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A gas separation membrane that separates, by selective
transmission, carbon dioxide from a mixed gas containing
the carbon dioxide and nitrogen, the gas separation mem-
brane including: a first layer; and a second layer provided at
one surface of the first layer and composed of a compound
having carbon dioxide separation ability, wherein an average
thickness of the second layer is smaller than an average
thickness of the first layer, and the second layer satisfies
0.56<E,, where an activity coeflicient of nitrogen in the
second layer, calculated by the COSMO-RS method, is y*,,
an activity coeflicient of carbon dioxide in the second layer
is Y>.0s and a separation performance parameter of the
second layer at 25° C. is E,=In(y*y»)-In(y?c00)-




132

132

o

US 2024/0226819 A9

T 3

1

»

FIG

Jul. 11,2024 Sheet 1 of 7

a1

{13d) LY TYHLIHATHIL INTTAHLIATOL

{104 WIIOYAI0
ALYLEOVIML
ERE e

{¥1d) GIOV DILOYIATO

8 FCIVAI0d

{Sdd) 3014INS INTTANIHAATO
SSCTTED

ISCINTIZO GICNCOYUINFOHY
{Sad) INYXOTISTAHLIWIANO
(YA} TOHOD IV TANIANTOd

{dd} INTTALOHIATO

{3d} INTTAHLIA0G

{OiAd) 30MOTHO TANIAAIOG

18

Patent Application Publication

14
1.2
LY
38
0.4
02
4.0
02
~4
4.6

SEPARATION g
PERFORMANCE
PARAMETER &

FIG. 2



Patent Application Publication  Jul. 11,2024 Sheet 2 of 7 US 2024/0226819 A9

18

SEPARATION
PERFORMANCE
PARAMETER &
POME Hol Moz Nold Nod Nol Nef MNed HNed Nag Mol Nell Ne.d2 Noid Roild
1.4
1.2
10
SEPARATION  gg
PERFORMANCE
PARAMETERE 08
04
42
0.0

Y
3
’

LIGNIN

POLYDIMETHYLSH.OXANE (PDMS

FIG. 4



US 2024/0226819 A9

Jul. 11, 2024 Sheet 3 of 7

Patent Application Publication

P

5 B 4N0Y9 TAHLINONON L

=

dROHO TAHLINOHOTHS

i dNOYD ALY

# dO0MD ANV

dfi0HD TAXOEYYD

(SWOd) INYXO NS TAHLINIGAO

1.6
14
1.2
1.8

SEPARATION
PERFORMANCE o3z

4.8

73

&

PARAMETER

3.4
a2

LERY

FIG. 5

dfi0HS TAGIDATO

- dNOHS TANSJOHd2

2 dNOHO TANYYEO

40080 AXOHLIW

2 d0UD AXCHIA

dNOHS TAIOHdOS]

{150

d0HS TONIHLIW

dO0H0 TALNG AdVILE3L

Cpag

(SWQd} BNYXOUSTAHLIWICAIO

KR
1.4
12

14y

08

PARAMETER S, 44
0.8

8.4
42

SEPARATION
PERFORMANC!

FIG. 6



US 2024/0226819 A9

Jul. 11, 2024 Sheet 4 of 7

Patent Application Publication

1.8
14
12
198

PERFORMANCE psg

SEFARATION

PARAMETER & 4

{14
G2

d010HD TANIHd

dfi0HO ONYAD

d00HS TANOEEYD

JN0HD CULIN

dNO¥O ONINY

dfi0H0 TAXCHOAH

dfi0HD TAHLIN

dN0US 0L

{S10d) INYKO S TAHLIWIOA IO

a0

FIG. 7

108

5088088

| INNY TV TANHd
4 INIONd

% INSOUAL
ANICELSIH
ANIOATO

% INIPVLITD

s ININYTY
INROYL

5 INOVHVASY
# INYIS
ININOTHHL
# NYHAOLAYL
s INITA

4 INDNTTOS!
# INIHLINGO

% ININIDYY

5 ANIONT
ININGIHLIW
5 INISAT

% INFLSAD

4 (SWOd) INYXOTSTAHLINIOA10d

128

ION

PERFORMANGE ¢.gp 038 087

SEPARAT
PARAMETER £,

$.40

(.26

800

FIG. 8



Patent Application Publication  Jul. 11,2024 Sheet 5 of 7 US 2024/0226819 A9

144
§.20
106G
SEPARATION pap
PERFORMANCE
PARAMETER, 080
Q4G
.20
000 pos = w " " S
: z 2 % £ &
& 3 = =3 % o
L =X PN s =
= o
2
o)
P}
&
ot
>
bt oy
[
i3
=
&
>
&
a.
i35
38 111 nig g
.G
SEPARATION
PERFORMANCE g3
PARAMETER &,
0.0
wwﬁwwwwdwwwmwm
2 2 5 £33 5838 & ¢
L 5 & 2 & £§ &8 5 = 2 3
2 5 ¥ 0y T . £ =
¥ 4 = £ =
< = K E B
>< & E &
9 23]
% e
w3
ad
D
X
}...
Li3
=3
b
)
Q.

FIG. 10



US 2024/0226819 A9

Jul. 11, 2024 Sheet 6 of 7

ANOMD TAHIIAXOHLIIAXOHLIWZ SHNZ HOZ T S1ad

BHNY B0

ANOYO ¥31S3 TAHLS
ZHNE eSO
| dN0OEO ¥ILSI TANIHY ZHNZ TSNS
EHNL T SIS
ANOYD TANIHLONINY
HOP SN

dNOYD TANIHIAXOHOAH HOP  BNGd

HOZ S

FIG. 11

ANONS TANIHA

HOY BN

{Swad) Hiaw
| SN INTXQUS ARG (SWAd) INYXOUSTAHLIRIOAIOd

Labe

L8
14

Patent Application Publication

R L= e A T ST S 4 3
Y2 38383 EEFF RS
Err“vﬁ 14
=9 = Oy wH
o= & 2w
P o =
= - -
= Lid AMMT:
o X o= RRE
i = Wi 0o
o @S

FIG. 12



US 2024/0226819 A9

Jul. 11, 2024 Sheet 7 of 7

Patent Application Publication

058

18
14
1.2
10

PERFORMANCE 08

SEPARATION
PARAMETER s

G4
02

A€

NOYUS TAHLIWONINY

(10D TAHLINAXOMUAH

2 dNOHD TALNG AYYiLYEL

0™0 TAXIHOTOAD

fIOUS TALNBOT0AD

: (SHOG) INYXO NS TAHLINIGATIOd

FIG. 13



US 2024/0226819 A9

GAS SEPARATION MEMBRANE

[0001] The present application is based on, and claims
priority from JP Application Serial Number 2022-168209,
filed Oct. 20, 2022, the disclosure of which is hereby
incorporated by reference herein in its entirety.

BACKGROUND

1. Technical Field

[0002] The present disclosure relates to a gas separation
membrane.

2. Related Art
[0003] Techniques that take in and directly capture carbon

dioxide from the atmosphere are being studied towards the
goal of carbon neutral. Known techniques of this kind
include chemical absorption or adsorption methods in which
carbon dioxide is absorbed or adsorbed by an absorption
liquid or an adsorption material, as well as membrane
separation methods in which carbon dioxide is separated
using a gas separation membrane.

[0004] For example, JP-A-60-75320 discloses a gas-se-
lective permeable composite membrane which allows selec-
tive passage of a specific gas. The gas-selective permeable
composite membrane is produced by a process including
stacking a thin film of a siloxane compound on a film-shaped
polymeric porous support, subjecting the surface layer of the
thin film to a plasma treatment using a non-polymerizable
gas, and depositing a plasma-polymerized film on the thin
film. JP-A-60-75320 also discloses that this process yields a
gas-selective permeable composite membrane having strong
adhesion between the thin film and the plasma-polymerized
film, and that the thickness of the thin film is from 1 pm to
30 um. Further, JP-A-60-75320 discloses that a gas such as
oxygen, hydrogen, or helium is selectively passed through
the gas-selective permeable composite membrane, and that
the separated gas is captured. It is believed that carbon
dioxide can be separated by using such a gas-selective
permeable composite membrane.

