DESCRIPTION
TITLE OF THE INVENTION: MEMBRANE SEPARATION METHOD, AND

METHOD FOR MANUFACTURING LOOSE RO MEMBRANE

TECHNICAL FIELD
[0001]

The present invention relates to a membrane
separation method and a method for manufacturing a loose RO

membrane.

BACKGROUND ART
[0002]

A reverse osmosis (RO) method is a technique of
allowing a solvent to selectively pass through a
semipermeable membrane by applying pressure to a
concentrated solution side partitioned by the semipermeable
membrane to make an operating pressure difference between a
to-be-treated liquid side and a permeation side higher than
a difference in osmotic pressure between the concentrated
solution side and a dilute solution side. This technique
is widely used in an application such as seawater
desalination. Furthermore, the reverse osmosis method may
be classified into RO and nanofiltration (NF). The reverse
osmosis method is known to be an energy saving technique as

compared with an evaporation method for evaporating and



concentrating water using thermal energy.
[0003]

However, there is an upper limit to an operational
operating pressure difference due to pressure resistance of
an element used in the reverse osmosis method, and
therefore the concentration of a solution to which the
reverse osmosis method can be applied is limited.
Furthermore, in the reverse osmosis method, a substantial
increase in osmotic pressure due to an increase in solute
concentration on a membrane surface due to concentration
polarization caused by separation and an increase in solute
concentration in a to-be-treated liquid due to solvent
permeation is also a limitation on the application range of
the reverse osmosis method. Therefore, an operation such
as concentration of a high-concentration liquid or high
concentration of a low-concentration liquid is still often
performed by an evaporation method.

[0004]

Patent Document 1 describes a salt water desalination
method using a reverse osmosis method. The desalination
method described in Patent Document 1 uses a semipermeable
membrane module including a first chamber and a second
chamber partitioned by a semipermeable membrane. Patent
Document 1 discloses a method for causing a part of salt

water to flow into the first chamber, causing another part



of the salt water to flow into the second chamber, and
pressurizing the first chamber to increase a concentration
of the salt water on a permeation side, thereby reducing an
osmotic pressure difference.

PRIOR ART DOCUMENT

PATENT DOCUMENT

[0005]

Patent Document 1: JP-A-2018-1111

SUMMARY OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0006]

However, a salt in the salt water introduced into the
second chamber diffuses toward a membrane surface on the
permeation side with a concentration distribution as a
driving force, but is pushed back in a direction opposite
to the diffusion by a flow of a solvent permeating from the
membrane surface. Therefore, in the above-described
conventional technique, it may be difficult to sufficiently
increase a membrane surface concentration on the permeation
side, the concentration substantially contributing to
osmotic pressure.

[0007]
An object of one aspect of the present invention is

to provide a membrane separation method to which a reverse



osmosis method can be applied as a method for separating or
concentrating a to-be-treated liquid having a high osmotic

pressure or a water recovery method.

MEANS FOR SOLVING THE PROBLEMS
[0008]

In order to solve the above problems, a membrane
separation method for a to-be-treated liquid having an
osmotic pressure according to one aspect of the present
invention is a membrane separation method including a first
step of separating the to-be-treated liquid into a first
permeate and a first retentate by a reverse osmosis method
using a loose RO membrane, in which the to-be-treated
liquid satisfies mec > APmax when an osmotic pressure of a
to-be-treated liquid side membrane surface concentration
Cb’ is represented by mnc and a maximum operating pressure
difference is represented by APmax, and the loose RO
membrane is a membrane through which at least a part of a
solute contained in the to-be-treated liquid passes
together with a solwvent.

[0009]

In addition, a membrane separation method for a to-
be-treated liquid having an osmotic pressure according to
one aspect of the present invention is a membrane

separation method including a first step of separating the



to-be-treated liquid into a first permeate and a first
retentate under pressure by a reverse osmosis method using
a loose RO membrane, in which the to-be-treated liquid has
an osmotic pressure of 5 MPa or more and 100 MPa or less,
and the loose RO membrane is a membrane through which at
least a part of a solute contained in the to-be-treated
liqguid passes together with a solvent.
[0010]

In a method for manufacturing a loose RO membrane
according to one aspect of the present invention, an
oxidizing agent solution containing an oxidizing agent is

brought into contact with an RO membrane.

