbon or a secondary amine that is attached to at
least one secondary carbon or tertiary carbon. In some cases, the sterically hindered amine-
containing polymer can comprise a sterically hindered derivative of polyvinvlamine. In some

embodiments, the sterically hindered derivative of polyvinylamine comprises a polymer having

RR,

the structure below

wherein Ri and Rz are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ri and Ro, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at least one of R1 and Ro is not hydrogen; and n is
an integer from 10 to 25,000, In some embodiments, the sterically hindered derivative of

polyvinylamine comprises a random copolymer or block copolymer having the structure below
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wherein R1 and Rz are, independently for each occurrence, hydrogen, alkyl, alkenvl, alkynyl,
aryl, or cycloalkyl, or Ri and Ry, together with the nitrogen atom to which they are attached,
torm a hetercyclic ring, with the proviso that at least one of R1 and Rz is not hydrogen, m is an
integer trom 10 to 10,000; and n is an integer from 10 to 10,000,

The sterically huindered amine-containing polymer can be a high molecular weight
sterically hindered amine-containing polvmer. For example, the sterically hindered amine-
containing polymer can have a weight average molecular weight of at least 500,000 Da (e.g., at
least 700,000 Da, or at least 1,000,000 Da). In certain embodiments, the sterically hindered
amine-containing polymer can have a weight average molecular weight of from 500,000 Da to
5,000,000 Ba, or from 560,000 Da to 2,000,000 Ba. The sterically hindered amine-containing
polymer can be a modest molecular weight amine-containing polymer. For exarmple, the amine-
containing polymer can have a weight average molecular weight of at least 50,000 Da {(e.g., at
least 100,000 Da, or at least 500,000 Da). In certain embodiments, the amine-containing
polymer can have a weight average molecular weight of from 50,000 Da to 500,000 Da.

In these embodiments, the selective polymer laver can optionally further include a low
molecular weight amino compound dispersed within the sterically hindered amine-containing
polymer. The low molecular weight compound can have a molecular weight of less than 1,000
Da. The low molecular weight amino compound can be a salt of a primary amine or a salt of a
secondary amine. In certain embodiments, the low molecular weight amino compound can
comprise an amino acid salt. The amino acid salt can be a salt of any suitable amino acid. In
some cases, the aming acid salt can comprise a salt of a compound defined by the formula below

Ri R,

Haac—i—gQ
3 1

wherein, independently for each occurrence in the amino acid, each of Ry, Ro, R and R
is selected from one of the following
CHs CH,

%«-MH gmca-ag e

Ha
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or R and Rs, together with the atoms to which they are attached, form a five-membered
heterocycle defined by the structure below when n is 1, or a six-membered heterocycle defined

by the structure below when nis 2

N

o
In certain embodiments, the amino acid salt can comprise a glycinate salt {e.g., sodium glycinate,
potassium glycinate, lithium glycinate, or piperazine glycinate). The selective polymer layer can
comprise from 30% to 80% by weight amino acid salt, based on the total weight of the selective
polymer layer.

Optionally, the membranes can further comprise an inorganic layer. In these
embodiments, the inorganic layer can be disposed on the gas permeable support layer, and the
selective polymer layer can be disposed on the inorganic layer. The inorganic layer can
comprise a plurality of discreet nanoparticles having an average particle size of less than 1
micron. The nanoparticles in the inorganic layer can comprise any suitable nanoparticles having
an average particle size of less than T micron. The average particle size of the nanoparticles in
the inorganic layer can be froro 1 nm to 500 nm {(e.g., from | nm to 250 nm). In some
embodiments, the nanoparticies in the inorganic laver can comprise alkaline earth metal oxide
nanoparticles, transition metal oxide nanoparticles, lanthanide metal oxide nanoparticles, group

IV A metal oxide nanoparticles, transition metal nanoparticles, transition-metal catalyst
6
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nanoparticles, nanoparticles comprising a transition metal adsorbed on a non-reactive support,
metal alioy nanoparticies, silicate nanoparticles, alumino-silicate nanoparticles, nanoparticles
comprising clays, and combinations thereot. In certain embodiments, the nanoparticles in the
inorganic layer can be chosen from silicate nanoparticles, alumino-silicate nanoparticles, or
combinations thereof. In certain embodiments, the nanoparticles can comprise zeolite
nanoparticles. The zeolite nanoparticles can have varying frameworks and differing Si/Al
rations. For example, the nanoparticles can be zeolite Y nanoparticles.

The membranes can exhibit selective permeability to gases, including acidic gases. For
example, the membranes can exhibit selective permeability to carbon dioxide, hydrogen sulfide,
sulfur dioxide, sulfur trioxide, nitrogen oxide, hydrogen chloride, water, and combinations
thereof. In some cases, the membranes can exhibit a CO2 N2 selectivity of from 30 10 500 (e.g.,
trom 45 to 350, or from 75 10 350) at 57°C and 1 atm feed pressure. The roembranes can also
exhibit a relatively high permeability to certain gases. For example, in some cases, the
membranes can exhibit a CO2 permeance of trom 200 to 2000 GPU at $7°C and 1 atm feed
pressure.

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
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 fluid carrier. In some embodiments, depositing the nanoparticle
dispersion on the gas permeable support layer can comprise vacuume-assisted dip-deposition of
the nanoparticle dispersion on the gas permeable support layver. Methods can further include
coating the inorganic layer with a selective polyroer {e.g., an amine-containing polymer and an
aming acid salt dispersed within the amine-containing polymer, or a sterically hindered amine-
containing polymer). In some embodiments, the selective polymer can have a high viscosity
when applied to the inorganic layer. For example, the selective polymer can have a viscosity of
at least 400 ¢p (e.g., at least 1000 ¢p) at 25°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 permeation of the first gas.

-3
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DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic of a composite membrane disclosed herein.

DETAILED DESCRIPTION

Definitions

Terms used herein will have their customary meaning in the art unless specified
otherwise. The organic moieties mentioned when defining variable positions within the general
formulae described herein (e.g., the term “halogen”) are collective terms for the individual
substituents encompassed by the organic moiety. The prefix Co-Cn preceding a group or moiety
indicates, in each case, the possible number of carbon atoms in the group or motety that follows.

As used herein, the term “alkyl” refers to saturated, straight-chained or branched
saturated hydrocarbon moteties. Unless otherwise specified, C1-Cs {e.g., Ci-Co, C1-Ca, C2-Cs, Co-
Ce, C2-Ca} alkyl groups are intended. Examples of atkyl groups include methyl, ethvl, propyl, 1-
methyl-ethyl, butyl, T-methyi-propyl, 2-methyl-propyl, 1, 1-dimethyl-ethyl, pentyl, 1-methyl-
butyl, 2-methyi-butyl, 3-methyl-butyl, 2,2-dimethyl-propyl, 1-ethyi-propyl, hexyl, 1,1-dimethyl-
propyl, 1,2-dimethyl-propyl, 1-methyl-pentyl, 2-methyl-pentyl, 3-methyl-pentyl, 4-methyl-
pentyl, 1, -dimethyl-butyl, 1,2-dimethyl-butyl, 1.3-dimethyl-butyl, 2,2-dimethyl-butyl, 2,3~
dimethyi-butyl, 3 3-dimethyl-butyl, -ethyl-butyl, 2-ethyl-butyl, 1,1, 2-trimethyl-propyl, 1,22~
trimethyl-propyl, I-ethvl-1-methyl-propvl, and t-ethyl-2-methyi-propyl. Alkyl substituents may
be unsubstituted or substituted with one or more chemical moieties. Examples of suitable
substituents include, for example, hydroxy, nitro, cyano, formyl, C1-Ce alkoxy, Ci-Ce
haloalkoxy, C1-Cs acyl, Ci-Cs alkylthio, C1-Co haloalkylthio, Ci-Cs alkylsulfinyl, C1-Ce
haloalkylsulfinyl, Ci-Ce alkylsulfonyl, C1-Cs haloalkylsulfouyl, C1-Cs alkoxycarbonyl, Ci-Cs
haloalkoxvearbonyl, Ci-Cs carbamoyl, C1-Ce halocarbamoyl, hydroxycarbonyl, C1-Ce
alkylcarbonyl, C1-Ce haloalkylcarbonyl, aminocarbonyl, Ci-Ce alkylaminocarbonyl,
haloalkylaminocarbonyl, Ci-Cs dialkylaminocarbonyl, and Ci-Ce dihaloalkylaminocarbonyl,
provided that the substituents are sterically compatible and the rules of chemical bonding and
strain energy are satisfied.

As used herein, the term “alkenyl” refers to unsaturated, straight-chained, or branched
hydrocarbon moteties containing a double bond. Unless otherwise specified, C2-Us (e.g., C2-Ce,
C3-Ca) alkyl groups are intended. Alkeny] groups may contain more than one unsaturated bond.
Examples include ethenyl, 1-propenyl, 2-propenyl, t-methylethenyl, 1-butenyl, 2-butenyl, 3-
butenyl, I-methyl-1-propenyl, 2-methyi-1-propenyl, 1-methyl-2-propenyl, Z-methyl-2-propenyl,

8
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I-pentenyl, 2-pentenyl, 3-pentenyl, 4-pentenyl, 1-methyl-1-butenyl, 2-methyl-1-butenyi, 3-
methyl-1-butenyl, 1-methyl-2-butenyl, 2-methyl-2-butenyl, 3-methyl-2-butenyl, 1-methyl-3-
butenyl, 2-methyl-3-butenyl, 3-methyi-3-butenyl, 1,1-dimethyl-2-propenyl, 1,2-dimethyi-1-
propenyl, 1,2-dimethyl-2-propenyl, 1-ethyl-1-propenyl, 1-ethyl-2-propenyl, 1-hexenyl, 2-
hexenyl, 3-hexenyl, 4-hexenyl, S-hexenyl, I-methyl-1-pentenyl, 2-methyl-1-pentenvl, 3-methyl-
I-pentenyl, 4-methyl-1-pentenvi, 1-methyl-2-pentenyl, 2-methyl-2-pentenvl, 3-methyl-2-
pentenvl, 4-methyl-2-pentenyl, 1-methyl-3-pentenyl, 2-methyl-3-pentenyl, 3-methyl-3-pentenyl,
4-methyl-3-pentenyl, 1-methyl-4-pentenyl, Z-methyl-4-pentenyl, 3-methyl-4-pentenyl, 4-methyl-
4-pentenyl, 1, 1-dimethyl-2-butenyl, 1, 1-dimethyl-3-butenyl, 1,2-dimethyl-1-butenyl, 1,2-
dimethyi-2-butenyl, 1,2-dimethyl-3-butenyl, 1,3-dimethyl-1-butenyl, 1,3-dimethy]-2-butenyl,
1,3-dimethyl-3-butenyl, 2,2-dimethyl-3-butenyl, 2 3-dimethyl-1-butenyl, 2,3-dimethyl-2-butenyl,
2.3-dimethyi-3-butenyl, 3,3-dimethyl-1-butenyl, 3,3-dimethyl-2-butenyl, 1-ethyl-1-butenyl, 1-
ethyl-2-butenyl, 1-ethyl-3-butenyl, 2-ethyi-1-butenyl, 2-ethyl-2-butenyl, 2-ethyl-3-butenyl, 1,1,2-
trimethyl-2-propenyl, 1-ethyl-1-methyl-2-propenyl, 1-ethyl-2-methyl-1-propenyl, and 1-ethyi-2-
methyl-Z-propenyl. The term “vinyl” refers to a group having the structure ~-CH=CHa; 1-
propenyl refers to a group with the structure—CH=CH-CHj3; and 2-propenyl refers to a group with
the structure ~CHz-CH=CHz. Alkenyl substituents may be unsubstituted or substituted with one
or more chemical moieties. Examples of suitable substituents include, for example, hydroxy,
nitro, cyvano, formyl, Ci-Ce alkoxy, C1-Ce haloalkoxy, Ci-Cs acyl, C1-Ce alkylthio, C1-Cs
haloalkylthio, C1-Cs alkylsultinyl, Ci-Cs haloalkylsuifinyl, Ci-Ce alkylsulfonyl, Ci-Cs
haloalkylsulfonyl, Ci-Cs alkoxycarbonyl, Ci-Cs haloalkoxycarbonyl, Ci-Cs carbamoyl, C1-Ce
halocarbamoy!, hydroxycarbonyl, Ci1-Ce alkyicarbonyl, C1-Ce haloalkylcarbonyl, aminocarbonyl,
C1-Ce alkylaminocarbonyl, haloatkylaninocarbonyl, Ci~-Ce dialkylaminocarbonyl, and Ci-Cs
dihaloalkylaminocarbonyl, provided that the substituents are sterically compatible and the rules
of chemical bonding and strain energy are satisfied.