[0005] In the gas-selective permeable composite mem-
brane described in JP-A-60-75320, two thin film layers each
composed of an organosiloxane compound are stacked on a
porous support. The first layer is a siloxane compound thin
film formed by a liquid phase film formation method, and
the second layer is a thin film formed by depositing a
polymerized product of an organosilane compound formed
by a plasma polymerization method.

[0006] As a result of repeated studies by the present
inventors, it has been found that, when such materials of the
same kind are stacked, it is difficult to enhance the selective
separation properties of gases. It has also been found that
organosiloxane compounds have room for improvement in
selective separation properties of carbon dioxide over nitro-
gen.

[0007] Therefore, an object is to realize a gas separation
membrane which is excellent in selective separation prop-
erties of carbon dioxide over nitrogen and is excellent in
carbon dioxide permeability.

SUMMARY

[0008] A gas separation membrane according to an appli-
cation example of the present disclosure is a gas separation
membrane that separates, by selective transmission, carbon
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dioxide from a mixed gas containing the carbon dioxide and
nitrogen, the gas separation membrane including:
[0009] a first layer, and
[0010] asecond layer provided at one surface of the first
layer and composed of a compound having carbon
dioxide separation ability, wherein
[0011] an average thickness of the second layer is
smaller than an average thickness of the first layer, and
[0012] the second layer satisfies 0.56<F,, where an
activity coeflicient of nitrogen in the second layer is
¥?x2» an activity coefficient of carbon dioxide in the
second layer is y2,,, the activity coefficients being
calculated by a COSMO-RS method, and a separation
performance parameter of the second layer at 25° C. is
&7 (Y’ pn)-1n(v o)

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a cross-sectional view schematically
illustrating a gas separation membrane according to an
embodiment.

[0014] FIG. 2 is a graph for comparing separation perfor-
mance parameters &, calculated for a plurality of com-
pounds.

[0015] FIG. 3 is a graph for comparing separation perfor-
mance parameters &, calculated for compounds presented in
Table 1.

[0016] FIG. 4 is a graph for comparing a separation
performance parameter &, calculated for lignin.

[0017] FIG. 5 is a graph for comparing separation perfor-
mance parameters &, calculated for polydimethylsiloxane
derivatives.

[0018] FIG. 6 is a graph for comparing separation perfor-
mance parameters &, calculated for polydimethylsiloxane
derivatives.

[0019] FIG. 7 is a graph for comparing separation perfor-
mance parameters &, calculated for polydimethylsiloxane
derivatives.

[0020] FIG. 8 is a graph for comparing separation perfor-
mance parameters &, calculated for polydimethylsiloxane
derivatives.

[0021] FIG. 9 is a graph for comparing separation perfor-
mance parameters &, calculated for polydimethylsiloxane
derivatives.

[0022] FIG. 10 is a graph for comparing separation per-
formance parameters &, calculated for polydimethylsiloxane
derivatives.

[0023] FIG. 11 is a graph for comparing separation per-
formance parameters &, calculated for polydimethylsiloxane
derivatives.

[0024] FIG. 12 is a graph for comparing separation per-
formance parameters &, calculated for polydimethylsiloxane
derivatives.

[0025] FIG. 13 is a graph for comparing separation per-
formance parameters &, calculated for polydimethylsiloxane
derivatives.

DESCRIPTION OF EMBODIMENTS

[0026] A gas separation membrane according to an aspect
of the present disclosure will be described in detail below
with reference to an embodiment illustrated in the accom-
panying drawings.
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1. Outline of Gas Separation Membrane

[0027] First, a configuration of a gas separation membrane
according to an embodiment will be described.

[0028] FIG. 1 is a cross-sectional view schematically
illustrating a gas separation membrane 1 according to an
embodiment. Note that, in FIG. 1, an x-axis, a y-axis, and a
7-axis are set as three axes orthogonal to each other, and are
indicated by arrows.

[0029] The gas separation membrane 1 illustrated in FIG.
1 has the function of allowing selective passage of carbon
dioxide from a mixed gas containing carbon dioxide and
nitrogen. The gas separation membrane 1 illustrated in FIG.
1 is a composite membrane having a first layer 3 and a
second layer 4.

[0030] An average thickness of the second layer 4 is set to
be smaller than an average thickness of the first layer 3. This
allows the second layer 4 to have high gas permeability
while having good selective separation properties.

[0031] In the gas separation membrane 1 illustrated in
FIG. 1, the mixed gas is supplied to the upper side thereof.
Therefore, the upper side of the gas separation membrane 1
illustrated in FIG. 1 is referred to as “upstream”. In the gas
separation membrane 1 illustrated in FIG. 1, carbon dioxide
passes through the gas separation membrane 1 from the
upper side towards the lower side in FIG. 1. Accordingly, in
the following description, the lower side of the gas separa-
tion membrane 1 illustrated in FIG. 1 is referred to as
“downstream”.

1.1. First Layer

[0032] The form of the first layer 3 is not particularly
limited, and may be a spiral shape, a tubular shape, a hollow
fiber shape, or the like in addition to the sheet shape (flat
plate shape) illustrated in FIG. 1.

[0033] Examples of the constituent material of the first
layer 3 include a polymer material. Examples of the polymer
material include: polyolefin resins, such as polyethylene and
polypropylene; fluororesins, such as polytetrafluoroethyl-
ene, polyvinyl fluoride, and polyvinylidene fluoride; poly-
styrene; cellulose acetate; polyurethane; polyacrylonitrile;
polyphenylene oxide; polysulfone; polyethersulfone; poly-
imide; polyaramid; and organopolysiloxanes.

[0034] Among them, an organopolysiloxane is preferably
used as the constituent material of the first layer 3. One
molecule of the organopolysiloxane contains at least a unit
represented by R'SiO,,, (T unit), a unit represented by
R?R?Si0,,, (D unit), and a unit represented by
R*R’R°Si0, ,, (M unit) as basic constituent units. Note that,
in each unit, R* to R® each represent an aliphatic hydrocar-
bon or a hydrogen atom. One molecule of the organopoly-
siloxane contains a combination of the T unit, the D unit, and
the M unit.

[0035] Specific examples of the organopolysiloxane
include polydimethylsiloxane, polymethylphenylsiloxane,
polydiphenylsiloxane, polysulfone/polyhydroxystyrene/
polydimethylsiloxane copolymer, dimethylsiloxane/methyl-

vinylsiloxane copolymer, dimethylsiloxane/diphenylsi-
loxane/methylvinylsiloxane  copolymer, methyl-3,3,3-
trifluoropropylsiloxane/methylvinylsiloxane copolymer,

dimethylsiloxane/methylphenylsiloxane/methylvinylsi-

loxane copolymer, vinyl-terminated diphenylsiloxane/dim-
ethylsiloxane copolymer, vinyl-terminated polydimethylsi-
loxane, H-terminated  polydimethylsiloxane, and
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dimethylsiloxane-methylhydrosiloxane  copolymer. It
should be noted that these examples include the forms in
which a cross-linking reaction product is formed. The con-
stituent material of the first layer 3 may also be one of these
examples or a composite of two or more of these examples,
or may be a composite material containing the organopoly-
siloxane as a main component in mass ratio, in combination
with other resin components.

[0036] The organopolysiloxane has a large interatomic
distance of about 1.8 angstroms in Si—O bonds and Si—C
bonds forming it and a large free volume, and thus has good
diffusibility of carbon dioxide molecules and good gas
permeability for carbon dioxide. Therefore, it is useful as a
constituent material of the first layer 3.

[0037] The average thickness of the first layer 3, though
not particularly limited, is preferably 1 pm or more and 3000
um or less, more preferably 5 pm or more and 500 pm or
less, and further preferably 10 um or more and 150 pm or
less. Due to this feature, the first layer 3 has necessary and
sufficient mechanical properties as a base layer of the gas
separation membrane 1, and can suppress a decrease in gas
permeability.

[0038] Note that the average thickness of the first layer 3
is determined, for example, by magnifying and observing a
cross section of the gas separation membrane 1 and calcu-
lating the average value of thicknesses measured at ten
locations of the first layer 3.

