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Composite Semipermeable Membrane and Method of Producing the Same
ABSTRACT
Provided is a composite semipermeable membrane having a polyamide

separation-functional layer on a porous support layer, wherein the polyamide
separation-functional layer has a yellow index of 10 to 40, and the actual length of
the polyamide separation-functional layer per 1 um-length of the porous support
layer is from 2 pum to 5 um, or a composite semipermeable membrane having on a
porous support layer a polyamide separation-functional layer prepared by
polycondensation of polyfunctional amines with polyfunctional acid halides, wherein
the polyamide separation-functional layer is formed by the steps of (A) interfacial
polycondensation in which polyfunctional amines and polyfunctional acid halides are
brought into contact at 40°C to 70°C and subsequent (B) heat treatment at 70°C to
150°C.  The composite semipermeable membrane according to the present
invention has high boron removal performance and high water permeation

performance.
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DESCRIPTION
Composite Semipermeable Membrane and Method of Producing the Same
TECHNICAL FIELD
[0001]

The present invention relates to a composite semipermeable membrane
useful for selective separation of a liquid mixture and a method of producing the
same. The composite semipermeable membrane obtained by the present invention
can be suitably used in desalination, for example, of sea water or brackish water.
BACKGROUND ART
[0002]

Regarding separation of a mixture, there are various techniques for
removing substances (for example, salts) dissolved in a solvent (for example, water),
and the use of a membrane separation process as a process for energy saving and
resource saving has recently been expanding. Examples of the membrane used in
the membrane separation process include, for example, a microfiltration membrane,
an ultrafiltration membrane, a nanofiltration membrane, and a reverse osmosis
membrane, which membranes have been used in obtaining drinking water, for
example, from sea water, brackish water, and water containing harmful substances
and in the production of industrial ultrapure water, wastewater treatment, recovery of
valuables, and the like.

[0003]

Most of the reverse osmosis membranes and nanofiltration membranes that
are commercially available at present are composite semipermeable membranes and
they fall within two types: one having on a porous support membrane a gel layer and

an active layer in which polymers are cross-linked; and the other having on a porous



support membrane an active layer in which monomers are polycondensed. Above
all, a composite semipermeable membrane obtained by coating a porous support
membrane with a separating functional layer composed of cross-linked polyamide
obtained by polycondensation reaction of polyfunctional amines with polyfunctional
acid halides has been widely used as a separation membrane having high
permeability and selective separation properties.

[0004]

Boron, which is toxic to human bodies, plants, and animals in that, for
example, it causes neuropathy and growth inhibition, is contained in large amounts in
sea water, and therefore it is important to remove boron in seawater desalination.
Thus, various means of improving boron removal performance of composite
semipermeable membranes have been purposed (Patent Documents 1, 2).

PRIOR ART DOCUMENTS
PATENT DOCUMENTS
[0005]

For example, Patent Document 1 a method of heat treating a composite
semipermeable membrane formed by interfacial polymerization to improve the
performance. Patent Document 2 discloses a method of contacting a composite
semipermeable membrane formed by interfacial polymerization with a
bromine-containing free chlorine water solution.

[0006]

In water generation plants where reverse osmosis membranes are used,
higher water permeation performance is demanded in order to further reduce running
costs. For such a demand, a method is known which involves treating a composite

semipermeable membrane provided with cross-linked polyamide polymer as a



separation active layer by contacting it with an aqueous solution containing nitrous
acid (Patent Document 3).
[0007]

One of the factors that influence the water permeability of a composite
semipermeable membrane is a pleated structure. It is suggested that enlarging
pleats increases substantial membrane area and water permeability (Patent Document
4).

Patent Document 1: JP 11-19493 A

Patent Document 2: JP 2001-259388 A

Patent Document 3: JP 2007-090192 A

Patent Document 4: JP 09-19630 A
SUMMARY OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0008]

However, even the membranes described in Patent Document 1 and Patent
Document 2 have a membrane permeate flux of 0.5 m*/m?/day or less and a boron
removal rate of at most about 91 to 92% when the sea water of 25°C, pH: 6.5, boron
concentration: 5 ppm, and TDS concentration: 3.5% by weight is passed
therethrough at an operating pressure of 5.5 MPa, and there has been a need for
development of a composite semipermeable membrane having even higher boron
rejection performance.

[0009]

Although the treatment described in Patent Document 3 improves water

permeation performance while maintaining the boron removal rate before treatment,

still higher boron removal rates and higher water permeation performance have been



demanded.
[0010]

The technique described in Patent Document 4, i.e., adding various additives
during interfacial polymerization enlarges pleats and improves water permeability,
but there is a concern about decrease in removal rate.

[0011]

An object of the present invention is to overcome these drawbacks of the
prior art and provide a composite semipermeable membrane having high boron
removal performance and high water permeation performance.

MEANS FOR SOLVING THE PROBLEMS
[0012]

To solve the above-described problems, the composite semipermeable
membrane according to the present invention has the constitution [1] or [2] below:

[1] A composite semipermeable membrane having a polyamide
separation-functional layer on a porous support layer, wherein the polyamide
separation-functional layer has a yellow index of 10 to 40, and the actual length of
the polyamide separation-functional layer per 1 pm-length of the porous support
layer is from 2 pm to 5 um, or

[2] A composite semipermeable membrane having on a porous support layer
a polyamide separation-functional layer prepared by polycondensation of
polyfunctional amines with polyfunctional acid halides, wherein the polyamide
separation-functional layer is formed by the steps of (A) interfacial polycondensation
in which polyfunctional amines and polyfunctional acid halides are brought into
contact at 40°C to 70°C and subsequent (B) heat treatment at 70°C to 150°C.

[0013]



In the composite semipermeable membrane according to the present
invention, it is preferred that a substrate of the porous support layer be formed from
polyester and that the substrate be a filament nonwoven fabric.

[0014]

Further, in the above-described composite semipermeable membrane
according to the present invention, it is preferred that the substrate comprise a
filament nonwoven fabric and that fibers of the filament nonwoven fabric arranged
on the opposite side to the porous support be more longitudinally oriented in the
film-forming direction than fibers arranged on the porous support side.

[0015]

In the above-described composite semipermeable membrane according to
the present invention, for the substrate comprising a filament nonwoven fabric, it is
preferred that the degree of fiber orientation of the fibers arranged on the opposite
side to the porous support be from 0° to 25° and that the difference in the degree of
orientation from the fibers arranged on the porous support side be from 10° to 90°.
[0016]

Further, the method of producing the composite semipermeable membrane
[1] according to the present invention has either of the constitution [3] or [4] below:

[3] A method of producing a composite semipermeable membrane,
comprising the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and

forms a diazonium salt or derivatives thereof; and contacting with a reagent that



reacts with the diazonium salt or derivatives thereof, wherein the temperature of the
membrane surface immediately after contacting the aqueous polyfunctional amine
solution with the polyfunctional acid halide-containing solution is in the range of 25
to 60°C, and the concentration of the compound having primary amino groups in a
complex of the polyamide separation-functional layer and the porous support layer
after contacting the polyamide separation-functional layer with the compound having
primary amino groups is in the range of 30 x 10° to 160 x 10 mol/g, or

[4] A method of producing a composite semipermeable membrane,
comprising the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and
forms a diazonium salt or derivatives thereof; and contacting with a reagent that
reacts with the diazonium salt or derivatives thereof, wherein the aqueous
polyfunctional amine solution and/or polyfunctional acid halide-containing solution
contain an acylation catalyst, and the concentration of the compound having primary
amino groups in a complex of the polyamide separation-functional layer and the
porous support layer after contacting the polyamide separation-functional layer with
the compound having primary amino groups is in the range of 30 x 10 to 160 x 10®
mol/g.
EFFECTS OF THE INVENTION
[0017]

According to the present invention, a composite semipermeable membrane

having high boron removal performance and high water permeation performance can



be obtained, and energy saving and improvement of the quality of permeate water
can be achieved by using this membrane.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]

Figure 1 is a schematic view illustrating the actual length of the separating
functional layer surface.

BEST MODE FOR CARRYING OUT THE INVENTION
[0019]

The composite semipermeable membrane according to the present invention
is [1] a composite semipermeable membrane having a polyamide
separation-functional layer on a porous support layer, wherein the polyamide
separation-functional layer has a yellow index of 10 to 40, and the actual length of
the polyamide separation-functional layer per 1 um-length of the porous support
layer is from 2 um to 5 pm, or [2] a composite semipermeable membrane having on
a porous support layer a polyamide separation-functional layer prepared by
polycondensation of polyfunctional amines with polyfunctional acid halides, wherein
the polyamide separation-functional layer is formed by the steps of (A) interfacial
polycondensation in which polyfunctional amines and polyfunctional acid halides are
brought into contact at 40°C to 70°C and subsequent (B) heat treatment at 70°C to
150°C.