As used herein, the term “alkynyl” represents straight-chained or branched hydrocarbon
moieties containing a triple bond. Unless otherwise specitied, C2-Cs (e.g., C2-Cs, C2-Ca) alkynyl
groups are intended. Alkynyl groups may contatn more than one unsaturated bond. Examples
include Cr-Ces-alkynyl, such as ethynyl, 1-propynyl, 2-propynyl {(or propargyl), 1-butynyl, 2-
butynyl, 3-butynyl, 1-methyl-2-propynyl, 1-pentynyl, 2-pentynyl, 3-pentynyl, 4-pentynyl, 3~
methyl-I-butynyl, T-methyl-2-butynyl, I-methyl-3-butynyl, 2-methyl-3-butynyl, 1,1-dimethyi-2-
propynyl, 1-ethyl-2-propynyl, I-hexynyl, 2-hexynvyl, 3-hexyuyl, 4-hexynyl, 5-hexynyl, 3-methvl-
I-pentynyl, 4-methyl-1-pentynyl, I-methvi-2-pentynyi, 4-methyl-Z-pentynvl, 1-methyl-3-
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pentynyl, 2-methyl-3-pentynyl, 1-methyl-4-pentyoyl, 2Z-methyl-4-pentynyl, 3-methyl-4-pentynyl,
1, 1-dimethyl-2-butynyl, 1,1-dimethyi-3-butynyl, 1,2-dimethyl-3-butynyl, 2,2-dimethyl-3-
butynyl, 3,3-dimethyl-1-butynyl, 1-ethyl-2-butyoyl, 1-ethyl-3-butyuyi, 2-ethyl-3-butynyl, and 1-
ethyl-1-methyl-2-propynyl. Alkynyl substituents may be unsubstituted or substituted with one or
more chemical moieties. Examples of suitable substituents include, for example, hydroxy, nitro,
cyano, formyl, C1-Ce alkoxy, Ci1-Cs haloalkoxy, C1-Cs acyl, C1-Ce alkylthio, C1-Cs haloalkylthio,
C-Co alkylsultinyl, Ci-Cs haloalkylsulfinyl, Ci-Co alkylsulfonyl, Ci-Cs haloalkylsulfonyl, Ci-Cs
alkoxycarbonyl, Ci1-Cs haloatkoxyearbonyl, C1-Ce carbamoyl, Ci1-Ce halocarbamoyi,
hydroxycarbonyl, Ci-Cs alkylearbonyl, Ci-Cs haloalkylcarbonyl, aminocarbonyl, Ci-Cs
alkylaminocarbonyi, haloalkylaminocarbonyl, C1-Cs dialkylaminocarbonyl, and C1-Ce
dihaloalkylaminocarbonyl, provided that the substituents are sterically compatible and the rules
of chemical bonding and strain energy are satisfied.

As used herein, the term “aryl,” as well as derivative terms such as aryloxy, refers to
groups that include a monovalent aromatic carbocyclic group of from 6 to 14 carbon atoms. Aryl
groups can include a single ring or multiple condensed rings. In some embodiments, aryl groups
include Ce-Chro aryl groups. Examples of aryl groups include, but are not linuted to, phenyl,
biphenyl, naphthyl, tetrahydronaphthyl, phenvicyclopropyl, and indanyl. In some embodiments,
the aryl group can be a phenyl, indanyl or naphthy! group. The term "heteroaryl”, as well as
derivative terms such as "heteroaryloxy", refers to a 5~ or 6-membered aromatic ring containing
one or more hetercatoms, viz., N, O or §; these heteroaromatic rings may be fused to other
aromatic systems. The aryl or hetercaryl substituents may be unsubstituted or substituted with
one or more chemical moieties. Examples of suitable substituents include, for example, hydroxy,
halogen, nitro, cyano, formyl, Ci-Ce alkyl, C2-Cs alkenyl, C2-Cs alkynyl, Ci-Cs alkoxy, C1-Cs
haloalkyl, C:1-Ce haloalkoxy, Ci-Cs acyl, C1-Cs alkyithio, Ci1-Co alkyisulfinyl, Ci-Ce
alkylsulfonyl, C1-Cs alkoxycarbonyl, Ci-Cs carbamoyl, hydroxycarbonyl, Ci-Ce alkylcarbonyl,
aminocarbonyl, C1-Ce alkylaminocarbonyl, Ci-Cs dialkylaminocarbonyl, provided that the
substituents are sterically compatible and the rules of chemical bonding and strain energy are
satisfied.

Membranes

Membranes, methods of making the membranes, and methods of using the membranes
are described herein. The membranes can comprise a gas permeable support layer, and a
selective polymer layer disposed on the gas permeable support layer. Optionally, the membranes
can further comprise an inorganic layer. In these embodiments, the inorganic layer can be

10
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disposed on the gas permeable support layer, and the selective polymer layer can be disposed on
the inorganic layer. The gas permeable support layer, the inorganic layer (when present}, and the
selective polymer layer can optionally comprise one or more sub-layers.

The gas permeable support layer 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 each 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 membrane. In some embodiments, the gas permeable support 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 thereot. Examples of suitable gas
permeable polymers include polyamides, polyimides, polypyrrolones, polyesters, sulfone-based
polymers, polymeric organosilicones, fluorinated polymers, polyolefins, copolymers thereof, or
blends thereof. Specific examples of polymers in the gas permeable support layer can include
polydimethylsiloxane, polydiethylsiloxane, polvdi-iso-propylsiloxane, polvdiphenylsiloxane,
polyethersulfone, polyphenylsulfone, polysuifone, partially fluorinated 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
include inorganic particles to increase the mechanical strength without altering the permeability
of the support layer.

In certain embodiments, the gas permeable support layer can comprise a gas permeable
polymer disposed on a base. The base can be in any configuration configured to facilitate
tormation of a membrane suitable for use in a particular application. For example, the base can
be a flat disk, a tube, a spiral wound, or a holiow fiber base. The base can be formed from any
suitable material. In some embodiments, the layer can include a fibrous material. The fibrous
material in the base can be a mesh {e.g., a metal or polymer mesh), a woven or non-woven
tfabric, 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 nanoparticles having an average
particle size of less than 1 micron. The inorganic layer can comprise multiple pores and/or
channels formed between the nanoparticies and/or within the nanoparticles. The pores and/or
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channels formed can be in fluid contact with the gas permeable support layer.

The nanoparticles in the inorganic layer can have any suitable size and shape. For
example, the nanoparticles can be spherical, cylhindrical, or rod-like. In some embodiments, the
nanoparticles can have an average particle size of less than 1 micron {(e.g, less than 750 nm, less
than 500 nm, less than 250 nm, less than 200 nm, less than 150 nm, less than 100 nm, less than
50 nm, or less than 25 nm. In some embodiments, the nanoparticles can have an average particie
size of at least 1 nm {e.g., at least 5 nm, at least 10 nm, at least 15 nm, or at least 25 nm). The
nanoparticles can have an average particle size ranging from any of the minimum values
described above to any of the maximum values described above. For example, in certain
embodiments, the nanoparticles can have an average particle size of from 1 nm 10 200 nm {e.g.,
trom 1 nm to 150 nm, from 1 nm to 100 nm, or from 1 nm to 50 nm}. 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 essentially 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 hinear 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.

In some embodiments, the nanoparticles in the inorganic layer comprise a population of
nanoparticies having a monodisperse particle size distribution. The term “monodisperse,” as used
herein, describes a population of nanoparticles where all of the nanoparticles are the same or
nearly the same size. As used herein, a monodisperse particle size distribution refers to particle
distributions 1o which 80% of the distribution {(e.g., 85% of the distribution, 90% of the
distribution, or 95% of the distribution) lies 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
embodiments, the nanoparticles 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 earth 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
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transition metal adsorbed on a non-reactive support, metal alloy nanoparticles, silicate
nanoparticles, alumino-silicate nanoparticles, nanoparticles comprising clays, and combinations
thereof. Specific examples of nanoparticles include alunmuna nanoparticles, silica nanoparticles,
zeolite nanoparticles, titania nanoparticles, zirconia nanoparticles, palladium nanopaiticles,
platinum nanoparticles, nickel nanoparticles, transition-metal catalyst nanoparticles, and
combinations thereof.

In certain embodiments, the nanoparticles in the inorganic layer can be chosen from
silicate nanoparticles, alumino-silicate nanoparticles, or combinations thereof. In certain
embodiments, the nanoparticles can comprise zeolite nanoparticles. The zeolite nanoparticles
can comprise zeolites having varying frameworks and differing Si/Al ratios. For example, the
nanoparticles can be zeolite Y nanoparticles.

The membranes can further include a selective polymer layer disposed on the morganic
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 CO2:N: selectivity of at least 10 at 57°C and | atm feed pressure. For
example, the selective polymer can have a CO2N» selectivity of at least 25 at 57°C and 1 atm
feed pressure {e.g., at least 50, at least 75, at least 100, at least 150, at least 200, at least 250, at
least 300, at least 350, at least 400, at least 450, at least 500, at least 550, at least 600, at least
650, at least 700, at least 750, at least 800, at least 850, at least 900, at least 950, at least 1,000, at
least 1,100, at least 1,200, at least 1,300, or at least 1,400). In some embodiments, the selective
polymer can comprise a selective polymer that has a CO2 Nz selectivity of 1,500 or less at 57°C
and 1 atm feed pressure {e.g., 1,400 or less, 1,300 or less, 1,200 or fess, 1,100 or less, 1,000 or
less, 950 or less, 900 or less, 850 or less, 800 or less, 7530 or less, 700 or less, 650 or less, 600 or
less, 550 or less, 500 or less, 450 or less, 400 or less, 350 or less, 300 or less, 250 or less, 200 or
less, 150 or less, 100 or fess, 75 or less, or 50 or less). In certain embodiments, the selective
polymer can comprise a selective polymer that has a CO2Nz selectivity ranging from any of the
mintmum values described above to any of the maximum values described above. For example,
in certain embodiments, the selective polymer can comprise a selective polymer that has a
CO2: Ny selectivity of from 10 to 1,500 (e g, from 75 t0 350) at S7°C. The CO2: Ny selectivity of
the selective polymer can be measured using standard methods for measuring gas permeance
known in the art, such as those described in ASTM D 1434-82 (20135), which is incorporated

herein by reference.
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In some embodiments, the selective polymer layer can comprise an arine~-containing
polymer and an amino acid salt dispersed within the amine-containing polymer. In these
embodiments, the amine-containing polymer can serve as a “fixed carrier” and the amino acid
salt can serve as a “mobile carrier.”

