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57 ABSTRACT

Membrane, methods of making membranes, and methods of
separating gases using membranes are provided. The mem-
branes can include at least one hydrophilic polymer, at least
one cross-linking agent, at least one base, and at least one
amino compound. The methods of separating gases using
membranes can include contacting a gas stream containing at
least one of CO,, H,S, and HC1 with one side of a nonporous
and at least one of CO,, H,S, and HCl selectively permeable
membrane such that at least one of CO,, H,S, and HCl is
selectively transported through the membrane.
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MEMBRANES, METHODS OF MAKING
MEMBRANE, AND METHODS OF
SEPARATING GASES USING MEMBRANES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and any other
benefit of U.S. Provisional Application Ser. No. 60/625,517,
filed Nov. 5, 2004, which is incorporated by reference in its
entirety herein.

[0002] This invention was supported by US Department of
Energy Grant No. DE-FC36-03AL.68510. The government
has certain rights in this invention.

BACKGROUND

[0003] There are numerous industrial processes that pro-
duce gas streams containing at least one of CO,, H,S, and
HCIL. It is often desirable to remove the CO,, H,S, and/or HCI
from the other components of the gas streams, such as H, and
N,. One technique used to selectively remove CO,, H,S,
and/or HC1 from streams is to absorb the CO,, H,S, and/or
HCl in an amine solution. Another technique used is to adsorb
the CO,, H,S, and/or HCI on a molecular sieve. The scientific
and industrial community has also used membranes to sepa-
rate components in a process stream. There remains a need in
the art for additional compositions, membranes, methods of
making membranes, and methods of separating gases.

SUMMARY

[0004] In accordance with embodiments of the present
invention, compositions are provided. The compositions
comprise at least one hydrophilic polymer, at least one cross-
linking agent, at least one base, and at least one amino com-
pound. The amino compound comprises at least one of a
polyamine and a salt of aminoacid. The aminoacid salt is
selected from salts having the formula:

R, R,
||
IiI—C—(CHZ)n—COO' A™ and
Rs Ry
- m
(CH)n—COO™ |  Am™
N
H

wherein R, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™" is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H_1|‘T+—(CH2))/—R7

Re

wherein R and R, are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or a hydrocarbon
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group having from 1 to 4 carbon atoms or an alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation. The base is selected from potassium
hydroxide, sodium hydroxide, lithium hydroxide, triethy-
lamine, N,N-dimethylaminopyridine, hexamethyltriethyl-
enetetraamine, potassium carbonate, sodium carbonate,
lithium carbonate, and combinations thereof.

[0005] In accordance with embodiments of the present
invention processes for separating at least one of CO,, H,S,
and HCI from a gas stream containing at least one of CO,,
H,S, and HCl are provided. The processes comprise contact-
ing a gas stream containing at least one of CO,, H,S, and HCI1
with one side of a nonporous and at least one of CO,, H,S, and
HCl selectively permeable membrane and withdrawing from
the obverse side of the membrane a permeate containing of at
least one of CO,, H,S, and HCI, wherein at least one of CO,,
H,S, and HCl s selectively removed from the gaseous stream.
The membrane comprises at least one hydrophilic polymer, at
least one cross-linking agent, at least one base, and at least
one amino compound. The amino compound comprises at
least one of a polyamine and a salt of aminoacid, and the
aminoacid salt is selected from salts having the formula:

(R, R,
[
N—C—(CHyn—COO0" | A™ and
R;
- m
(CHn—COO- | am
N
H

wherein R;, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™* is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H—N'—(CH)y—R;

R

wherein R and R are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or ahydrocarbon
group having from 1 to 4 carbon atoms or an alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation. The base is selected from potassium
hydroxide, sodium hydroxide, lithium hydroxide, triethy-
lamine, N,N-dimethylaminopyridine, hexamethyltriethyl-
enetetraamine, potassium carbonate, sodium carbonate,
lithium carbonate, and combinations thereof. The at least one
of CO,, H,S, and HCl is selectively transported through the
membrane.

[0006] In accordance with further embodiments of the
present invention methods for producing a nonporous mem-
brane for separating at least one of CO,, H,S, and HCI from
a gaseous stream containing at least one of CO,, H,S, and
HCl are provided. The method comprises: forming a casting
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solution of'a solvent, at least one hydrophilic polymer, at least
one cross-linking agent, at least one base, and at least one
amino compound; casting the solution on a substrate; and
evaporating the solvent such that a nonporous membrane is
formed. The amino compound comprises at least one of a
polyamine and a salt of aminoacid. The aminoacid salt is
selected from salts having the formula:

R, R,
||
IiI—C—(CHZ)n—COO' A™ and
Rs Ry
- m
(CH)n—COO" | AT
N
H

wherein R,, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™" is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H_1|‘T+—(CH2))/—R7

R

wherein R and R, are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or ahydrocarbon
group having from 1 to 4 carbon atoms or an alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation. The base is selected from potassium
hydroxide, sodium hydroxide, lithium hydroxide, triethy-
lamine, N,N-dimethylaminopyridine, hexamethyltriethyl-
enetetraamine, potassium carbonate, sodium carbonate,
lithium carbonate, and combinations thereof.

[0007] In accordance with embodiments of the present
invention methods for producing a nonporous membrane for
separating at least one of CO,, H,S, and HCl from a gaseous
stream containing at least one of CO,, H,S, and HCI are
provided. The methods comprise: forming a casting solution
of a solvent, at least one hydrophilic polymer, at least one
cross-linking agent, and at least one base, and at least one
amino compound; heating the solution; casting the solution
on a substrate; and evaporating the solvent such that a non-
porous membrane is formed. The amino compound com-
prises at least one of a polyamine and a salt of aminoacid. The
aminoacid salt is selected from salts having the formula:

Ry R

||
IiI—C—(CHZ)n—COO' A™ and

R3 Ry
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-continued

(CH)n—CO0" | Am*

=z

m

wherein R,, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™" is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H—N'—(CH)y—Ry

Re

wherein R and R are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or ahydrocarbon
group having from 1 to 4 carbon atoms or are alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation. The base is selected from potassium
hydroxide, sodium hydroxide, lithium hydroxide, triethy-
lamine, N,N-dimethylaminopyridine, hexamethyltriethyl-
enetetraamine, potassium carbonate, sodium carbonate,
lithium carbonate, and combinations thereof;

[0008] Itwill be understood that the present invention is not
limited to the embodiments described above.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0009] The present invention will now be described with
occasional reference to the specific embodiments of the
invention. This invention may, however, be embodied in dif-
ferent forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art.