[0020]

In the present invention, the porous support membrane substantially does
not have separation performance for ions and the like and is for the purpose of
imparting strength to a separating functional layer that substantially has separation

performance. Although the size and distribution of the pores are not particularly



restricted, preferred is, for example, such a porous support membrane that has
uniform micropores or micropores gradually increasing in size from the surface on
which the separating functional layer is formed to the other surface, wherein the size
of the micropores on the surface on which the separating functional layer is formed is
from 0.1 nm to 100 nm.

[0021]

Materials used in the porous support layer and shapes thereof are not
particularly limited, and a film in which a porous support is formed on a substrate is
one example.

[0022]

Examples of the substrate include a fabric mainly composed of at least one
selected from polyester and aromatic polyamide. It is particularly preferable to use
polyester having high mechanical and thermal stability. As a fabric used for the
substrate, a filament nonwoven fabric or a staple fiber nonwoven fabric can
preferably be used, and, in particular, a filament nonwoven fabric can more
preferably be used because the substrate requires such excellent film-forming
properties that the strike-through of a macromolecule polymer solution due to
excessive permeation upon casting it, the peeling-off of the porous support layer, or
further defects such as ununiformity of the membrane and pinholes due to, for
example, fluffing of the substrate will not occur.  If the substrate comprises a
filament nonwoven fabric composed of thermoplastic continuous filaments, the
ununiformity upon casting a macromolecule solution resulting from fluffing, which
occurs when a staple fiber nonwoven fabric is used, and the membrane defects can be
prevented. Further, in the continuous film formation of a composite semipermeable

membrane, a filament nonwoven fabric which has more excellent dimension stability



is preferably used as a substrate because a tension is applied in the film-forming
direction, and, in particular, the fact that the fibers arranged on the opposite side to
the porous support are longitudinally oriented in the film-forming direction allows
maintenance of the strength and prevention of film breakage and the like. The
degree of fiber orientation of the fibers arranged on the opposite side to the porous
support of the substrate is preferably in the range of 0° to 25°.  The degree of fiber
orientation herein is an index indicating the direction of the fibers of a nonwoven
fabric substrate constituting the porous support layer and refers to the average angle
of the fibers constituting the nonwoven fabric substrate determined when the
film-forming direction and the direction perpendicular to the film-forming direction,
1.e., the width direction of the nonwoven fabric substrate during continuous film
formation is assumed to be 0° and 90°, respectively. Thus, it is shown that the
closer the degree of fiber orientation is to 0°, the more the orientation is longitudinal,
and the closer to 90°, the more the orientation transverse. In the process for
producing the composite semipermeable membrane and the process for producing
the element, a heating step is involved and a phenomenon where the heating shrinks
the porous support layer or the composite semipermeable membrane occurs. It is
particularly noticeable in the width direction in which a tension is not applied during
continuous film formation. The shrinking causes a problem, for example, with
dimension stability, and therefore the substrate is desirably those which have low rate
of thermal dimensional change. In the nonwoven fabric substrate, the difference in
the degree of orientation between the fibers arranged on the opposite side to the
porous support and the fibers arranged on the porous support side is preferably 10° to
90° because thermal change in the width direction can be prevented.

[0023]



As a material for the porous support, polysulfone, cellulose acetate,
polyvinyl chloride, or a mixture thereof is preferably used, and it is particularly
preferable to use polysulfone having high chemical, mechanical, and thermal
stability.

[0024]

Specifically, it is preferable to use polysulfone comprising the repeating unit
shown in the chemical formula below because of the easiness of controlling the pore
size and the high dimensional stability.

[0025]
[Chemical Formula 1]
CHj 0
o~ TA K
CHs o)
[0026]

For example, a solution of the above-described polysulfone in
N,N-dimethylformamide (hereinafter referred to as DMF) is cast on a substrate to a
uniform thickness, and the resultant is subjected to wet coagulation in water,
whereby a porous support layer having micropores with a diameter of a few tens of
nm or less at most of the surface can be obtained.

[0027]

The thickness of the above-described porous support layer affects the
strength of the composite semipermeable membrane and the packing density in a
membrane element using the same. For obtaining sufficient mechanical strength
and packing density, the thickness of the porous support layer is preferably in the

range of 30 to 300 um, and more preferably in the range of 50 to 250 um. The

10



thickness of the porous support is preferably in the range of 10 to 200 um, and more
preferably in the range of 20 to 100 um.
[0028]

The form of the porous support layer can be observed with a scanning
electron microscope, a transmission electron microscope, or an atomic force
microscope. For example, in the case of observation with a scanning electron
microscope, the porous support layer is peeled off from a substrate, and then this is
cut by freeze fracture technique to prepare a sample for cross-sectional observation.
The sample is thinly coated with platinum, platinum-palladium, or ruthenium
tetrachloride, preferably with ruthenium tetrachloride, and observed with an
ultra-high resolution field-emission scanning electron microscope (UHR-FE-SEM) at
an accelerating voltage of 3 to 6 kV.  As an ultra-high resolution field-emission
scanning electron microscope, for example, S-900 type electron microscope
manufactured by Hitachi Ltd. can be used. The membrane thickness and surface
pore size of the porous support layer are determined from the electron micrographs
obtained. The thickness and the pore size in the present invention refer to the
average values. The average herein is an arithmetic average, and the thickness of
the support layer is an average value of the measurements at 20 points at 20-pum
intervals in the direction perpendicular to the thickness direction in the
cross-sectional observation. The pore size is an average value of each projected
area equivalent diameter of 200 pores counted.

[0029]

Although the porous support membrane used in the present invention can be

selected from various commercially available materials such as “Millipore filter

VSWP* available from Millipore and “Ultrafilter UK10™ available from Toyo Roshi
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Kaisha, Ltd., it can be produced according to the method described in Office of saline
Water Research and Development Progress Report, No. 359 (1968).
[0030]

In the present invention, the polyamide constituting the separating
functional layer can be formed by interfacial polycondensation of polyfunctional
amines with polyfunctional acid halides. Here, at least one of the polyfunctional
amines and the polyfunctional acid halides preferably contain a tri- or more
functional compound.

[0031]

For providing sufficient separation performance and permeate flow rate, the
thickness of the polyamide separation-functional layer is generally preferably in the
range of 0.01 to 1 pm and more preferably in the range of 0.1 to 0.5 pum.

[0032]

Polyfunctional amine herein refers to an amine having at least two primary
amino groups and/or secondary amino groups in one molecule, at least one of the
amino groups being a primary amino group, examples of which include aromatic
polyfunctional amines such as phenylenediamine and xylylenediamine, in which two
amino groups are attached to a benzene ring in any of ortho, meta, and para
relationship, 1,3,5-triaminobenzene, 1,2,4-triaminobenzene, 3,5-diaminobenzoic acid,
3-aminobenzylamine, and 4-aminobenzylamine; aliphatic amines such as
ethylenediamine and propylenediamine; and alicyclic polyfunctional amines such as
1,2-diaminocyclohexane, 1,4-diaminocyclohexane, 4-aminopiperidine, and
4-aminoethylpiperazine. In particular, an aromatic polyfunctional amine having 2
to 4 primary amino groups and/or secondary amino groups in one molecule is

preferred in view of the selective separation properties, permeability, and heat
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resistance of the membrane, and m-phenylenediamine, p-phenylenediamine, and
1,3,5-triaminobenzene are suitably used as such a polyfunctional aromatic amine.
Among them, it is more preferable to use m-phenylenediamine (hereinafter referred
to as m-PDA) in terms of availability and handleability. These polyfunctional
amines may be used alone, or two or more of them may be used simultaneously.
When two or more of them are used simultaneously, the combination of the
above-described amines may be used, or the combination of the above-described
amine with an amine having at least two secondary amino groups in one molecule
may be used. Examples of amines having at least two secondary amino groups in
one molecule include, for example, piperazine and 1,3-bis(piperidyl)propane.
[0033]

Polyfunctional acid halide refers to an acid halide having at least two
halogenated carbonyl groups in one molecule. Examples of trifunctional acid
halides include trimesic acid chloride, 1,3,5-cyclohexanetricarboxylic acid trichloride,
and 1,2,4-cyclobutanetricarboxylic acid trichloride, and examples of bifunctional
acid halides include aromatic bifunctional acid halides such as biphenyldicarboxylic
acid dichloride, azobenzenedicarboxylic acid dichloride, terephthalic acid chloride,
isophthalic acid chloride, and naphthalene dicarboxylic acid chloride; aliphatic
bifunctional acid halides such as adipoyl chloride and sebacoyl chloride; and
alicyclic bifunctional acid halides such as cyclopentane dicarboxylic acid dichloride,
cyclohexanedicarboxylic acid dichloride, and tetrahydrofuran dicarboxylic acid
dichloride. In view of reactivity with polyfunctional amines, polyfunctional acid
halides are preferably polyfunctional acid chlorides. Further, in view of the
selective separation properties and heat resistance of the membrane, polyfunctional

acid chlorides are more preferably polyfunctional aromatic acid chlorides having 2 to
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4 carbonyl chloride groups in one molecule. In particular, trimesic acid chloride is
still more preferably used from the standpoint of availability and handleability.