The amine-containing polymer can be, for example, polyvinylamine, polyaliylamine,
polyethyleneimine, poly-N-isopropylallylamine, poly-N-tert-butylaliylamine, poly-N-,2-
dimethylpropylallylamine, poly-N-I-methylpropylallylamine, poly-N-2-methylpropylallylamine,
poly-N-l-ethylpropylallylamine, poly-N-2-ethyvipropylallylamine, poly-N-methylallylamine,
poly-N N-dimethylallylamine, poly-N-ethylallylamine, poly-N V-diethylallylamine, poly(N-
methyl-N-vinylamine}, poly{N-ethyl-N-vinviamine), poly(¥-isopropyi-N-vinylamine}, poly{N-
tert-butyl-N-vinylamine), poly(¥-propyl-N-vinylamine), poly{¥N, N-dimethyl-N-vinylamine),
poly(N N-diethyl-N-vinylamine), poly-2-vinylpipendine, poly-4-vinylpiperidine,
polyaminostyrene, chitosan, copolymers, and blends thereof.

In some cases, the amine-containing polymer can comprise polyvinylamine. In some
cases, the amine-containing polymer can comprise a sterically hindered derivative of
polyvinylamine. In some embodiments, the sterically hindered derivative of polyvinylamine

comprises a polymer having the structure below

Ry N“Rz
wherein Ri and Rz are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ri and Ro, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at least one of R1 and Ro is not hydrogen; and n is
an integer from 10 to 25,000, In some embodiments, the sterically hindered derivative of

polyvinylamine comprises a random copolymer or block copolymer having the structure below

M i
N
HN g Mg

wherein Ri and R2 are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynvl,
aryl, or cycloalkyl, or Ry and Ro, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at feast one of R1 and Rz is not hydrogen; m is an
integer from 10 to 10,000; and n is an iteger from 10 to 10,000,

The amine-containing polvmer can be a high molecular weight amine-containing

polymer. For example, the amine-containing polymer can have a weight average molecular
14
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weight of at least 500,000 Da (e.g., at least 700,000 Da, or at least 1,000,000 Da). In certain
embodiments, the amine-containing polymer can have a weight average molecular weight of
from 500,000 Da to 5,000,000 Da, or from 500,000 Da to 2,000,000 Da. In particular
embodiments, the amine-containing polymer can be polyvinylamine or a sterically hindered
derivative of polyvinylamine having a weight average molecular weight of at least 500,000 Da
{e.g., atleast 700,000 Da, or at least 1,000,000 Da). For example, the amine-containing polymer
can be polyvinylamine or a sterically hindered derivative of polyvinylamine having a weight
average molecular weight of from 500,000 Da to 5,000,000 DBa, or from 500,000 Da to 2,000,000
Da. The amine-containing polymer can also be a modest molecular weight amine-containing
polymer. For example, the amine-containing polymer can have a weight average molecular
weight of at least 50,000 Da (e.g., at least 100,000 Da, or at least 500,000 Da). In certain
embodiments, the amine-containing polymer can have a weight average molecular weight of
from 50,000 Da to 500,000 Da.

The amino acid salt can be a salt of any suitable amino acid. The amino acid salt roay be
derived, for instance, from glycine, arginine, lysine, histidine, 6-aminchexanocic acid, proline,
sarcosing, methionine, or faurine. In some cases, the amino acid salt can comprise a salt of a
compound defined by the formula below

Ry R,

Hoocﬁ
3 1

wherein, independently for each occurrence in the amino acid, each of Ri, Rz, Rz and R4 18

selected from one of the following
émH

n o
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or R1 and Rs, together with the atoms to which they are attached, form a five-membered
heterocycle defined by the structure below when n is 1, or a six-membered heterocycle defined

by the structure below when nis 2

"

Poly{amino-acids), for example, polyarginine, polylysine, polyonithine, or polyhistidine may
also be used to prepare the amino acid salt. In one embodiment, the amino acid salt is an amino
acid potassium salt, prepared via reaction between potassium hydroxide in solution and an amino
acid. In another embodiment, the amino acid salt is an amino acid sodium salt, prepared via
reaction between sodium hydroxide in solution and an amino acid. In ancther further
embodiment, the amino acid salt is an amino acid lithium salt, prepared via reaction between
lithium hydroxide in solution and an amino acid. In certain embodiments, the amivo acid salt
can comprise a glycinate salt (e.g., sodium glycinate, potassium glycinate, lithium glycinate, or
piperazine glycinate).

In some embodiments, the selective polymer layer can comprise at least 30% by weight
(e.g., at least 35% by weight, at least 40% by weight, at least 45% by weight, at least 50% by
weight, at least 55% by weight, at least 60% by weight, at least 65% by weight, at least 70 by
weight, or at least 75% by weight) amino acid salt, based on the total weight of the selective
polymer layer. In some embodiments, the selective polymer layer can comprise 80% or less by
weight (e.g., 75% or less by weight, 70% or less by weight, 65% or less by weight, 60% or less
by weight, 55% or less by weight, 50% or less by weight, 45% or less by weight, 40% or less by
weight, or 35% or less by weight) amino acid salt based on the total weight of the selective
polymer layer.

The amount of amino acid salt present in the selective polymer layer can range from any
of the mintmum values described above to any of the maximum values described above. For
example, in some embodiments, the selective polymer layer can comprise from 30% to 70% by

weight aroino acid salt, based on the total weight of the selective polymer layer.
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In other embodiments, the selective polymer layer can comprise a sterically hindered
amine-containing polymer. The sterically hindered amine can serve as a “fixed carrier.” The
sterically hindered amine-containing polymer can include a sterically hindered amine sidechain.
Sterically hindered amine sidechains include either a primary amine that is attached to a tertiary
carbon or a secondary anune that 1s attached to at least one secondary carbon or tertiary carbon.
In some cases, the sterically hindered amine-containing polymer can comprise a sterically
hindered derivative of polyvinylamine. In some embodiments, the sterically hindered derivative
of polyvinylamine comprises a polymer having the structure below

RR,

wherein Ry and Rz are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ri and Ro, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at least one of R1 and Ro is not hydrogen; and n is
an integer from 10 o 25,000, In some embodiments, the sterically hindered derivative of
polyvinylamine comprises a random copolymer or block copolymer having the structure below

)

\ /n
Ry N‘RQ

wherein Ri1 and R are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkyayt,

aryl, or cycloalkyl, or Ry and Ro, together with the nitrogen atom to which they are attached,

form a hetercyclic ring, with the proviso that at feast one of R1 and Rz is not hydrogen; m is an

integer from 10 to 10,000; and n is an integer from 10 to 10,000,

The sterically hindered amine-containing polymer can be a high molecular weight
sterically hindered amine-containing polvmer. For example, the sterically hindered amine-
containing polymer can have a weight average molecular weight of at least 500,000 Da (e.g, at
least 700,000 Da, or at least 1,000,000 Da). In certain embodiments, the sterically hindered
arnine-containing polymer can have a weight average molecular weight of from 500,000 Da to
5,000,000 D, or from 500,000 Da to 2,000,000 Da. In particular embodiments, the sterically
hindered amine-containing polymer can be a sterically hindered derivative of polyvinylamine
having a weight average molecular weight of at least 500,000 Da {(e.g., at least 700,000 Da, or at
least 1,000,000 Da). For example, the sterically hindered amine-containing polymer can be a
sterically hindered derivative of polyvinvlamine having a weight average molecular weight of

trom 500,000 Da to 5,000,000 Da, or from 500,000 Da to 2,000,000 Da. The sterically hindered
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amine~containing polymer can also be a modest molecular weight amine-containing polymer.
For example, the amine-containing polymer can have a weight average molecular weight of at
least 50,000 Da (e.g., at least 100,000 Da, or at least 500,000 Da). In certain embodiments, the
amine-containing polymer can have a weight average molecular weight of from 50,000 Da to
500,000 Da.

Optionally in these embodiments, the selective polymer layer can further include a low
molecular weight amino compound dispersed within the sterically hindered amine-containing
polymer. In these embodiments, the sterically hindered amine-containing polvimer can serve as a
“fixed carrier” and the low molecular weight amino compound can serve as a “mobile 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 teroperatures at which the
membrane will be stored or used. For example, the low molecular weight amino compound can
coruprise a salt of a primary amine or a salt of a secondary amine.

In certain embodiments, the low molecular weight amino compound can comprise an
amino acid salt. The amino acid salt can be a salt of any suitable amino acid. In some cases, the
amino acid salt can comprise a salt of a compound defined by the formula below

Ry R,

Hoocﬁ
3 1

wherein, independently for each occurrence in the amino acid, each of Ri, Rz, Rz and R4 18

selected from one of the following

CH, CHa
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or R1 and Rs, together with the atoms to which they are attached, form a five-membered
heterocycle defined by the structure below when n is 1, or a six-membered heterocycle defined

by the structure below when nis 2

"

In certain embodiments, the amino acid salt can comprise a glycinate salt (e.g., sodium glycinate,
potassium glycinate, lithium glycinate, or piperazine glycinate). The selective polymer layer can
comprise from 30% to 80% by weight amino acid salt, based on the total weight of the selective
polymer layer.

(Other 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,
dimethyliglycine-lithium salt, dimethylglycine-piperazine salt, piperadine-2-carboxlic acid-
potassium salt, piperadine-2-carboxlic acid-hithium salt, piperadine-2-carboxlic acid-piperazine
salt, piperadine-4-carboxlic acid- potassium salt, piperadine-4-carboxlic acid-lithrum 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.

Optionally, the selective polymer layer can further include a hydrophilic polymer. For
example, the selective polymer can comprise a combination of a hydrophilic polymer, an amine-
containing polymer, and an amino acid salt; or a combination of a hydrophilic polvmer, a
sterically hindered amine-containing polymer, and optionally a low molecular weight amino
compound. In these embodiments, the selective polymer layer can include any suitable
hydrophilic polymer. Examples of hydrophilic polymers suitable for use in the selective polymer
layer can include polyvinylalcohol, polyvinylacetate, polyethylene oxide, polyvinylpyrrolidone,

polyacrylamine, a polyamine such as polyallylamine, polyvinyl amine, or polyethylenimine,
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copolymers thereof, and blends thereot. In some embodiments, the hydrophilic polymer includes
polyvinylalcohol.

When present, the hydrophilic polymer can have any suitable roolecular weight. For
example, the hydrophilic polymer can have a weight average molecular weight of trom 15,000
Da 10 2,000,000 Da (e.g., from 50,000 Da to 200,000 Da). In some embodiments, the hydrophilic
polymer can inchude polyvinylalcohol having a weight average molecular weight of from 50,000
Da to 150,000 Da. In other embodiments, the hydrophilic polymer can be a high molecular
weight hydrophilic polymer. For example, the bydrophilic polymer can bave a weight average
molecular weight of at least 500,000 Da (e.g., at least 700,000 Da, or at least 1,000,000 Da).

The selective polymer laver can comprise any suitable amount of the hydrophilic
polymer. For example, in some cases, the selective polymer layer can comprise from 10% to
90% by weight {e.g., from 10% to 50% by weight, or from 10% to 30% by weight) hydrophilic
polymer, based on the total weight of the components used to form the selective polymer layer.