[0039] The gas permeability of the first layer 3 is prefer-
ably set to be higher than that of the second layer 4.
Specifically, when carbon dioxide is the target gas compo-
nent, a gas permeation rate of the first layer 3 is preferably
higher than that of the second layer 4. Due to this feature, the
first layer 3 can impart good gas permeability to the gas
separation membrane 1 while mechanically supporting the
second layer 4.

[0040] The “high gas permeability” means a high perme-
ation rate of carbon dioxide. Specifically, when carbon
dioxide is supplied with the total pressure upstream being set
to 4 MPa, the permeation rate of carbon dioxide should be
high.

[0041] The permeation rate of carbon dioxide of the first
layer 3 is preferably 1x107> cm® (STP)/cm?*sec-cmHg (10
GPU) or more, more preferably 3x10™> cm® (STP)/
cm?sec-cmHg (30 GPU) or more, further preferably 100
GPU or more, and particularly preferably 200 GPU or more,
when carbon dioxide is supplied upstream at a total pressure
of 4 MPa at a temperature of 40° C.

[0042] The first layer 3 can be produced by a method for
producing a sheet or a film. It can also be produced by a
method of forming a film on a sacrificial layer and then
removing the sacrificial layer.

1.2. Second Layer

[0043] The second layer 4 is formed on an upper surface
31 (one surface) of the first layer 3. By making the average
thickness of the second layer 4 smaller than that of the first
layer 3, the second layer 4 has good gas permeability.

[0044] The second layer 4 gives carbon dioxide separation
ability to the gas separation membrane 1. However, the
carbon dioxide separation ability depends on the gas used
together with carbon dioxide in a mixed gas. Therefore, the
present inventors have conducted repeated intensive studies
on an index for enhancing the carbon dioxide separation
ability when carbon dioxide is selectively separated from a
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mixed gas of carbon dioxide and nitrogen. Then, the present
inventors have found that the carbon dioxide separation
ability can be quantified by an index called a separation
performance parameter based on an activity coefficient of
nitrogen and an activity coefficient of carbon dioxide in the
second layer 4, and have completed the present disclosure.
[0045] Specifically, the activity coefficient of nitrogen in
the second layer 4, calculated by the COSMO-RS method,
is Y74, and the activity coeflicient of carbon dioxide in the
second layer 4 is y° .. The separation performance param-
eter of the second layer 4 at 25° C. is set as E,=In(y>,,)-
In(y*.0,). At this time, the second layer 4 satisfies 0.56<E,.
[0046] When the separation performance parameter &,
satisfies such a relationship, the second layer 4 has higher
carbon dioxide separation ability than that of a gas separa-
tion membrane using a known organosiloxane compound.
The gas separation membrane 1 includes such a second layer
4, and thus has both good selective separation properties of
carbon dioxide over nitrogen and good carbon dioxide gas
permeability. In the following description, the selective
separation properties of carbon dioxide over nitrogen may
be simply referred to as “selective separation properties”.
[0047] The activity coefficient y*,, of nitrogen in the
second layer 4 represents a degree of non-ideality of nitro-
gen molecules in the second layer 4. The activity coeflicient
¥ cos of carbon dioxide in the second layer 4 represents a
degree of non-ideality of carbon dioxide molecules in the
second layer 4. If the activity coefficient is large, the
non-ideality can be said to be large. When the non-ideality
of carbon dioxide molecules is smaller than that of nitrogen
molecules, the second layer 4 can be considered to have a
higher affinity for carbon dioxide molecules than for nitro-
gen molecules. Therefore, in the present embodiment, the
separation performance parameter of the second layer 4 at
25° C. is defined as E,=In(y*,,)-In(y*,.,). Further, when
the separation performance parameter &, satisfies 0.56<&,, it
is possible to acquire carbon dioxide separation ability better
than a known one.

[0048] Therefore, the gas separation membrane 1 accord-
ing to the present embodiment is excellent in selective
separation properties of carbon dioxide over nitrogen and is
excellent in carbon dioxide permeability.

[0049] The second layer 4 preferably satisfies 0.80<&,,
and more preferably satisfies 0.90<E,. When the separation
performance parameter &, of the second layer 4 is lower than
the lower limit value, the relative affinity for carbon dioxide
molecules to nitrogen molecules in the second layer 4
decreases. For this reason, the selective separation properties
of carbon dioxide over nitrogen decrease in the second layer
4. On the other hand, the upper limit value of the separation
performance parameter &, need not be particularly set, but is
preferably £,<1.50, and more preferably &,=<1.40, in con-
sideration of availability of constituent materials for realiz-
ing it.

[0050] The activity coeflicient of nitrogen in the first layer
3, calculated by the COSMO-RS method, is y',,, and the
activity coefficient of carbon dioxide in the first layer 3 is
¥' con- The separation performance parameter of the first
layer 3 at 25° C. is set as &, =In(y' »)-In(y’ -.5). At this time,
the first layer 3 and the second layer 4 preferably satisfy
£, <5

[0051] When the separation performance parameters &,
and &, satisfy such a relationship, the affinity for carbon
dioxide molecules as compared with that for nitrogen mol-
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ecules in the second layer 4 is higher than that in the first
layer 3. Thus, the selective separation properties of carbon
dioxide over nitrogen is enhanced in the second layer 4. On
the other hand, the affinity for carbon dioxide molecules is
lower in the first layer 3 than in the second layer 4, and thus,
even if the pressure increases downstream of the gas sepa-
ration membrane 1, the probability that carbon dioxide
having passed through the gas separation membrane 1
penetrates in an opposite direction to the first layer 3 can be
reduced.

[0052] The first layer 3 and the second layer 4 preferably
satisfy 0.10=&,-&,, more preferably satisfy 0.30<E,-§,, and
further preferably satisfy 0.50<E,-&,. This makes it possible
to particularly enhance the selective separation properties of
carbon dioxide over nitrogen.

[0053] The upper limit value of £,-&, need not be par-
ticularly set, but is preferably £,-&;<1.20, and more pref-
erably &,-E,<1.00, in consideration of availability of con-
stituent materials for realizing it.

[0054] Here, the COSMO-RS method will be described.
Documents on which the COSMO-RS method is based are
the following three References (1) to (3).

[0055] (1) Klamt, A.J. Phys. Chem. 99, 2224 (1995).

[0056] (2) Klamt, A.; Jonas, V.; Burger, T.; Lohrenz,
J.C.J. Phys. Chem. A 102, 5074 (1998).

[0057] (3) Eckert, F. and A. Klamt, AIChE Journal, 48,
369 (2002).

[0058] The COSMO-RS method is a calculation method
in which a chemical potential p of a molecule is calculated
by statistical mechanics with respect to a liquid based on a
surface shielding charge o of the molecule obtained by
quantum chemical calculation, and various equilibrium
physical property values are determined. The above-de-
scribed activity coefficients Yy, ¥' coss ¥ams and Y2 o, can
be calculated by the COSMO-RS method.

[0059] When the activity coefficient of a molecule is
determined, it is necessary to take into account the effects of
the volume and surface area of the molecule. These effects
are expressed in an Elbro’s free-volume combinatorial term.
The Elbro’s free-volume combinatorial term is described in
Reference (4) below.

[0060] (4) Elbro, H.S.; Fredenslund, A.; Rasmussen,
P.A. Macromolecules 23, 4707(1990).

[0061] The free volume corresponds to a volume of a gap
in which a low molecule, that is, a nitrogen molecule or a
carbon dioxide molecule can move in a polymer, that is, in
the first layer 3 or the second layer 4.

[0062] When the free volume of an arbitrary molecule i is
v;F, the volume of a hard core of the molecule i is v,*, and
the volume of the molecule i in the system is vi, the free
volume v,” is represented by the following formula (a).

[Math. 1]
vE=y—v® (@
[0063] The volume v,* of the hard core of the molecule i

in the above formula (a) is determined by quantum chemical
calculation. On the other hand, the volume v, of the molecule
i in the system is represented by the following formula (b)
using the molecular weight M, and density p, of the molecule
i
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M; (b)

[0064] N, in the above formula (b) is an Avogadro num-
ber.

