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TITLE OF THE INVENTION: FLUID SEPARATION MEMBRANE

TECHNICAL FIELD
[0001]
The present invention relates to a fluid separation

membrane.

BACKGROUND ART
[0002]

Membrane separation is used as a technique for
selectively separating a specific component from various
mixed gases and mixed liquids for purification. A membrane
separation method is attracting attention because the
method is energy-saving as compared with other fluid
separation methods such as distillation.

[0003]

For example, in a natural gas refining plant, it is
necessary to separate and remove carbon dioxide as an
impurity contained in a methane gas as a main component.
When applied to such a case, the membrane separation is
required to keep high separation performance for a long
period of time in an environment exposed to a high gas
ejection pressure of several MPa or more.

[0004]

In the chemical industry, the membrane separation
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method has begun to be used in the step of separating water
as an impurity contained in an alcohol or acetic acid. In
also such an application, a fluid separation membrane
having high separation performance and long-term stability
is required from the viewpoints of the productivity and the
quality stability.
[0005]

For the purpose of the above-described applications,
a fluid separation membrane including carbon (for example,
described in Patent Document 1), a fluid separation
membrane including a polymer (for example, described in

Patent Document 2), and the like have been studied.

PRIOR ART DOCUMENTS
PATENT DOCUMENTS
[0006]
Patent Document 1: Japanese Patent Laid—-open
Publication No. 2007-63081
Patent Document 2: Japanese Patent Laid—-open

Publication No. 2012-210608

[0007]
With the fluid separation membrane as described in
Patent Document 1 or 2, there have been problems that the

industrially required separation performance cannot be
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realized, and the separation performance is deteriorated in
long-term use although high separation performance is
exhibited in the initial stage of the operation.

[0008]

The present invention has been made in view of the
conventional circumstances described above, and an object
of the present invention is to provide a fluid separation
membrane that can maintain high separation performance for

a long period of time.

SUMMARY OF THE INVENTION
[0009]

The present invention provides <claim 1>. Also
described is a fluid separation membrane including a
separation layer including a dense layer, wherein 2 to
10,000 ppm of a monocyclic or bicyclic aromatic compound
being liquid or solid at 16°C under atmospheric pressure

and 10 to 250,000 ppm of water are adsorbed.

[0010]
According to the present invention, it is possible to

provide a fluid separation membrane that can maintain the



separation performance for a long period of time.

EMBODIMENTS OF THE INVENTION
[0011]

<Fluid Separation Membrane>

The fluid separation membrane in the present invention
(hereinafter sometimes simply referred to as “separation
membrane”) is a separation membrane having a dense layer that
functions as a substantial fluid separation layer.

[0012]

The material of the dense layer is not particularly
limited, and general inorganic materials and polymer materials
can be applied. 1Inorganic materials are preferable from the
viewpoint of suppressing the plasticization, the swelling, and
the dimensional change with respect to the aromatic compound
that is an adsorbed component in the fluid separation membrane
according to the present invention. The inorganic material is
not particularly limited, and ceramics such as silica and
zeolites, and carbon are preferably used. Among the inorganic
materials, carbon is preferably used because carbon has high
resistance to water that is an adsorbed component in the fluid
separation membrane according to the present invention.
[0013]

In the case that the material of the dense layer is carbon,

the rate of the carbon component is preferably 60 to 95% by weight.



In the case that the rate is 60% by weight or more, the heat
resistance and the chemical resistance of the fluid separation
membrane tend to be improved. The rate of the carbon component
in the dense layer is more preferably 65% by weight or more.
In the case that the rate of the carbon component in the dense
layer is 95% by weight or less, flexibility is generated, the
bend radius is reduced, and the handleability is improved. The
rate of the carbon component in the dense layer is more
preferably 85% by weight or less.

[0014]

Here, the rate of the carbon component is a weight
fraction of the carbon component when the total of the carbon,
hydrogen, and nitrogen components measured by an organic
element analysis method is regarded as 100%. In the case that
the dense layer, another support described below, and the like
in the separation membrane all include carbon, do not have clear
boundary between them, and are considered to include a uniform
carbon material, the rate may be a value quantified with respect
to the whole separation membrane.

[0015]

The portion other than the dense layer in the fluid
separation membrane may include the same material as the dense
layer or may include a different material, and preferably
includes the same material from the viewpoint of suppressing

peeling and a crack to improve the quality stability.



[0016]

From the viewpoints of pressure resistance and strength,
examples of the preferred form of the fluid separation membrane
according to the present invention include forms in which the
dense layer is formed on the surface of a support having a porous
structure. The material of the support is not particularly
limited, and inorganic materials, polymer materials, and the
like can be applied. Carbon is preferably used from the
viewpoint of suppressing the structural change and the
dimensional change with respect to the aromatic compound and
water that are adsorbed components in the fluid separation
membrane according to the present invention.

[0017]

From the viewpoint of fluid permeability, the porous
structure of the support is preferably a three-dimensional
network structure. The three-dimensional network structure is
a structure including branches and pores (voids) that are
three-dimensionally continuous separately, and can be
confirmed with the branches and the voids separately continuous
that are observed by cutting a specimen that has been
sufficientlycooled in ligquidnitrogen with tweezers or the like
to produce a cross section, and viewing the cross-sectional
surface with a scanning electron microscope. The
three-dimensional network structure produces an effect that the

branches support one another to maintain the entire structure,



and the stress is distributed throughout the structure.
Therefore, the support has great resistance to external forces
such as compression and bending, and the compressive strength
and the compressive specific strength can be improved.
Furthermore, because three-dimensionally linked with one
another, the voids serve as a flow path for supplying or
discharging a fluid such as a gas or a liquid.

[0018]

Among the three-dimensional network structures, a
co-continuous porous structure is particularly preferable in
which branches and pores (voids) of the framework are separately
regularly intertwined three dimensionally while being
continuous. The presence of the co-continuous porous
structure can be confirmed with the branches and the voids of
the framework separately intertwined while being continuous
that are observed by cutting a specimen to produce a cross
section and viewing the cross-sectional surface with a scanning
electron microscope in the same manner as described above. For
example, a structure in which a straight tube (cylindrical) hole
is formed from the front side to the back side of the membrane
is a three-dimensional network structure, but is not included
in examples of the co-continuous porous structure because the
branches and the voids are not intertwined.