In some embodiments, the selective polymer can also include a cross-linking agent.
Cross-linking agents suitable for use in the selective polymer can include, but are not limited to,
tormaldehyde, glutaraldehyde, maleic anhydride, glyoxal, divinylsultone, toluenediisocyanate,
trimethylol melamine, terephthalatealdehyde, epichlorohvdrin, vinyl acrylate, and combinations
thereof. In some embodiments, the cross-linking agent can comprise formaldehyde,
glutaraldehvde, or maleic anhydride. The selective polymer can comprise any suitable amount of
the cross-linking agent. For example, the selective polymer can comprise 1 to 40 percent cross-
linking 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 polymer layer (e.g., cross-linking of a hydrophilic
polymer with an amine-containing polymer). In some embodiments, the base can remain in the
selective polymer and constitute a part of the selective polymer. Examples of suitable bases
include potassium hydroxide, sodium hydroxide, lithium hydroxide, triethylamine, ¥ V-
dimethylaminopyridine, hexamethyliriethylenetetraamine, potassium carbonate, sodium
carbonate, lithium carbonate, and combinations thereof. In some embodiments, the base can
include potassium 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

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

The total thickness of each layer 1n the membrane can be chosen such that the stracture is
mechanically robust, but not so thick as to impair permeability. In some embodiments, the
selective layer can have a thickness of from 50 nanometers to 5 microns {e.g., from 50 nm to 2
microns, of from 100 nanometers to 750 nanometers, or from 250 sanometers to 500
nanometers). In some embodiments, the inorganic layer can have a thickness of from 50
nanometers 10 5 microns (e.g., from 50 nm to 2 microns, or from 100 nanometers to 750
nanometers, or from 250 nanometers to 500 nanometers). In 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

Methods of moaking the membranes are also disclosed herein. Methods of making
membranes can include depositing a nanoparticle dispersion on a gas permeable support layer to
torm 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 fluid 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 permeable support layer. Methods can further include
coating the inorganic layer with a selective polymer (e.g., an amine-countaining polymer and an
amino acid salt dispersed within the amine-containing polymer, or a sterically hindered amine-
containing polymer). In some ernbodiments, the selective polymer can have a high viscosity
when applied to the inorganic laver. For example, the selective polymer can have a viscosity of
at least 400 ¢p (e.g., at least 1000 cp) at 25°C. The viscosity can be measured using a Brookfield
viscometer {Brookfield AMETEK, Middleboro, MA).

I one example method of preparing a membrane disclosed herein, zeolite nanoparticles
can be dispersed in water via ultrasonication. During sonication, the water can be changed
intermittently to prevent a temperature rise. The nanoparticle dispersion can then be deposited
onto a gas permeable support layer using a vacuum-assisted dip-depositing set-up. In this set-up,
there 1s a circular or rectangular holder with a hollow handle connected to a Duoseal 1405 liquid
ring vacuum pump. The holder has evenly placed grooves for uniform distribution of the
vacuum. A porous base, such as a metal plate is held on the holder by the vacuum. The support
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to be coated can then be fixed and flattened on the metal plate by both tape and vacuum. The top
surface of a gas permeable support can then be dipped tangentially (as in crossfiow filtration)
into the dispersion and then taken out. The vacuum 1un 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 support and the
adsorbate. Examples of absorbed species are, for example, water, alcohols, porogens, and
surfactant templates.

The selective polymer can be prepared by first forming a coating solution of the
components making up the selective polymer layer in a suitable solvent. One exarple of a
suitable solvent is water. In some embodiments, the amount of water employed will be in the
range of from 50% to 99%, by weight of the coating solution. The coating 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 techniques. For example, the coating solution
can be coated onto a substrate using any suitable technigues, and the solvent may be evaporated
such that a nonporous mermbrane 1s formed on the substrate. Examples of suitable coating
techniques include, but are not limited to, “knife coating” or “dip coating”. Knife coating include
a process in which a knife is used to draw a polymer solution across a flat substrate to form a thin
tilm of a polymer solution of uniform thickness after which the solvent of the polymer solution is
evaporated, at ambient temperatures or temperatures up to about 100°C or higher, tovield a
fabricated membrane. Dip coating include a process in which a polymer solution 15 contacted
with a porous support. Excess solution is permitted to drain from the support, and the solvent of
the polymer solution is evaporated at ambient or elevated temperatures. The membranes
disclosed can be shaped in the form of hollow fibers, tubes, films, sheets, etc.

In some embodiments, membranes formed from selective polymers containing for
example, one or more polymers, a cross-linking agent, and a base 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 to 100°C can be employed. In another
example, cross-linking can occur from 1 to 72 hours. The resulting solution can be coated onto
the top layer of the support coated with the inorganic layer and the solvent evaporated, as
discussed above. In some embodiments, a higher degree of cross-linking for the selective
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polymer after solvent removal takes place at about 100°C to about 180°C, and the cross-linking
occurs in from about 1 to about 72 hours.

An additive may be included 1n 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-sodium salt,
polystyrenesulfonic acid-lithium salt, sulfonated polyphenyleneoxides, alum, and combinations
thereof. In one example, the additive comprises polystyrenesulfonic acid-potassium salt.

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

The membranes disclosed herein can be used for separating a gaseous mixture
comprising a first gas and a second gas. For example, the membranes can be used to separate an
acidic gas from a gaseous 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 gaseous mixture under conditions effective to afford transmembrane permeation of the
tirst gas. In some embodiments, the method can also include withdrawing from the reverse side
of the membrane 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 1s withdrawn at the reverse or second side of the membrane, exclusive of
other fluids such as a sweep gas or liquid which may be present at the second side of the
membrane.

The membrane can be used to separate fluids at any suitable temperature, including
temperatures of 100°C or greater. For example, the membrane can be used at temperatures of
trom 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 dioxide, sulfur trioxide, nitrogen oxide, or
combinations thereof. In some embodiments, the membrane can be selective to carbon dioxide
versus hydrogen, nitrogen, or combinations thereof. In some embodiments, the membrane can be
selective to hydrogen sulfide versus hydrogen, nitrogen, or combinations thereof. In some
embodiments, the membrane can be selective to hydrochloric acid gas versus hydrogen, nitrogen,
or combinations thereof. In some embodiments, the acid gas may be derived from fossil fuels
that require hvdrogen purification for fuel cell, electricity generation, and hydrogenation
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applications, biogas for renewable energy, and natural gas for commercial uses. The membranes
can also be used for removal of carbon dioxide from flue gas.

The permeance of the first gas or the acid gas can be at least 100 GPU at 57°C and 1 atm
feed pressure. In some embodiments, the permeance of the first gas or the acid gas through the
membranes can be up to 3,000 GPU at 57°C and 1 atm feed pressure. For example, the
permeance of the first gas or the acid gas through the membranes can be 150 GPU or greater,
200 GPU or greater, 250 GPU or greater, 300 GPU or greater, 400 GPU or greater, 500 GPU or
greater, 1,000 GPU or greater, 1,500 GPU or greater, 2,000 GPU or greater, or 2,500 GPU or
greater at 57°C and 1 atm feed pressure. The membrane can exhibit a first gas:second gas
selectivity of at least 30 at S7°C and 1 atm feed pressure. In some embodiments, the membrane
can exhibit a first gas:second gas selectivity of up to 1,500 at 57°C and 1 atm feed pressure. For
example, the membrane can exhibit a first gas:second gas selectivity of 35 or greater, 40 or
greater, 45 or greater, 50 or greater, 55 or greater, 60 or greater, 05 or greater, 70 or greater, 75
or greater, 80 or greater, 85 or greater, 90 or greater, 95 or greater, 100 or greater, 125 or greater,
150 or greater, 175 or greater, 200 or greater, 225 or greater, 250 or greater, 275 or greater, 300
or greater, 325 or greater, 350 or greater, 375 or greater, 400 or greater, 425 or greater, 450 or
greater, 475 or greater, 500 or greater, 550 or greater, 600 or greater, 650 or greater, 700 or
greater, 750 or greater, 800 or greater, 850 or greater, 900 or greater, 950 or greater, 1,000 or
greater, 1,100 or greater, 1,200 or greater, 1,300 or greater, or 1,400 or greater at 57°C and 1 atm
teed pressure. In some embodiments, the permeance and selectivity of the membrane for the first

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

Examples

The foliowing examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of bow the compounds, compositions, articles,
devices and/or methods claimed herein are made and evaluated, and are intended to be purely
exemplary and are not intended to limit the scope of the disclosure. Unless indicated otherwise,
parts are parts by weight, temperature is in °C or is at ambient temperature, and pressure is at or
near atmospheric,

Example 1: Polyvinylamine/Amine Acid Salt Membranes for CO; Separation

Provided are membranes formed from polyvinylamine (PVAm} and ditferent amino acid
salts for CO2 separation. High molecular-weight PY Am was synthesized, and different amino
acid salts were incorporated into the PV Am solution 1o prepare thin membranes. In these
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membranes, PVAm serves as a fixed carrier for COz transport, and the amino acid salt acts as a
mobile carrier for CO; transport. The membranes exhibit both high CO» permeance and high
CO2/MN2 selectivity. The membranes can be used to perform gas separations, including COz
capture from flue gas in power plants and the removal of carbon dioxide and hydrogen sulfide
from synthesis gas, Hy-containing mixtures, and CHs-containing mixtures.

Background

COn emissions from the fossil fuel combustion are believed to be one of the main reasons
for global warming, and therefore there is a significant demand of developing technologies for
CO: separation from flue gas. Membrane separation has become an energy-efficient and cost-
effective alternative to conventional technologies including absorption processes using amine-
based solvents, adsorption processes employing solid adsorbents, and cryogenic distiliation,

Facilitated transport membranes can provide a high CO:z permeance while maintaining a
high CO2/N2 selectivity as compared to solution-diffusion membranes. In the facilitated
transport membranes, there 1s a reversible reaction between the CO2 molecules and the reactive
carriers which usually contain amino groups. Fixed carriers (amine-containing polymers) and
mobile carriers {amine-containing small molecules) are two major categories of carriers for COz
transport in the facilitated transport membranes. The fixed carriers such as polyaliylamine {1-5],
polyethylenimine {1,6] and polyvinylamine [7-10] have been reported in the literatures. The
common mobile carriers that have been reported in the literature include ethylenediamine [10-
121, amino acid salts [13,14], and alkanolamines [15,16]. In facilitated transport membranes,
CO2 molecules react with amine carriers first, and then the reaction products transport across the
membrane, releasing the CO:2 molecules to the permeate side of the membrane. By this
mechanism, the solubility of CO2 molecules in the membrane can be greatly enhanced. On the
other hand, the non-reactive molecules, such as Na, Hz, CHa, and CO, transport through the
membrane only by the solution-diffusion mechanism. Io this way, facilitated transport
mechanisms can provide for membranes that exhibit both a high CO» permeance, and a high CO»
selectivity vs. other gases (e.g., Nz, Hz, CHa, and/or CO).

Overview

Polyvinylamine (PVAm) with a high molecular weight was synthesized. The PVAm can
act as a fixed carrier in the membranes. Various amino actd salts can be incorporated within the
PVAm to serve as a mobile carrier. A viscous PV Am/mobile carrier coating solution was knife-

coated onto the different substrates to form a thin selective layer of the membranes.
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As the fixed-~carrier in the selective polymer layer, PV Am not only provides amino
groups for CO2/N» separation, but also provides the mechanical strength and film-forming ability
of the membrane. Therefore, a higher molecular weight of PVAm 1s beneficial. First, with a
higher molecular weight, the polymer matrix will be stronger, which makes the membrane more
stable. Second, due to the stronger polymer matrix, more mobile carriers can be incorporated
into the polymer solution, which can further improve the transport performance. Third, a higher
viscosity of the casting solution can be obtained with a higher molecular weight of PV Am, which
can reduce the penetration of polymer solution into the substrate, resulting in less mass transfer
resistance and higher CO» permeance. Moreover, thinner membranes can be obtained trom the
sclution with a low concentration and a high viscosity, which can result in a higher CO»
permeance.