[0010] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. The terminology used in the description of
the invention herein is for describing particular embodiments
only and is not intended to be limiting of the invention. As
used in the description of the invention and the appended
claims, the singular forms “a,” “an,” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. All publications, patent applications,
patents, and other references mentioned herein are incorpo-
rated by reference in their entirety.

[0011] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weight, reaction conditions, and so forth as used in the
description and claims are to be understood as being modified
in all instances by the term “about.” Accordingly, unless
otherwise indicated, the numerical properties set forth in the
following description and claims are approximations that
may vary depending on the desired properties sought to be
obtained in embodiments of the present invention. Notwith-
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standing that the numerical ranges and parameters setting
forth the broad scope of the invention are approximations, the
numerical values set forth in the specific examples are
reported as precisely as possible. Any numerical values, how-
ever, inherently contain certain errors necessarily resulting
from errors found in their respective measurements.

[0012]
invention, compositions are provided. The compositions

In accordance with embodiments of the present

comprise at least one of at least one hydrophilic polymer and
atleast one amino compound, at least one cross-linking agent,
and at least one base. The amino compound comprises at least
one of a polyamine and a salt of aminoacid. The compositions
can be used to form nonporous membranes as discussed
herein. The compositions can comprise any suitable amount
of the hydrophilic polymers. For example, the compositions
can comprise from about 10 to about 90 percent hydrophilic
polymers by weight of the composition. The compositions
can comprise any suitable amount of cross-linking agents.
For example, the compositions can comprise about 1 to about
40 percent cross-linking agents by weight of the composition.
The compositions can comprise any suitable amount of bases.
For example, the compositions can comprise about 1 to about
40 percent bases by weight of the composition. The compo-
sitions can comprise any suitable amount of the amino com-
pounds. For example, the compositions can comprise from
about 10 to about 90 percent polyamines by weight of the
composition and/or about 10 to about 90 percent aminoacid
salts by weight of the composition.

[0013]
present invention include, but are not limited to, polyvinyla-
Icohol, polyvinylacetate, polyethylene oxide, polyvinylpyr-
rolidone, polyacrylamine, and blends, and copolymers

The hydrophilic polymers suitable for use in the

thereof. In one example, the hydrophilic polymer comprises
polyvinylalcohol.

[0014]
invention include, but are not limited to, polyallylamine,
polyethylenimine, poly-N-1,2-dimethylpropylallylamine,
poly-N-methylallylamine,  poly-N,N-dimethylallylamine,
poly-2-vinylpiperidine, and poly-4-vinylpiperidine, and
blends and copolymers thereof. In one example, the hydro-
philic polymer comprises polyallylamine.
example, the hydrophilic polymer comprises of polyethylen-
imine.

[0015] It will be understood that the compositions of the
present invention can include either hydrophilic polymers,
polyamines, or combinations thereof. It will be further under-
stood that the hydrophilic polymers and polyamines may
have any suitable weight average molecular weights. For
example, the hydrophilic polymers and polyamines can have
weight average molecular weights in the range of from about
15,000 to about 2,000,000 and from about 50,000 to about
200,000. In another example, the polyamines can comprise
polyethylenimines with molecular weights in the range of
from about 50,000 to about 100,000. In yet another example,
the hydrophilic polymers can comprise polyvinylalcohols
with molecular weights in the range of from about 50,000 to
about 150,000.

The polyamines suitable for use in the present

In another
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[0016] The aminoacid salts in the compositions of the
present invention are selected from salts having the formula:

[R) R,
[
N—C—(CHyn—COO" [ A™ and
R;
- m
(CH)n—COO | A™
N
H

wherein R,, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™* is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H—N'—(CH)y—R;

Re

wherein R and R are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms or an alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation. It will be understood that the hydrocar-
bon can be saturated or unsaturated, branched or unbranched,
and substituted or unsubstituted hydrocarbon, which may be
substituted with heteroatoms in the hydrocarbon chain or at
the end of the hydrocarbon chain. In one example, A™* is a
metal cation, and it can be selected from Groups Ia, Ia, Ila,
and VIII of the Periodic Table of Elements. In another
example, A™* can comprise lithium, aluminum, or iron. In yet
another example, the aminoacid salt can comprise ami-
noisobutyric acid-K salt, dimethylglycine-K salt, or dimeth-
ylglycine-L.i salt.

[0017] The cross-linking agents suitable for use in the
present invention include, but are not limited to, formalde-
hyde, glutaraldehyde, maleic anhydride, glyoxal, divinylsul-
fone, toluenediisocyanate, trimethylol melamine, terephtha-
latealdehyde, epichlorohydrin, vinyl acrylate, and
combinations thereof. In one example, the cross-linking
agent comprises formaldehyde, glutaraldehyde, or maleic
anhydride.

[0018] The bases suitable for use in the present invention
include, but are not limited to, potassium hydroxide, sodium
hydroxide, lithium hydroxide, triethylamine, N,N-dimethy-
laminopyridine, hexamethyltriethylenetetraamine, potas-
sium carbonate, sodium carbonate, lithium carbonate, and
combinations thereof. In one example, the base comprises
potassium hydroxide. It is believed, without intending to be
limiting, that the base acts as a catalyst to catalyze the cross-
linking of hydrophilic polymers and polyamines in the com-
positions during formation of the membranes. The base or
bases remain in the membranes and constitute part of the
membranes.

[0019] In accordance with embodiments of the present
invention, the compositions can be used to form nonporous
membranes. It will be understood that the term “nonporous
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membrane” refers to a membrane having a at least a portion
that is substantially nonporous such that a gas moves through
the nonporous portion via diffusion rather than separation
from a larger gas by pores. In one example, the membranes of
the present invention are permeable to at least one of CO,,
H,S, or HCL. In another example, the membranes of the
present invention are CO, selective versus hydrogen, nitro-
gen, or combinations thereof. In yet another example, the
membranes of the present invention are H,S selective versus
hydrogen, nitrogen, or combinations thereof. In yet another
example, the membranes of the present invention are HCl
selective versus hydrogen, nitrogen, or combinations thereof.
In a further example, the membranes of the present invention
are CO,, H,S, and HCl selective versus hydrogen, nitrogen,
or combinations thereof. In another example, the membranes
of'the present invention may be used at temperatures of about
100° C. and greater than about 100° C. In yet another
example, the membranes of the present invention may be used
at temperatures of from about 100° C., about 110° C., about
120° C., about 130° C. about 140° C., about 150° C., about
160° C.,about 170° C., and about 180° C. In another example,
the membranes of the present invention may be used at tem-
peratures of less than about 100° C. The membranes can be
free standing membranes or composite membranes.