[0019]

The average diameter of the pores in the porous structure



of the support is preferably 30 nm or more because the pressure
loss 1is reduced and the fluid permeability is enhanced owing
to such an average diameter, and the average diameter is more
preferably 100 nm or more. The average diameter is preferably
5,000 nm or less because, owing to such an average diameter,
the effect that the portions other than the pore support one
another to maintain the entire porous structure is enhanced to
increase the compressive strength, and the average diameter is
more preferably 2,500 nm or less. Here, the average diameter
of the porous structure is a value determined by measuring the
pore diameter distribution of the fluid separation membrane by
the mercury intrusion method. In themercury intrusion method,
a pressure is applied to the pores in the porous structure so
that mercury is infiltrated into the pores, and the pore volume
and the specific surface area of the pores are determined from
the pressure and the amount of the mercury intruded in the pores.
Then, the pore diameter is calculated from the relationship
between the pore volume and the specific surface area when the
pores are assumed to be cylindrical, and a pore diameter
distribution curve of 5 nm to 500 um can be obtained by the
mercury intrusion method. Because the dense layer has
substantially no pores, the average diameter of the pores
measured using the entire separation membrane as a sample can
be regarded as substantially the same as the average diameter

of the pores in the porous structure.



[0020]

The porous structure of the support preferably has a
structural period, and the structural period is preferably 10
to 10,000 nm. The fact that the porous structure has a
structural period means that the uniformity of the porous
structure is high, the thickness and the pore size of the
framework are uniform, and high compressive strength is easily
obtained. 1In the case that the structural period is 10,000 nm
or less, the framework and the pores have a fine structure, and
the compressive strength is improved. The structural period
of the porous structure is more preferably 5,000 nm or less,
and still more preferably 3,000 nm or less. 1In the case that
the structural period is 10 nm or more, the pressure loss during
flowing a fluid through the pores is reduced, the permeation
rate of a fluid is improved, and the fluid can be separated with
more energy saving. The structural period of the porous
structure is more preferably 100 nm or more, and still more
preferably 300 nm or more.

[0021]

The structural period of the porous structure is
calculated from the scattering angle 20 in accordance with a
formula shown below. The scattering angle 20 corresponds to
the position of a peak top of scattered-light intensity that
is obtained by irradiating the porous structure with X-rays,

and performing small-angle scattering.



[0022]

[Mathematical 1]

[
2sind

[0023]

L: structural period, A: wavelength of incident X-rays

However, the small-angle scattering sometimes cannot be
observed because of the large structural period. 1In such a case,
the structural period is obtained by X-ray computed tomography
(X-ray CT). Specifically, a three-dimensional image captured
by X-ray CT is subjected to Fourier transform to produce a
two-dimensional spectrum, and the two-dimensional spectrum is
processed by circular averaging to produce a one-dimensional
spectrum. The characteristic wavelength corresponding to the
position of a peak top in the one-dimensional spectrum is
determined, and the structural period is calculated as the
inverse of the wavelength.

[0024]

Furthermore, the more uniform the porous structure is,
the more effectively the stress is distributed throughout the
structure, and the higher the compressive strength is. The
uniformity of the porous structure can be determined with the
half-value width of a peak of scattered-light intensity of
X-rays. Specifically, the porous structure of the support is

irradiated with X-rays, and the smaller the half-value width

10



of the obtained peak of scattered-1light intensity is, the higher
the uniformity is determined to be. The half-value width of
the peak is preferably 5° or less, more preferably 1° or less,
and still more preferably 0.1° or less. The term “half-value
width of a peak” in the present invention means the width
determined in the following manner. Specifically, the vertex
of the peak is named point A, and a straight line parallel to
the ordinate of the graph is drawn from point A. The
intersection of the straight line and the baseline of the
spectrum is named point B, and the width of the peak as measured
at the center C of the segment that connects point A and point
B is defined as the half-value width. The term “width of the
peak” herein means the length between the intersections of the
scattering curve and the straight line that is parallel to the
baseline and passes through point C.

[0025]

The specific surface area of the separation membrane is
preferably 10 to 1,500 m?/g or more. Because a specific surface
area of 10 m?/g or more increases the area that can act on the
adsorption of an aromatic compound and water, and because the
specific surface area enhances the durability, the specific
surface is preferably 10 m?/g or more, more preferably 20 m?/g
or more, and still more preferably 50 m?/g or more. Because
a specific surface area of 1,500 m?/g or less increases the

membrane strength, and because the specific surface area

11



enhances the handleability, the specific surface area is
preferably 1,500 m?/g or less, more preferably 1,000 m?/g or
less, and still more preferably 500 m?/g or less. The specific
surface area in the present invention can be calculated based
on the BET formula from the data of an adsorption isotherm
measured by adsorbing and desorbing nitrogen on the fluid
separation membrane in accordance with JIS R 1626 (1996).
[0026]

The shape of the fluid separation membrane according to
the present invention is not particularly limited, and examples
of the shape include a fiber shape and a film shape. From the
viewpoints of high filling efficiency, high separation
efficiency per volume, and excellent handleability, a fiber
shape i1s more preferable. Here, an object having a “fiber
shape” refers to an object having a ratio of the length L to
the diameter D (aspect ratio L/D) of 100 or more. The separation
membrane having a fiber shape will be described below.
[0027]

The shape of the fiber cross section is not limited, and
the fiber cross section can have any shape and can be a hollow
cross section, a round cross section, apolygonal cross section,
a multi-lobe cross section, a flat cross section, or the like.
The fiber cross section is preferably a hollow cross section,
that is, a cross section having a hollow fiber shape because

such a cross section reduces the pressure loss in the membrane

12



to obtain high fluid permeabilityas a fluid separation membrane.
The hollow portion in a hollow fiber serves as a fluid flow path.
The hollow fiber having a hollow portion produces an effect of
significantly reducing the pressure loss particularly when a
fluid flows in the fiber axis direction in both cases of an
external pressure system and an internal pressure system for
the fluid permeation, and the fluid permeability is improved.
In the case of an internal pressure system, the pressure loss
is particularly reduced, so that the permeation rate of a fluid
is further improved.