The PV Am synthesized herein exhibited a much higher molecular weight than
commercially available PVAm (e g., LUPAMIN®, commercially available from BASF
Corporation). Further, the viscosity of a 3 wt % solution of the PV Am synthesized herein
exhibited a remarkably higher viscosity than a 3 wt.% solution of LUPAMIN® polymer.
Moreover, because LUPAMIN® is prepared by basic hydrolysis with sodium hydroxide (NaGH),
and the resulting byproduct formed during hydrolysis (sodium formate salt) remains in the
LUPAMIN®. The inclusion of a large amount of non-reactive salts in the polymer can
negatively impact the stability of membranes formed from the polymer due to the salting out
problem. By preparing the PV Am using acidic hvdrolysis, no byproduct is formed. Overall, the
high molecular weight PV Am prepared herein offers significant advantages in terms of resulting
membrane transport performance as compared to commercially available LUPAMIN®.

In the case of the facilitated transport mechanism, the CO2 transport of the fixed carrier is
limited by the mobility of the CO:-carrier complex. Incorporation of mobile carriers enhances
COs transport. Here, various amounts of amino acid salts were incorporated into the PV A
solution to form a coating solution. By incorporating mobile carriers tnto the membrane, COn
permeance could be increased. CO» permeance generally increases as the amount of mobile
carrier is increased. However, upon incorporation of very high levels of mobile carrier (e.g.,
more than 65 wt % mobile carrier, based on the total weight of the selective polymer layer), the
stability of the membrane began to be compromised. At these high loading levels, the polymer
matrix lacked the structural integrity to contain the mobile carrier. In another words, the mobile

cartier could begin to leak from the selective polymer layer into adjacent layers of the polymer
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membrane (e.g, into the pores of the support layer or the inorganic layer), diminishing
membrane performance.

PV Am Synthesis

25.726 g N-vinyiformamide (NVF} monomer was added to 58.955 g H20 to form a 30

wt.% monomer solution. The solution was placed in a 250-mL 3-neck round-bottom flask under
nitrogen protection, and preheated to 50°C in a water bath. 0.129 g 2,2"-azobis(2-
methylproptonamidine) dihydrochlornde (AIBA) initiator (initiator/monomer weight ratio =
{0.5/100) was added to the solution. Then, the polymerization was carried out under nitrogen at
50°C for 3 h. After the polymerization, the polymer solution was transferred to 360 mL 2 M
HCI aqueous solution to carry out the acidic hydrolysts at 70°C for S h. After hydrolysis, the
polymer solution was poured into a large amount of ethanol (ethanol/polymer selution volume
ratio = 4/1) for precipitation. The obtained polymer was dried in a vacoum oven at 60°C for 48
hours and then dissolved in water to form a 3 wit.% solution. Strong base anion-exchange resin
was added to the polymer solution to adjust the pH to 10, followed by vacuum filtration to
remove the resin.

The aforementioned 3 wt % PV Am solution showed a viscosity of 486 cp which was
characterized using the Brookfield Digital Viscometer BV-E (Brookfield Engineering
Laboratories, Inc., Middieboro, MA). A weight average molecular weight of 719,000 which was
characterized by dynamic light scattering (BLS) using Zetasizer Nano Z8 (Malvern Instruments
Inc., Westborough, MA).

High Molecular-Weight PV Am Svothesis

The polymerization was carried out as described in Example 1 except that 25.726 ¢ NVF
was added 10 38 389 g HoO to form a solution with 40 wt.% monomer concentration. 0.036 g
AIBA was added as the initiator (i.e., an initiator/monomer weight ratio of 0.14/100). All the
other synthesis conditions were the same as in Example 1. The resulting 3 wt.% PVAm solution
exhibited a viscosity of 1,400 cp. The PVAm had a weight average molecular weight of
1,200,000,

Piperazine Glvcinate Mobile Carrier Synthesis

21.532 g glycine (98.5% purity} was dissolved in 99.662 g water to form a 17 50 wt.%
solution and stirred for 2 h at room temperature. Then, an equivalent molar amount of piperazine
(i.e., a stoichiometric amount, 24 583 g piperazine (99% purity)) was added to react with glycine
to form the amino acid salt (piperazine glycinate). The reaction took place at room temperature
tor 2 h. The concentration of the resulting piperazine glycinate solution was 31.24 wt %.

27



10

Ju—
(V4]

i

b

WO 2016/196474 PCT/US2016/035035

Potassium Glvcinate Mobile Carmrier Synthesis

20.248 g potassium hydroxide (KOH, 85% purity} was dissolved in 25.746 g water to
torm a KOH aqueous solution with a concentration of 37.42 wt.%. 22.102 g glycine (98.5%
purity} was dissolved in 104.195 g water to form a 17.24 wt.% solution and stirred for 2 h at
room temperature. 43.450 g KOH aqueous solution with a concentration of 37.42 wt.% was
added to the glycine solution to form a potassium glycinate solution with a concentration of
1933 wt%.

Lithium Glvcinate Mobile Carrier Synthesis

14.464 g lithium hydroxide monohydrate (L1iOH -HaO) was dissolved in 77.351 ¢ water
to form a LiOH aquecus solution with a concentration of 8.99 wt %. 4.420 g glycine (98.5%
purity )} was dissolved in 20.839 g water to form a 17.24 wt.% solution and stirred for 2 h at room
temperature. 15480 g LiOH aqueous solution with a concentration of 8.99 wt % was added to
the glycine solution to form a lithium glveinate solution with a concentration of 11.54 wt.%.

Piperazine Glvainate/PVAmM Membrane Preparaiion

A membrane comprising 05 wt.% piperazine glycinate and 35 wt.% PV Am was prepared.
To 10.000 ¢ 3 wt % PV Am solution prepared as described in Example 1, 1.783 g piperazine
glycinate solution with a concentration of 31.24 wt.% described in Example | was added. The
mixture was stirred at room temperature under N2 purge with a 100 c¢/min flow rate to form a
homogeneous concentrated coating solution. The total solid concentration of the coating
solution was 20 wt.%. The amine-containing coating solution was coated on top of a zeolite Y
nanoparticie layer using a knife-coating method. In other words, the coating solution was coated
onto the flat-sheet zeolite Y seed layer (with 40-nm nanoparticles) deposited on top of Millipore
PES300 substrate using a GARDCO adjustable micrometer film applicator (Paul N. Gardoer
Company, Pompano Beach, FL} with a 1-um wet film gap setting. The membrane was dried in a
tume hood at room temperature for overnight before testing. The dry membrane thickness was
around 100 nm.

(Gas transport performance measurements were conducted using a permeation apparatus
as described below. Briefly, the compostie membrane was loaded into a stainless steel
rectangular permeation cell inside a temperature-controlled oven (Bemco Inc. Sinu Valley, CA)
with an effective membrane area of 3.4 cm?. A countercurrent flow configuration (with a feed
gas flow rate of 60 co/min and a sweep gas flow rate of 30 co/min) was applied to offer the
maximum driving force across the membrane. The binary gas mixture containing 20% CO» and
80% N; was used as the feed gas, while argon was used as the sweep gas. Both the feed gas and
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the sweep gas were humidified by passing through 100 mL water in a 500 mL stainless steel
humidifier (Swagelok, Westerville, OH) filled with 60% (by volume)} packing of glass Raschig
rings, to achieve a water content of 17% at S7°C. The testing temperature was set to be 37°C,
which is the typical flue gas stream temperature. The testing pressures were 1.5 psig for the feed
side and 1.0 psig for the sweep side, respectively. The outlet gas compositions of both retentate
and permeate streams were analyzed by using a gas chromatograph (GC) equipped with a
thermal conductivity detector (TCD) (Agilent Technologies, Palo Alto, CA). SUPELCO
Carboxen”™ 1004 micropacked GC column (Sigma-Aldrich, St. Louis, MO) was used in this

work. COn permeance and CO2/Ns selectivity are shown below.

Table 1. Transport result of 65/35 piperazine glycinate/PYAm membrane with 100 nm

thickness.

Testing T Feed P Sweep P Water CO; Permeance CO2/MN2
{°C) {psig) {psig) Content (GPU) Selectivity
1.5 1.0 17% 1106 210

5

~3

Potassium Glveinate/PVAm Membrane Svnthesis

A membrane comprising 55 wt. % potassium glycinate and 45 wt. % PV Am was prepared.
To 10.000 g 3 wt.% PV Am solution prepared as described in Example 1, 1.897g potassium
glycinate sclution with a concentration of 19.33 wt.% described in Example 1 was added. The
membrane was prepared as described in Example 1 except that the wet filio gap setting was 2
pm. The dry membrane thickness was around 200 nm. The membrane transport performance is

shown below.

Table 2. Transport result of 55/45 potassium glycinate/PVAm membrane with 200 nm

thickness.
Testing T Feed P Sweep P Water CO» Permeance COu/MN2
(°C) {(psig) {(psig) Content (GPU) Selectivity
57 1.5 1.0 17% 620 175
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Lithium Glvcinate/PV Am Membrane Synthesis

A membrane comprising 50 wt.% lithium glycinate and 50 wt.% PV Am was prepared.
To 10.000 g 3 wt % PV Am solution prepared as described in Example 1, 2.600 g lithiuro
glycinate sclution with a concentration of 11.54 wt.% described in Example 1 was added. The
membrane was prepared as described in Example 1 except that the wet film gap setting was 3
pmy. The dry membrane thickness was around 300 nm. The membrane transport performance 18

shown below.

Table 3. Transport result of 50/56 lithium glycinate/PVAm membrane with 300 nm
thickness.

Testing T Feed P Sweep P Water CO, Permeance CO/Ny

(°CH {psig} {psig) Content (GPU) Selectivity
37 1.5 1.0 17% 556 162

Piperazine Glvcinate/PVAm/Sodium Dodecyl Sulfate (SDS) Membrane Synthesis

A coating solution comprising 65 wt.% piperazine glycinate and 35 wt.% PV Am was
prepared as described in Example 1. To the coating solution, 0.45 g sodium dodecyl sulfate
{(SDS) surfactant solution with a concentration of 10 wt.% was added (water was used as the
solvent to dissolve SDS). The SDS amount was 5 wt.% out of the total solid composition. The
tinal coating solution containing SDS surfactant was coated on a lab-scale polyethersulfone
(PES) substrate, which was fabricated using a phase-inversion technique. The reason for
incorporating SDS surfactant is that 1t could improve the adhesion between the amine-containing
polymer layer and the PES substrate. Without the SDS surfactant, a lower selectivity (less than
30) was observed. The membrane was coated using the same procedure as described in Example
1, except that a 2-pm wet film gap-setting was used to obtain a dry membrane thickness of

around 200 nm. The membrane transport performance is shown below.

Table 4. Transport result of 63/35 piperazine glycinate/PYAm membrane including 5 wi.%

SBS in the total solid membrane composition with 200 nm thickness.

Testing T Feed P Sweep P Water CO; Permeance CO2/MN2

{°C) {psig) {psig) Content (GPU) Selectivity
57 1.5 1.0 17% 931 189
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Example 2: Sterically Hindered Polyvinylamine Membranes for C(O; Separation

Provided are procedures for the preparation of polyvinylamine (PVAm) and sterically
hindered polyvinylamine membranes, and improved methods for synthesizing high molecular
weight PVAm. High molecular weight polyvinylamine (PVAm) was synthesized. The PVAm
can act as a fixed carrier in the membranes. Optionally, mobile carriers, including varying amine
acid salts, can be incorporated within the PYAm. The resulting selective polymer solutions can
be used to prepare thin selectively permeable membranes. The membranes can exhibit both
high, improved CO» permeance and CO2/Ny selectivity. The high-molecular-weight PVAm was
modified into sterically hindered polvamines with different degrees of steric hindrance. The
membranes prepared from sterically hindered polyamines showed improvement in CO2/N2
separation performance over those from unhindered polyvinylamine. The membranes are useful
for gas separations including CO: capture from flue gas in power plants and the removal of
carbon dioxide and hydrogen sulfide from synthesis gas, Ho-containing mixtures, and CHa-
containing mixtures.