[0065] When the behavior of a low molecule in a polymer
is calculated, the molecule i is considered to be a polymer.
The molecular weight M, and density p, of the polymer are
unified to 10000 and 1.00 g/cc, respectively, and the activity
coefficient at a temperature of 25° C. is calculated.

[0066] Thermodynamic property estimation software can
be used for the calculation by the COSMO-RS method. An
example of this software is BIOVIA COSMOtherm 2022
manufactured by Dassault

[0067] Systemes S.E. In the
BP_TZVPD_FINE_20.ctd was used.
[0068] The average thickness of the second layer 4,
although not particularly limited, is preferably 1 nm or more
and 100 nm or less, more preferably 5 nm or more and 90
nm or less, and further preferably 30 nm or more and 80 nm
or less. This makes it possible to enhance the gas perme-
ability while ensuring the selective separation properties of
the second layer 4. When the average thickness of the second
layer 4 is below the lower limit value, the selective separa-
tion properties may decrease depending on the constituent
material of the second layer 4. On the other hand, when the
average thickness of the second layer 4 is above the upper
limit value, the gas permeability of the second layer 4 may
decrease depending on the constituent material of the second
layer 4.

[0069] Note that the average thickness of the second layer
4 is determined, for example, by magnifying and observing
a cross section of the gas separation membrane 1 and
calculating the average value of thicknesses measured at ten
locations of the second layer 4.

[0070] The second layer 4 is composed of a compound
having carbon dioxide separation ability. As described
above, the separation performance parameter &, of the
second layer 4 at 25° C. satisfies 0.56<&,, and the separation
performance parameter &, depends mainly on the compound
forming the second layer 4.

[0071] Examples of the compound whose separation per-
formance parameter &, satisfies 0.56<&, include polyethyl-
ene terephthalate (PET), polyacetal (POM), triacetate, diac-
etate, polylactic acid (PLA), polyamide 6, polyphenylene
sulfide (PPS), cellulose, and derivatives thereof. These com-
pounds provide a separation performance parameter &,
satisfying the relationship described above, and has excel-

parameterization,
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lent film-forming properties, and the second layer 4 has
excellent stability after film formation.

[0072] When the compound is a polymer, the degree of
polymerization thereof is preferably 10 or more, and more
preferably 20 or more. As a result, a more stable second
layer 4 can be formed. This applies also to polydimethylsi-
loxane (PDMS) which will be described later.

[0073] FIG. 2 is a graph for comparing the separation
performance parameters &, calculated for a plurality of
compounds.

[0074] Asillustrated in FIG. 2, the separation performance
parameters &, of the above compounds satisfy 0.56<&,.
Therefore, when these compounds are used as the constitu-
ent material of the second layer 4, the second layer 4 has
high selective separation properties.

[0075] FIG. 2 illustrates cellulose derivatives as the
derivatives described above. The cellulose derivatives are
compounds obtained by introducing an alkyl ketene dimer
(AKD) into cellulose (AKD-introduced cellulose).
Examples of the derivatives are not limited to these com-
pounds.

[0076] InFIG. 2, unsubstituted polydimethylsiloxane (un-
substituted PDMS), polyvinyl alcohol (PVA), polypropylene
(PP), polyethylene (PE), and polyvinyl chloride (PVC) are
listed as compounds whose separation performance parari-
eter &, does not satisfy 0.56<&,.

[0077] Further, the compounds may contain a coupling
agent-derived structure. The coupling agent has a hydrolyz-
able group and a functional group, and exhibits bondability
to the upper surface 31 by hydrolysis of the hydrolyzable
group. In addition, the hydrolyzed hydrolyzable group and
the hydroxyl group of the upper surface 31 may be converted
into a covalent bond by dehydration condensation. By
appropriately selecting a substituent to be introduced into
PDMS which will be described later as a functional group,
the second layer 4 is very thin and excellent in adhesion to
the upper surface 31 while satisfying the relationship of
0.56<&,. Thus, the second layer 4 exhibiting high affinity for
carbon dioxide and having good selective separation prop-
erties and gas permeability is realized. Therefore, examples
of the coupling agent-derived structure include a hydrolysate
of the coupling agent and a product obtained by dehydration
condensation between the hydrolysate and a hydroxyl group.
As the functional group, an atomic group exemplified as a
substituent which will be described later is used.

[0078] Examples of the compound whose separation per-
formance parameter &, satisfies 0.56<&, include, in addition
to the compounds described above, compounds presented in
Table 1 below.

TABLE 1

Symbol Molecular structure (Smiles)

Compound name

Comparative PDMS
Example

PDMS

Examples No.
No.
No.
No.
No.
No.
No.
No.

00 ~1 N WL W N =

C=CC(=0)OCclcccecl
C=CC(=0)Oc2ccec{clccccel)cc2
CCCCOC(=0)C=C
CC(OC(=0)C=0C)CC
C=CC(=0)OcleccecclC(C) (C)C
C=CC(=0)Oclecc(C(C) (C)C)ccl
C=CC(=0)Oclccc(C#N)ccl
C=CC(=0)OCC(C)C#N

Poly(benzyl acrylate)
Poly(4-biphenyl acrylate)
Poly(buty! acrylate)
Poly(sec-butyl acrylate)
Poly(2-tert-butylpheny! acrylate)
Poly(4-tert-butylpheny! acrylate)
Poly(4-cyanobenzyl acrylate)
Poly(2-cyanoisobutyl acrylate)
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TABLE 1-continued
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Symbol Molecular structure (Smiles)

Compound name

No.9  OC(=O0)CCCCCCCCC(=0)0*OCCO
C—CC(=0)Oclccce(C(=0)0OC)cl
C—CC(=0)Oc2ccclccceclc2
OC(=0)cleec2e(cl )eee(c2)C(=0)0*OCCO
OC(—0)CCC(—0)0O*OCCO

No. 14  OC(=0)clecee(ccl)C(=0)0*0OCCO

Poly(ethylene sebacate)
Poly(3-methoxycarbonylphenyl acrylate)
Poly(2-naphthyl acrylate)

Poly(ethylene 2,6-naphthalate)
Poly(ethylene succinate)

Poly(ethylene terephthalate)

[0079] FIG. 3 is a graph for comparing the separation
performance parameters &, calculated for the compounds
presented in Table 1. In FIG. 3, unsubstituted polydimeth-
ylsiloxane (unsubstituted PDMS) is indicated as a com-
pound whose separation performance parameter &, does not
satisfy 0.56<E,.

[0080] As illustrated in FIG. 3, the separation performance
parameters &, of the compounds presented in Table 1 satisfy
0.56<&,. Therefore, when these compounds are used as the
constituent material of the second layer 4, the second layer
4 has high selective separation properties.

[0081] The compounds presented in Table 1 contain a
structure derived from an acrylic acid ester, a methacrylic
acid ester, a sebacic acid ester, a naphthalene dicarboxylic
acid ester, a succinic acid ester, a phthalic acid ester, or the
like in the molecule. That is, the compounds presented in
Table 1 contain an ester structure in the molecule. The ester
structure refers to an ester bond represented by —COO—,
and this structure increases the affinity of the second layer 4
for carbon dioxide molecules. Therefore, the compound
containing an ester structure in the molecule is useful as the
constituent material of the second layer 4.

[0082] Examples of the compound whose separation per-
formance parameter &, satisfies 0.56<&, include lignin in
addition to the compounds described above.

[0083] FIG. 4 is a graph for comparing the separation
performance parameter &, calculated for lignin. In FIG. 4,
unsubstituted polydimethylsiloxane (unsubstituted PDMS)
is indicated as a compound whose separation performance
parameter £, does not satisfy 0.56<E,.

[0084] As illustrated in FIG. 4, the separation performance
parameter &, of lignin satisfies 0.56<&,. Therefore, when
lignin is used as the constituent material of the second layer
4, the second layer 4 has high selective separation proper-
ties.

[0085] Lignin contains a benzene ring, a hydroxyl group,
and an ether bond in the molecule. These structures increase
the affinity of the second layer 4 for carbon dioxide mol-
ecules.

[0086] Examples of the compound whose separation per-
formance parameter &, satisfies 0.56<&, include polydim-
ethylsiloxane derivatives in addition to the compounds
described above.