EFFECT OF THE INVENTION
[0011]

According to one aspect of the present invention, it
is possible to provide a membrane separation method to
which a reverse osmosis method can be applied as a method
for separating or concentrating a to-be-treated liquid

having a high osmotic pressure or a water recovery method.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]
Fig. 1 is a schematic diagram schematically

illustrating a configuration of a membrane separation



system 1 according to an exemplary embodiment of the
present invention.

Fig. 2 is an example of a flowchart illustrating a
rough flow of a method for manufacturing a loose RO
membrane 50 according to an embodiment of the present
invention.

Fig. 3 is a schematic diagram schematically
illustrating a configuration of a membrane separation

system 1A used in Example 1.

MODE FOR CARRYING OUT THE INVENTION
[0013]

An exemplary embodiment of a membrane separation
method according to the present invention will be described
in detail below. The embodiment of the present invention
is not limited to the following specific examples. In the
following embodiments, a membrane separation system is
described as a system that separates a to-be-treated liquid
into a permeate and a retentate, but it can be easily
understood that the membrane separation system can also be
used as a concentration system that concentrates a to-be-
treated liquid to obtain a permeate and a concentrate.
Similarly, it can be easily understood that a separation
device included in the membrane separation system can also

be used as a concentration device. In addition, it can be



easily understood that the membrane separation system can
be used as a filtration system that recovers a highly pure
solvent from a to-be-treated liquid, and it can be easily
understood that the separation device can be used as a
filtration device.

[0014]

[Embodiment]

Fig. 1 is a schematic diagram schematically
illustrating a configuration of a membrane separation
system 1 used in a membrane separation method according to
an exemplary embodiment of the present invention. As
illustrated in Fig. 1, the membrane separation system 1
includes a first separation device 10 and a second
separation device 20.

[0015]

The first separation device 10 includes a loose RO
membrane 50 (loose reverse osmosis membrane), and is a
device that separates a to-be-treated liquid into a first
permeate and a first retentate by pressurizing a to-be-
treated liquid side to which the to-be-treated liquid is
supplied to cause the to-be-treated liquid to pass through
the loose RO membrane 50. That is, the first separation
device 10 is a device that implements a first step of
separating the to-be-treated liquid into the first permeate

and the first retentate by a reverse osmosis method using



the loose RO membrane. The first separation device 10 may
be configured by combining a plurality of membrane modules
in parallel or in series for a retentate, as represented by
a Christmas tree type. The loose RO membrane 50 will be
described in detail below.

[0016]

The second separation device 20 includes a reverse
osmosis membrane 60, and is a device that separates the
first permeate into a second permeate and a second
retentate by pressurizing a to-be-treated liquid side to
which the first permeate discharged from the first
separation device 10 is supplied as a second to-be-treated
liquid to cause the first permeate to pass through the
reverse osmosis membrane 60. That is, the second
separation device 20 is a device that implements a second
step of separating the first permeate into the second
permeate and the second retentate by a reverse osmosis
method using the reverse osmosis membrane 60. The second
separation device 20 may be configured by combining a
plurality of membrane modules in parallel or in series for
a retentate, as represented by a Christmas tree type. The
reverse osmosis membrane 60 will be described in detail
below.

[0017]

In the membrane separation system 1 of Fig. 1, a pipe



11 is connected to a to-be-treated liquid inlet of the
first separation device 10. A first permeate outlet of the
first separation device 10 and a first permeate inlet of
the second separation device 20 are connected to each other
with a pipe 12, and a pipe 13 is connected to a first
retentate outlet of the first separation device 10. A pipe
21 is connected to a second permeate outlet of the second
separation device 20, and a pipe 22 is connected to a
second retentate outlet. The pipe 22 may be connected to
the pipe 11 or a to-be-treated liquid side of the first
separation device 10. The pressure in each pipe may be
increased by a pump or the like, and the pressure in a
supply pipe of each separation device is desirably
increased.
[0018]

<Permeation phenomenon in membrane separation
process>

First, for understanding of the present invention,
regarding a permeation phenomenon in a membrane separation
process, (i) a blocking ratio and concentration
polarization, and (ii) a transport equation of membrane
permeation will be described below.
[0019]

(1) Blocking ratio and concentration polarization

Reverse osmosis membrane performance can be usually



expressed by a blocking ratio of a solute and a permeate
flux. As the blocking ratio, an apparent blocking ratio
Robs [-] defined by the following formula (1) can be
generally used.