[0020] In accordance with embodiments of the present
invention, methods for producing nonporous membranes are
provided. Formulations for forming the membranes are pre-
pared using the compositions of the present invention. The
formulations can be prepared by first forming a casting solu-
tion of at least one of the hydrophilic polymer, the cross-
linking agent, the base, and the amino compound in a suitable
solvent. One example of a suitable solvent is water. In one
example, the amount of water employed will be in the range
of'from about 50% to about 99%. The membrane composition
can then be recovered from the casting solution by removing
the solvent, for example, by allowing the solvent to evaporate.
[0021] In an alternative example, the casting solution can
be used in forming a nonporous membrane. The resulting
casting solution or membrane composition is formed into a
nonporous membrane by using any suitable techniques. For
example, the casting solution can be cast onto a substrate
using any suitable techniques, and the solvent may be evapo-
rated such that a nonporous membrane is formed on the
substrate. Examples of suitable techniques include, but are
not limited to, “knife casting” or “dip casting”. Knife casting
is a process in which a knife is used to draw a polymer
solution across a flat substrate to form a thin film 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, to yield a fabri-
cated membrane. When, for example, a glass plate is used as
the substrate, the membrane can then be removed from the
substrate providing a free standing polymer membrane.
When, alternatively, the flat substrate used is a non-selective
porous support such as porous polytetrafluoroethylene, the
resulting membrane is a composite membrane comprising the
selective membrane polymer and the support.

[0022] Dip castingis a process in which a polymer solution
is contacted with a non-selective porous support. Then excess
solution is permitted to drain from the support, and the sol-
vent of the polymer solution is evaporated at ambient or
elevated temperatures as discussed above. The membrane
comprises both the membrane polymer and the porous sup-
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port. The membranes of the present invention also may be
shaped in the form of hollow fibers, tubes, films, sheets, etc.

[0023] In other embodiments of the present invention,
membranes formed from compositions containing a cross-
linking agent can be formed in any suitable manner. For
example, the compositions of the present invention, including
any 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 about 80° C. to about
100° C. are employed. In another example, cross-linking
occurs in from about 1 to about 72 hours. The resulting
solution can be cast onto a substrate and the solvent evapo-
rated, as discussed above. In yet another example, a higher
degree of cross-linking for the cast membrane 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.

[0024] In other embodiments of the present invention, an
additive may be included in the composition before forming
a membrane to increase the water retention ability of the
membrane. Suitable additives include, but are not limited to,
polystyrenesulfonic acid-K salt, polystyrenesulfonic acid-Na
salt, polystyrenesulfonic acid-Li salt, sulfonated polyphe-
nyleneoxides, alum, and combinations thereof. In one
example, the additive comprises polystyrenesulfonic acid-K
salt.

[0025] In accordance with embodiments of the present
invention, processes for separating acid gases from a gas
stream containing at least one acid gas are provided. The
processes include contacting a gas stream containing at least
one acid gas with one side of a nonporous acid gas selectively
permeable membrane of the present invention, and withdraw-
ing from the obverse side of the membrane a permeate con-
taining at least one acid gas, wherein the acid gas is selec-
tively removed from the gaseous stream. The permeate
comprises the at least one acid gas in increased concentration
relative to the feed stream. By “permeate” is meant that por-
tion of the feed stream which is withdrawn at the obverse 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. In one example, the acid gas is at least one
of CO,, H,S, or HCI.

[0026] Without intending to be limiting, the membranes of
the present invention may be used for the removal of at least
one of CO,, H,S, or HCl from gases including synthesis gases
derived from fossil fuels that require hydrogen purification
for fuel cell, electricity generation, and hydrogenation appli-
cations, biogas for renewable energy, and natural gas for
commercial uses. The membranes can be used for removal of
CO, from flue gas containing nitrogen. It will be understood
that the membranes of the present invention can be used for
any other suitable gases.

[0027] The present invention will be better understood by

reference to the following examples which are offered by way
of illustration not limitation.

EXAMPLES

[0028] This invention is illustrated with the following non-
limiting examples. In the examples, the separation factor
(selectivity) for acid gas vs. hydrogen is expressed as follows:
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Acid Gas/

Hydrogen concentration ratio in the permeate
Acid Gas/

Hydrogen concentration ratio in the retentate

Separation Factor =

[0029] Theretentate refers to the mixture on the feed side of
the membrane that is rejected/retained by the membrane
under the operating conditions. Similarly, the separation fac-
tor for acid gas vs. nitrogen is expressed as follows:

Acid Gas/

Nitrogen concentration ratio in the permeate
Acid Gas/

Nitrogen concentration ratio in the retentate

Separation Factor =

[0030] The flux, expressed in units of cm® (STP)/(cm*'s), is
related to the permeability, expressed in units of Barrer (1
Barrer=10 c¢m?® (STP)-cm/(cm*s-cm Hg), in the following
equation:

Flux=Permeability(p,-p,)/{

where p, and p, are the acid gas (carbon dioxide, hydrogen
sulfide, or hydrogen chloride) partial pressures in the reten-
tate and permeate streams, respectively, and 1 is the mem-
brane thickness. The partial pressures are determined based
on concentration measurements by gas chromatography and
total pressure measurements by using pressure gauges. The
flux is determined based on permeate concentration measure-
ments by gas chromatography and permeate stream flow rate
measurements by using a flow meter.