[0087] FIG. 5 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0088] FIG. 5 illustrates polydimethylsiloxane derivatives
whose separation performance parameter &, satisfies
0.56<&,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0089] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative

herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a carboxyl group, an amide group, and an acetyl
group.

[0090] InFIG. 5, unsubstituted polydimethylsiloxane (un-
substituted PDMS), trifluoromethyl group-substituted
PDMS, and chloromethyl group-substituted PDMS are indi-
cated as compounds whose separation performance param-
eter U does not satisfy 0.56<&,.

[0091] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 5 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each substituent in 25% of the
methyl groups contained in the polydimethylsiloxane. In
FIG. 5, the names of the substituents used in substitution are
shown.

[0092] FIG. 6 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0093] FIG. 6 illustrates polydimethylsiloxane derivatives
whose separation performance parameter &, satisfies
0.56<E,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0094] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include an isopropyl group, an ethoxy group, a methoxy
group, a geranyl group, a 2-propenyl group, and a glycidyl
group.

[0095] InFIG. 6, unsubstituted polydimethylsiloxane (un-
substituted PDMS),tertiary butyl group-substituted PDMS,
and methinol group-substituted PDMS are indicated as
compounds whose separation performance parameter £,
does not satisfy 0.56<E,.

[0096] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 6 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each substituent in 25% of the
methyl groups contained in the polydimethylsiloxane. In
FIG. 6, the names of the substituents used in substitution are
shown.
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[0097] FIG. 7 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0098] FIG. 7 illustrates polydimethylsiloxane derivatives
whose separation performance parameter &, satisfies
0.56<&,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0099] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a hydroxyl group, an amino group, a nitro group, a
carbonyl group, a cyano group, and a phenyl group.
[0100] In FIG. 7, unsubstituted polydimethylsiloxane (un-
substituted PDMS), thiol group-substituted PDMS, and
methyl group-substituted PDMS are indicated as com-
pounds whose separation performance parameter &, does not
satisfy 0.56<&,.

[0101] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 7 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each substituent in 25% of the
methyl groups contained in the polydimethylsiloxane. In
FIG. 7, the names of the substituents used in substitution are
shown.

[0102] FIG. 8 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0103] FIG. 8 illustrates polydimethylsiloxane derivatives
whose separation performance parameter &, satisfies
0.56<&,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0104] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a substituent derived from an amino acid, which is
an atomic group obtained by substituting a hydrogen atom
with a —COO— moiety derived from a carboxyl group of
the amino acid. Examples of the amino acid providing the
substituent include cysteine, lysine, methionine, leucine,
arginine, ornithine, isoleucine, valine, tryptophan, threonine,
serine, asparagine, taurine, alanine, glutamine, glycine, his-
tidine, tyrosine, proline, and phenylalanine.

[0105] In FIG. 8, unsubstituted polydimethylsiloxane (un-
substituted PDMS) is indicated as a compound whose sepa-
ration performance parameter &, does not satisfy 0.56<E,.
[0106] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 8 each
are a value when one of hydrogen atoms of the methyl
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groups is substituted with each amino acid-derived substitu-
ent in 25% of the methyl groups contained in the polydim-
ethylsiloxane. In FIG. 8, the names of the amino acids used
in substitution are shown.

[0107] FIG. 9 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0108] FIG. 9 illustrates polydimethylsiloxane derivatives
whose separation performance parameter &, satisfies
0.56<&,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0109] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a substituent derived from a nucleic acid base.
Examples of the nucleic acid base providing the substituent
include adenine, cytosine, guanine, thymine, and uracil.
[0110] In FIG. 9, unsubstituted polydimethylsiloxane (un-
substituted PDMS) is indicated as a compound whose sepa-
ration performance parameter &, does not satisfy 0.56<E,.
[0111] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 9 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each nucleic acid base-derived
substituent in 25% of the methyl groups contained in the
polydimethylsiloxane. In FIG. 9, the names of the nucleic
acid bases used in substitution are shown.

[0112] FIG. 10 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0113] FIG. 10 illustrates polydimethylsiloxane deriva-
tives whose separation performance parameter &, satisfies
0.56<E,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0114] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a substituent derived from an organic compound
having a m-conjugated cyclic structure. The m-conjugated
cyclic structure is a cyclic structure including a site in which
a double bond and a single bond are alternately connected.
Examples of the organic compound providing the substitu-
ent include thiophene, pyrrolidine, pyrazole, phenyl, pyr-
role, azulene, imidazole, indole, anthracene, and benzimi-
dazole.

[0115] From the results illustrated in FIG. 10, it is under-
stood that a nitrogen atom or a carbon atom is preferably
contained as a constituent atom of the cyclic structure. In
particular, it is also understood to be preferable that the
cyclic structure is a nitrogen-containing heterocyclic ring in
which two or more nitrogen atoms are contained in one
cyclic structure, that the cyclic structure is an aromatic ring,
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and that the cyclic structure is a condensed ring. Thus, the
separation performance parameter £, can be made particu-
larly high, and the second layer 4 has particularly high
selective separation properties.

[0116] In FIG. 10, unsubstituted polydimethylsiloxane
(unsubstituted PDMS) and PDMS substituted with a sub-
stituent derived from borazine are indicated as compounds
whose separation performance parameter £, does not satisfy
0.56<E,.

[0117] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 10 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each nucleic acid base-derived
substituent in 25% of the methyl groups contained in the
polydimethylsiloxane. In FIG. 10, the names of the nucleic
acid bases used in substitution are shown.

[0118] FIG. 11 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0119] FIG. 11 illustrates polydimethylsiloxane deriva-
tives whose separation performance parameter &, satisfies
0.56<&,. Therefore, when polydimethylsiloxane derivatives
are used as the constituent material of the second layer 4, the
second layer 4 has high selective separation properties.
[0120] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one or
more hydrogen atoms, preferably one hydrogen atom, of a
methyl group with a substituent. Examples of the substituent
include a phenyl group, a hydroxyphenyl group, an amino-
phenyl group, a phenyl ester group, an ethyl ester group, and
a 2-methoxyethoxyethyl group.

[0121] From the results illustrated in FIG. 11, it is under-
stood that both an ester bond and an aromatic ring are
preferably contained in the substituent. Thus, the separation
performance parameter £, can be made particularly high,
and the second layer 4 has particularly high selective sepa-
ration properties.

[0122] In FIG. 11, unsubstituted polydimethylsiloxane
(unsubstituted PDMYS) is indicated as a compound whose
separation performance parameter &, does not satisfy
0.56<E,.

[0123] All of the methyl groups contained in the polydi-
methylsiloxane may be substituted as described above, but
it is preferable that only some of the methyl groups are
substituted. Thus, the separation performance parameter &,
becomes particularly large in the second layer 4. The sepa-
ration performance parameters &, illustrated in FIG. 11 each
are a value when one of hydrogen atoms of the methyl
groups is substituted with each substituent in 25% of the
methyl groups contained in the polydimethylsiloxane. In
FIG. 11, the names of the substituents used in substitution
are shown.

[0124] On the other hand, some of polydimethylsiloxane
derivatives are compounds whose separation performance
parameter £, does not satisfy 0.56<E,.

[0125] FIG. 12 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.
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[0126] FIG. 12 illustrates polydimethylsiloxane deriva-
tives whose separation performance parameter &, does not
satisfy 0.56<w,. That is, all of the polydimethylsiloxane
derivatives illustrated in FIG. 12 have a separation perfor-
mance parameter &, satisfying &,<0.56.

[0127] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting 25%,
50%, 75%, or 100% of methyl groups themselves, among
the total number of methyl groups per molecule, with a
substituent. The substituent is, for example, a hydroxyl
group, an amino group, or both of them.