These polyfunctional acid halides may be used alone, or two or more of them may be
used simultaneously.

[0034]

In the composite semipermeable membrane [1] according to the present
invention, the yellow index of the separating functional layer in the composite
semipermeable membrane is 10 to 40. When the yellow index of the separating
functional layer is not less than 10, boron removal performance can be fully exerted,
and when not more than 40, a semipermeable membrane having high water
permeability can be obtained.

[0035]

Yellow index refers to the extent to which the hue of a polymer is away
from colorless or white to the yellow direction expressed as a positive quantity, as
defined in Japanese Industrial Standard JIS K 7373.

[0036]

The yellow index of the separating functional layer is measured using a
color meter. The measurements can be made by placing the composite
semipermeable membrane on a glass plate with the separating functional layer
surface down, dissolving and removing the porous support membrane with a solvent
that dissolves only the porous support membrane, and performing the transmission
measurement of the separating functional layer sample remaining on the glass plate.
In placing the composite semipermeable membrane on the glass plate, the fabric for
reinforcing the porous support membrane mentioned below is peeled off in advance.

As a color meter, for example, SM color computer SM-7 manufactured by Suga Test

14



Instruments Co., Ltd. can be used.
[0037]

The polyamide separation-functional layer having a yellow index of not less
than 10 is a polyamide separation-functional layer having in the polyamide
separation-functional layer such a structure that an aromatic ring bears an
electron-donating group and an electron-withdrawing group and/or such a structure
that conjugation extends. Examples of electron-donating groups include, for
example, hydroxyl groups, amino groups, and alkoxy groups. Examples of
electron-withdrawing groups include, for example, carboxyl groups, sulfonic groups,
aldehyde groups, acyl groups, aminocarbonyl groups, aminosulfonyl groups, cyano
groups, nitro groups, and nitroso groups. Examples of such a structure that
conjugation extends include, for example, polycyclic aromatic rings, polycyclic
hetero rings, ethenylene groups, ethynylene groups, azo groups, imino groups,
arylene groups, heteroarylene groups, and combinations of these structures. The
polyamide separation-functional layer exhibits the yellow index of not less than 10
by having such a structure. However, when the amount of such a structure is
increased, the yellow index becomes larger than 40.  Further, when such a structure
is multiply combined, the region of such a structure becomes large and turns red,
resulting in a yellow index of larger than 40. If the amount of such a structure is
increased and the region of such a structure is increased to the extent that the yellow
index becomes larger than 40, pores on the surface and inside the polyamide
separation-functional layer are clogged to thereby increase the boron removal rate,
but the permeate water volume significantly decreases. When the yellow index is
10 to 40, the boron removal rate can be increased without excessively decreasing the

permeate water volume.
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[0038]

Examples of the method of providing the polyamide separation-functional
layer with the above-described structure include supporting the polyamide
separation-functional layer by a compound having the above-described structure
and/or chemically treating the polyamide separation-functional layer to provide the
above-described structure.  For retaining the above-described structure over a long
period of time, chemically treating the polyamide separation-functional layer to
provide the above-described structure is preferred.

[0039]

Examples of the method of chemically treating the polyamide
separation-functional layer include contacting a composite semipermeable membrane
in which the polyamide separation-functional layer has primary amino groups with a
reagent that reacts with primary amino groups and forms a diazonium salt or
derivatives thereof. The diazonium salt or derivatives thereof thus formed react
with an aromatic compound to form azo groups. These azo groups extend the
conjugation, and the polyamide separation-functional layer is colored yellow to
orange, resulting in a yellow index of not less than 10.

[0040]

The composite semipermeable membrane in which the polyamide
separation-functional layer has primary amino groups is a composite semipermeable
membrane having primary amino groups as a substructure or terminal functional
group of the polyamide that forms the separating functional layer or further may be a
composite semipermeable membrane retaining a compound having primary amino
groups in the separating functional layer of the composite semipermeable membrane

having primary amino groups as a substructure or terminal functional group of the
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polyamide that forms the separating functional layer. For obtain a higher boron
removal rate, it is preferable to retain a compound having primary amino groups in
the separating functional layer.

[0041]

Examples of the compound having primary amino groups include aliphatic
amines, cyclic aliphatic amines, aromatic amines, and heteroaromatic amines.

From the standpoint of the stability of the diazonium salt or derivatives thereof to be
formed, aromatic amines and heteroaromatic amines are preferred.
[0042]

Examples of the reagent that reacts with primary amino groups and forms a
diazonium salt or derivatives thereof include aqueous solutions, for example, of
nitrous acid and a salt thereof and of a nitrosyl compound. Since aqueous solutions
of nitrous acid and of a nitrosyl compound readily generate gas and decompose, it is
preferable to sequentially generate nitrous acid by the reaction, for example, between
nitrite and an acidic solution.

[0043]

The actual length of the separating functional layer per 1 um-length of the
porous support layer refers to a value determined by the method mentioned below.
First, a sample is embedded in a water-soluble polymer for preparing an ultrathin
section for a transmission electron microscope (TEM). The water-soluble polymer
may be any polymer that maintains the shape of the sample, and, for example, PVA
or the like can be used.  Next, to facilitate cross-sectional observation, the sample is
stained with OsOys, and this is cut with an ultramicrotome to prepare an ultrathin
section. A cross-section photograph of the ultrathin section obtained is taken using

a TEM. The magnification may be appropriately determined depending on the
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membrane thickness of separating functional layers. The analysis can be performed
by loading the cross-section photograph into image analysis software. The actual
length of the separating functional layer surface is an actual length of the separating
functional layer surface of the part corresponding to the 1 pm-length of the porous
support layer, which refers to the length of the part represented by a solid line M in
Figure 1.

[0044]

In the composite semipermeable membrane [1] according to the present
invention, the actual length of the polyamide separation-functional layer per 1 pm-
length of the porous support layer is from 2 um to 5 um. When the actual length is
less than 2 um, permeate flux cannot be ensured because the membrane surface area
is small, and if the permeate flux is significantly improved by aftertreatment, the
removal rate decreases. When the actual length is more than 5 um, the pleated
structure collapses upon operation, and the permeate flux decreases.

[0045]

For obtaining the composite semipermeable membrane of the constitution
[2] according to the present invention, the temperature during the interfacial
polycondensation step (A) is necessarily in the range of 40°C to 70°C and preferably
in the range of 40°C to 60°C. When the temperature during interfacial
polycondensation is less than 40°C, there is a problem in that pleats will not be large,
thereby decreasing permeate flux, whereas when the temperature is above 70°C,
there is a problem in that the removal rate decreases.

[0046]
For the temperature means during interfacial polycondensation, the porous

support layer in contact with an aqueous polyfunctional amine solution may be
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heated, or a heated organic solvent solution of polyfunctional acid halides may be
brought in contact. The temperature during interfacial polycondensation can be
determined, for example, from the measurement by a non-contact thermometer such
as a radiation thermometer and the measurement by contacting a thermocouple
thermometer with a membrane surface.

[0047]

For obtaining the composite semipermeable membrane of the constitution
[2] according to the present invention, a heat treatment step (B) is carried out
following the above-described interfacial polycondensation step (A) in order to
further promote cross-linked polyamide formation. The temperature during the heat
treatment is necessarily in the range of 70 to 150°C and preferably in the range of 80
to 120°C.  When the temperature during the heat treatment is less than 70°C, there
are problems in that it requires a long time to sufficiently promote the cross-linked
polyamide formation on the support layer and that the cross-linked polyamide
formation cannot be sufficiently promoted even if the heating is performed for a long
time, whereas when the temperature during the heat treatment is more than 150°C,
there is a problem in that the composite semipermeable membrane is dried and the
permeate flow rate decreases.