Example 1

Synthesis of 23.6 wt % Dimethylglycine-Li Salt,
23.6 wt % Polyethylenimine, 46.4 wt % (Polyvinyla-
Icohol/Formaldehyde at 44/3.9 by Weight) and 6.4
wt % KOH Membrane

[0031] In order to prepare a polyvinylalcohol (PVA) solu-
tion, 13.15 g of PVA was added to 88.54 g of water with
stirring and heating at about 80° C. until a clear solution of the
polymer was obtained. To this PVA solution were added an
aqueous 37 wt % formaldehyde solution 0f 3.19 g (1.18 g of
formaldehyde) and an aqueous KOH solution containing 2.01
g KOH and 8.72 g water under stirring. The resulting solution
was heated at 80-85° C. and maintained at this temperature
range with stirring for 100 minutes to enhance the cross-
linking of PVA with formaldehyde, catalyzed by KOH. In this
solution, the KOH concentration was 1.74 wt %. The PVA/
formaldehyde weight ratio 0f13.15/1.18, i.e., 44 (PVA mono-
mer molecular weight)/3.9 (13% of formaldehyde molecular
weight), corresponds to a maximum PVA cross-linking
degree of 26%. To this solution was added an aqueous poly-
ethylenimine solution containing 7.38 g polyethylenimine
and 44.90 g water under stirring at 80-85° C.

[0032] Separately, an N,N-dimethylglycine-Li salt solution
was prepared by adding 6.75 g (0.066 mole) of N,N-dimeth-
ylglycine and 2.77 g (0.066 mole) of LIOH®H,O slowly to
9.10 g of water with stirring. This solution was added to the
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above PVA/formaldehyde/KOH solution under stirring at
80-85° C. for about 30 minutes to obtain a clear, homoge-
neous solution.

[0033] The solution was then centrifuged at 5000 rpm
while cooling for 30 minutes. Following centrifugation, the
membrane was knife-cast (with a gap setting of 16 mils) onto
a support of microporous polytetrafluoroethylene. Water was
allowed to evaporate from the membrane in a hood at ambient
conditions overnight. The membrane was then heated in an
oven at 120° C. for about 6 hours. The resulting membrane
comprised about 23.6 wt % dimethylglycine-Li salt, 23.6 wt
% polyethylenimine, 46.4 wt % (polyvinylalcohol/formalde-
hyde at 44/3.9 by weight), and 6.4 wt % KOH. The membrane
had a thickness of about 35 microns (exclusive of the sup-
port).

Comparative Example A

Synthesis of 25 wt % Dimethylglycine-Li Salt, 25 wt
% Polyethylenimine and 50 wt % (Polyvinylalcohol/
Formaldehyde at 44/3.9 by Weight) Membrane

[0034] Polyvinylalcohol (PVA) in an amount of 8.76 g was
added to 58.82 g of water with stirring and heating at about
80° C. until a clear solution of the polymer was obtained. To
this PVA solution was added an aqueous 37 wt % formalde-
hyde solution of 2.04 g (0.76 g of formaldehyde) under stir-
ring. The resulting solution was heated at about 95° C. and
maintained at this temperature with stirring for about 4 hours
to thermally enhance the cross-linking of PVA with formal-
dehyde. To this solution was added an aqueous polyethylen-
imine solution containing 4.58 g polyethylenimine and 30.05
g water under stirring at 80-85° C. Separately, an N,N-dim-
ethylglycine-Li salt solution was prepared by adding 4.50 g
(0.044 mole) of N,N-dimethylglycine and 1.83 g (0.044
mole) of LIOH®H,O slowly to 6.91 g of water with stirring.
This solution was added to the above PVA/formaldehyde
solution under stirring at 80-85° C. for about 30 minutes to
obtain a clear, homogeneous solution.

[0035] The solution was then centrifuged while cooling for
about 30 minutes. Following centrifugation, the membrane
was knife-cast (with a gap setting of 18 mils) onto a support
of microporous polytetrafluoroethylene. Water was allowed
to evaporate from the membrane in a hood at ambient condi-
tions overnight. The membrane was then heated in an oven at
120° C. to give the resulting membrane. This resulting mem-
brane comprised about 25 wt % dimethylglycine-Li salt, 25
wt % polyethylenimine, and 50 wt % (polyvinylalcohol/
formaldehyde at 44/3.9 by weight). The membrane had a
thickness of about 39 microns (exclusive of the support).
[0036] This membrane has the same ratios of dimethylgly-
cine-Li salt/polyethylenimine/polyvinylalcohol (PVA)/form-
aldehyde as those of the membrane of Example 1. However,
the membrane of Example 2 did not contain KOH whereas the
membrane of Example 1 included KOH. The membrane of
Example 2 was synthesized in the similar procedure taught in
U.S. Pat. Nos. 5,611,843 and 6,099,621, and this membrane
served as the comparative example.

Permeation Measurement of Membrane of Example 1

[0037] Inthe measurement using a gas permeation appara-
tus to evaluate the separation factor (selectivity) of carbon
dioxide or hydrogen sulfide vs. hydrogen (or nitrogen) and
the permeability of carbon dioxide or hydrogen sulfide, the
membrane was placed in a permeation cell comprising the
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first compartment for contacting a feed stream on the
upstream side of the membrane and the second compartment
for withdrawing the permeate from the downstream side of
the membrane. The active membrane area in the cell was 45.6
cm?. A feed gas comprising 40% hydrogen, 20% carbon
dioxide, and 40% nitrogen (on the dry basis) under a total
pressure of about 2 atm was contacted against the membrane
at a flow rate of about 60 cm>/min (at ambient condition) in
the gas permeation apparatus. The permeate was swept by
nitrogen under a pressure of about 1 atm and a total flow rate
of about 30 cm®/min for the permeate/nitrogen stream. Both
the feed and sweep streams were humidified by injecting 0.03
ml/min of deionized water into each of the two streams prior
to contacting the membrane. Each permeation measurement
was carried out at an operating temperature.

[0038] For the membrane of Example 1 comprising about
23.6 wt % dimethylglycine-Li salt, 23.6 wt % polyethylen-
imine, 46.4 wt % (polyvinylalcohol/formaldehyde at 44/3.9
by weight), and 6.4 wt % KOH (with a thickness of 35
microns), the carbon dioxide/hydrogen selectivity results
obtained were 1782,277, and 285 at80° C., 100° C., and 110°
C., respectively. The carbon dioxide permeability results
obtained were 338, 49, and 50 Barrers at 80° C., 100° C., and
110° C., respectively.