[0128] In FIG. 12, the PDMS derivatives obtained by
substituting 25%, 50%, 75%, and 100% of methyl groups
themselves with a hydroxyl group are denoted as PDMS_
10H, PDMS_20H, PDMS_30H, and PDMS_40H, respec-
tively. PDMS derivatives obtained by substituting 25%,
50%, 75%, and 100% of methyl groups themselves with an
amino group are denoted as PDMS_INH2, PDMS_2NH2,
PDMS_3NH2, and PDMS_4NH2, respectively. Further-
more, a PDMS derivative obtained by substituting 50% of
methyl groups themselves with a hydroxyl group and sub-
stituting the remaining 50% of the methyl groups themselves
with an amino group is denoted as PDMS_20H_2NH2.
[0129] FIG. 12 further illustrates unsubstituted polydim-
ethylsiloxane (unsubstituted PDMS). As illustrated in FIG.
12, even if the methyl group itself is substituted with a
functional group, it is difficult to increase the separation
performance parameter &,. Therefore, when a substituent is
introduced into PDMS, it is more desirable to substitute a
hydrogen atom of the methyl group.

[0130] FIG. 13 is a graph for comparing the separation
performance parameters &, calculated for polydimethylsi-
loxane derivatives.

[0131] FIG. 13 illustrates polydimethylsiloxane deriva-
tives whose separation performance parameter &, does not
satisfy 0.56<E,. That is, all of the polydimethylsiloxane
derivatives illustrated in FIG. 13 have a separation perfor-
mance parameter &, satisfying &,=<0.56.

[0132] Polydimethylsiloxane has a siloxane bond as a
main chain and a methyl group in a side chain or at a
terminal. Examples of the polydimethylsiloxane derivative
herein include derivatives obtained by substituting one of
hydrogen atoms of 25% of the contained methyl groups with
a substituent. Examples of the substituent include a
cyclobutyl group, a cyclohexyl group, a tertiary butyl group,
a methyl group, an ethyl group, a propy! group, a hydroxym-
ethyl group, and an aminomethyl group.

[0133] FIG. 13 further illustrates unsubstituted polydim-
ethylsiloxane (unsubstituted PDMS). In FIG. 13, the names
of the substituents used in substitution are shown.

[0134] As described above, the polydimethylsiloxane
derivative has a higher affinity for carbon dioxide molecules
than the unsubstituted PDMS. Therefore, the introduction of
a substituent enhances the selective separation properties of
carbon dioxide over nitrogen.

[0135] On the other hand, the unsubstituted PDMS has
high diffusibility of carbon dioxide. That is, the unsubsti-
tuted PDMS has high carbon dioxide permeability. There-
fore, the polydimethylsiloxane derivative has not only high
carbon dioxide permeability derived from the unsubstituted
PDMS but also selective separation properties resulting
from the introduction of a substituent.
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[0136] It should be noted that polydimethylsiloxane may
be another organopolysiloxane. The organopolysiloxane
represented by polydimethylsiloxane has a large interatomic
distance of about 1.8 angstroms in Si—O bonds and Si—C
bonds forming it and a large free volume, and thus has good
diffusibility of carbon dioxide molecules.

1.3. Other Configurations

[0137] In addition to the above description of the gas
separation membrane 1 according to the embodiment, an
optional layer may be provided in at least one of the
following locations: downstream of the first layer 3 and
between the first layer 3 and the second layer 4. For
example, a porous layer composed of a porous body may be
provided downstream of the first layer 3. The porous layer
preferably has higher gas permeability than the first layer 3
and higher rigidity than the first layer 3. Due to this feature,
the rigidity of the gas separation membrane 1 can be further
increased, which can contribute to the improvement in shape
retention and durability of the gas separation membrane 1.
[0138] Examples of the constituent material of the porous
layer include a polymer material, a ceramic material, and a
metal material. The constituent material of the porous layer
may also be a composite material of any of the above-
described materials and another material.

[0139] Examples of the polymer material include: poly-
olefin resins, such as polyethylene and polypropylene; fluo-
roresins, such as polytetrafluoroethylene, polyvinyl fluoride,
and polyvinylidene fluoride; polystyrene; cellulose acetate;
polyurethane; polyacrylonitrile; polyphenylene oxide; poly-
sulfone; polyethersulfone; polyimide; and polyaramid.
[0140] Examples of the ceramic material include alumina,
cordierite, mullite, silicon carbide, and zirconia. Examples
of the metal material include stainless steel.

[0141] The average thickness of the porous layer, although
not particularly limited, is preferably 1 pm or more and 3000
um or less, more preferably 5 pm or more and 500 pm or
less, and further preferably 10 um or more and 150 um or
less. This gives the porous layer necessary and sufficient
rigidity to support the first layer 3 and the second layer 4.
[0142] Note that the average thickness of the porous layer
is an average value of thicknesses in the stacking direction
measured at ten locations of the porous layer. The thickness
measurement of the porous layer can be carried out by using,
for example, a thickness gauge.

[0143] In addition, the average pore diameter of the
porous layer is preferably 0.1 pm or less, more preferably
0.01 pm or more and 0.09 pum or less, and further preferably
0.01 pm or more and 0.07 um or less. Due to this feature, the
first layer 3 is less likely to run over downstream of the
porous layer.

[0144] The average pore diameter of the porous layer is
measured by a through-pore diameter evaluation device.
Examples of the through-pore diameter evaluation device
include Perm-Porometer available from Porous Materials
Inc.

[0145] The porosity of the porous layer is preferably 20%
or more and 90% or less, and more preferably 30% or more
and 80% or less. This allows the porous layer to have both
good gas permeability and sufficient rigidity. The porosity of
the porous layer is measured by the above-described
through-pore diameter evaluation device.

[0146] In the gas separation membrane 1 as described
above, the selective separation ratio of carbon dioxide over
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nitrogen is preferably 10 or more, and more preferably 15 or
more. Due to this feature, the gas separation membrane 1 is
suitable for separating carbon dioxide from the atmosphere.
The selective separation ratio of carbon dioxide over nitro-
gen is determined as the ratio of the permeation rate of
carbon dioxide to the permeation rate of nitrogen. In par-
ticular, it has been found to be possible to impart good
selective separation properties while maintaining good gas
permeability derived from PDMS, by introducing a substitu-
ent into PDMS.

2. Method for Producing Gas Separation Membrane

[0147] The gas separation membrane 1 is produced, for
example, by forming a film of a raw material of the second
layer 4 on the upper surface 31 of the first layer 3.

[0148] Examples of the method for forming the film of the
raw material of the second layer 4 include various liquid
phase film formation methods such as a dipping method, a
dropping method, an inkjet method, a dispenser method, a
spraying method, a screen printing method, a coater coating
method, and a spin coating method; and gas phase film
formation methods such as a plasma CVD method and a
plasma polymerization method.

[0149] Among these examples, an inkjet method is pref-
erably used. The inkjet method is a method in which ink is
ejected and fixed while an inkjet head is moved relative to
the upper surface 31. A liquid containing the raw material of
the second layer 4 is used as the ink. By using the inkjet
method, a target amount of the raw material can be fixed at
a target position with high probability. As such, it is possible
to form a second layer 4 having a high coverage even though
having a small thickness. As a result, a gas separation
membrane 1 having high selective separation properties of
carbon dioxide over nitrogen and excellent carbon dioxide
permeability can be efficiently produced.

[0150] Prior to the formation of the second layer 4, the
upper surface 31 of the first layer 3 may be subjected to an
activation treatment. The activation treatment is not particu-
larly limited as long as the treatment activates the upper
surface 31. Examples of the activation treatment include a
method of irradiating the upper surface 31 with energy rays,
a method of heating the upper surface 31, a method of
exposing the upper surface 31 to plasma or corona, and a
method of exposing the upper surface 31 to ozone gas.
Examples of the energy rays include infrared rays, ultravio-
let rays, and visible light.

3. Use of Gas Separation Membrane

[0151] The gas separation membrane 1 according to the
embodiment can be used in carbon dioxide separation and
capture, carbon dioxide separation and purification, and the
like, from a mixed gas containing carbon dioxide and
nitrogen. In particular, it is effective to use the gas separation
membrane 1 in a technique for separating and capturing
carbon dioxide contained in the atmosphere (direct air
capture (DAC)).