[0028]

In the case of the fiber shape, the separation membrane
preferably has a form in which the dense layer is formed on the
surface of the fiber, and the portion other than the dense layer
in the fiber is a support having the above-described porous
structure. In the case of the hollow fiber shape, the dense
layer can be formed on one or both of the inner surface and the
outer surface.

[0029]

Furthermore, in the case that the fluid separation
membrane has a small average diameter, the bendability and the
compressive strength are improved, therefore the average
diameter is preferably 500 um or less, more preferably 400 um
or less, and still more preferably 300 pm or less. The smaller

the average diameter of the fluid separation membrane is, the

13
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larger the number of the fibers that can be filled per unit
volume is, so that the membrane area per unit volume can be
increased, and the permeation flow rate per unit volume can
be increased. The lower limit of the average diameter of
the fluid separation membrane is not particularly limited
and can be arbitrarily determined. From the viewpoint of
improving the handleability for manufacturing the fluid
separation membrane module, the average diameter is
preferably 10 HUm or more.

[0030]

The average length of the fibers can be arbitrarily
determined, and is preferably 10 mm or more from the
viewpoint of improving the handleability for forming a
module and viewpoint of improving the fluid permeation
performance.

[0031]

[Adsorbed Component]

In the fluid separation membrane according to the
present invention, 25 to 10,000 ppm of the total of a
monocyclic or bicyclic aromatic compound being liquid or
solid at 16°C under atmospheric pressure (hereinafter
sometimes referred to simply as “aromatic compound”) and
4,100 to 30,000 ppm of water are adsorbed. Also described
is that 2 to 10,000 ppm of the total of a monocyclic or

bicyclic arcmatic compound being liquid or solid at 16°C

14
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under atmospheric pressure and 10 to 250,000 ppm of water
are adsorbed.
[0032]

As a result of the study by the present inventor, the
present inventor has found that the separation performance
can be maintained for a long period of time because the
fluid separation membrane has the above—-described adsorbed
component although the reason is not clear. In the case
that a plurality of aromatic compounds are adsorbed, the
above-described aromatic compound adsorption amount is the
total of the adsorption amounts of the plurality of
aromatic compounds. Note that each aromatic compound
having an adsorption amount of 1 ppm or less is treated as
not being adsorbed.

[0033]

The aromatic compound adsorption amount is required
to be 2 ppm or more, and is more preferably 10 ppm or more,
and still more preferably 100 ppm or more so that the
above—-described effect is exhibited. From the viewpoint of
ensuring sufficient fluid permeability, the aromatic
compound adsorption amount is required to be 10,000 ppm or
less, and is more preferably 5,000 ppm or less, and still
more preferably 1,000 ppm or less.

[0034]

Specific examples of the monocyclic or bicyclic

15
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aromatic compound being liquid or sclid at 16°C under
atmospheric pressure include toluene, benzene,
ethylbenzene, cumene, phenol, benzyl alcohol, anisole,
benzaldehyde, benzoic acid, acetophenone, benzenesulfonic
acid, nitrobenzene, aniline, thiophencol, benzonitrile,
styrene, xylene, cresol, catechol, resorcinol,
hydroquinone, phthalic acid, isophthalic acid, terephthalic

acid, salicylic acid, and toluidine. The fluid

15A



separation membrane more preferably includes at least one
selected from the group consisting of toluene, benzene, and
xylene among the above-described compounds because such a fluid
separation membrane produces an increased effect of maintaining
the separation performance, and the fluid separation membrane
still more preferably includes at least one of toluene or
benzene, and most preferably includes toluene.

[0035]

It is preferable that 2 ppm or more of toluene be singly
adsorbed because the effect of maintaining the separation
performance is particularly increased. It is more preferable
that 50 ppm or more of toluene be adsorbed. The toluene
adsorption amount is preferably 2,000 ppm or less because, owing
to such an adsorption amount, the plasticization of the fluid
separation membrane is suppressed to obtain high strength, and
the toluene adsorption amount is more preferably 800 ppm or
less.

[0036]

Furthermore, an aspect in which both toluene and benzene
are adsorbed is also particularly preferable. 1In an aspect in
which both toluene and benzene are adsorbed, it is preferable
that the ratio of the toluene adsorption amount (ppm) to the
benzene adsorption amount (ppm) be 2 or more because the effect
of maintaining the separation performance is increased owing

to such aratio, and it isparticularly preferable that the ratio

16



be 10 or more. The upper limit of the ratio of the toluene
adsorption amount (ppm) to the benzene adsorption amount (ppm)
is not particularly limited, and the ratio is preferably 200
or less, and more preferably 100 or less so that the effect of
the coexistence of toluene and benzene is exhibited.

[0037]

The water adsorption amount is required to be 10 ppm or
more, and is preferably 100 ppm or more because the effect of
maintaining the separation performance is increased owing to
such an adsorption amount, and the water adsorption amount is
more preferably 1,000 ppm or more. Furthermore, the water
adsorption amount is required to be 250,000 ppm or less, and
is preferably 150,000 ppm or less because the strength of the
fluid separation membrane is increased owing to such an
adsorption amount, and the water adsorption amount is more
preferably 50,000 ppm or less.

[0038]

The ratio of the water adsorption amount (ppm) to the
aromatic compound adsorption amount (ppm) is preferably 0.5 or
more because the effect of maintaining the separation
performance is increased owing to such a ratio, and the ratio
is particularly preferably 3 or more.

[0039]
The aromatic compound adsorption amount and the water

adsorption amount can be quantified by temperature programmed

17



desorption-mass spectrometry (TPD-MS) as follows. First, a
heating device equipped with a temperature controller is
directly connected to a mass spectrometer to heat the fluid
separation membrane in a helium atmosphere. In the temperature
program, the temperature is first raised from room temperature
to 80°C at 10°C/min (step 1), held at 80°C for 30 minutes (step
2), further raised to 180°C at 10°C/min (step 3}, and held at
180°C for 30 minutes (step 4). Then, the amounts of the aromatic
compound and the water vapor in the gas in steps 1 to 4 are
measured. In order to exclude the influence of the liquid film
and the liquid droplet on the surface of the fluid separation
membrane, when the fluid separation membrane is visually wet,
the surface of the fluid separation membrane is wiped with a
rag or the like before the measurement is performed.