Comparative Permeation Measurement of Membrane of
Comparative Example A

[0039] The membrane of Comparative Example A com-
prising about 25 wt % dimethylglycine-Li salt, 25 wt %
polyethylenimine, and 50 wt % (polyvinylalcohol/formalde-
hyde at 44/3.9 by weight) was evaluated in the same way as
the membrane of Example 1 as described earlier in Perme-
ation Measurement of Membrane of Example 1. The carbon
dioxide/hydrogen selectivity results obtained were 602, 453,
11 and 7 at 80° C., 90° C., 100° C., and 110° C., respectively.
The selectivity result dropped drastically at 100° C., indicat-
ing excessive membrane swelling and insufficient thermal
stability at the temperatures greater than 100° C.

[0040] In comparison of the carbon dioxide/hydrogen
selectivity results between the membranes of Examples 1 and
Comparative Example A, the membrane of Example 1 had
better results than the membrane of Comparative Example A,
particularly for temperatures greater than 100° C. At tempera-
tures greater than 100° C., the membrane of Comparative
Example A had a carbon dioxide/hydrogen selectivity of 11 or
lower. However, the membrane of Examples 1 of the present
invention still had a carbon dioxide/hydrogen selectivity of
277 or higher at 100-110° C. Thus, this membrane of the
present invention that was synthesized with the base (KOH)
outperformed the membrane that was synthesized without
this base.

Example 2

Synthesis of 23.7 wt % Dimethylglycine-K Salt, 4.7
wt % Polystyrenesulfonic Acid-K Salt, 54 wt %
(Polyvinylalcohol/Formaldehyde at 44/9 by Weight)
and 17.6 wt % KOH Membrane

[0041] To 54.06 g of water was added 8.823 g of polyviny-
lalcohol (PVA) with stirring and heating at about 80° C. until
a clear solution of the polymer was obtained. Separately, a
polystyrenesulfonic acid-K salt solution was prepared by
adding 2.563 g ot 30% polystyrenesulfonic acid and 0.232 g
of KOH slowly to 1.293 g of water with stirring. This solution
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was adjusted using KOH to have a pH of 7 and contained
0.927 g of polystyrenesulfonic acid-K salt. This solution was
added to the PVA solution with stirring at about 80° C. To the
PVA solution with the polystyrenesulfonic acid-K salt were
added an aqueous 37 wt % formaldehyde solution of 4.869 g
(1.802 g of formaldehyde) and an aqueous KOH solution
containing 3.460 g KOH and 3.341 g water under stirring. The
resulting solution was heated at about 80° C. and maintained
at this temperature with stirring for 6 hours to enhance the
cross-linking of PVA with formaldehyde, catalyzed by KOH.
In this solution, the KOH concentration was about 4.4 wt %.
The PVA/formaldehyde weight ratio of 8.823/1.802, i.e., 44
(PVA monomer molecular weight)/9 (30% of formaldehyde
molecular weight), corresponds to a maximum PVA cross-
linking degree of 60%. Separately, an N,N-dimethylgly-
cine-K salt solution was prepared by adding 3.369 g (0.033
mole) of N,N-dimethylglycine and 1.898 g (0.033 mole) of
KOH slowly to 3.015 g of water with stirring. This solution
was added to the above PVA/formaldehyde/KOH/polystyre-
nesulfonic acid-K salt solution under stirring at about 80° C.
for about 30 minutes to obtain a clear, homogeneous solution.

[0042] The solution was then centrifuged at 8000 rpm
while cooling for 12 minutes. Following centrifugation, the
membrane was knife-cast (with a gap setting of 11 mils) onto
a support of microporous polytetrafluoroethylene. Water was
allowed to evaporate from the membrane in a hood at ambient
conditions overnight. The membrane was then heated in an
oven at 120° C. for about 6 hours. The resulting membrane
comprised about 23.7 wt % dimethylglycine-K Salt, 4.7 wt %
polystyrenesulfonic acid-K salt, 54.0 wt % (polyvinylalco-
hol/formaldehyde at 44/9 by weight), and 17.6 wt % KOH.
The membrane had a thickness of about 33 microns (exclu-
sive of the support).

Permeation Measurement of Membrane of Example 2

[0043] The membrane of Example 2 comprising about 23.7
wt % dimethylglycine-K Salt, 4.7 wt % polystyrenesulfonic
acid-K salt, 54.0 wt % (polyvinylalcohol/formaldehyde at
44/9 by weight), and 17.6 wt % KOH (with a thickness of
about 33 microns) was evaluated in the same way described in
Permeation Measurement of Membrane of Example 1. The
carbon dioxide/hydrogen selectivity and carbon dioxide per-
meability results obtained at 120-170° C. are shown in Table
1.

TABLE 1

The carbon dioxide/hydrogen selectivity and carbon dioxide
permeability results for the membrane of Example 2.

Temperature  Carbon Dioxide/Hydrogen  Carbon Dioxide Permeability
°C) Selectivity (Barrer)
120 311 1287
140 200 722
150 84 318
160 42 202
170 25 172
[0044] As shown in this table, this membrane possessed a

high selectivity of carbon dioxide vs. hydrogen as well as high
carbon dioxide permeability. Thus, this membrane is useful
for the removal of carbon dioxide from the hydrogen-contain-
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ing synthesis gas comprising this impurity to increase the
concentration of hydrogen for hydrogen purification and
enhancement.

Example 3

Synthesis of 27.2 wt % Aminoisobutyric Acid-K
Salt, 10.1 wt % Polyallylamine, 45.9 wt % (Polyvi-
nylalcohol/Formaldehyde at 44/9 by Weight) and
16.8 wt % KOH Membrane

[0045] To 50.588 g of water was added 8.800 g of polyvi-
nylalcohol (PVA) with stirring and heating at about 80° C.
until a clear solution of the polymer was obtained. To this
PVA solution were added an aqueous 37 wt % formaldehyde
solution 0f'4.868 g (1.801 g of formaldehyde) and an aqueous
KOH solution containing 3.880 g KOH and 3.933 g water
under stirring. The resulting solution was heated at about 80°
C. and maintained at this temperature with stirring for 6 hours
to enhance the cross-linking of PVA with formaldehyde, cata-
lyzed by KOH. In this solution, the KOH concentration was
about 5.4 wt %. The PVA/formaldehyde weight ratio of
8.800/1.801, ie., 44 (PVA monomer molecular weight)/9
(30% of formaldehyde molecular weight), corresponds to a
maximum PVA cross-linking degree of 60%. Separately, an
aminoisobutyric acid-K salt solution was prepared by adding
4.480 g (0.044 mole) of aminoisobutyric acid and 2.580 g
(0.046 mole) of KOH slowly to 5.284 g of water with stirring.
A polyallylamine solution was prepared by adding 2.327 g
polyallylamine in 15.234 g water. To the above PVA/formal-
dehyde/KOH solution were added the aminoisobutyric
acid-K salt solution and the polyallylamine solution under
stirring at about 80° C. for about 30 minutes to obtain a clear,
homogeneous solution.