Background

CO; capture from flue gas (main component: N2) offers the ability to dramatically reduce
greenhouse gas emission, and CO» separation from synthesis gas is effective for hydrogen
purification. Due to the inherent advantages of membrane separation {(e.g., high energy
efficiency, operational simplicity, small footprint, and the elimination of thermodynamic
equilibrium capacity limitations), membrane technology is receiving increasing attention for
applications in CO; separation [17]. For most conventional polymer membranes, CO2/Nz
separation follows the solution-ditfusion mechanism. The key chalienge of solution-diffusion
membranes is the trade-off between permeability and selectivity, 1.e., the Robeson’s Upper

~
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Bound [18]. Facilitated transport membranes, which are based on selective reversible reactions,
can gvercome Robeson’s upper bound for the solution-diffusion membranes.

Inside facilitated transport membranes, CO2 follows the facilitated transport mechanism
via reversible chemical reactions with carriers, while non-reactive gases, such as Hz, CO, and Na,
diffuse through the membranes via the solution-diffusion mechanism [19]. Therefore, CO
transport is faciittated and high COz/non-reactive gas selectivity can be achieved.

Sterically hindered amines are defined as either primary amines in which the amino
group ts attached to a tertiary carbon or a secondary amine in which the amino group is attached
to at least one secondary or tertiary carbon [20]. COz reaction with sterically unhindered amines
tollows the carbamate zwitterion mechanism proposed by Caplow [21] and Danckwerts [22] and
can be described by Eq. 1. The reaction of CO: and sterically hindered amines can be described

by Eq. 2.

CO; + 2R-NH; == R-NH-COO™ + R-NH:" (1)
COz + R-NHy + H0 === HCOy + R-NH:" (2)

For an unhindered amine that forms a stable carbamate ion with COg, the stoichiometric loading
of CO» is one mole of CO2 per two moles of the sterically unhindered amine as shown in Eg. 1.
However, for a sterically hindered amine, the carbamate ton is not stable due to the incorporation
of a bulky substituent group to the nitrogen site, and it is thus converted into the bicarbonate ion.
Therefore, the CO; loading 15 doubled, with one mole of CO:z per mole of the sterically hindered
amine, which is the theoretical maximum loading [23].

Overview

Amine carriers are important for the CO» separation performance of a facilitated transport
membrane. Amine carriers exhibiting a high COs loading capacity and reaction rate are
desirable. As described above, sterically hindered amines exhibit superior CO2 loading capacity
as compared to unhindered amines. Meanwhile, due to the presence of more free amino groups,
the reaction rate of CO:2 with sterically hindered amines can be increased, though the steric
hindrance can lead to a lower reaction rate constant.

Here, polyvinylamine was selected as an amine carrier, since it possesses the highest
content of amino groups among the common polyamines (polyallylamine and polyethylenimine)

for COn facilitated transport. High molecular weight polyvinylamine was synthesized and
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purified with an improved purification method, which helped to significantly improve CO2/N2
separation performance.

PV Am was then moditied to incorporate sterically hindered amines having different
degrees of steric hindrance. Solutions of the resultant sterically hindered polyamines were
coated onto polyethersulfone by knife coating to obtain membranes with a thickness of around 8
- 12 microns. The steric hindrance degrees of different sterically hindered polyamines were
calculated. The membrane performance was characterized by the gas transport measurement
under the typical conditions for flue gas CO» capture. The resultant sterically hindered
polyvinylamine membranes exhibited higher CO: permeability and COu/MNa selectivity under the
test conditions for flue gas carbon capture. Under the testing conditions, C{: permeability was
improved by 24% and CO»/N2 selectivity was increased by 14% by modifying polyvinylamine
into poly(N-methyl-N-vinylamine). These results demonstrate the effect of steric hindrance on
CO; separation performance, as incorporation of a methyl group enhances CO» loading capacity.
Sterically hindered poly(N-tsopropyl-N-vinylamine) and poly(N-tert-butyl-N-vinylamine)
membranes showed 15% and 11% improvements on CO» permeability, respectively.

These results can have significant impacts on industrially important CO» separations,
including CO2 capture from flue gas and hydrogen purification from synthesis gas. Moreover, as
a result of improved amine carriers, the membranes synthesized in the present invention can be
applied for CO2 capture from flue gas in coal- and natural gas-fired power plants and from <1%
CO: concentration sources as well as for hydrogen purification from synthesis gas.

High-Molecular-Weieht PY Am Svnthesis and Purification

First, the monomer N-vinylformamide (NVF} was purified by vacuum distillation at 42°C
to remove the inhibitor and stored at -10°C. Free radical polymerization of NVF was mitiated by
the decomposition of AIBA and carried out at 50°C for 3 h in water under nitrogen protection.
The initial monomer concentration was 40 wt.%, and the initiator/monomer ratio was 0.14/100 (by
weight). After the polymerization, 2 M HCI aqueous solution was added to catalyze the acidic
hydrolysis, which lasted for 5 h at 70°C. The molar ratio of HCl to amide groups was 2/1. After
hydrolysis, the polymer solution was poured into a large amount of ethanol (ethanol/polymer
sclution volume ratio = 4/1). The polymer was preciptiated out from ethanol as white solids and
then redissolved into water to form a 4 wt.% aqueous solution, followed by a second-time ethanol
precipitation. After the second time ethanol precipitation, the polymer obtained had a narrower
molecular weight distribution, which improved the morphology and mechanical strength of the
resultant membrane synthesized. The obtained polymer was dried in a vacuum oven at 50°C for
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24 hours and then redissolved 1n water. An excessive amount of strong anion-exchange resin was
used to adjust the pH of the polyvinylamine solution. The resin was removed by vacuum filtration.
The resultant polyvinylamine solution had a pH of 10 4.

A membrane comprising 65 wt.% piperazine glycinate and 35 wt.% PVAm synthesized
and purified via the aforementioned procedures, was prepared on polyethersulfone (PES)
substrates (pore size: 39 nm), with a thicknoess of around 150 nm. The synthesized membrane was
loaded into a stainiess-steel rectangular permeation cell with an effective membrane area of 2.7
cm’ inside a temperature-controlied oven (Bemco Inc. Simi Valley, CA). A countercurrent flow
configuration (with a feed gas flow rate of 98 cc/min and a sweep gas flow rate of 30 co/min) was
applied to offer the maximum driving force across the membrane. The binary gas mixture
containing 20% CO» and 80% Nz (on dry basis) was used as the feed gas, while argon was used as
the sweep gas. Both the feed gas and the sweep gas were humidified by each passing through 100
mi water in a S00-mL stainless-steel humidifier (Swagelok, Westerville, OH) filled with 60% (by
volume) packing of glass Raschig rings, to achieve a water vapor content of about 17% at 57°C.
The testing temperature was set to be 57°C, which is the typical flue gas stream temperature. The
testing pressures were 1.1 psig for the feed side and 1.0 psig for the sweep side, respectively. The
outlet gas compositions of both retentate and permeate streams were analyzed by using a gas
chromatograph (GC) equipped with a thermal conductivity detector (TCD) (Agilent Technologies,
Palo Alto, CA). The SUPELCO Carboxen® 1004 micropacked GC column (Sigma-Aldrich, St.
Louis, MO) was used in this work. The gas transport measurement results are listed in Table 5.
As shown in this table, the membrane with PV Am purified with 2-time ethanol precipitation
exhibited significantly higher CO» permeance than that with 1-time ethanol precipitation. In

addition, the former had a higher CO»/N; selectivity than the latter.

Table 5. Transpert measurement results of the membranes with PV Am purified with 1-time

ethanol precipitation and 2-time ethanol precipitation.

CO: Permeance (GPU) CQOu/Nz Selectivity
i-time ethanol precipitation 644 138
2-time ethanol precipitation 757 151
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Polyv{N-methvl-N-vinvlamine) Membrane Svnthesis

The aqueous polyvinylamine sclution was adjusted to have a pH of 12.0, which ensured
the amino groups of polyvinylamine were all deprotonated to free amino groups. To synthesize
poly(N-methyl-N-vinylamine), iodomethane and KOH, each at one equivalent amount, were
added into the above PV Am solution. The reaction was conducted at 45°C for 48 hours in a reactor
equipped with a cold-water condenser. After the reaction, the solution was cooled down 1o room
temperature and then transferred to the cellulose dialysis tubing, which was sealed at both ends
using clips and put in deionized water under stirring for 4 . The detonized water was refreshed
every 15 minutes. Then, the by-product, potassium iodide, was removed completely. The obtained
poly{N-methvl-N-vinylamine} solution was purged under nitrogen flow (with a flow rate of around
100 cc/min) to possess a good viscosity due to an increased concentration. The viscous poly{N-
methyl-N-vinylamine) solution was coated onto the PES substrate (pore size: 39 nm) with the
polyamine layer thickness of 8 — 12 um. As a comparison, the pure PYAm membrane was also
prepared and tested at the same transport measurement conditions, which are described in the
toliowing paragraph.

The membrane was loaded into a stainless-steel rectangular permeation cell with an
effective membrane area of 5.7 cm? inside a temperature-controlied oven (Bemco Inc. Simi Valley,
CA). A countercurrent flow configuration (with a feed gas flow rate of 98 c¢/min and a sweep gas
flow rate of 30 co/min) was applied to offer the maximum driving force across the membrane. The
binary gas mixture containing 20% CO:2 and 80% Nz {(on dry basis) was used as the feed gas, while
argon was used as the sweep gas. Both the feed gas and the sweep gas were humidified by each
passing through 100 mL water in a 500-mL stainless-steel humidifier (Swagelok, Westerville, OH)
filled with 60% (by volume) packing of glass Raschig rings, to achieve a water vapor content of
about 17% at 57°C. The testing temperature was set to be 57°C, which is the typical flue gas
stream temperature.  The testing pressures were 1.1 psig for the feed side and 1.0 psig for the
sweep side, respectively. The outlet gas compositions of both retentate and permeate streams were
analyzed by using a gas chromatograph {GC) equipped with a thermal conductivity detector (TCD)
{Agilent Technologies, Palo Alto, CA). The SUPELCO Carboxen® 1004 micropacked GC column
{Sigma-Aldrich, St. Louis, MO) was used for this GC. The gas transport measurement results are
listed in Table 6. As listed in this table, CO: permeability was improved by 24% and COZ/Nz
selectivity was 1ncreased by 14% by modifying polyvinylamine into poly(N-methyl-N-

vinylamine).



15

20

30

WO 2016/196474 PCT/US2016/035035

Table 6. Comparison of PYVAm and poly(N-methyl-N-vinylamine) membrane performances.

CO: Permeability (Barrer) CO/N2 Selectivity
PYAmM 2139 485
Poly(N-methyl-N-vinylamine} 26472 555

Poly(N-isopropvl-N-vinylamine) Membrane Synthesis

The agueous polyvinylamine solution was adjusted to have a pH of 12.0, which ensured
the amino groups of polyvinylamine were all deprotonated to free amino groups.
Isopropylbromide and KOH, each at one equivalent amount, were added iuto the above PV Am
solution. The reaction was conducted at 45°C for 48 hours in a reactor equipped with a cold-water
condenser. After the reaction, the solution was cooled down to room temperature and then
transferred to the cellulose dialysis tubing, which was sealed at both ends using clips and put in
deionized water under stirring for 4 h. The deionized water was refreshed every 15 munutes. Then,
the by-product, potassium bromide, was removed completely. The obtained poly(N-isopropyl-N-
vinylamine) solution was purged under nitrogen flow (with a flow rate of around 100 cc/min} to
possess a good viscosity due to an increased concentration. The viscous poly{N-isopropyl-N-
vinylamine} solution was coated onto the PES substrate (pore size: 39 nm) with the polyamine
layer thickness of 8 — 12 um.