[0020]

Robs = 1 - (Cp/Cb) (1)

In the above formula, Cb represents a concentration
of a to-be-treated liquid [mol/m3], and Cp represents a
concentration of a permeate [mol/m3].

[0021]

Meanwhile, it is known that a solute blocked by a
membrane accumulates on a membrane surface, and
concentration polarization in which the concentration Cb'
[mol/m3] on the membrane surface on a to-be-treated liquid
side becomes higher than a concentration Cb of the to-be-
treated liquid occurs. That is, the membrane actually
separates the solution having the concentration Cb', and a
true blocking ratio R [-] can be expressed by the following
formula (2).

[0022]

R =1- (Cp/Cb") (2)

In the above formula, Cp represents a concentration
[mol/m3] of a permeate.

[0023]

In addition, the concentration Cb’ on the membrane

10



surface on the to-be-treated liquid side can be determined
from a material balance in a boundary membrane using the
following formula (3).

[0024]

(Cb’” - Cp)/(Cb - Cp) = exp(Jv/k) (3)

In the above formula, Jv represents a solvent
permeate flux [m3/m?2/s], and k represents a solute mass
transfer coefficient [m/s] in a boundary membrane on the
to-be-treated liquid side.

[0025]

(ii) Transport equation of membrane permeation

In the membrane separation process, an equation
describing a solvent permeate flux and a solute permeate
flux passing through a membrane is a transport equation of
membrane permeation. The solvent permeate flux Jv and the
solute permeate flux Js [m3/m?/s] can be expressed by, for
example, the following formulas (4) and (5), respectively.

[0026]

Jv Lp (AP - ocAm) (4)

Js P(Cb’ - Cp) + (1 - o)CJv (5)

In the above formula, Lp represents a pure water
permeability coefficient [m3/m?/s/Pal], AP represents an
operating pressure difference [Pa] between a to-be-treated

liquid side and a permeation side, o represents a

reflection coefficient [-], An represents an osmotic

11



pressure difference [Pa] between a to-be-treated liquid
side and a permeation side, P represents a permeability
coefficient [m/s] of a solute, and C represents an average
concentration [mol/m3] on both sides of a membrane. The
reflection coefficient ¢ indicates semipermeability of a
membrane, o = 1 indicates that the membrane is a complete
semipermeable membrane, and ¢ = 0 indicates that there is
no semipermeability (no separation occurs).

[0027]

Al can be expressed by the following formula (6).
[0028]

Al = Tcp - Tcp (6)

In the above formula, mc’ represents an osmotic
pressure [Pa] of the to-be-treated liquid side membrane
surface concentration Cb’, and nc, represents an osmotic
pressure [Pa] of the permeate concentration Cp.

[0029]

The above formulas (4) and (5) use a phenomenon
equation as a starting point based on thermodynamics of an
irreversible process. In the above formula (5), C
represents an average concentration on both sides of a
membrane. However, when a concentration difference between
both sides is very large as in a membrane separation
method, the average value has no meaning. Therefore, a

transport equation in which formula (5) is applied to the

12



inside of a membrane by a differential system and a
membrane thickness is integrated has been proposed. An
integration result cannot be expressed in the form of the
solute permeate flux Js, but can be expressed by the
following formula (7) using a true blocking ratio R.

[Mathematical formula 1]

Cy' = Cp o1 —exp{—],(1—0)/P}]
¢ 1-oexp{-],(1-0)/P}

R €

<To-be-treated liquid>

The membrane separation system 1 according to the
present embodiment can be applied to a to-be-treated liquid
having a high osmotic pressure, and is preferably applied
to a to-be-treated liquid having an osmotic pressure
exceeding a maximum operating pressure difference. 1In
other words, the membrane separation system 1 can be
preferably applied to a to-be-treated liquid satisfying rcp’
> APmax when an osmotic pressure of a to-be-treated liquid
side membrane surface concentration Cb’ is represented by
Icr and a maximum operating pressure difference is
represented by APmax. More specifically, the membrane
separation system 1 according to the present embodiment can
be preferably applied to a to-be-treated liquid having an
osmotic pressure of 5 MPa or more and 100 MPa or less.
[0030]

<First separation device 10 and loose RO membrane 50>

13



The first separation device 10 according to the
present embodiment includes the loose RO membrane 50.
[0031]

The loose RO membrane 50 according to the present
embodiment is an RO membrane through which at least a part
of a solute contained in a to-be-treated liquid passes
together with a solvent. In other words, the loose RO
membrane 50 has a low apparent blocking ratio Robs as
compared with a conventional RO membrane. Specifically,
the apparent blocking ratio Robs of the loose RO membrane
50 may be 20% or more and 90% or less under operating
conditions of a reverse osmosis membrane treatment using
the loose RO membrane 50.