[0046] The solution was then centrifuged at 8000 rpm
while cooling for 10 minutes. Following centrifugation, the
membrane was knife-cast (with a gap setting of 11 mils) onto
a support of microporous polytetrafluoroethylene. Water was
allowed to evaporate from the membrane in a hood at ambient
conditions overnight. The membrane was then heated in an
oven at 120° C. for about 6 hours. The resulting membrane
comprised about 27.2 wt % aminoisobutyric acid-K salt, 10.1
wt % polyallylamine, 45.9 wt % (polyvinylalcohol/formal-
dehyde at 44/9 by weight), and 16.8 wt % KOH. The mem-
brane had a thickness of about 26 microns (exclusive of the
support).

Permeation Measurement of Membrane of Example 3

[0047] The membrane of Example 3 comprising about 27.2
wt % aminoisobutyric acid-K salt, 10.1 wt % polyallylamine,
459 wt % (polyvinylalcohol/formaldehyde at 44/9 by
weight), and 16.8 wt % KOH (with a thickness of about 26
microns) was evaluated in the similar way described in Per-
meation Measurement of Membrane of Example 1 except for
the water injection rate to the feed gas. The water injection
rate to the feed gas was 0.03 ml/min at 120-130° C., 0.06
ml/min at 140° C., 0.09 ml/min at 150° C., and 0.12 ml/min at
160-180° C. The carbon dioxide/hydrogen selectivity and
carbon dioxide permeability results obtained at 120-180° C.
are shown in Table 2.
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TABLE 2

The carbon dioxide/hydrogen selectivity and carbon dioxide
permeability results for the membrane of Example 3.

Temperature  Carbon Dioxide/Hydrogen  Carbon Dioxide Permeability
°C) Selectivity (Barrer)
120 262 6196
130 193 3922
140 161 4463
150 80 3651
160 67 3039
170 53 2241
180 10.1 1941
[0048] As shown in this table, this membrane exhibited a

very high selectivity of carbon dioxide vs. hydrogen as well as
very high carbon dioxide permeability. Thus, this membrane
is very useful for the removal of carbon dioxide from the
hydrogen-containing synthesis gas comprising this impurity
to increase the concentration of hydrogen for hydrogen puri-
fication and enhancement.

Example 4

Synthesis of 19.6 wt % Aminoisobutyric Acid-K
Salt, 9.8 wt % Polyallylamine, 52.5 wt % (Polyviny-
lalcohol/Formaldehyde at 44/15 by Weight) and 18.1

wt % KOH Membrane

[0049] To 48.361 g of water was added 8.805 g of polyvi-
nylalcohol (PVA) with stirring and heating at about 80° C.
until a clear solution of the polymer was obtained. To this
PVA solution were added an aqueous 37 wt % formaldehyde
solution 0f'8.123 g (3.006 g of formaldehyde) and an aqueous
KOH solution containing 4.072 g KOH and 4.331 g water
under stirring. The resulting solution was heated at about 80°
C. and maintained at this temperature with stirring for 23.5
hours to enhance the cross-linking of PVA with formalde-
hyde, catalyzed by KOH. In this solution, the KOH concen-
tration was about 5.5 wt %. The PVA/formaldehyde weight
ratio of 8.805/3.006, i.e., 44 (PVA monomer molecular
weight)/15 (50% of formaldehyde molecular weight), corre-
sponds to a maximum PVA cross-linking degree of 100%.
Separately, an aminoisobutyric acid-K salt solution was pre-
pared by adding 3.123 g of aminoisobutyric acid and 1.833 g
of KOH slowly to 4.432 g of water with stirring. A polyally-
lamine solution was prepared by adding 2.206 g polyally-
lamine in 10.325 g water. To the above PVA/formaldehyde/
KOH solution were added the aminoisobutyric acid-K salt
solution and the polyallylamine solution under stirring at
about 80° C. for about 10 minutes to obtain a clear, homoge-
neous solution.

[0050] The solution was then centrifuged at 8000 rpm
while cooling for 8 minutes. Following centrifugation, the
membrane was knife-cast onto a support of microporous
polytetrafluoroethylene. Water was allowed to evaporate
from the membrane in a hood at ambient conditions over-
night. The membrane was then heated in an oven at 120° C.
for about 6 hours. The resulting membrane comprised about
19.6 wt % aminoisobutyric acid-K salt, 9.8 wt % polyally-
lamine, 52.5 wt % (polyvinylalcohol/formaldehyde at 44/15
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by weight), and 18.1 wt % KOH. The membrane had a thick-
ness of about 51 microns (exclusive of the support).

Permeation Measurement of Membrane of Example 4

[0051] The membrane of Example 4 comprising about 19.6
wt % aminoisobutyric acid-K salt, 9.8 wt % polyallylamine,
52.5 wt % (polyvinylalcohol/formaldehyde at 44/15 by
weight), and 18.1 wt % KOH (with a thickness of about 51
microns) was evaluated in the similar way described in the
Permeation Measurement of Membrane of Example 1, except
for the feed gas and the water injection rates. The feed gas
contained 50 ppm hydrogen sulfide in 17% carbon dioxide,
1% carbon monoxide, 45% hydrogen, and 37% nitrogen (on
the dry basis). The water injection rate to sweep gas was
maintained constant at 0.27 ml/min. However, the water
injection rate to the feed gas was 0.075 ml/min at 110° C.,
0.09 ml/min at 120-130° C., and 0.12 ml/min at 140° C. Table
3 shows the carbon dioxide/hydrogen, hydrogen sulfide/hy-
drogen and carbon dioxide/nitrogen selectivities, and carbon
dioxide and hydrogen sulfide permeabilities obtained at 110-
140° C.

TABLE 3

The carbon dioxide/hydrogen, hydrogen sulfide/hydrogen and carbon
dioxide/nitrogen selectivities, and carbon dioxide and hydrogen sulfide
permeabilities for the membrane of Example 4.