[0040]

When the aromatic compound adsorption amount obtained
only from the aromatic compound gas generated in steps 1 and
2 i1s Aa (ppm), and the aromatic compound adsorption amount
obtained only from the amount of the aromatic compound gas
generated in steps 3 and 4 is Ba (ppm), it is preferable that
Ba/Aa be 0.1 or more because the separation performance can be
maintained for a long period of time in such a case, and Ba/Aa
is more preferably 0.2 or more, and still more preferably 0.3
or more.

[0041]

18



When the water adsorption amount obtained only from the
water vapor generated in steps 1 and 2 is Aw (ppm), and the water
adsorption amount obtained only from the amount of the water
vapor generated in steps 3 and 4 is Bw (ppm), it is similarly
preferable that Bw/Aw be 0.1 or more because the separation
performance can be maintained for a long period of time in such
a case, and Bw/Aw is more preferably 0.2 or more, and still more
preferably 0.3 or more.

[0042]

When the amount of the aromatic compound (toluene in a
particularly preferable aspect) generated in temperature
programmed desorption-mass spectrometry (TPD-MS) is online
measured while the fluid separation membrane according to the
present invention is heated from room temperature to 300°C at
10°C/min, a curve produced by plotting the amount of the aromatic
compound of one kind with respect to the temperature change
preferably has two or more peaks. The fact that the curve has
two or more peaks means that the aromatic compound is adsorbed
not only on the surface of the fluid separation membrane but
also inside the fluid separation membrane, and the effect of
maintaining the separation performance is increased. When the
amount of water generated under the same conditions is online
measured, it is preferable that a curve produced by plotting
the amount of water with respect to the temperature change have

two or more peaks because such a fact means that the water is

19



adsorbed not only on the surface of the fluid separation
membrane but also inside the fluid separation membrane, and the
effect of maintaining the separation performance is increased.
Furthermore, an aspect in which both the curves plotting the
amounts of the aromatic compound and water have two or more peaks
is particularly preferable.

[0043]

In order to exclude the influence of the liquid film and
the liquid droplet on the surface of the fluid separation
membrane, when the fluid separation membrane is visually wet,
the surface of the fluid separation membrane is wiped with a
rag or the like before the measurement is performed.

[0044]

The fluid separation membrane according to the present
invention is preferably a membrane used for gas separation, that
is, a gas separation membrane. The gas separation membrane is
particularly preferably used for separation in which an acidic
gas 1s extracted with high concentration from the mixed gas
containing the acidic gas. Examples of the acidic gas include
carbon dioxide and hydrogen sulfide. From the viewpoint of
affinity with water contained in the fluid separation membrane
according to the present invention, the fluid separation
membrane according to the present invention is preferably used
for separation of a mixed gas containing carbon dioxide,

particularly preferably separation of a natural gas.

20



[0045]

<Method for Manufacturing Fluid Separation Membrane>

The fluid separation membrane according to the present
invention can be manufactured by, for example, a manufacturing
method including a step of preparing a fluid separation membrane
including a separation layer including a dense layer, and a step
of adsorbing an aromatic compound and water on the fluid
separation membrane.
[0046]

1. Step of Preparing Fluid Separation Membrane Including
Separation Layer Including Dense Layer

A fluid separation membrane before adsorbing an aromatic
compound and water may be a commercially available one, or can
be produced by, for example, steps 1 to 3 described below. This
is an example of a fluid separation membrane in which the dense
layer and the support include carbon. Hereinafter, a dense
layer including carbon will be referred to as a “dense carbon
layer”, and a support including carbon will be referred to as
a “porous carbon support”. However, amethod for manufacturing
a fluid separation membrane in the present invention is not
limited to the method described below.
[0047]

[Step 1: Step of Obtaining Porous Carbon Support]

Step 1 is a step of carbonizing a molded body containing

a resin serving as a precursor of a porous carbon support

21



(hereinafter, the resin is sometimes referred to as a “support
precursor resin”) at 500°C or more and 2, 400°C or less to produce
a porous carbon support.

[0048]

The support precursor resin used can be a thermoplastic
resin or a thermosetting resin. Examples of the thermoplastic
resin include polyphenylene ether, polyvinyl alcohol,
polyacrylonitrile, phenol resins, aromatic polyesters,
polyamic acids, aromatic polyimides, aromatic polyamides,
polyvinylidene fluoride, cellulose acetate, polyetherimide,
and copolymers of these resins. Examples of the thermosetting
resin include unsaturated polyester resins, alkyd resins,
melamine resins, urea resins, polyimide resins, diallyl
phthalate resins, lignin resins, urethane resins, phenol resins,
polyfurfuryl alcohol resins, and copolymers of these resins.
These resins may be used alone, or a plurality of the resins
may be used.

[0049]

The support precursor resin used is preferably a
thermoplastic resin capable of solution spinning. From the
viewpoints of cost and productivity, polyacrylonitrile or
aromatic polyimide is particularly preferably used.

[0050]
It is preferable to add, to the molded body containing

the support precursor resin, a disappearing component that can

22



disappear after molding in addition to the support precursor
resin. For example, it is possible to form a porous structure
as well as control the average diameter of the pores included
in the porous structure by forming a resin mixture with a resin
that disappears by post heating during carbonization or the l1ike,
or by dispersingparticles that disappear by post heating during
carbonization or the like or by washing after carbonization or
the like.

[0051]

As an example of a means for finally obtaining the porous
structure, an example in which a resin that disappears after
carbonization (disappearing resin) is added will be described
first. First, the support precursor resin is mixed with the
disappearing resin to produce a resinmixture. Themixingratio
is preferably 10 to 90% by weight of the disappearing resin based
on 10 to 90% by weight of the support precursor resin. Herein,
the disappearing resin is preferably selected from resins that
are compatible with the carbonizable resin. The method of
compatibilizing the resins may be mixing of the resins alone
or addition of a solvent. Such a combination of the
carbonizable resin and the disappearing resin is not limited,
and examples include polyacrylonitrile/polyvinyl alcohol,
polyacrylonitrile/polyvinyl phenol,
polyacrylonitrile/polyvinyl pyrrolidone, and

polyacrylonitrile/polylactic acid. The obtained resin
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mixture compatibilized is preferably subjected to phase
separation during the molding process. By such a means, a
co-continuous phase separation structure can be generated.
The method for phase separation is not limited, and examples
thereof include a thermally induced phase separation method and
a non-solvent induced phase separation method.