[0032]

When the apparent blocking ratio Robs under the
operating conditions is 20% or more and 90% or less, the
permeate concentration Cp is increased, and an osmotic
pressure difference between a solution on a to-be-treated
liguid side and a solution on a permeation side can be
controlled. This makes it possible to perform a reverse
osmosis treatment on a to-be-treated liquid having a high
osmotic pressure. When the apparent blocking ratio Robs is
less than 20%, in a case of application to a concentration
process, concentration efficiency is low, the number of

stages required to obtain a desired concentration degree

14



increases, and a membrane area increases. When the
apparent blocking ratio Robs exceeds 90%, it is difficult
to ensure a sufficient osmotic pressure difference between
a solution on a to-be-treated liquid side and a solution on
a permeation side. Therefore, the apparent blocking ratio
Robs of the loose RO membrane 50 in the present embodiment
is preferably 20% or more and 90% or less, and more
preferably 40% or more and 80% or less.

[0033]

A target of the blocking ratio is the sum of all
solutes having an osmotic pressure in the solution.
Meanwhile, a solute that passes through the loose RO
membrane 50 according to the present embodiment is not
limited to a specific solute.

[0034]

Note that the apparent blocking ratio Robs can vary
depending on operating conditions even for the same
membrane. The loose RO membrane 50 according to the
present embodiment can also be defined as having an
apparent blocking ratio Robs of 20% or more and 90% or less
when the to-be-treated liquid of a 25 wt$% potassium
hydrogen carbonate aqueous solution is subjected to a
reverse osmosis method treatment at a liquid temperature of
40°C, an operating pressure difference of 8 MPa, a pH of 7

or more and 9 or less, and a recovery ratio of 10% or more
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and 20% or less as exemplary operating conditions.
[0035]

Alternatively, the loose RO membrane 50 according to
the present embodiment may be a reverse osmosis membrane in
which the permeability coefficient Lp of pure water is 1 x
10712 [m3/m?/s/Pa] or more and 1 x 1072 [m3/m?/s/Pa] or less,
the reflection coefficient o of a solute is 0.2 or more and
0.9 or less, and the permeability coefficient P of the
solute is 1 x 107% [m/s] or more and 1 x 10-°> [m/s] or less.
[0036]

(Manufacture of loose RO membrane 50)

Such a loose RO membrane 50 can be manufactured
using, for example, a conventional reverse osmosis
membrane. Fig. 2 is an example of a flowchart illustrating
a rough flow of a method for manufacturing the loose RO
membrane 50.

[0037]

As illustrated in Fig. 2, first, a commonly used
reverse osmosis membrane is prepared (reverse 0Osmosis
membrane preparing step: S1). The reverse osmosis membrane
used for manufacturing the loose RO membrane 50 is not
particularly limited. The reverse osmosis membrane may be
a polyamide-based membrane or a cellulose acetate-based
membrane, and an element may be a spiral type or a hollow

fiber type, but a membrane having a high usable pressure is
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preferable, and a membrane having a large pure water
permeability coefficient is more preferable.
[0038]

Next, the reverse osmosis membrane prepared in step
S1 is oxidized (oxidation step: S2). For example, the
reverse osmosis membrane is brought into contact with an
oxidizing agent. As the oxidizing agent, for example, an
oxidizing agent dissolved in a solvent such as water may be
used. As the oxidizing agent used in the oxidation step
S2, an inorganic halogen-based oxidizing agent, an oxygen-
based oxidizing agent, an organic compound oxidizing agent,
and the like can be used. Among these agents, an oxidizing
agent containing chlorine is preferable, and more
specifically, a chlorate, a hypochlorite, a chlorite,
chlorine dioxide, and the like can be used.