Tem- Carbon  Hydrogen  Carbon Carbon Hydrogen
per- Dioxide/  Sulfide/  Dioxide/ Dioxide Sulfide
ature  Hydrogen Hydrogen Nitrogen Permeability Permeability
(°C.) Selectivity Selectivity Selectivity (Barrer) (Barrer)
110 170 573 1218 8278 28437
120 234 685 1439 8847 21780
130 230 673 1341 7555 21233
140 125 298 440 4772 10015

[0052] Asshown in this table, this membrane had very high
selectivities of carbon dioxide and hydrogen sulfide vs.
hydrogen as well as very high carbon dioxide and hydrogen
sulfide permeabilities. In other words, this membrane is very
useful for the removal of both carbon dioxide and hydrogen
sulfide from the hydrogen-containing synthesis gas compris-
ing these impurities. Also shown in this table, this membrane
had very high selectivity of carbon dioxide vs. nitrogen. Thus,
this membrane is also useful for the removal of the green-
house gas, carbon dioxide, from the nitrogen-containing flue
gas.

[0053] The present invention should not be considered lim-
ited to the specific examples described above, but rather
should be understood to cover all aspects of the invention.
Various modifications, equivalent processes, as well as
numerous structures and devices to which the present inven-
tion may be applicable will be readily apparent to those of
skill in the art.

[0054] It will be understood that various changes may be
made without departing from the scope of the invention,
which is not to be considered limited to what is described in
the specification.

What is claimed is:

1. A composition comprising:

at least one hydrophilic polymer, at least one cross-linking
agent, at least one base, and at least one amino com-
pound, wherein the amino compound comprises at least
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one of a polyamine and a salt of aminoacid, and wherein
the aminoacid salt is selected from salts having the for-

mula:
(R Ro
[
N—T—(CHZ)n—COO' A™  and
R; Ry
- m
(CH,)n—CO00" | A™
N
H

wherein R;, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™* is a cation having a valence of 1 to
3 and an amine cation having the formula:

Rs
|
H—N'—(CH)y—Ry

Re

wherein R and R are hydrogen or hydrocarbon groups hav-
ing from 1 to 4 carbon atoms, R, is hydrogen or ahydrocarbon
group having from 1 to 4 carbon atoms or an alkyl amine of
from 2 to 6 carbon atoms and 1 to 4 nitrogen atoms, y is an
integer ranging from 1 to 4, and m is an integer equal to the
valence of the cation;

and wherein said base is selected from potassium hydrox-

ide, sodium hydroxide, lithium hydroxide, triethy-
lamine, N,N-dimethylaminopyridine, hexamethyltri-
ethylenetetraamine, potassium carbonate, sodium
carbonate, lithium carbonate, and combinations thereof.

2. The composition as claimed in claim 1 wherein said at
least one amino compound comprises a polyamine selected
from polyallylamine, polyethylenimine, poly-N-1,2-dimeth-
ylpropylallylamine, poly-N-methylallylamine, poly-N,N-
dimethylallylamine, poly-2-vinylpiperidine, and poly-4-vi-
nylpiperidine, and blends and copolymers thereof.

3. The composition as claimed in claim 1 wherein said at
least one amino compound comprises polyallylamine.

4. The composition as claimed in claim 1 wherein said at
least one amino compound comprises polyethylenimine.

5. The composition as claimed in claim 1 wherein said at
least one hydrophilic polymer is selected from polyvinylal-
cohol, polyvinylacetate, polyethylene oxide, polyvinylpyr-
rolidone, polyacrylamine, and blends, and copolymers
thereof.

6. The composition as claimed in claim 1 wherein said at
least one hydrophilic polymer comprises polyvinylalcohol.

7. The composition as claimed in claim 6 wherein said at
least one amino compound comprises polyallylamine.

8. The composition as claimed in claim 6 wherein said at
least one amino compound comprises polyethylenimine.

9. The composition as claimed in claim 1 wherein A™* is a
metal cation selected from Groups Ia, I1a, [11a, and VIII of the
Periodic Table of Elements.
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10. The composition as claimed in claim 9 wherein said at
least one amino compound comprises aminoisobutyric
acid-K salt.

11. The composition as claimed in claim 9 wherein said at
least one amino compound comprises dimethylglycine-K
salt.

12. The composition as claimed in claim 9 wherein said at
least one amino compound comprises dimethylglycine-Li
salt.

13. The composition as claimed in claim 1 wherein said at
least one cross-linking agent is selected from formaldehyde,
glutaraldehyde, maleic anhydride, glyoxal, divinylsulfone,
toluenediisocyanate, trimethylol melamine, terephthalateal-
dehyde, epichlorohydrin, vinyl acrylate, and combinations
thereof.

14. The composition as claimed in claim 13 wherein said at
least one cross-linking agent comprises formaldehyde.

15. The composition as claimed in claim 1 wherein said at
least one cross-linking agent comprises from about 1 to about
40 percent by weight of said composition.

16. The composition as claimed in claim 1 wherein said at
least one base comprises from about 1 to about 40 percent by
weight of said composition.

17. The composition as claimed in claim 1 wherein said at
least one hydrophilic polymer comprises from about 10 to
about 90 percent by weight of said composition.

18. The composition as claimed in claim 1 wherein said at
least one amino compound comprises from about 10 to about
90 percent by weight of said composition.