[0048]

For the heating means during the heat treatment, the composite
semipermeable membrane after interfacial polycondensation may be allowed to stand
in a heated oven, may be heated by blowing warm air, or may be contacted again
with a heated organic solvent solution of polyfunctional acid halides.

[0049]

The time for which the heat treatment is carried out is preferably from 5
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seconds to 3 minutes and more preferably from 10 seconds to 1 minute. When the
time for which the interfacial polycondensation is carried out is from 5 seconds to 3
minutes, the cross-linked polyamide formation on the porous support layer can be
sufficiently promoted, and the porous support layer can be kept wet to maintain the
performance of the composite semipermeable membrane at a high level.

[0050]

For the composite semipermeable membrane [2] obtained by the
above-mentioned method, the solute rejection performance and water permeability
can be even more improved by adding, for example, the step of treating with hot
water at a temperature preferably in the range of 40 to 100°C and more preferably in
the range of 60 to 100°C preferably for 1 to 10 minutes and more preferably for 2 to
8 minutes.

[0051]

The composite semipermeable membrane obtained can be used as it is and
can also be modified to have different performance by carrying out any chemical
aftertreatment or coating. For example, it is preferable to carry out the steps of
contacting the polyamide separation-functional layer of the composite
semipermeable membrane [2] with a compound having primary amino groups, then
contacting with a reagent that reacts with the primary amino groups and forms a
diazonium salt or derivatives thereof, and further contacting with a reagent that reacts
with the diazonium salt or derivatives thereof, in the order mentioned.

[0052]
The method of producing the composite semipermeable membrane

according to the present invention will now be described.

[0053]



The production method for obtaining the composite semipermeable
membrane [1] according to the present invention has either of the constitution [3] or
[4] below:

[3] A method of producing a composite semipermeable membrane,
comprising the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and
forms a diazonium salt or derivatives thereof; and contacting with a reagent that
reacts with the diazonium salt or derivatives thereof, wherein the temperature of the
membrane surface immediately after contacting the aqueous polyfunctional amine
solution with the polyfunctional acid halide-containing solution is in the range of 25
to 60°C, and the concentration of the compound having primary amino groups in a
complex of the polyamide separation-functional layer and the porous support layer
after contacting the polyamide separation-functional layer with the compound having
primary amino groups is in the range of 30 x 10 to 160 x 10 mol/g, or

[4] A method of producing a composite semipermeable membrane,
comprising the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and
forms a diazonium salt or derivatives thereof; and contacting with a reagent that

reacts with the diazonium salt or derivatives thereof, wherein the aqueous
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polyfunctional amine solution and/or polyfunctional acid halide-containing solution
contain an acylation catalyst, and the concentration of the compound having primary
amino groups in a complex of the polyamide separation-functional layer and the
porous support layer after contacting the polyamide separation-functional layer with
the compound having primary amino groups is in the range of 30 x 10 to 160 x 10
mol/g. Each production process will now be described in detail.

[0054]

The separating functional layer in the composite semipermeable membrane
[1], as in the case of the composite semipermeable membrane [5], is able to form its
skeleton, for example, by carrying out interfacial polycondensation on the surface of
a porous support layer using an aqueous solution that contains the above-mentioned
polyfunctional amine and an organic solvent solution that contains polyfunctional
acid halides and is immiscible with water.

[0055]

The concentration of polyfunctional amines in the aqueous polyfunctional
amine solution is preferably in the range of 0.1 to 20% by weight and more
preferably in the range of 0.5 to 15% by weight. Within this range, sufficient salt
removal performance and water permeability can be obtained. The aqueous
polyfunctional amine solution may contain, for example, surfactants, organic
solvents, alkaline compounds, and antioxidants as long as the reaction of
polyfunctional amines with polyfunctional acid halides is not impeded. Surfactants
have an effect of improving the wettability on the porous support layer surface and
reducing the interfacial tension between the aqueous amine solution and a nonpolar
solvent. Organic solvents can serve as a catalyst for an interfacial polycondensation

reaction, and, in some cases, the interfacial polycondensation reaction can be carried
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out efficiently by adding them.
[0056]

To carry out interfacial polycondensation on the porous support layer, the
above-mentioned aqueous polyfunctional amine solution is first contacted with the
porous support layer. The contact is preferably carried out uniformly and
continuously on the surface of the porous support membrane. Specifically,
examples of the method include coating the porous support layer with the aqueous
polyfunctional amine solution and immersing the porous support layer in the aqueous
polyfunctional amine solution. The contact time between the porous support layer
and the aqueous polyfunctional amine solution is preferably in the range of 1 to 10
minutes, and more preferably in the range of 1 to 3 minutes.

[0057]

After the aqueous polyfunctional amine solution has been contacted with the
porous support membrane, the solution is sufficiently drained so that droplets would
not remain on the membrane. Sufficient draining prevents degradation in
membrane performance due to the membrane defects resulting from the part where
the droplets remained after membrane formation. Examples of the method of
draining the solution that can be used include, for example, holding vertically the
porous support membrane after being contacted with the aqueous polyfunctional
amine solution to subject the excess aqueous solution to gravity flow and blowing
airflow such as nitrogen from an air nozzle to compulsorily drain the solution, as
described in JP 02-78428 A. After the draining, the membrane surface can also be
dried to remove a portion of the water of the aqueous solution.

[0058]

Next, the porous support layer after being contacted with the aqueous

23



polyfunctional amine solution is contacted with an organic solvent solution
containing polyfunctional acid halides to form the skeleton of a cross-linked
polyamide separation-functional layer by interfacial polycondensation.
[0059]

The concentration of polyfunctional acid halides in the organic solvent
solution is preferably in the range of 0.01 to 10% by weight and more preferably in
the range of 0.02 to 2.0% by weight. The concentration not less than 0.01% by
weight ensures sufficient reaction rate, and the concentration not more than 10% by
weight prevents the occurrence of side reactions. It is preferable to add an acylation
catalyst such as DMF to this organic solvent solution because the interfacial
polycondensation will be accelerated.

[0060]

The organic solvent is desirably one which is immiscible with water,
dissolves polyfunctional acid halides, and does not break the porous support
membrane, and may be any solvent as long as it is inactive against polyfunctional
amine compounds and polyfunctional acid halides. Preferred examples include
hydrocarbon compounds such as n-hexane, n-octane, and n-decane.

[0061]

The method of contacting the organic solvent solution of polyfunctional acid
halides with the aqueous polyfunctional amine compound phase may be carried out
in the same manner as the method of coating the porous support layer with an
aqueous polyfunctional amine solution and the method of immersing the porous
support layer in an aqueous polyfunctional amine solution described above.

[0062]

In the composite semipermeable membrane [1], the method for increasing
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the actual length of the separating functional layer is either of the following, i.e., (i)
raising the temperature of the membrane surface immediately after contacting the
aqueous polyfunctional amine solution with the polyfunctional acid
halide-containing solution to higher than room temperature or (ii) making an
acylation catalyst coexist during interfacial polymerization.

[0063]

In the method (i), the temperature of the membrane surface immediately
after contacting the aqueous polyfunctional amine solution with the polyfunctional
acid halide-containing solution is in the range of 25 to 60°C. The temperature of
the membrane surface is preferably in the range of 30 to 50°C. When the
temperature is 25°C or lower, pleats will not be large, leading to the decrease of
permeate flux, whereas when the temperature is higher than 60°C, the removal rate
tends to decrease. When the temperature of the membrane surface immediately
after contacting the aqueous polyfunctional amine solution with the polyfunctional
acid halide-containing solution is in the range of 25 to 60°C, the actual length of the
separating functional layer per 1 pm-length of the porous support layer can be from 2
pum to 5 pm, and a high permeate flux and boron removal rate can be obtained.
[0064]

For controlling the temperature within the above-described range, the
porous support layer may be heated, or a heated organic solvent solution of
polyfunctional acid halides may be brought in contact. The temperature of the
membrane surface immediately after contacting the aqueous polyfunctional amine
solution with the polyfunctional acid halide-containing solution can be measured

with a non-contact thermometer such as a radiation thermometer.