4. Effects Achieved by Embodiment Described above
[0152] As described above, the gas separation membrane
1 according to the embodiment described above is a gas
separation membrane that separates, by selective transmis-
sion, carbon dioxide from a mixed gas containing the carbon
dioxide and nitrogen, and includes the first layer 3 and the
second layer 4. The second layer 4 is provided at the upper
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surface 31 (one surface) of the first layer 3, and is composed
of'a compound having carbon dioxide separation ability. The
average thickness of the second layer 4 is smaller than the
average thickness of the first layer 3. The second layer 4
satisfies 0.56<E,, where an activity coeflicient of nitrogen in
the second layer 4, calculated by the COSMO-RS method,
is Y*us, an activity coefficient of carbon dioxide in the
second layer 4 is Y., and a separation performance
parameter of the second layer 4 at 25° C. is E,=In(y?,,)-In

(’co):

[0153] As described above, the carbon dioxide separation
ability can be quantified by an index called a separation
performance parameter &, based on the activity coefficient of
nitrogen and the activity coefficient of carbon dioxide in the
second layer 4. In addition, by making the average thickness
of the second layer 4 smaller than that of the first layer 3,
good gas permeability can be ensured. Therefore, according
to the above-described configuration, the gas separation
membrane 1 has both good selective separation properties of
carbon dioxide over nitrogen and good carbon dioxide gas
permeability .

[0154] The first layer 3 and the second layer 4 preferably
satisfy §,<E,, where an activity coeflicient of nitrogen in the
first layer 3, calculated by the COSMO-RS method, is y',,
an activity coefficient of carbon dioxide in the first layer 3
is ! o, and a separation performance parameter of the first
layer 3 at 25° C. is E,=In(y' v»)-In(y" con)-

[0155] Due to this feature, the affinity for carbon dioxide
molecules as compared with that for nitrogen molecules in
the second layer 4 is higher than that in the first layer 3. On
the other hand, the affinity for carbon dioxide molecules is
lower in the first layer 3 than in the second layer 4, and thus,
even if the pressure increases downstream of the gas sepa-
ration membrane 1, the probability that carbon dioxide
having passed through the gas separation membrane 1
penetrates in an opposite direction to the first layer 3 can be
reduced.

[0156] In addition, the first layer 3 and the second layer 4
preferably satisfy 0.10<E,-&;. This makes it possible to
particularly enhance the selective separation properties of
carbon dioxide over nitrogen in the gas separation mem-
brane 1.

[0157] The compound described above preferably
includes a structure derived from polyethylene terephthalate,
polyacetal, polylactic acid, cellulose, a cellulose derivative,
lignin, or a coupling agent. These compounds provide a
separation performance parameter &, satisfying the relation-
ship described above, and has excellent film-forming prop-
erties, and the second layer 4 has excellent stability after film
formation. In addition, the second layer 4 includes the
coupling agent-derived structure, and thus exhibits high
affinity for carbon dioxide and is very thin. As a result, the
second layer 4 having good selective separation properties
and gas permeability can be realized.

[0158] In addition, the compound described above pref-
erably includes a PDMS derivative in which one of hydro-
gen atoms of some of methyl groups included in PDMS is
substituted with a substituent. The substituent is preferably
an amino group, a cyano group, or a phenyl group.

[0159] PDMS has a large free volume, and thus has good
diffusibility of carbon dioxide molecules. In addition, the
introduction of these substituents enhances the selective
separation properties of carbon dioxide over nitrogen. As a

Jul. 11, 2024

result, the second layer 4 having good selective separation
properties and gas permeability can be realized.

[0160] In addition, the compound described above pref-
erably includes a PDMS derivative in which one of hydro-
gen atoms of some of methyl groups included in PDMS is
substituted with a substituent. The substituent is preferably
derived from an organic compound having a m-conjugated
cyclic structure.

[0161] Thus, the separation performance parameter &, can
be made particularly high, and the second layer 4 has
particularly high selective separation properties and good
gas permeability.

[0162] In addition, the compound described above pref-
erably includes a PDMS derivative in which one of hydro-
gen atoms of some of methyl groups included in PDMS is
substituted with a substituent. The substituent preferably
contains an ester bond and an aromatic ring.

[0163] Thus, the separation performance parameter &, can
be made particularly high, and the second layer 4 has
particularly high selective separation properties and good
gas permeability.

[0164] The average thickness of the second layer 4 is
preferably 1 nm or more and 100 nm or less. This makes it
possible to enhance the gas permeability while ensuring the
selective separation properties of the second layer 4.
[0165] In addition, the first layer 3 preferably includes an
organopolysiloxane. Due to this feature, the first layer 3 has
good gas permeability for carbon dioxide.

[0166] Although the gas separation membrane according
to an aspect of the present disclosure has been described
above based on a preferred embodiment, the present disclo-
sure is not limited thereto.

[0167] For example, in the gas separation membrane
according to an aspect of the present disclosure, each part of
the embodiment described above may be replaced with a
component having a similar function, and any component
may be added to the embodiment described above.

EXAMPLES

[0168] Next, specific examples of the present disclosure
will be described.

5. Preparation of Gas Separation Membrane

5.1. Example 1

[0169] First, a PDMS sheet is provided as the first layer.
The PDMS sheet is a 30 pum thick sheet composed of
polydimethylsiloxane. Next, one surface of the PDMS sheet
was subjected to a plasma treatment as the activation treat-
ment.

[0170] Next, an O/W emulsion having a solid content
concentration of polyethylene terephthalate (PET) of 50
mass % was prepared. Next, the O/W emulsion, glycerin,
triethylene glycol monobutyl ether, and 2-pyrrolidone were
mixed to prepare an ink. The prepared ink had a static
surface tension of 35 mN/m, a viscosity of 10 mPas, and a
density of 1.1 g/cc.

[0171] Next, the prepared ink was used to prepare a
second layer by an inkjet method. Thus, a gas separation
membrane was obtained. The separation performance
parameters and average thicknesses of the first and second
layers are presented in Table 2.
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5.2. Examples 2 to 5

[0172] Gas separation membranes were obtained in the
same manner as in Example 1 except that the constituent
material of the second layer was changed to those as
presented in Table 2.

5.3. Examples 6 to 8

[0173] Gas separation membranes were obtained in the
same manner as in Example 1 except that a compound
obtained by introducing a substituent presented in Table 2
into PDMS was used as the constituent material of the
second layer. This substituent substitutes one of hydrogen
atoms of 25% by mole of methyl groups, among the methyl
groups contained in PDMS.

5.4. Comparative Example 1

[0174] The second layer was not formed, and only the first
layer was used as the gas separation membrane of Com-
parative Example 1.

5.5. Comparative Example 2

[0175] A gas separation membrane was obtained in the
same manner as in Example 1 except that unsubstituted
PDMS was used as the constituent material of the second
layer.

5.6. Examples 9 to 14

[0176] Gas separation membranes were obtained in the
same manner as in Example 1 except that a compound
obtained by introducing a substituent presented in Table 3
into PDMS was used as the constituent material of the
second layer.

5.7. Comparative Examples 3 and 4

[0177] Gas separation membranes were obtained in the
same manner as in Example 1 except that a compound
obtained by introducing a substituent presented in Table 3
into PDMS was used as the constituent material of the
second layer. This substituent substitutes 25% by mole of
methyl groups themselves, among the methyl groups con-
tained in PDMS.

5.8. Comparative Example 5

[0178] Gas separation membranes were obtained in the
same manner as in Example 1 except that a compound
obtained by introducing a substituent presented in Table 3
into PDMS was used as the constituent material of the
second layer. This substituent substitutes one of hydrogen
atoms of 25% by mole of methyl groups, among the methyl
groups contained in PDMS.

10
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6. Evaluation of Gas Separation Membrane

[0179] The gas separation membranes of Examples and
Comparative Examples were evaluated as follows.

6.1. Gas Permeability

[0180] The gas separation membranes of Examples and
Comparative Examples were cut into circles having a diam-
eter of 5 cm, resulting in test samples. Next, a mixed gas in
which carbon dioxide and nitrogen were mixed at a volume
ratio of 13:87 was supplied upstream of the test samples
using a gas transmission rate measuring device. Note that,
the total pressure upstream was adjusted to 5 MPa, the
partial pressure of carbon dioxide was adjusted to 0.65 MPa,
the flow rate was adjusted to 500 mL/min, and the tempera-
ture was adjusted to 40° C. Then, gas components passed
through the test samples were analyzed by gas chromatog-
raphy.