[0039]

The oxidation step S2 can be performed, for example,
by bringing a reverse osmosis membrane into contact with an
aqueous solution containing an oxidizing agent at a
predetermined concentration for a predetermined time. By
bringing the oxidizing agent into contact with the reverse
osmosis membrane, a blocking ratio of the reverse osmosis
membrane can be reduced, and for example, a loose RO
membrane having an apparent blocking ratio Robs of 20% or

more and 90% or less can be manufactured.
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[0040]

Furthermore, in the oxidation step S2, a loose RO
membrane having a desired blocking ratio can be
manufactured by adjusting a contact time between the
reverse osmosis membrane and the oxidizing agent.
Specifically, when a concentration of the oxidizing agent
solution is constant, a loose RO membrane having a lower
blocking ratio can be obtained as the contact time between
the oxidizing agent solution and the reverse osmosis
membrane is longer.

[0041]

Alternatively, in the oxidation step S2, a loose RO
membrane having a desired blocking ratio can be
manufactured by adjusting the concentration of the
oxidizing agent. Specifically, when the contact time is
constant, a loose RO membrane having a lower blocking ratio
can be obtained as the concentration of the oxidizing agent
solution is higher. Of course, the blocking ratio may be
adjusted by adjusting both the oxidizing agent
concentration and the contact time.

[0042]

After the oxidation step S2, the oxidizing agent
solution that can be in contact with the reverse osmosis
membrane is replaced with pure water or the like to obtain

the loose RO membrane 50 (washing step: S3). The oxidizing
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agent solution used for the contact in a container may be
replaced with pure water, or the loose RO membrane may be
taken out from the container and washed with pure water or
the like.

[0043]

The above-described method for manufacturing a loose
RO membrane using a reverse osmosis membrane can be
similarly applied to manufacture of a loose RO membrane
element using a reverse osmosis membrane element.

[0044]

(Multi-stage configuration of first separation device
10)

In the membrane separation system 1 of Fig. 1, an
example in which there is one first separation device 10 is
illustrated, but the membrane separation system 1 may
include a plurality of first separation devices 10 upstream
of the second separation device 20. From the theoretical
formula, the number of required stages is determined from
an osmotic pressure of a to-be-treated liquid, a maximum
operating pressure difference, and the like, and more
stages are required as the osmotic pressure of the to-be-
treated liquid is higher. However, when the number of
stages is excessively increased, recompression power or the
like increase, and therefore the membrane separation system

1 preferably includes one or more and ten or less first
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separation devices 10. That is, the membrane separation
method may include one or more and ten or less first steps.
[0045]

When the membrane separation system 1 includes two or
more first separation devices 10, the loose RO membrane 50
in at least one of the first separation devices 10 that are
continuous preferably has a higher blocking ratio than the
loose RO membrane 50 of the first separation device 10 in
the upstream. In addition, in order to reduce the required
membrane area and the required number of stages, the
blocking ratio Robs of the loose RO membrane 50 is
preferably higher as it goes downstream. Alternatively, as
for a performance parameter of the loose RO membrane 50,
the solute permeability coefficient P is preferably lower
and the reflection coefficient ¢ is preferably higher as it
goes downstream.

[0046]

By inclusion of the plurality of first separation
devices 10 in the membrane separation system 1, it is
possible to treat a to-be-treated liquid having a higher
osmotic pressure.

[0047]

<Second separation device 20 and reverse osmosis

membrane 60>

The second separation device 20 according to the

20



present embodiment includes the reverse osmosis membrane
60.
[0048]

The reverse osmosis membrane 60 used in the present
embodiment is generally an RO membrane that can be used for
seawater desalination, and is usually a membrane having a
pore diameter of 1 nm or less and capable of removing ions
or low molecular weight organic substances. For example,
the permeability coefficient Lp of pure water for an
exemplary reverse osmosis membrane 60 may be 1 x 10713
[m3/m?/s/Pa] or more and 1 x 10710 [m3/m?/s/Pa] or less, the
reflection coefficient o of a solute may be 0.95 or more
and 1 or less, and the permeability coefficient P of the
solute may be 1 x 107® [m/s] or less. Alternatively, the
apparent blocking ratio Robs of the exemplary reverse
osmosis membranes 60 may be 95% or more.

[0049]

<Membrane separation method and operation of membrane
separation system 1 according to present embodiment>

A to-be-treated liquid (first to-be-treated liquid)
is sent to a to-be-treated liquid side of the first
separation device 10 through the pipe 11. The pressure of
the first to-be-treated liquid is increased by a pump or
the like, and the first to-be-treated liquid is caused to

pass through the loose RO membrane 50 to be separated into
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a first permeate and a first retentate (a concentrate, a
salt concentrate) (first step). The first retentate
obtained in the first step is discharged through the pipe
13.