[0065]
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In the method (ii), the acylation catalyst is preferably dissolved in an
aqueous polyfunctional amine solution or an organic solvent of polyfunctional acid
halides and may be added to either or both the aqueous polyfunctional amine solution
and the organic solvent of polyfunctional acid halides.

[0066]

Examples of the acylation catalyst include compounds containing amide
groups. Examples of compounds containing amide groups include linear amide
compounds and cyclic amide compounds. Examples of linear amide compounds
include, for example, N-methylformamide, N,N-dimethylformamide,
N,N,-dimethylacetamide, N,N-diethylformamide, and N,N-diethylacetamide.
Examples of cyclic amide compounds include, for example, N-methylpyrrolidinone,
y-butyrolactam, and e-caprolactam.

[0067]

When an acylation catalyst is added to an aqueous polyfunctional amine
solution, the amount is preferably in the range of 0.1 to 10% by weight and more
preferably in the range of 0.1 to 5% by weight in view of the balance of membrane
performance. When an acylation catalyst is added into an organic solvent
containing polyfunctional acid halides, the amount is preferably in the range of 10 to
1,000 ppm and more preferably in the range of 10 to 500 ppm in view of the balance
of membrane performance. When the concentration of the acylation catalyst is in
the above-described range, the effect of increasing the actual length of the separating
functional layer can be obtained, and excellent salt and boron removal performance
is provided. Depending on the type and concentration of acylation catalyst, reaction
of polyfunctional amines with polyfunctional acid halides can be controlled, and the

actual length of the separating functional layer can be controlled.
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[0068]

In producing the composite semipermeable membrane of the constitution [1]
and [2] according to the present invention, as described above, after carrying out
interfacial polycondensation by means of contact with the organic solvent solution of
polyfunctional acid halides to form a separating functional layer comprising
cross-linked polyamide on the porous support membrane, it is preferable to drain and
remove the excess solvents. Examples of the method of draining the solvents that
can be used include holding the membrane vertically to remove the excess organic
solvent by gravity flow. In this case, the vertical holding time is preferably between
1 and 5 minutes and more preferably between 1 and 3 minutes. When the holding
time is in this preferred range, a separating functional layer is completely formed,
and at the same time performance degradation will not occur because defects due to
the excessive drying of the organic solvent will not occur.

[0069]

For the composite semipermeable membrane having a polyamide
separation-functional layer obtained by the above-mentioned method, the solute
rejection performance and water permeability can be even more improved by adding,
for example, the step of treating with hot water at a temperature preferably in the
range of 40 to 100°C and more preferably in the range of 60 to 100°C preferably for
1 to 10 minutes and more preferably for 2 to 8 minutes.

[0070]

Next, to produce the composite semipermeable membrane [1], the
above-obtained composite semipermeable membrane having a polyamide
separation-functional layer is contacted with a compound having primary amino

groups. The primary amino groups react with a reagent that forms a diazonium salt
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or derivatives thereof and further reacts with an aromatic compound to form azo
groups, whereby the boron removal rate can be expected to improve.
[0071]

The concentration and time for the contact can be appropriately adjusted in
order to obtain the effect of interest.
[0072]

Examples of the compound having primary amino groups include aliphatic
amines, cyclic aliphatic amines, aromatic amines, and heteroaromatic amines.

From the standpoint of the stability of the diazonium salt or derivatives thereof to be
formed, aromatic amines and heteroaromatic amines are preferred. For having a
yellow index of 10 to 40, the molecular weight of the carbon skeleton, parts
excluding functional groups, of the compound having primary amino groups is
preferably not more than 500. The method of contacting the separating functional
layer with the compound having primary amino groups is not particularly limited; a
solution of the compound having primary amino groups may be applied, and the
above-described composite semipermeable membrane may be immersed in a solution
of the compound having primary amino groups. They are preferably carried out
uniformly and continuously.

[0073]

As a solvent that dissolves a compound having primary amines, any solvent
may be used as long as the compound is dissolved and the composite semipermeable
membrane is not eroded. In addition, the solution may contain, for example,
surfactants, acidic compounds, alkaline compounds, and antioxidants as long as the
reaction between primary amino groups and the reagent that forms a diazonium salt

or derivatives thereof is not impeded.
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[0074]

The concentration of a compound having primary amino groups in the
complex of a polyamide separation-functional layer and a porous support layer is a
value determined by the method mentioned below. After contacting a polyamide
separation-functional layer with a compound having primary amino groups, droplets
are removed. A composite semipermeable membrane is cut out, and a substrate is
peeled off to obtain a complex of the polyamide separation-functional layer and the
porous support layer. This is immersed in a solvent that dissolves the compound
having primary amino groups and does not dissolve the polyamide
separation-functional layer and the porous support layer, and the compound having
primary amino groups is extracted into a solvent. The components extracted are
measured, for example, with an Ultraviolet-Visible spectrophotometer after obtaining
a calibration curve or by high-performance liquid chromatography or gas
chromatography to calculate the compound weight in the complex of the polyamide
separation-functional layer and the porous support layer. Then, the complex of the
polyamide separation-functional layer and the porous support layer is taken out from
the solvent, dried by heating, cooled to room temperature in a desiccator, and then
weighed to determine the concentration of the compound having primary amino
groups in the complex of the polyamide separation-functional layer and the porous
support layer from the equation below.

[0075]

Compound concentration (mol/g) = 100 x (compound weight / molecular
weight of compound) / dried membrane weight

In the composite semipermeable membrane [1] according to the present

invention, for achieving a yellow index of 10 to 40, the concentration of a compound
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having primary amino groups in the complex of the polyamide separation-functional
layer and the porous support layer after contacting the polyamide
separation-functional layer with the compound having primary amino groups needs
to be in the range of 30 x 10 to 160 x 10°® mol/g. When the concentration of the
compound having primary amino groups is less than 30 x 10 mol/ g, the removal
rate-improving effect due to azo group formation is small, and when above 160 x
10" mol/ g, there is a problem in that the permeate flow rate decreases because of
increased azo group formation.

[0076]

To produce the composite semipermeable membrane [1] according to the
present invention, the composite semipermeable membrane having primary amino
groups in the separating functional layer described above is then contacted with a
reagent that reacts with primary amino groups and forms a diazonium salt or
derivatives thereof. Examples of the reagent that reacts with primary amino groups
and forms a diazonium salt or derivatives thereof to be contacted include aqueous
solutions, for example, of nitrous acid and a salt thereof and of a nitrosyl compound.
Since aqueous solutions of nitrous acid and of a nitrosyl compound readily generate
gas and decompose, it is preferable to sequentially generate nitrous acid by the
reaction, for example, between nitrite and an acidic solution. In general, nitrite
generates nitrous acid (HNO) by reacting with hydrogen ions, and the generation is
efficient when the pH of an aqueous solution is 7 or lower, preferably 5 or lower, and
more preferably 4 or lower. Above all, an aqueous solution of sodium nitrite
obtained by the reaction with hydrochloric acid or sulfuric acid in an aqueous

solution 1s particularly preferred in terms of convenience in handling.

[0077]
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The concentration of nitrous acid or nitrite in the above-described reagent
that reacts with primary amino groups and forms a diazonium salt or derivatives
thereof is preferably in the range of 0.01 to 1% by weight. Within this range, the
effect of forming sufficient diazonium salts or derivatives thereof is obtained, and it
is easy to handle the solution.

[0078]

The temperature of the nitrous acid solution is preferably 15°C to 45°C.
Within this range, the reaction will not take too much time, and it is easy to handle
the solution because the decomposition of nitrous acid is not too fast.

[0079]

The contact time with the nitrous acid solution is preferably the time during
which a diazonium salt and/or derivatives thereof are formed; the treatment can be
carried out in a short time at a high concentration, but it requires a long time at a low
concentration. Therefore, in the case of a solution of the above-described
concentration, the contact time is preferably within 10 minutes and more preferably
within 3 minutes. The contacting method is not particularly limited; a solution of
the reagent may be applied (coating), or the composite semipermeable membrane
may be immersed in a solution of the reagent.  As a solvent that dissolves the
reagent, any solvent may be used as long as the reagent is dissolved and the
composite semipermeable membrane is not eroded. In addition, the solution may
contain, for example, surfactants, acidic compounds, and alkaline compounds as long
as the reaction between primary amino groups and the reagent is not impeded.
[0080]

A portion of the diazonium salt or derivatives thereof formed by the contact

is converted into a phenolic hydroxyl group by reacting with water. Further, it also
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reacts with aromatic rings having a structure by which a porous support layer and a
separating functional layer are formed or with aromatic rings of the compound
having primary amino groups, the compound being retained in the separating
functional layer, to form azo groups. Whereby the boron removal rate can be
expected to improve.