[0052]

Examples of the means for finally obtaining the porous
structure further include a method of adding a particle that
disappears by post heating during carbonization or the like or
by washing after carbonization. Examples of the particle
include metal oxides, talc, and silica, and examples of the
metal oxides include magnesium oxide, aluminum oxide, and zinc
oxide. The above-described particle is preferably mixed with
the support precursor resin before the molding and removed after
the molding. The removal method can be appropriately selected
according to the manufacturing conditions and the properties
of the particle used. For example, the support precursor resin
may be decomposed and removed simultaneously with the
carbonization of the support precursor resin, or may be washed
before or after the carbonization. The washing ligquid can be
appropriately selected fromwater, an alkaline aqueous solution,
an acidic agqueous solution, an organic solvent, and the like
according to the properties of the particle used.

[0053]
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In the case that the method of mixing the support
precursor resin with the disappearing resin to produce a resin
mixture is employed as the means for finally obtaining the
porous structure, the subsequent manufacturing steps are as
follows.

[0054]

In the case that a fibrous separation membrane is produced,
a precursor of a porous carbon support can be formed by solution
spinning. Sclution spinning is a method of obtaining a fiber
by dissolving a resin in some solvent to produce a spinning stock
solution, and passing the spinning stock solution through a bath
containing a solvent that serves as a poor solvent for the resin
to solidify the resin. Examples of the solution spinning
include dry spinning, dry-wet spinning, and wet spinning.
[0055]

Furthermore, it is possible to open pores on the surface
of a porous carbon support by appropriately controlling the
spinning conditions. For example, in the case that a fiber is
spun using the non-solvent induced phase separation method,
examples of the technigue of opening pores include a technique
of appropriately controlling the composition and the
temperature of the spinning stock solution or the coagulation
bath, and a technique of discharging the spinning solution from
the inner tube, and simultaneously discharging a solution in

which the same solvent as that of the spinning stock solution
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and the disappearing resin are dissolved from the outer tube.
[0056]

The fiber spun by the above-described method can be
coagulated in the coagulation bath, followed by washing with
water and drying to produce a precursor of a porous carbon
support. Examples of the coagulating ligquid include water,
ethanol, saline, and a mixed solvent containing any of these
liquids and the solvent used in step 1. In addition, the fiber
can be immersed in a coagulation bath or a water bath before
a drying step to elute the solvent or the disappearing resin.
[0057]

The precursor of a porous carbon support can be subjected
to an infusibilization treatment before a carbonization
treatment. The method of the infusibilization treatment is not
limited, and a publicly known method can be employed.

[0058]

The precursor of a porous carbon support subjected to the
infusibilization treatment as necessary is finally carbonized
into a porous carbon support. The carbonization is preferably
performed by heating in an inert gas atmosphere. Herein,
examples of the inert gas include helium, nitrogen, and argon.
The flow rate of the inert gas is required to be a flow rate
at which the oxygen concentration in the heating device can be
sufficiently lowered, and it is preferable to appropriately

select an optimal flow rate value according to the size of the
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heating device, the supplied amount of the raw material, the
carbonization temperature, and the like. The disappearing
resin may be removed by thermal decomposition with heat
generated during the carbonization.

[0059]

The carbonization temperature is preferably 500°C or more
and 2,400°C or less. Herein, the carbonization temperature is
the maximum attained temperature during the carbonization
treatment. From the viewpoints of suppressing the dimensional
change and improving the function as a support, the
carbonization temperature is more preferably 900°C or more.
From the viewpoints of reducing the brittleness and improving
the handleability, the carbonization temperature is more
preferably 1,500°C or less.

[0060]

[Surface Treatment of Porous Carbon Support]

Before the carbonizable resin layer is formed on the
porous carbon support in step 2 described below, the porous
carbon support may be subjected to a surface treatment in order
to improve adhesion to the carbonizable resin layer. Examples
of the surface treatment include an oxidation treatment and a
chemical coating treatment. Examples of the oxidation
treatment include chemical oxidationbynitric acid or sulfuric
acid, electrolytic oxidation, and vapor phase oxidation.

Examples of the chemical coating treatment include addition of
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a primer or a sizing agent to the porous carbon support.
[0061]

[Step 2: Step of Forming Carbonizable Resin Layer]

Step 2 1is a step of forming, on the porous carbon support
prepared in step 1, a carbonizable resin layer serving as a
precursor of a dense carbon layer. The thickness of the dense
carbon layer can be arbitrarily determined by producing the
porous carbon support and the dense carbon layer in separate
steps. Therefore, the structure of the separation membrane can
be easily designed, for example, the permeation rate of a fluid
can be improved by reducing the thickness of the dense carbon
layer.

[0062]

For the carbonizable resin, wvarious resins exhibiting
fluid separation properties after carbonization can be employed.
Specific examples of the carbonizable resin include
polyacrylonitrile, aromatic polyimides, polybenzoxazole,
aromatic polyamides, polyphenylene ether, phenol resins,
cellulose acetate, polyfurfuryl alcohol, polyvinylidene
fluoride, lignin, wood tar, and polymers of intrinsic
microporosity (PIMs). The resin layer is preferably
polyacrylonitrile, an aromatic polyimide, polybenzoxazole, an
aromatic polyamide, polyphenylene ether, or a polymer of
intrinsic microporosity (PIM) because such a resin layer has

an excellent permeation rate of a fluid and an excellent
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separation property, and the resin layer is more preferably
polyacrylonitrile or an aromatic polyimide. The carbonizable
resin may be the same as or different from the above-described
support precursor resin.

[0063]

The method for forming the carbonizable resin layer is
not limited, and a publicly known method can be employed. A
general forming method is a method of applying the carbonizable
resin as it is to the porous carbon support. It is possible
to employ a method of applying a precursor of the resin to the
porous carbon support, and then reacting the precursor to form
the carbonizable resin layer, or a counter diffusion method of
flowing a reactive gas or solution from the outside and inside
of the porous carbon support to cause a reaction. Examples of
the reaction include polymerization, cyclization, and
crosslinking reaction by heating or a catalyst.