Similarly, the membrane was loaded into a stainless-steel rectangular permeation cell with
an effective membrane area of 5.7 cm? inside a temperature-controlled oven (Bemco Inc. Simi
Valley, CA). A countercurrent flow configuration {(with a feed gas flow rate of 98 co/min and a
sweep gas flow rate of 30 cc/min) was applied to offer the maximum driving force across the
membrane. The binary gas mixture containing 20% CO: and 80% Nz (on dry basis) was used as
the feed gas, while argon was used as the sweep gas. Both the feed gas and the sweep gas were
humidified by each passing through 100 ml water in a 500-mL stainless-steel humidifier
(Swagelok, Westerville, OH) filled with 60% (by volume} packing of glass Raschig rings, to
achieve a water vapor content of about 17% at 57°C. The testing temperature was set to be 57°C,
which is the typical flue gas stream temperature. The testing pressures were 1.1 psig for the feed
side and 1.0 psig for the sweep side, respectively. The outlet gas compositions of both retentate
and permeate streams were analyzed by using a gas chromatograph (GC) equipped with a thermal
conductivity detector (TCD) (Agilent Technologies, Palo Alto, CA). The SUPELCO Carboxen®
1004 micropacked G column (Sigma-Aldrich, St Louis, MO} was used for this GC. The gas
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transport measurement results are listed in Table 7. In comparison with the PV Am results shown
in Table 6, the sterically hindered poly(N-isopropyl-N-vinylamine} membrane showed a 15%

improvement on COz permeability with a comparable CO2/N2 selectivity.

Table 7. Membrane performance of poly(N-isopropyl-N-vinyiamine).

CO; Permeability (Barrer) COx/N2 Selectivity

Poly(N-isopropyl-N-vinylamine) 245.0 47.5

Polyv{N-tert-butvi-N-vinviamine) Membrane Svnthesis

The aqueous polyvinylamine solution was adjusted to have a pH of 12.0, which ensured
the amino groups of polyvinylamine were all deprotonated to free amino groups. Tert-butyl-
bromide and KOH, each at one equivalent amount, were added into the above PV Am solution.
The reaction was conducted at 45°C for 48 hours in a reactor equipped with a cold-water
condenser. After the reaction, the solution was cooled down to room temperature and then
transferred to the cellulose dialysis tubing, which was sealed at both ends using clips and put in
deionized water under stirring for 4 h. The deionized water was refreshed every 15 minutes.
Then, the by-product, potassium bromide, was removed completely. The obtained poly(N-tert-
bultyl-N-vinylamine) solution was purged under nitrogen tlow (with a flow rate of around 100
cc/min) to possess a good viscosity due to an increased concentration. The viscous poly(N-tert-
butyl-IN-vinylamine) solution was coated onto the PES substrate (pore size: 39 nm) with the
polyamine layer thickness of § — 12 pm.

Similarly, the membrane was loaded into a stainless-steel rectangular permeation cell
with an effective membrane area of 5.7 cm? inside a temperature-controlled oven (Bemco Inc.
Sini Valley, CA). A countercurrent flow configuration {with a feed gas flow rate of 98 cc/min
and a sweep gas flow rate of 30 cc/min) was applied to offer the maximum driving force across
the membrane. The binary gas mixture containing 20% CQO2 and 80% N2 (on dry basis) was used
as the feed gas, while argon was used as the sweep gas. Both the feed gas and the sweep gas
were humidified by each passing through 100 mL water in a 500-mL stainless-steel humidifier
(Swagelok, Westerville, OH) filled with 60% (by volume) packing of glass Raschig rings, to
achieve a water vapor content of approximately 17% at 57°C. The testing temperature was set to
be 57°C, which is the typical flue gas stream temperature. The testing pressures were 1.1 psig
tfor the feed side and 1.0 psig for the sweep side, respectively. The outlet gas compositions of
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both retentate and permeate streams were analyzed by using a gas chromatograph (GC) equipped
with a thermal conductivity detector (TCD) {(Agilent Technologies, Palo Alto, CA). The
SUPELCO Carboxen™ 1004 micropacked GC column (Sigma-Aldrich, St. Louis, MO) was used
for this GC. The gas transport measurement results are listed in Table 8. In comparison with the
PV Am results shown in Table 6, the sterically hindered poly{N-tert-butyl-N-vinylamine)
membrane showed a 11% improvement on CO» permeability with a comparable CO2/N;

selectivity.

Table 8. Membrane performance of poly(N-tert-butyl-N-vinylamine}

{O; Permeability {Barrer) O/ N, Selectivity
Poly(N-methyl-N-vinylamine) 2378 484
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The compositions and methods of the appended claims are not limited in scope by the
specific compositions and methods described herein, which are intended as illustrations of a few
aspects of the claims and any compositions and methods that are functionally equivalent are
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intended to tall within the scope of the claims. Various modifications of the compositions and
methods in addition to those shown and described herein are intended to fall within the scope of
the appended claims. Further, while only certain representative materials and method steps
disclosed herein are specifically described, other combinations 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, elements, components, or constituents may be explicitly mentioned
herein; however, other combinations of steps, elements, components, and constituents are
included, even though not explicitly 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
“consisting 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 in the appended claims, the singular forms “a”, “an”, “the”, include plural

referents unless the context clearly dictates otherwise.
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What is claimed is:
I. A membrane comprising:

a gas permeable support layer; and

a selective polymer layer disposed on the gas permeable support layer, wherein the
selective polymer layer comprises an amine-containing polymer and an amino acid salt
dispersed within the amine-containing polymer.
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 polyamides, polyimides, polypyrrolones, polyesters,
sutfone-based polymers, polymeric organosilicones, tfluorinated polymers, polyolefins,

copolymers thereof, and blends thereof.

4. The membrane of claim 2 or 3, wherein the gas permeable polymer comprises

polyethersulfone.

S. The membrane of any of clairus 1-4, wherein the gas permeable support layer

comprises a gas permeable polymer disposed on a base.

6. The membrane of claim 35, wherein the base comprises a non-woven fabric,
7. The membrane of claim 6, wherein the non-woven tabric comprises fibers formed

from a polyester.

8. The membrane of any one of claims 1-7, wherein the membrane comprises:

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, wherein the selective
polymer layver comprises an amine-containing polymer and an amino acid salt dispersed

within the amine-containing polymer.
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9. The membrane of claim 8 wherein the inorganic layer comprises a plurality of

discreet nanoparticles baving an average particle size of less than 1 micron.

10, The membrane of claim 9, wherein the nanoparticles are selected from the group
consisting of alkaline earth metal oxide nanoparticles; transition metal oxide nanoparticles;
fanthanide 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; silicate nanoparticles;

alumino-silicate nanoparticles; clays; and combinations thereof

it The membrane of any one of claims 9-10, wherein the nanoparticles comprise

silicate nanoparticles, alumino-silicate nanoparticles, or a combination thereof.

12.  The membrane of claim 11, wherein the nanoparticles comprise zeolite Y
nanoparticles.
13. The membrane of any one of claims 9-12, wherein the average particle size of the

nanoparticles is from 1 nm to 500 nm.

14. The membrane of claim 13, wherein the average particle size of the nanoparticles is

from 1 nm to 250 nm.

1S, The membrane of any of claims 1-14, wherein the membrane exhibits a CO2 N2

selectivity of from 30 to 1500 at S7°C and 1 atm feed pressure.

16.  The membrane of any of claims 1-15, wherein the membrane exhibits a COz N2

selectivity of from 45 to 350 at 57°C and 1 atm feed pressure.

17.  The membrane of any of claims 1-16, wherein the membrane exhibits a CO2: N2

e
/
i

selectivity of from 75 to 350 at 57°C and 1 atm feed pressure.

18.  The membrane of any of claims 1-17, wherein the membrane exhibits a COn

permeance of from 100 to 2000 GPU at 57°C and 1 atm feed pressure.
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9. The membrane of any of claims 1-18, wherein the amine-containing polymer is
selected from the group consisting of polyvinylamine, polyallylamine, polyethyleneimine,
poly-N-isopropylaliylamine, poly-N-tert-butylallylamine, poly-N-1,2-
dimethylpropylallylamine, poly-N-l-methylpropvlallylamine, poly-#-2-
methylpropylallylamine, poly-N-l-ethylpropylallylamine, poly-N-2-ethylpropylallvlamine,
poly-N-methylallylamine, poly-N,N-dimethylalivlamine, poly-N-ethylallylamine, poly-N.N-
diethylallylamine, poly(N-methyl-N-vinylamine), poly(N-ethyl-N-vinylamine), poly(N-
isopropyl-N-vinylamine), poly{N-tert-butyl-N-vinylamine), poly(N-propyl-N-vinylamine},
poly(V, N-dimethyi-N-vinylamine), poly{N, N-diethyl-N-vinylamine), poly-2-
vinylpiperidine, poly-4-vinylpiperidine, polyaminostyrene, chitosan, copolymers, and

blends thereof.

20. The membrane of any of claims 1-19, wherein the amine-containing polymer

comprises polyvinylamine.

21 The membrane of any of claims 1-20, wherein the amine-containing polyruer

comprises a sterically hindered derivative of polyvinylamine.

22 The membrane of claim 21, wherein the sterically hindered derivative of

polyvinylamine comprises a polymer having the structure below

- N\R
1 2
wherein
Ri and R2 are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ri and Ro, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the provisio that at feast one of Ry and Rz is not hydrogen; and
n is an integer from 10 to 25,000
23. The membrane of claim 21, wherein the sterically hindered derivative of
polyvinylamine comprises a random copolymer or block copolymer having the structure

below
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wherein

Ri and R are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ry and Ra, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the provisio that at feast one of R1 and Rz is not hydrogen;

m is an integer from 10 to 10,000; and

n ts an integer from 10 to 10,000

24 The membrane of any of claims 1-23, wherein the amine-containing polymer has a

weight average molecular weight of at least 50,000 Da.

25. The membrane of any of claims 1-24, wherein the amine-containing polymer has a

weight average molecular weight of from 50,000 Da to 5,000,000 Da.

26. The membrane of any of claims 1-25, wherein the amine-containing polymer has a

weight average molecular weight of at least 500,000 Da.

27. The membrane of any of claims 1-26, wherein the amine-containing polymer has a

weight average molecular weight of at least 1,000,000 Da.

28.  The membrane of any of claims 1-27, wherein the amino acid salt comprises a salt
of a compound defined by the formula below

R4 R,

Haecﬁ
3 1

wherein, independently for each occurrence in the amino acid, each of Ry, R, Ry and Ra is

selected from one of the following

SR S
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OH
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or Ry and K3, together with the atoms to which they are attached, form a five-membered
heterocycle defined by the structure below when n i3 1, or a six-membered heterocycle

defined by the structure below when nis 2

>

29, The membrane of any of claims 1-28, wherein the amino acid salt comprises a

glycinate salt or an aminoisobutyrate salt.

30. The membrane of any of claims 1-29, wherein the selective polymer layer comprises
from 30% to 80% by weight amino acid salt, based on the total weight of the selective

polymer layer.

31.  The membrane of any one of claims 1-30, wherein the membrane is selectively

permeable to an acidic gas.