[0181] Next, based on the analytical results, carbon diox-
ide gas permeation rates R, at the gas separation mem-
branes were calculated. Subsequently, the degree of decrease
in gas permeation rate R -, calculated for the gas separation
membrane of each Example and each Comparative Example
relative to the gas permeation rate R, calculated for the
gas separation membrane without formation of the second
layer (the gas separation membrane composed only of the
first layer), as a reference, was calculated as “CO, perme-
ability decrease rate”. The CO, permeability decrease rate is
a proportion of a decrease width to the above-described
reference. Then, relative evaluation of the gas permeabilities
of the gas separation membranes was performed by com-
paring the calculated CO, permeability decrease rates with
the following evaluation criteria. The evaluation results are
presented in Tables 2 and 3.

[0182] A: The CO, permeability decrease rate is 20% or
less.
[0183] B: The CO, permeability decrease rate is more than

20% and 30% or less.
[0184] C: The CO, permeability decrease rate is more than
30%.

6.2. Selective Separation Properties

[0185] Next, based on the analytical results described
above, nitrogen gas permeation rates R, at the gas separa-
tion membranes were calculated. Subsequently, a ratio of the
carbon dioxide gas permeation rate R -, to the nitrogen gas
permeation rate R,,, or R.,,/R,,, was calculated. Then,
relative evaluation of the selective separation properties of
the gas separation membranes was performed by comparing
the ratio R.5,/R,, with the following evaluation criteria.
The evaluation results are presented in Tables 2 and 3.
[0186] A: The ratio Rop./Ry, is greater than that in
Comparative Example 1.

[0187] B: The ratio R.,,/R,, is equivalent to that in
Comparative Example 1.

[0188] C: The ratio R.,,/R,, is less than that in Com-

parative Example 1.

TABLE 2

Example 1 Example 2 Example 3 Example 4 Example 5 Example 6

Configuration  First Constituent
of gas layer material
separation Average
membrane thickness
Separation
performance
parameter

@

— PDMS PDMS PDMS PDMS PDMS PDMS
pm 30 30 30 30 30 30
— 0.56 0.56 0.56 0.56 0.56 0.56
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TABLE 2-continued
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Second Constituent — PET POM PLA Cellulose Lignin PDMS
layer material
Substituent —— — — — — — Acetyl
group
Average nm 100 100 100 100 100 80
thickness
Separation =~ — 1.32 1.32 0.95 0.63 1.00 1.14
performance
parameter
@
@ — 0.76 0.76 0.39 0.07 0.44 0.58
Film — Inkjet method
formation
method
Evaluation Gas permeability B B B B B A
result of gas Selective A A A B A A
separation separation
membrane properties
Comparative ~ Comparative
Example 7 Example 8 Example 1 Example 2
Configuration  First Constituent PDMS PDMS PDMS PDMS
of gas layer material
separation Average pm 30 30 30 30
membrane thickness
Separation 0.56 0.56 0.56 0.56
performance
parameter
@
Second Constituent PDMS PDMS — Unsubstituted
layer material PDMS
Substituent Glycidyl Phenyl — —
group group
Average nm 80 80 — 100
thickness
Separation 0.92 0.97 — 0.56
performance
parameter
@
@ 0.36 0.41 — 0.00
Film Inkjet method — Inkjet method
formation
method
Evaluation Gas permeability A A A A
result of gas Selective A A — C
separation separation
membrane propetties
@ indicates text missing or illegible when filed
TABLE 3
Example 9 Example 10 Example 11 Example 12 Example 13
Configuration  First Constituent —— PDMS PDMS PDMS PDMS PDMS
of gas layer material
separation Average pm 30 30 30 30 30
membrane thickness
Separation =~ — 0.56 0.56 0.56 0.56 0.56
performance
parameter
Second Constituent — PDMS PDMS PDMS PDMS PDMS
layer material
Substituent — @ @ @ Phenyl 20
derived derived derived group group
Average @ 30 60 70 100 100

thickness

Jul
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TABLE 3-continued
Separation @ 1.03 1.11 1.14 @ 0.80
performance
@ — 0.47 0.55 0.58 0.41 0.24
@ — Inkjet method
formation
method
Evaluation Gas permability A A A A A
result of gas Selective separation
separation A A A A B
membrane
Comparative Comparative Comparative
Example 14 Example 3~ Example 4  Example 5
Configuration  First Constituent — PDMS PDMS PDMS PDMS
of gas layer material
separation Average pm 30 30 30 30
membrane thickness
Separation =~ — 0.56 0.56 0.56 0.56
performance
parameter
Second Constituent — PDMS PDMS PDMS PDMS
layer material
Substituent —— Phenyl Hydroxyl Amino group Hyd®@
ester group @ group
group @
Average @ 100 80 80 80
thickness
Separation = @ 1.13 @ 0.51 0.55
performance
@ — 0.57 -0.06 -0.05 -0.01
@ —  Inkjet method Inkjet method
formation
method
Evaluation Gas permability A A A A
result of gas Selective separation
separation A C C C
membrane

@ indicates text missing or illegible when filed

[0189] As is clear from Tables 2 and 3, the gas separation
membrane of each Example had a small decrease in gas
permeability relative to the reference (small CO, permeabil-
ity decrease rate), and had high selective separation prop-
erties as compared with those in each Comparative
Example. This demonstrated that, when the separation per-
formance parameter &, of the second layer at 25° C. satisfies
a predetermined relationship, a gas separation membrane
having high selective separation properties of carbon diox-
ide over nitrogen and good carbon dioxide gas permeability
can be realized. In particular, when the second layer was
composed of a compound obtained by introducing a sub-
stituent into PDMS, this tendency was remarkable.

What is claimed is:

1. A gas separation membrane that separates, by selective
transmission, carbon dioxide from a mixed gas containing
the carbon dioxide and nitrogen, the gas separation mem-
brane comprising:

a first layer; and

a second layer provided at one surface of the first layer

and composed of a compound having carbon dioxide
separation ability, wherein

an average thickness of the second layer is smaller than an

average thickness of the first layer, and

the second layer satisfies 0.56<&,, where an activity

coeflicient of nitrogen in the second layer, calculated by

a COSMO-RS method, is y2,,, an activity coeflicient of
carbon dioxide in the second layer is y*cp,, and a
separation performance parameter of the second layer
at 25° C. is E,=In(y*ps)-In(y? o)
2. The gas separation membrane according to claim 1,
wherein

the first layer and the second layer satisfy &,<&,, where an
activity coefficient of nitrogen in the first layer, calcu-
lated by the COSMO-RS method, is y',,, an activity
coeflicient of carbon dioxide in the first layer is Y* 105,
and a separation performance parameter of the first
layer at 25° C. is £, =In(y'\,)-In(y' c00)-

3. The gas separation membrane according to claim 2,
wherein the first layer and the second layer satisfy 0.10<&,-
g

4. The gas separation membrane according to claim 1,
wherein the compound includes a structure derived from
polyethylene terephthalate, polyacetal, polylactic acid, cel-
Iulose, a cellulose derivative, lignin, or a coupling agent.

5. The gas separation membrane according to claim 1,
wherein

the compound includes a polydimethylsiloxane derivative
in which one of hydrogen atoms of some of methyl
groups included in polydimethylsiloxane is substituted
with a substituent, and
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the substituent is an amino group, a cyano group, or a
phenyl group.
6. The gas separation membrane according to claim 1,
wherein
the compound includes a polydimethylsiloxane derivative
in which one of hydrogen atoms of some of methyl
groups included in polydimethylsiloxane is substituted
with a substituent, and
the substituent is derived from an organic compound
having a m-conjugated cyclic structure.
7. The gas separation membrane according to claim 1,
wherein
the compound includes a polydimethylsiloxane derivative
in which one of hydrogen atoms of some of methyl
groups included in polydimethylsiloxane is substituted
with a substituent, and
the substituent includes an ester bond and an aromatic
ring.
8. The gas separation membrane according to claim 1,
wherein
the average thickness of the second layer is 1 nm or more
and 100 nm or less.
9. The gas separation membrane according to claim 1,
wherein the first layer includes an organopolysiloxane.

#* #* #* #* #*