[0064]

Examples of the coating method for forming the
carbonizable resin layer include a dip coating method, a nozzle
coating method, a spray method, a vapor deposition method, and
a cast coating method. From the viewpoint of ease of the
manufacturing method, a dip coating method or a nozzle coating
method is preferable in the case that the porous carbon support
is fibrous, and a dip coating method or a cast coating method

is preferable in the case that the porous carbon support is
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film-1ike.
[0065]

The dip coating method is a method of immersing the porous
carbon support in a coating stock solution containing a solution
of the carbonizable resin or a precursor of the resin, and then
withdrawing the porous carbon support from the coating stock
solution.

[0066]

The viscosity of the coating stock solution in the dip
coating method is arbitrarily determined according to
conditions such as the surface roughness of the porous carbon
support, the withdrawal speed, and the desired film thickness.
When the coating stock solution is viscous, a uniform resin
layer can be formed. Therefore, the shear viscosity at a shear
rate of 0.1 s! is preferably 10 mPa‘'s or more, and more
preferably 50 mPa's or more. The lower the viscosity of the
coating stock solution is, the thinner the film is and the higher
the permeation rate of a fluid is. Therefore, the viscosity
of the coating stock solution is preferably 1,000 mPa ‘s or less,
and more preferably 800 mPa- s or less.

[0067]

The withdrawal speed of the porous carbon support in the
dip coating method is also arbitrarily determined according to
the coating conditions. A high withdrawal speed provides a

thick carbonizable resin layer, and can suppress a defect.

30



Therefore, the withdrawal speed is preferably 1 mm/min or more,
and more preferably 10 mm/min or more. If the withdrawal speed
is too high, there is a possibility that the carbonizable resin
layer will have a non-uniform film thickness, resulting in a
defect, or the carbonizable resin layer will have a large film
thickness, resulting in decrease of the permeation rate of a
fluid. Therefore, the withdrawal speed is preferably 1,000
mm/min or less, and more preferably 800 mm/min or less. The
temperature of the coating stock solution is preferably 20°C
or more and 80°C or less. When the coating stock solution has
a high temperature, the coating stock solution has low surface
tension to improve the wettability to the porous carbon support,
and the carbonizable resin layer has a uniform thickness.
[0068]

The nozzle coating method is a method of laminating a
resin or a resin precursor on the porous carbon support by
passing the porous carbon support through a nozzle filled with
a coating stock solution that is a solution of the carbonizable
resin or a precursor of the resin. The viscosity and
temperature of the coating stock solution, the nozzle diameter,
and the passing speed of the porous carbon support can be
arbitrarily determined.

[0069]
[Infusibilization Treatment]

The porous carbon support with the carbonizable resin
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layer formed thereon (hereinafter referred to as “porous carbon
support/carbonizable resin layer composite”) produced in step
2 may be subjected to an infusibilization treatment before the
carbonization treatment (step 3). The method for the
infusibilization treatment is not limited, and conforms to the
infusibilization treatment for the precursor of the porous
carbon support described above.

[0070]

[Step 3: Step of Forming Dense Carbon Layer]

Step 3 is a step of heating the porous carbon
support/carbonizable resin layer composite produced in step 2
and further subjected to the infusibilization treatment as
necessary to carbonize the carbonizable resin layer, whereby
a dense carbon layer is formed.

[0071]

In this step, the porous carbon support/carbonizable
resin layer composite is preferably heated in an inert gas
atmosphere. Herein, examples of the inert gas include helium,
nitrogen, and argon. The flow rate of the inert gas is required
tobeaflowrate at which the oxygen concentration in the heating
device can be sufficiently lowered, and it is preferable to
appropriately select an optimal flow rate value according to
the size of the heating device, the supplied amount of the raw
material, the carbonization temperature, and the like.

Although there is no upper limit on the flow rate of the inert
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gas, 1t is preferable to appropriately set the flow rate
depending on the temperature distribution or the design of the
heating device from the viewpoint of economic efficiency and
of reducing the temperature change in the heating device.
[0072]

Moreover, it is possible to chemically etch the surface
of the porous carbon support to control the pore diameter size
at the surface of the porous carbon support by heating the porous
carbon support/carbonizable resin layer composite in a mixed
gas atmosphere of the above-described inert gas and an active
gas. Examples of the active gas include oxygen, carbon dioxide,
water vapor, air, and combustion gas. The concentration of the
active gas in the inert gas is preferably 0.1 ppm or more and
100 ppm or less.

[0073]

The carbonization temperature in this step can be
arbitrarily determined within a range in which the permeation
rate and the separation factor of the fluid separation membrane
are improved, and is preferably lower than the carbonization
temperature for carbonizing the precursor of the porous carbon
support in step 1. In this case, the permeation rate of a fluid
and the separation performance can be improved while the
hygroscopic dimensional change rates of the porous carbon
support and the fluid separation membrane are reduced to

suppress the breakage of the fluid separation membrane in a
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separation module. The carbonization temperature in this step
is preferably 500°C or more, and more preferably 550°C or more.
Furthermore, the carbonization temperature is preferably 850°C
or less, and more preferably 800°C or less.

[0074]

Another preferable aspect and the like of carbonization
conform to those of carbonization of the precursor of the porous
carbon support described above.

[0075]

2. Step of Adsorbing Aromatic Compound and Water

Next, the aromatic compound and water are adsorbed on the
fluid separation membrane thus prepared. This step may be
performed as a continuous step or a batch step.

[0076]

The method of adsorbing the aromatic compound is not
particularly limited, and it is possible to appropriately
select a method such as immersion of the fluid separation
membrane in the liquid aromatic compound or exposure of the
fluid separation membrane to the gas aromatic compound from the
viewpoints of the adsorption amount, manufacturing efficiency,
and the like. 1In adsorbing the aromatic compound, it is
preferable to appropriately perform heating or stirring from
the viewpoint of improving the adsorption efficiency.