[0081]

Next, the composite semipermeable membrane in which a diazonium salt or
derivatives thereof have been formed is contacted with a reagent that reacts with the
diazonium salt or derivatives thereof. Examples of the reagent that reacts with the
diazonium salt or derivatives thereof include, for example, chloride ion, bromide ion,
cyanide ion, iodide ion, fluoroboric acid, hypophosphorous acid, sodium bisulfite,
sulfite ion, aromatic amines, phenols, hydrogen sulfide, and thiocyanic acid. Upon
reacting with sodium bisulfite and sulfite ion, substitution reaction immediately
occurs, and amino groups are substituted with sulfo groups. The contact with
aromatic amines or phenols causes a diazo coupling reaction, which allows
introduction of aromatics onto membrane surface. These reagents may be used
alone or may be used in combination, or the composite semipermeable membrane
may be contacted with different reagents more than once. The reagent to be
contacted is preferably sodium bisulfite and sulfite ion.

[0082]

The concentration and time for the contact with a reagent that reacts with the
diazonium salt or derivatives thereof can be appropriately adjusted in order to obtain
the effect of interest.

[0083]

The temperature for contacting with a reagent that reacts with the diazonium
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salt or derivatives thereof is preferably 10 to 90°C. Within this temperature range,
the reaction readily proceeds, while the decrease of permeate flow rate due to
polymer shrinkage will not occur.

[0084]

The composite semipermeable membrane [1] and [2] according to the
present invention thus produced is wound, together with a feed spacer such as a
plastic net, a permeate spacer such as a tricot, and, if necessary, a film or a nonwoven
fabric for enhancing pressure resistance, around a cylindrical water-collecting pipe
provided with a large number of pores by drilling and suitably used as a spiral
composite semipermeable membrane element. Further, the elements can be
connected in series or in parallel and housed in a pressure container to provide a
composite semipermeable membrane module.

[0085]

Further, the above-described composite semipermeable membrane, and
elements and modules thereof can be combined, for example, with a pump for
feeding feed water thereto and with an apparatus for pretreating the feed water to
constitute a fluid separation apparatus. By using this separation apparatus, feed
water can be separated into permeate water such as drinking water and concentrated
water that has not permeated through the membrane to obtain water for the intended
purpose.

[0086]

Considering the fact that the higher the operating pressure of the fluid
separation apparatus, the more the energy required for operation increases although
the more salt removal rate improves, and the durability of the composite

semipermeable membrane, the operating pressure during passing the water to be
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treated through the composite semipermeable membrane is preferably 1.0 MPa to 10
MPa. The temperature of feed water is preferably 5°C to 45°C, because the higher
it is, the more the salt removal rate decreases, but the lower it is, the more the
membrane permeate flux decreases as well.  When the pH of feed water is high, in
the case of feed water of high salt concentration such as sea water, scale of
magnesium and the like can occur, and there is a concern about membrane
degradation due to the high pH operation. Thus, the operation in the neutral range
is preferred.

[0087]

Examples of the raw water treated with the composite semipermeable
membrane according to the present invention include sea water, brackish water, and
liquid mixtures containing TDS (Total Dissolved Solids) of 500 mg/L to 100 g/L,
such as wastewater. In general, TDS refers to total dissolved solid content and is
expressed as "mass/volume" or "weight ratio". By definition, it can be calculated
from the weight of the residue on evaporation at a temperature of 39.5 to 40.5°C of
the solution filtered through a 0.45-micron filter, and more conveniently it is
converted from practical salinity (S).

Examples
[0088]

The present invention will now be described in more detail by way of
examples, but the present invention is not limited by these examples.
[0089]

The yellow index and actual length of the separating functional layers in
Comparative Examples and Examples were measured as described below.

(Temperature of membrane surface immediately after contacting aqueous
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polyfunctional amine solution with polyfunctional acid halide solution)

The membrane surface temperature immediately after applying a
polyfunctional acid halide solution to the porous support layer contacted with an
aqueous polyfunctional amine solution was measured with a radiation thermometer
(TA-0510F manufactured by MINOLTA). The emissivity € was 0.95.
(Concentration of compound having primary amino groups in a complex of
polyamide separation-functional layer and porous support layer)

After contacting a polyamide separation-functional layer with a compound
having primary amino groups, droplets were removed. A composite semipermeable
membrane was cut into 10 x 10 cm, and a substrate was peeled off to obtain a
complex of the polyamide separation-functional layer and the porous support layer.
This is immersed in 50 g of ethanol for & hours, and the components extracted with
ethanol was measured with an Ultraviolet-Visible spectrophotometer (UV-2450
manufactured by Shimadzu Corporation) after obtaining a calibration curve to
calculate the compound weight in the complex of the polyamide
separation-functional layer and the porous support layer. Then, the complex of the
polyamide separation-functional layer and the porous support layer was taken out
from the ethanol, dried by heating at 120°C for 2 hours, cooled to room temperature
in a desiccator, and then weighed to determine the concentration of the compound
having primary amino groups in the complex of the polyamide separation-functional
layer and the porous support layer by the equation below.

[0090]

Compound concentration (mol/g) = 100 x (compound weight / molecular

weight of compound) / dried membrane weights

(Yellow index)
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After drying a composite semipermeable membrane at room temperature for
8 hours, the substrate was peeled off, and the resultant was placed on a glass plate
with the separating functional layer surface down, after which the porous support
layer was dissolved with dichloromethane and removed, and the separating
functional layer remaining on the glass plate was measured with SM color computer
SM-7 manufactured by Suga Test Instruments Co., Ltd.

(Actual length of polyamide separation-functional layer per 1 um-length of porous
support layer)

A composite semipermeable membrane is embedded in PV A, stained with
Os0y, and this is cut with an ultramicrotome to prepare an ultrathin section. A
cross-section photograph of the ultrathin section obtained is taken using a TEM.

The cross-section photograph taken with a TEM was imported into image analysis
software Image Pro to carry out the analysis, and the actual length of the separating
functional layer per 1 um-length of the porous support layer was determined.
[0091]

The various properties of the composite semipermeable membranes in
Comparative Examples and Examples were determined by carrying out membrane
filtration treatment for 24 hours by feeding the sea water adjusted to a temperature of
25°C and a pH of 6.5 (TDS concentration; about 3.5%) to the composite
semipermeable membrane at an operating pressure of 5.5 MPa and measuring the
water quality of the permeate water and feed water after that.

(Desalination rate (TDS removal rate))

The desalination rate, i.e., TDS removal rate was determined by the equation

below.

[0092]
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TDS removal rate (%) = 100 x {1 - (TDS concentration in permeate water /
TDS concentration in feed water)}

(Membrane permeate flux)

For the membrane permeate flow rate of feed water (sea water), the
permeate water volume per square meter of the membrane surface per day (cubic
meter) is used to express membrane permeate flux (m3/m2/day).

(Boron removal rate)

The boron concentration in feed water and in permeate water was analyzed
by an ICP emission spectrometer (P-4010 manufactured by Hitachi Ltd.) to make a
determination from the following equation.

[0093]

Boron removal rate (%) = 100 x {1 - (boron concentration in permeate water
/ boron concentration in feed water)}

(Degree of fiber orientation of substrate)

Ten small pieces of sample were randomly collected from a nonwoven
fabric, and photographs at a magnification of 100-fold to 1,000-fold were taken with
a scanning electron microscope. For 10 fibers from each sample, 100 fibers in total,
the angle was measured taking the longitudinal direction (lengthwise direction) of the
nonwoven fabric as 0° and the width direction (transverse direction) of the nonwoven
fabric as 90°, and the average value thereof was rounded to one decimal place to
determine the degree of fiber orientation.

(Rate of thermal dimensional change of substrate)

A substrate is cut parallel to the film-forming direction into three 25 cm long

and 25 cm wide samples. For each sample, marks indicating the length of 20 cm

parallel to the film-forming direction were placed at three locations, and marks
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indicating the length of 20 cm perpendicular to the film-forming direction were
placed at three locations. The sample is immersed in hot water at 100° for 10
minutes, and then taken out for natural drying. For three samples, the lengths of the
three marked locations are measured to 0.01 cm to make a determination by the
following equation. The longitudinal (nine locations) and transverse (nine
locations) of the three samples were each averaged for calculation. When the
length of the line after immersion is shorter than the length of the line before
immersion, i.e., when shrinkage has occurred, the values are expressed as positive,
and when the length of the line after immersion is longer than the length of the line
before immersion, the values are expressed as negative.