19. The composition as claimed in claim 1 wherein said at
least one base comprises potassium hydroxide.

20. A nonporous membrane formed from the composition
of claim 1.

21. A process for separating at least one of CO,, H,S, and
HCl from a gas stream containing at least one of CO,, H,S,
and HC, comprising:

contacting a gas stream containing at least one of CO,,

H,S, and HCI with one side of a nonporous and at least

one of CO,, H,S, and HCl selectively permeable mem-

brane comprising:

at least one hydrophilic polymer, at least one cross-
linking agent, at least one base, and at least one amino
compound, wherein said amino compound comprises
at least one of a polyamine and a salt of aminoacid,
and wherein the aminoacid salt is selected from salts
having the formula:

[Ri R
L )
IiI—C—(CHZ)n—COO' A™  and
R3 Ry
- m
(CHpn—COO" | Am™*
N
H

wherein R, R,, R;, and R, are hydrogen or hydrocarbon
groups having from 1 to 4 carbon atoms, n is an integer
ranging from 0 to 4, A™* is a cation having a valence of
1 to 3 and an amine cation having the formula:
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Rs
|
H— 1|‘1+_ (CHa)y—R;,

Re

wherein R and R are hydrogen or hydrocarbon groups
having from 1 to 4 carbon atoms, R, is hydrogen or a
hydrocarbon group having from 1 to 4 carbon atoms
or an alkyl amine of from 2 to 6 carbon atoms and 1 to
4 nitrogen atoms, y is an integer ranging from 1 to 4,
and m is an integer equal to the valence of the cation;
wherein said base is selected from potassium hydroxide,
sodium hydroxide, lithium hydroxide, triethylamine,
N,N-dimethylaminopyridine, = hexamethyltriethyl-
enetetraamine, potassium carbonate, sodium carbon-
ate, lithium carbonate, and combinations thereof;
wherein at least one of CO,, H,S, and HCl is selectively
transported through the membrane; and
withdrawing from the obverse side of said membrane a
permeate containing of at least one of CO,, H,S, and
HCl, wherein at least one of CO,, H,S, and HCI is
selectively removed from said gaseous stream.

22. The process as claimed in claim 21 wherein said at least
one amino compound comprises a polyamine selected from
polyallylamine, polyethylenimine, poly-N-1,2-dimethylpro-
pylallylamine, poly-N-methylallylamine, poly-N,N-dim-
ethylallylamine, poly-2-vinylpiperidine, and poly-4-vinylpi-
peridine, and blends and copolymers thereof.

23. The process as claimed in claim 22 wherein said at least
one amino compound comprises polyallylamine.

24. The process as claimed in claim 22 wherein said at least
one amino compound comprises polyethylenimine.

25. The process as claimed in claim 21 wherein said at least
one hydrophilic polymer is selected from polyvinylalcohol,
polyvinylacetate, polyethylene oxide, polyvinylpyrrolidone,
polyacrylamine, and blends, and copolymers thereof.

26. The process as claimed in claim 21 wherein said at least
one hydrophilic polymer comprises polyvinylalcohol.

27. The process as claimed in claim 21 wherein said at least
one amino compound comprises aminoisobutyric acid-K salt.

28. The process as claimed in claim 21 wherein at least one
amino compound comprises dimethylglycine-K salt.

29. The process as claimed in claim 21 wherein said amino
compound comprises dimethylglycine-L.i salt.

30. The process as claimed in claim 21 wherein at least one
cross-linking agent is selected from formaldehyde, glutaral-
dehyde, maleic anhydride, glyoxal, divinylsulfone, toluene-
diisocyanate, trimethylol melamine, terephthalatealdehyde,
epichlorohydrin, vinyl acrylate, and combinations thereof.

31. The process as claimed in claim 21 wherein at least one
cross-linking agent comprises formaldehyde.

32. A method for producing a nonporous membrane for
separating at least one of CO,, H,S, and HCl from a gaseous
stream containing at least one of CO,, H,S, and HCI, the
method comprising:

forming a casting solution of a solvent, at least one hydro-

philic polymer, at least one cross-linking agent, at least
one base, and at least one amino compound, wherein the
amino compound comprises at least one of a polyamine
and a salt of aminoacid, and wherein the aminoacid salt
is selected from salts having the formula:
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(R, R,

|
IiI—C—(CHZ)n—COO' A" and
R; Ry

m

O—(CHz)n—coo- AT
N

H

m

wherein R, R,, R;, and R, are hydrogen or hydrocarbon

groups having from 1 to 4 carbon atoms, n is an
integer ranging from O to 4, A™* is a cation having a
valence of 1 to 3 and an amine cation having the
formula:

Rs

|
H—N"—(CH,)y—R,

Re

wherein R and R are hydrogen or hydrocarbon groups

having from 1 to 4 carbon atoms, R, is hydrogen or a
hydrocarbon group having from 1 to 4 carbon atoms
or an alkyl amine of from 2 to 6 carbon atoms and 1 to
4 nitrogen atoms, y is an integer ranging from 1 to 4,
and m is an integer equal to the valence of the cation,
and wherein said base is selected from potassium
hydroxide, sodium hydroxide, lithium hydroxide, tri-
ethylamine, N,N-dimethylaminopyridine, hexameth-
yltriethylenetetraamine,  potassium  carbonate,
sodium carbonate, lithium carbonate, and combina-
tions thereof;,
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casting the solution on a substrate; and

evaporating the solvent such that a nonporous membrane is

formed.

33. The method as claimed in claim 32 wherein said at least
one amino compound comprises a polyamine selected from
polyallylamine, polyethylenimine, poly-N-1,2-dimethylpro-
pylallylamine, poly-N-methylallylamine, poly-N,N-dim-
ethylallylamine, poly-2-vinylpiperidine, and poly-4-vinylpi-
peridine, and blends and copolymers thereof.

34. The method as claimed in claim 33 wherein said
polyamine comprises polyallylamine.

35. The method as claimed in claim 33 wherein said
polyamine comprises polyethylenimine.

36. The method as claimed in claim 32 wherein said at least
one hydrophilic polymer is selected from polyvinylalcohol,
polyvinylacetate, polyethylene oxide, polyvinylpyrrolidone,
polyacrylamine, and blends, and copolymers thereof.

37. The method as claimed in claim 32 wherein said at least
one hydrophilic polymer comprises polyvinylalcohol.

38. The method as claimed in claim 32 wherein said at least
one amino compound comprises aminoisobutyric acid-K salt.

39. The method as claimed in claim 32 wherein said at least
one amino compound comprises dimethylglycine-K salt.

40. The method as claimed in claim 32 wherein said at least
one amino compound comprises dimethylglycine-Li salt.

41. The method as claimed in claim 32 wherein said at least
one cross-linking agent is selected from formaldehyde, glut-
araldehyde, maleic anhydride, glyoxal, divinylsulfone, tolu-
enediisocyanate, trimethylol melamine, terephthalatealde-
hyde, epichlorohydrin, vinyl acrylate, and combinations
thereof.

42. The method as claimed in claim 32 wherein said at least
one cross-linking agent comprises formaldehyde.

43. The method as claimed in claim 32 further comprising
the step of heating the solution prior to the step of casting the
solution on a substrate.
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