[0077]

The method of adsorbing water is also not particularly
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limited, and it is possible to appropriately select a method
such as immersion of the fluid separation membrane in water or
exposure of the fluid separation membrane to water vapor from
the viewpoints of the adsorption amount, manufacturing
efficiency, and the like. 1In adsorbing water, an adsorption
condition such as appropriate heating or stirring can be
selected so that a desired adsorption amount is obtained.
[0078]

Furthermore, it is preferable that the aromatic compound
and water be mixed and simultaneously adsorbed from the
viewpoint of efficiency or the viewpoints of safety and facility
maintenance. 1In the case that the aromatic compound is a solid,
it is preferable to dissolve the aromatic compound in water or
a solvent that can dissolve the aromatic compound in advance
before the above-described adsorption treatment is performed.
EXAMPLES
[0079]

Preferable Examples of the present invention will be
described in the following, but the following description
should not be construed as limiting the present invention.
[0080]

[Method of Evaluation]

(Measurement of Adsorption Amounts of Aromatic Compound
and Water)

The adsorption amounts of the aromatic compound and water
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were quantified by temperature programmed desorption-mass
spectrometry (TPD-MS). The specific procedure is shown below.
First, the surface of the fluid separation membrane was lightly
wiped with a cloth. Next, a heating device equipped with a
temperature controller was directly connected to a mass
spectrometer, the fluid separation membrane was heated in a
helium atmosphere, and the concentration of the gas generated
from the fluid separation membrane during the heating was
analyzed to determine the adsorption amounts of toluene,
benzene, and water on the fluid separation membrane. 1In the
temperature program, the temperature was first raised from room
temperature to 80°C at 10°C/min (step 1), held at 80°C for 30
minutes (step 2), further raised to 180°C at 10°C/min (step 3),
and held at 180°C for 30 minutes (step). The total of the amount
of each of toluene, benzene, and water generated from step 1
through step 4 was obtained as the adsorption amount. The
aromatic compound adsorption amount obtained only from the
aromatic compound gas generated in steps 1 and 2 is named Aa
(ppm), and the aromatic compound adsorption amount obtained
only from the amount of the aromatic compound gas generated in
steps 3 and 4 is named Ba (ppm), and similarly, the water
adsorption amount obtained only from the water vapor generated
in steps 1 and 2 is named Aw (ppm), and the water adsorption
amount obtained only from the amount of the water vapor

generated in steps 3 and 4 is named Bw (ppm). Ba/Aa and Bw/Aw
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were calculated.
[0081]

(Generation Amount Curve During Heating of Aromatic
Compound and Water)

In temperature programmed desorption-mass spectrometry
(TPD-MS), the amounts of toluene, benzene, and water generated
were online measured while the fluid separation membrane
according to the present invention was heated from room
temperature to 300°C at 10°C/min, and at this time, the number
of peaks of the curve produced by plotting the amount of toluene,
benzene, or water generated with respect to the temperature
change was confirmed. 1In order to exclude the influence of the
liquid film and the liquid droplet on the surface of the fluid
separation membrane, when the fluid separation membrane was
visually wet, the surface of the fluid separation membrane was
wiped with a rag or the like before the measurement was
performed.

[0082]

(Measurement of Gas Separation Factor)

Ten fluid separation membranes having a length of 10 cm
were bundled and housed in a stainless steel casing having an
outer diameter of ¢6 mm and a wall thickness of 1 mm, the end
of the bundled fluid separation membranes was fixed to the inner
face of the casing with an epoxy resin adhesive, and both the

ends of the casing were sealed to produce a fluid separation
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membrane module, and the gas permeation rate was measured.
[0083]

The measured gases were carbon dioxide and methane, and
the pressure changes of the carbon dioxide and the methane at
the permeation side per unit time were measured by an external
pressure system at a measurement temperature of 25°C in
accordance with the pressure sensor method of JIS K7126-1 (2006) .
Herein, the pressure difference between the supply side and the
permeation side was set to 0.11 MPa (82.5 cmHg).

[0084]

Then, the permeation rate Q of the gas that had permeated
was calculated by the formula described below, and the
separation factor a was calculated as the ratio of carbon
dioxide/methane permeation rates. Note that the term “STP”
means standard conditions. The membrane area was calculated
from the outer diameter of the fluid separation membrane and
the length of the region contributing to gas separation in the
fluid separation membrane.

[0085]

Permeation rate Q = [gas permeation volume
(cm3-STP) ]/ [membrane area (cm?) X time (s) x pressure difference
(cmHg) ]

The gas separation factor immediately after the start and
the gas separation factor after 100 hours were measured.

Furthermore, the latter was divided by the former to determine
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the separation factor retention rate after 100 hours of use.
[0086]

[Example 1]

In a separable flask, 70 g of polyacrylonitrile (MW:
150,000) manufactured by Polysciences, Inc., 70 g of polyvinyl
pyrrolidone (MW: 40,000) manufactured by Sigma-Aldrich Co. LLC.,
and, as a solvent, 400 g of dimethyl sulfoxide (DMSO)
manufactured by WAKENYAKU CO., LTD. were put, and the mixture
was stirred and refluxed for 2.5 hours to prepare a solution
at 135°C.

[0087]

The obtained solution was cooled to 25°C, then the
solution was discharged from the inner tube of a sheath-core
double spinneret at 3.5mL/min, a 90% by weight agqueous solution
of DMSO was simultaneously discharged from the outer tube at
5.3 mL/min, and then the solutions were led to a coagulation
bath containing pure water of 25°C, then withdrawn at a speed
of 5m/min, and wound up on a roller to obtain an original yarn.
At this time, the air gap was 9 mm, and the immersion length
in the coagulation bath was 15 cm.

[0088]

The obtained original yarn was translucent and phase
separation was caused in the original yarn. The obtained
original yarn was washed with water and then dried at 25°C for

24 hours in a circulation dryer to produce an original yarn.
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[0089]

After that, the dried original yarn was passed through
an electric furnace at 255°C and heated for 1 hour in an oxygen
atmosphere to perform infusibilization treatment.