[0094]

Rate of thermal dimensional change = ((length of line before immersion) -
(Iength of line after immersion)) / (length of line before immersion) x 100
(Reference Example 1)

Using a polyester staple fiber nonwoven fabric (air permeability: 0.5 to 1
cc/em?/ sec, degree of fiber orientation: front 28°, back 28°) as a substrate, a solution
of 15.7% by weight of polysulfone in DMF was cast on the front of the nonwoven
fabric at a thickness of 200 pm at room temperature (25°C), and the resultant was
immediately immersed in pure water for 5 minutes or more to continuously prepare
porous support layers (thickness: 210 to 215 pm).

[0095]
(Reference Examples 2 and 3)

A porous support layer was prepared in the same manner as in Reference
Example 1 except using as a substrate the filament nonwoven fabric shown in Table

1.
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[0096]

[Table 1]
Degree of fiber orientation  (°)
Front Back

Reference Example 1 28 28
Reference Example 2 40 28
Reference Example 3 50 20

[0097]

(Reference Example 4)

The porous support layer obtained in Reference Example 1 was immersed in
a 4.5% by weight aqueous solution of m-PDA for 2 minutes, and the support layer
was slowly pulled up in the vertical direction. Nitrogen was blown thereto from an
air nozzle to remove the excess aqueous solution from the support layer surface.
Thereafter, an n-decane solution at 25°C containing 0.175% by weight of trimesic
acid chloride was applied thereto such that the whole surface was wet, and the
support membrane was left to stand for 1 minute. Then, to remove the excess
solution from the membrane, the membrane was held upright for 1 minute for
draining. Thereafter, the membrane was washed with hot water at 90°C for 2
minutes to obtain a composite semipermeable membrane. The temperature of the
membrane surface immediately after applying the solution of trimesic acid chloride
in decane was 23°C.
(Reference Examples 5 to 9)

A composite semipermeable membrane was prepared in the same manner as
in Reference Example 2 except changing the porous support layer used and changing
the temperature of the solution of trimesic acid chloride in decane applied to the

temperatures described in Table 2. The values of the temperature of the membrane
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surface immediately after applying the solution of trimesic acid chloride in decane
are as shown in Table 2.
[0098]

[Table 2]
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[0099]
(Reference Example 10)

The porous support layer obtained in Reference Example 1 was immersed in
an aqueous solution of 5.0% by weight of m-PDA and 0.5% by weight of DMF for 2
minutes, and the support layer was slowly pulled up in the vertical direction.
Nitrogen was blown thereto from an air nozzle to remove the excess aqueous
solution from the support layer surface. Thereafter, an n-decane solution containing
0.175% by weight of trimesic acid chloride was applied thereto such that the whole
surface was wet, and the support membrane was left to stand for 1 minute. Then, to
remove the excess solution from the membrane, the membrane was held upright for 1
minute for draining. Thereafter, the membrane was washed with hot water at 90°C
for 2 minutes to obtain a composite semipermeable membrane.

(Reference Examples 11 to 15)

A composite semipermeable membrane was prepared in the same manner as
in Reference Example 6 except that acylation catalysts were added in the amount
described in Table 3.

[0100]

[Table 3]
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Polyfunctional amine solution

Polyfunctional halide solution

m-PDA ™C
concentration Additive concentration Additive
(Wt%) (wt%)
Reference 50 DMEF (1.0wt%) 0.175 absence
Example 10 ' ' ’ . -
Reference 5.0 NMP (0.5w1%) 0.175 absence
Example 11
Reference 50 DMF (15wt%) 0.175 absence
Example 12
Reference 50 absence 0.175 NMP (200ppm)
Example 13 ’ ) . P
Reference 0
Example 14 5.0 DMF (0.3wt%) 0.175 DMEF (10ppm)
Reference 5.0 bsenc 0.175 NMP (3,000ppm)
Example 15 ' : © . P
[0101]

(Example 1)

The composite semipermeable membrane obtained in Reference Example 5

was immersed in an aqueous solution of 500 ppm of m-PDA for 60 minutes and

treated at room temperature (35°C) for 1 minute with an aqueous solution of 0.3% by

weight of sodium nitrite whose pH was adjusted to 3 with sulfuric acid. After

removing the composite semipermeable membrane from the aqueous nitrous acid

solution, the membrane was washed with water and immersed in an aqueous solution

of 0.1% by weight of sodium sulfite for 2 minutes.

The evaluation of the composite

semipermeable membrane thus obtained showed that each value of the membrane

permeate flux, TDS removal rate, and boron removal rate was as shown in Table 4.

The values of the yellow index and actual length of the separating functional layer of

the composite semipermeable membrane are as shown in Table 4. Further, the

values of the m-PDA concentration in the complex of the polyamide

separation-functional layer and the porous support layer after immersion in the

m-PDA solution are as shown in Table 5.
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skeleton, parts excluding functional groups, of the m-PDA is 76.
[0102]
(Examples 2 to 11, Comparative Examples 1 to 6)

The treatment was carried out in the same manner as in Example 1 except
changing the composite semipermeable membrane treated, m-PDA concentration,
immersion time, and sodium nitrite concentration to the conditions described in
Table 5. The evaluation of the composite semipermeable membrane of each
Example and Comparative Example showed that each value of the membrane
permeate flux, TDS removal rate, and boron removal rate was as shown in Table 4.
The yellow index and actual length of the separating functional layer of the
composite semipermeable membrane of each Example and Comparative Example are
described in Table 4.  Further, the m-PDA concentration in the complex of the
polyamide separation-functional layer and the porous support layer after immersion
in the m-PDA solution of each Example and Comparative Example is described in
Table 5.

[0103]

[Table 4]
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Yellow Actual TDS removal Membrane Boron removal
index length rate (%) permeable flux rate (%)
(um) ° (m®/m?/day) °
Example 1 25 3.1 99 .8 1.04 93.4
Example 2 23 3.1 99.8 0.90 95.1
Example 3 35 3.1 99.8 1.23 91.6
Example 4 14 3.1 99.8 1.15 90.9
Example 5 32 4.7 99.7 1.32 89.6
Example 6 31 4.3 99.6 1.02 92.4
Example 7 23 2.9 99.7 0.91 935
Example 8 36 3.2 99.7 1.18 90.5
Example 9 23 2.5 99.7 1.09 91.3
Example 10 24 3.1 99.8 1.21 91.8
Example 11 30 4.7 99.7 1.27 90.9
Comparative | -, 1.5 99.8 0.67 93.7
Example 1
Comparative 7 3.1 99.7 0.99 89.2
Example 2
Comparative |, 3.1 99.8 0.44 94.8
Example 3
Comparative |, 5.4 99.3 1.35 83.5
Example 4
Comparative 26 5.9 93.5 1.15 83.9
Example 5
Comparative 26 53 92.6 0.99 86.3
Example 6
(0104]
[Table 5]
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m-PDA solution immersion

m-PDA concentration in a
complex of the polyamide

Composite . ) Sodium nitrite
) . ) separation-functional layer and .
semipermeable] m-PDA 1mmersion concentration
} . the porous support layer after m-
membrane | concentration time PDA solution immersion (wt%)
(ppm) (min) (x10™ ®mol/g)
Example 1 | Reference 500 60 79 0.3
P Example 5 )
Reference
Example 2 Example 5 500 60 79 0.25
Reference
Example 3 Example 5 800 60 93 0.5
Reference
Example 4 Example 5 300 60 53 0.3
Reference
Example 5 Example 6 800 60 100 0.3
Reference
Example 6 Example 10 800 60 95 0.3
Reference
Example 7 Example 11 500 60 77 03
Reference
Example 8§ Example 13 500 60 80 0.5
Reference
Example 9 Example 14 500 60 73 0.4
Example 10| Reference 500 60 78 0.35
Example §
Reference
Example 11 Example 9 800 60 99 0.25
Comparative] Reference
Example | Example 2 500 60 71 0.2
Comparative] Reference
Example 2 | Example 3 0 0 26 0.25
Comparative] Reference
Example 3 | Example 3 1500 180 180 0.15
Comparative] Reference
Example 4 | Example 5 800 60 10 0.25
Comparative] Reference
Example 5 | Example 8 500 60 88 0.25
Comparative} Reference
Example 6 | Example 11 800 60 112 0.25
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[0105]

The values of the degree of fiber orientation and rate of thermal dimensional
change of the substrate used in Example 10, Example 11, and Comparative Example
1 are as shown in Table 6. When the fibers of the filament nonwoven fabric
arranged on the opposite side to the porous support were more longitudinally
oriented in the film-forming direction than the fibers arranged on the porous support

side, the rate of thermal dimensional change was small, and the dimension stability

was high.
[0106]
[Table 6]
Degree of fiber Rate of thermal dimensional
orientation (°) change (%)
Front Back Longitudional | Transverse
Example 10 40 28 0.4 0
Example 11 50 20 0.5 0
Comparative Example 1 28 28 0.8 -0.4
[0107]

As described above, the composite semipermeable membrane obtained by
the constitution [1] of the present invention has high boron removal performance and
high water permeation performance.