32. The membrane of any one of claims 1-31, wherein the membrane 1s selectively

permeable to a fluid selected from the group consisting of carbon dioxide, hydrogen sulfide,
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sulfur dioxide, sulfur trioxide, nitrogen oxide, hydrogen chloride, water, and combinations

thereof.

33 A membrane comprising:
a gas permeable support layer; and
a selective polymer layer disposed on the gas permeable support fayer, wherein the

selective polymer layer comprises a sterically hindered amine-containing polymer.

34 The membrane of claim 33, wherein the gas permeable support layer comprises a

gas permeable polymer,

35, The membrane of claim 34, wherein the gas permeable polymer comprises a
polymer selected from the group consisting of polyamides, polyimides, polypyrrolones,
polvesters, sulfone-based polymers, polymeric organosilicones, fluorinated polymers,

polyoleting, copolymers thereof, and blends thereof.

36. The membrane of claim 33 or 34, wherein the gas permeable polymer comprises

polyethersulfone.

37. The membrane of any of claims 33-36, wherein the gas permeable support layer

comprises a gas permeable polymer disposed on a base.

38, The membrane of claim 37, wherein the base comprises a non-woven fabric.

39. The membrane of claim 38, wherein the non-woven fabric comprises fibers formed

from a polyester.

40. The membrane of any one of claims 33-39, wherein the membrane comprises:
a gas permeable support layer;
an inorganic layer disposed on the gas permeable support layer; and
a selective polymer layer disposed on the gas permeabie support layer, wherein the

selective polyvmer layer comprises a sterically hindered amine-containing polymer.
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41. The membrane of claim 40, wherein the inorganic layer comprises a plurality of

discreet nanoparticles baving an average particle size of less than 1 micron.

42. The membrane of claim 41, wherein the nanoparticles are selected from the group
consisting of alkaline earth metal oxide nanoparticles; transition metal oxide nanoparticles;
fanthanide 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; silicate nanoparticles;

alumino-silicate nanoparticles; clays; and combinations thereof

43, The membrane of any one of claims 41-42, wherein the nanoparticles comprise

silicate nanoparticles, alumino-silicate nanoparticles, or a combination thereof.

44, The membrane of claim 43, wherein the nanoparticles comprise zeolite Y
nanoparticles.
45, The membrane of any one of claims 41-44, wherein the average particle size of the

nanoparticles is from 1 nm to 500 nm.

46, The membrane of claim 45, wherein the average particle size of the nanoparticles is

from 1 nm to 250 nm.

47.  The membrane of any of claims 33-46, wherein the membrane exhibits a CO2x N2

selectivity of from 30 to 1,500 at 57°C and 1 atm feed pressure.

48. The membrane of any of claims 33-47, wherein the membrane exhibits a CO2 N

selectivity of from 45 to 350 at 57°C and 1 atm feed pressure.

49, The membrane of any of claims 33-48, wherein the membrane exhibits a CO2: N2

e
/
i

selectivity of from 75 to 350 at 57°C and 1 atm feed pressure.

50.  The membrane of any of claims 33-49, wherein the membrane exhibits a CO

permeance of from 100 to 2,000 GPU at 57°C and 1 atm feed pressure.

4
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51, The membrane of anv of claims 33-50, wherein the amine-containing polvmer
3/ 2 o J

comprises a sterically hindered derivative of polyvinylamine.

52. The membrane of claim 51, wherein the sterically hindered derivative of

polyvinylamine comprises a polyroer having the structure below

wherein

Riand Rz are, independently for each occurrence, hydrogen, alkyl, altkenyl, alkynyl,
arvl, or cycloalkyl, or Ri and Rs, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at least one of R: and R2 13 not hydrogen; and

n is an integer from 10 to 25,000

53, The membrane of claim 51, wherein the sterically hindered derivative of

polyvinylamine comprises a random copolymer or block copolymer having the structure

below
/ \ )
¢ \N%
N ReTR,
wherein

Ri and R are, independently for each occurrence, hydrogen, alkyl, alkenyl, alkynyl,
aryl, or cycloalkyl, or Ry and Ra, together with the nitrogen atom to which they are attached,
form a hetercyclic ring, with the proviso that at least one of Ri and Rz is not hydrogen;

m is an integer from 10 to 10,000; and

n ts an integer from 10 to 10,000

54. The membrane of any of clairos 33-53, wherein the amine-countaining polymer has a

weight average molecular weight of at least 50,000 Da.

55. The membrane of any of claims 33-54, wherein the amine-containing polymer has a

weight average molecular weight of from 50,000 Da to 5,000,000 Da.
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56. The membrane of any of claims 33-55, wherein the amine-containing polymer has a

weight average molecular weight of at least 500,000 Da.

57 The membrane of any of claims 33-56, wherein the amine-containing polymer has a

weight average molecular weight of at least 1,000,000 Da.

58. The membrane of any of claims 33-57, wherein the selective polymer layer tfurther
comprises a low molecular weight amino compound dispersed within the sterically hindered

amine-containing polymer.

59, The membrane of claim S8, wherein the low molecular weight amino compound has

a molecular weight of less than 1,000 Da.

60, The membrane of claim 58 or 59, wherein the low moelecular weight amino

compound comprises a salt of a primary amine or a salt of a secondary amine.

61.  The membrane of any of claims 58-60, wherein the low molecular weight amino

compound comprises an amino acid salt.

62. The membrane of claim 61, wherein the amino acid salt comprises a saltof a
compound defined by the formula below

Ry R,

Hc;c:}c‘r(}:2
2 1

wherein, independently for each occurrence in the amino acid, each of Ry, Ry, Rz and Ra is
selected from one of the following

CHa CHs

S =

CH, OH

"t&/«\/ S\CH3 » /,J\\/CHV

o]
C/J
I

[¥a¥a VeVl
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%W\‘SH %/\E/NHQ w%w/\\/ﬁ\mﬁz %/\E/OH

NH

@] H
N
WQ\QH §crae—NH; %/gcs—zmxﬁ)i\wz %‘@

or Ry and Rs, together with the atoms to which they are attached, form a five-membered
heterocycle defined by the structure below when n 18 1, or a six~-membered heterocycle

defined by the structure below whennis 2

"

63. The membrane of claim 61 or 62, wherein the amino acid salt comprises a glycinate

salt or an aminoisobutyrate salt.

64. The membrane of any of claims 61-63, wherein the selective polymer layer
comprises from 30% to 80% by weight amino acid salt, based on the total weight of the

selective polymer layer.

65.  The membrane of any one of claims 33-64, wherein the membrane is selectively

permeable to an acidic gas.

66. The membrane of any one of claims 33-65, wherein the membrane is selectively
permeable to a fluid selected from the group consisting of carbon dioxide, hydrogen sulfide,
sulfur dioxide, sulfur trioxide, nitrogen oxide, hydrogen chloride, water, and combinations

thereof.
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67. A method of making a membrane comprising, coating an inorganic layer with a
selective polymer, wherein the selective polymer comprises an amine-containing polymer

and an amino acid salt dispersed within the amine-containing polymer,

68. A method of making a membrane comprising,

depositing a nanoparticle dispersion on a gas permeable support fayer to form an
inorganic layer disposed on the gas permeable support laver; and

coating the inorganic layer with a selective polymer, wherein the selective polymer
comprises an amine-containing polymer and an amino acid salt dispersed within the amine-

containing polymer.

69. A method of making a membrane comprising,
coating the inorganic layer with a selective polymer, wherein the selective polymer

comprises a sterically hindered amine-containing polymer.

70. A method of making a membrane comprising,

depositing a nanoparticle dispersion on a gas permeable support layer to form an
inorganic layer disposed on the gas permeable support layer; and

coating the inorganic layer with a selective polymer, wherein the selective polymer

comprises a sterically hindered amine-containing polymer.

71, The method of claim 68 or 70, wherein depositing the nanoparticle dispersion on the
gas permeable support layer comprises vacuum-assisted dip-deposition of the nanoparticle

dispersion on the gas permeable support taver.

72.  The method of any of claims 67-71, wherein the selective polymer has a viscosity of
at least 400 cp at 25°C.

73. A method for separating a gaseous mixture comprising a first gas and a second gas,
the method comprising contacting a membrane defined by any of claims 1-66 with the

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

4]
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74.  The method of claim 73, wherein the permeance of the first gas is at least 200 GPU

at S7°C and 1 atm feed pressure.

75. The method of claim 74, wherein the permeance of the first gas 1s from 200 GPU to

2,000 GPU at 57°C and 1 atm feed pressure.

76.  The method of any one of claims 73-75, wherein the membrane exhibits a first

gas:second gas selectivity of at least 30 at S7°C and 1 atm feed pressure,

77. The method of claim 76, wherein the membrane exhibits a first gas:second gas

selectivity of from 30 to 500 at 57°C.

78. The method of any of claims 73-77, wherein the first gas ts selected from the group
consisting of carbon dioxide, hydrogen sulfide, sulfur dioxide, sulfur trioxide, nitrogen

oxide, hydrogen chloride, water, and combinations thereof

79.  The method of any of claims 73-78, wherein the second gas is selected from the

group consisting of nitrogen, hydrogen, and combinations thereof.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 5-32, 37-67, 72-79
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
Group I: claims 1-3, 4 (in part), 67-68, 71 (in part)
Group 1I: claims 33 35, 36 (in part), 69-70, 71 (in part)

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |: claims 1-3, 4 (in part), 67-68, 71 (in part) are directed toward a membrane with a selective layer comprising an amino acid salt
dispersed within an amine-containing polymer.

Group Il: claims 33-35, 36 (in part), 69-70, 71 (in part) are directed toward a membrane with a selective layer comprising a sterically
hindered amine-containing polymer.

-***-Continued Within the Next Supplemental Box-"*"-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. E] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. @ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3, 4 (in part), 67-68, 71 (in part)

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

r__] No protest accompanied the payment of additional search fees.
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-***-Continued from Box IIl. Observations where unity of invention is lacking-***-

The inventions listed as Groups -1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

the special technical feature of Group | includes a selective layer comprising an amino acid salt dispersed within an amine-containing
polymer, which is not present in group Il;

the special technical feature of Group Il includes a selective layer comprising a sterically hindered amine-containing polymer, which is
not present in group .

The common technical features of Groups I-Il are a method of making a membrane comprising, depositing a nanoparticle dispersion on
a gas permeable support layer to form an inorganic layer disposed on the gas permeable support layer; and coating the inorganic layer
with a selective polymer, wherein the selective polymer comprises an amine-containing polymer.

These common technical features are disclosed by US 2005/0087491 A1 to Hennige, et al. (hereafter ‘Hennige’). Hennige discloses
depositing a nanoparticle dispersion (ceramic coatings have particle sizes ranging from 1 to 10000 nm; paragraphs [0028]-(0029];
[0052]) on a gas permeable support layer (composites comprise filtration membranes with coating of inorganic components on and it the
membrane; paragraphs [0039]-[0044]) to form an inorganic layer disposed on the gas permeable support layer (composite is based on a
permeable support which comprises polymer fibers and on which and/or in which there are inorganic components; paragraph [0014]));
and coating the inorganic layer with a selective polymer (the hybrid membrane wherein the selective separating layer is formed by
polymeric material, which is coated on the inorganic layer; paragraph [0014]; [0036]), wherein the selective polymer comprises an
amine-containing polymer (the selective membrane is made with hexamethylenediamine; paragraph [0087]).

Since the common technical features are previously disclosed by Hennige, these common features are not special and so Groups I-I!
lack unity.

In addition, claims Nos.: 5-32, 37-66, 72-79 are unsearchable because they are dependent claims and are not dratted in accordance
with the second and third sentences of Rule 6.4(a).
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