[0090]

Subsequently, the infusibilized original yarn was
carbonized under the conditions of a nitrogen flow rate of 1
L/min, a temperature rise rate of 10°C/min, a maximum

temperature of 1,000°C, and a holding time of 1 minute to produce

a porous carbon support. When the cross section was observed,
a co-continuous porous structure was seen.
[0091]

Then, 50 g of polyacrylonitrile (MW: 150,000)
manufactured by Polysciences, Inc. and 400 g of dimethyl
sulfoxide (DMSO) manufactured by WAKENYAKU CO., LTD. were put
in a separable flask, the mixture was stirred and refluxed for
1.5 hours to prepare a solution at 135°C, and the solution was
cooled to 25°C. Meanwhile, the porous carbon support was
immersed, withdrawn at a speed of 10 mm/min, subsequently
immersed 1in water to remove the solvent, and dried at 50°C for
24 hours to produce a fluid separation membrane in which
polyacrylonitrile was laminated on the porous carbon support.
[0082]

Subsequently, the fluid separation membrane was

carbonized under the conditions of a nitrogen flow rate of 1
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L/min, a temperature rise rate of 10°C/min, a maximum
temperature of 600°C, and a holding time of 1 minute to obtain
a fluid separation membrane having a hollow fiber shape. A
dense carbon layer was present on the outer surface, and the
inside had a co-continuous structure including carbon.
[0083]

Furthermore, 250 mL of toluene manufactured by KANTO
CHEMICAL CC., INC., 250 mL of benzene manufactured by KANTO
CHEMICAL CO., INC., and 250 mL of pure water were mixed and heated
to 50°C, and the fluid separation membrane was exposed to the
vapor of the mixture for 24 hours.

[0094]

Then, the adsorption amounts of toluene, benzene, and
water and the number of peaks of each generation amount curve
during heating were confirmed, and the gas separation factor
was measured.

[0085]

[Example 2]

A fluid separation membrane was obtained in the same
manner as in Example 1. Furthermore, 250 mL of toluene
manufactured by KANTO CHEMICAL CO., INC. and 250 mL of pure water
were mixed and heated to 50°C, and the fluid separation membrane
was exposed to the vapor of the mixture for 24 hours.

[0096]

Then, the adsorption amounts of toluene, benzene, and
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water and the number of peaks of each generation amount curve
during heating were confirmed, and the gas separation factor
was measured.

[0097]

[Example 3]

A fluid separation membrane was obtained in the same
manner as in Example 1. Furthermore, 250 mL of benzene
manufactured by KANTO CHEMICAL CO., INC. and 250 mL of pure water
were mixed and heated to 50°C, and the fluid separation membrane
was exposed to the vapor of the mixture for 24 hours.

[0098]

Then, the adsorption amounts of toluene, benzene, and
water and the number of peaks of each generation amount curve
during heating were confirmed, and the gas separation factor
was measured.

[0099]

[Example 4]

A fluid separation membrane was obtained in the same
manner as in Example 1. Furthermore, 250 mL of toluene
manufactured by KANTO CHEMICAL CO., INC. and 250 mL of pure water
were mixed and heated to 50°C, and the fluid separation membrane
was exposed to the vapor of the mixture for 4 hours.

[0100]
Then, the adsorption amounts of toluene, benzene, and

water and the number of peaks of each generation amount curve
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during heating were confirmed, and the gas separation factor
was measured.
[0101]

[Comparative Example 1]

A fluid separation membrane was obtained in the same
manner as in Example 1. After that, adsorption treatment was
not performed. The adsorption amounts of toluene, benzene, and
water and the number of peaks of each generation amount curve
during heating were confirmed, and the gas separation factor
was measured.

[0102]

[Comparative Example 2]

A fluid separation membrane was obtained in the same
manner as in Example 1. Furthermore, 600 mL of water was heated
to 50°C, and the fluid separation membrane was exposed to the
vapor for 24 hours.

[0103]

Then, the adsorption amounts of toluene, benzene, and
water and the number of peaks of each generation amount curve
during heating were confirmed, and the gas separation factor
was measured.

[0104]

The evaluation results of the fluid separation membranes

produced in Examples and Comparative Examples are shown in Table

1.
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[0106]

The reference in this specification to any prior
publication (or information derived from it), or to any
matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that
that prior publication (or information derived from it) or
known matter forms part of the common general knowledge in
the field of endeavour to which this specification relates.
[0107]

Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
"comprise", and variations such as "comprises™” and
"comprising", will be understood to imply the inclusion of
a stated integer or step or group of integers or steps but
not the exclusion of any other integer or step or group of

integers or steps.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A fluid separation membrane for separating carbon
dioxide and methane gas comprising a separation layer
including a dense layer, wherein

25 to 10,000 ppm of a total of a monocyclic or
bicyclic arcmatic compound being liquid or solid at 16°C
under atmospheric pressure and 4,100 to 30,000 ppm of water
are adsorbed, wherein the aromatic compound is at least one
selected from the group consisting of toluene and benzene,
wherein 25 to 310 ppm of toluene and/or 22 to 30 ppm of
benzene is adsorbed, wherein the dense layer includes an
inorganic material, wherein the inorganic material is

carbon.

2. The fluid separation membrane according to claim 1,
wherein a ratio of a toluene adsorption amount (ppm) to a
benzene adsorption amount (ppm) is 2 or more and 200 or

less.

3. The fluid separation membrane according to any one of
claims 1 or 2, wherein a ratio of a water adsorption amount
(ppm) to an adsorption amount of the aromatic compound

(ppm) is 0.5 or more.
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4, The fluid separation membrane according to any one of
claims 1 to 3, wherein a curve produced by plotting an
amount of the aromatic compound of one kind generated in
temperature programmed desorption-mass spectrometry with
respect to a temperature change has two or more peaks, the
amount of the aromatic compound being online measured while
a temperature is raised from room temperature to 300°C at

10°C/min.

5. The fluid separation membrane according to any one of
claims 1 to 4, wherein a curve produced by plotting an
amount of water generated in temperature programmed
desorption-mass spectrometry with respect to a temperature
change has two or more peaks, the amount of water being
online measured while a temperature is raised from room

temperature to 300°C at 10°C/min.

6. The fluid separation membrane according to any one of
claims 1 to 5, wherein the dense layer is formed on a

surface of a support having a porous structure.

7. The fluid separation membrane according to claim 6,
wherein the porous structure is a three-dimensional network

structure.
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8. The fluid separation membrane according to claim 7,
wherein the three-dimensional network structure is a co-—

continuous porous structure.
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