(Examples 12 to 17 and Comparative Examples 7 to 13)

The porous support layer obtained in Reference Example 1 was immersed in
a 3.8% by weight aqueous solution of m-PDA for 2 minutes, and the support layer
was slowly pulled up in the vertical direction. Nitrogen was blown thereto from an
air nozzle to remove the excess aqueous solution from the porous support layer
surface. Thereafter, an n-decane solution at the interfacial polycondensation
temperature described in Table 1 containing 0.165% by weight of trimesic acid
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chloride was applied thereto such that the whole surface was wet, and the support
membrane was left to stand for 10 seconds. Then, the membrane was allowed to
stand in an oven heated to the heat treatment temperature described in Table 7 for the
heat treatment time described in Table 7. Thereafter, the membrane was washed
with hot water at 90°C for 2 minutes to obtain a composite semipermeable
membrane. The evaluation of the composite semipermeable membrane thus
obtained showed that each of the TDS removal rate, membrane permeate flux, and
boron removal rate was as shown in Table 7.

[0108]

[Table 7]
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Interfacial

Thermal

I d ) Thermal TDS Membrane Boron
po tycon ertlzatlon ttreatmetnt treatment time |removal rate| permeable flux | removal rate
emperature emperature N N 3, 2 N

C) C) (sec) (%) (m~/m*/day) (%)
Example 12 40 70 45 99.79 0.67 94.1
Example 13 40 90 20 99.75 0.67 93.7
Example 14 40 120 15 99.77 0.68 93.9
Example 15 70 150 15 99.70 0.63 94.3
Example 16 70 150 15 99.67 0.70 93.1
Example 17 25 70 45 99.71 0.74 93.0
Example 18 40 90 20 99.80 0.89 955
Example 19 40 120 15 99.80 0.92 95.1
Comparative 95 absence of absence of 99,68 0.71 923
Example 7 thermal treatment|thermal treatment|
Comparative 80 120 15 99.74 0.55 93.9
Example §
Comparative absence of absence of
Example 9 80 thermal treatment|thermal treatment 99.55 0.81 L5
Comparative 40 120 15 99.61 0.73 92.4
Example 10
Comparative 40 absence of absence of 99.71 0.76 92.0
Example 11 thermal treatment| thermal treatment
Comparative 40 50 90 99.67 0.72 92.2
Example 12
Comparative 40 180 15 99.41 0.53 94.0
Example 13
Comparative 40 120 Now 15 99.70 0.74 923
Example 14

*) Thermal treatment temperature after removal of excess solution
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[0109]
(Examples 18, 19)

The treatment was carried out in the same manner as in Example 1 except
changing the composite semipermeable membrane treated, m-PDA concentration,
immersion time, and sodium nitrite concentration to the conditions described in
Table 9. The evaluation of the composite semipermeable membrane of each
Example showed that each value of the membrane permeate flux, TDS removal rate,
and boron removal rate was as shown in Table 7. The yellow index and actual
length of the separating functional layer of the composite semipermeable membrane
of each Example are described in Table 8.  Further, the m-PDA concentration in the
complex of the polyamide separation-functional layer and the porous support layer

after immersion in the m-PDA solution of each Example is described in Table 9.

[0110]
[Table 8]
Yellow index Actual length
(um)
Sxample 18 14 3.0
Example 19 14 0
[0111]
[Table 9]
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[0112]
(Comparative Example 14)

The porous support layer obtained in Reference Example 1 was immersed in
a 3.8% by weight aqueous solution of m-PDA for 2 minutes, and the support layer
was slowly pulled up in the vertical direction. Nitrogen was blown thereto from an
air nozzle to remove the excess aqueous solution from the porous support layer
surface. Thereafter, an n-decane solution at the interfacial polycondensation
temperature described in Table 7 containing 0.165% by weight of trimesic acid
chloride was applied thereto such that the whole surface was wet, and the support
membrane was left to stand for 10 seconds. Next, to remove the excess solution
from the membrane, the membrane was held upright for 1 minute for draining, and
the solution was removed from the membrane surface by blowing air at 20°C from
an air blower. Then, the membrane was allowed to stand in an oven heated to
120°C for 15 seconds. Thereafter, the membrane was washed with hot water at
90°C for 2 minutes to obtain a composite semipermeable membrane. The
evaluation of the composite semipermeable membrane thus obtained showed that
each of the TDS removal rate, membrane permeate flux, and boron removal rate was
as shown in Table 7.

[0113]

As described above, the composite semipermeable membrane obtained by
the constitution [2] of the present invention has high salt and boron removal
performance and high water permeation performance.

INDUSTRIAL APPLICABILITY
[0114]

The composite semipermeable membrane according to the present invention
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can be suitably used particularly in desalination of brackish water and sea water.
DESCRIPTION OF SYMBOLS
[0115]

1: Porous support layer

M: Actual length of separating functional layer surface of the part

corresponding to 1 um-length of porous support layer
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CLAIMS
1. A composite semipermeable membrane having a polyamide
separation-functional layer on a porous support layer, wherein the polyamide
separation-functional layer has a yellow index of 10 to 40, and the actual length of
the polyamide separation-functional layer per 1 pm-length of the porous support
layer is from 2 pm to 5 um.
2. The composite semipermeable membrane according to claim 1, wherein a
substrate of the porous support layer is formed from polyester, and the substrate is a
filament nonwoven fabric.
3. The composite semipermeable membrane according to claim 2, wherein the
substrate comprises a filament nonwoven fabric, and fibers arranged on the porous
support layer side of the filament nonwoven fabric are more longitudinally oriented
than fibers arranged on the non-film-forming side of the porous support layer.
4. The composite semipermeable membrane according to claim 3, wherein, for
the substrate comprising a filament nonwoven fabric, a degree of fiber orientation of
the fibers arranged on the opposite side to the porous support is from 0° to 25°, and a
difference in the degree of orientation from the fibers arranged on the porous support
side 1s from 10° to 90°.
S. A composite semipermeable membrane having on a porous support layer a
polyamide separation-functional layer prepared by polycondensation of
polyfunctional amines with polyfunctional halides, wherein the polyamide
separation-functional layer is formed by the steps of (A) interfacial polycondensation
in which polyfunctional amines and polyfunctional acid halides are brought into
contact at 40°C to 70°C and subsequent (B) heat treatment at 70°C to 150°C.

6. A method of producing a composite semipermeable membrane, comprising
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the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and
forms a diazonium salt or derivatives thereof; and contacting with a reagent that
reacts with the diazonium salt or derivatives thereof, wherein the temperature of the
membrane surface immediately after contacting the aqueous polyfunctional amine
solution with the polyfunctional acid halide-containing solution is in the range of 25
to 60°C, and the concentration of the compound having primary amino groups in a
complex of the polyamide separation-functional layer and the porous support layer
after contacting the polyamide separation-functional layer with the compound having
primary amino groups is in the range of 30 x 10 to 160 x 10°® mol/g.

7. A method of producing a composite semipermeable membrane, comprising
the steps of: contacting an aqueous polyfunctional amine solution with a
polyfunctional acid halide-containing solution to form a polyamide
separation-functional layer on a porous support layer, followed by contacting the
polyamide separation-functional layer with a compound having primary amino
groups; contacting with a reagent that reacts with the primary amino groups and
forms a diazonium salt or derivatives thereof; and contacting with a reagent that
reacts with the diazonium salt or derivatives thereof, wherein the aqueous
polyfunctional amine solution and/or polyfunctional acid halide-containing solution
contain an acylation catalyst, and the concentration of the compound having primary
amino groups in a complex of the polyamide separation-functional layer and the

porous support layer after contacting the polyamide separation-functional layer with
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the compound having primary amino groups is in the range of 30 x 10 to 160 x 10

mol/g.
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[Figure 1]
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