[0050]

The first permeate is sent as a second to-be-treated
liqguid to a to-be-treated liquid side of the second
separation device 20 through the pipe 12. The pressure of
the second to-be-treated liquid is increased by a pump or
the like, and the second to-be-treated liquid is caused to
pass through the reverse osmosis membrane 60 to be
separated into a second permeate and a second retentate
(second step). The second permeate obtained in the second
step can be recovered through the pipe 21. 1In order to
increase a recovery ratio of a solute (for example, a
salt), it is preferable to mix the second retentate
obtained in the second step with the first to-be-treated
liquid through the pipe 22.

[0051]

As described above, in the membrane separation method
and the membrane separation system 1 according to the
present embodiment, the reverse osmosis membrane treatment
using the loose RO membrane 50 having a low blocking ratio
is performed as the first step. As a result, in the first

step, a to-be-treated liquid having a high osmotic pressure
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can be separated into a permeate and a retentate. More
specifically, the first separation device 10 can treat a
to-be-treated liquid having an osmotic pressure ncyr higher
than the maximum operating pressure difference APmax at a
pressure of APmax or less. In the first step, the
operating pressure difference AP can satisfy a condition of
AP > oAm. Alternatively, the operating pressure difference
in at least one first step is, for example, 5 MPa or more
and 10 MPa or less.

[0052]

Note that when the first separation device 10 is a
loose RO membrane 50 element, the APmax can be a withstand
voltage of the loose RO membrane 50 element.

[0053]

In the membrane separation method and the membrane
separation system 1 according to the present embodiment,
the second separation device including the reverse osmosis
membrane 60 is disposed after the first separation device
10 including the loose RO membrane, and furthermore, the
second retentate is returned to the to-be-treated liquid of
the first separation device 10. As a result, it is
possible to perform treatment at a high osmotic pressure,
and it is possible to simultaneously achieve a high salt
recovery ratio and high purity solvent recovery.

[0054]
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According to such a configuration, it is possible to
replace a treatment of a to-be-treated liquid having a high
osmotic pressure, which has been conventionally treated
using an evaporation method which is a large energy-
consuming process, with the membrane separation method, and
it is possible to contribute to energy saving of the
process and achievement of sustainable development goals
(SDGs) .

[0055]

(Summary of embodiment)

‘A membrane separation method according to a first
aspect of the present invention is a membrane separation
method for a to-be-treated liquid having an osmotic
pressure, the method including a first step of separating
the to-be-treated liquid into a first permeate and a first
retentate by a reverse osmosis method using a loose RO
membrane, in which the to-be-treated liquid satisfies the
following formula (1) when an osmotic pressure of a to-be-
treated liquid side membrane surface concentration Cb’ is
represented by nc, and a maximum operating pressure
difference is represented by APmax,

IIcpr > APmax (1), and

the loose RO membrane is a membrane through which at
least a part of a solute contained in the to-be-treated

liquid passes together with a solvent.
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[0056]

‘A membrane separation method according to a second
aspect of the present invention is a membrane separation
method for a to-be-treated liquid having an osmotic
pressure, the method including a first step of separating
the to-be-treated liquid into a first permeate and a first
retentate under pressure by a reverse osmosis method using
a loose RO membrane, in which the to-be-treated liquid has
an osmotic pressure of 5 MPa or more and 100 MPa or less,
and the loose RO membrane is a membrane through which at
least a part of a solute contained in the to-be-treated
liqguid passes together with a solvent.

[0057]

‘A membrane separation method according to a third
aspect of the present invention is the membrane separation
method according to the first or second aspect, in which in
the first step, an operating pressure difference AP falls
within a range satisfying the following formula (2) when an
osmotic pressure difference between a to-be-treated liquid
side and a permeation side is represented by Am, and a
reflection coefficient of a solute of the loose RO membrane
is represented by o.

[0058]
AP > OAm (2)

‘A membrane separation method according to a fourth

25



aspect of the present invention is the membrane separation
method according to any one of the first to third aspects,
in which an apparent blocking ratio Robs of a solute in the
loose RO membrane is 20% or more and 90% or less under
operating conditions.

[0059]

‘A membrane separation method according to a fifth
aspect of the present invention is the membrane separation
method according to the fourth aspect, in which in the
first step, the to-be-treated liquid is a 25 wt®% potassium
hydrogen carbonate aqueous solution, and when the to-be-
treated liquid is treated at a liquid temperature of 40°C,
an operating pressure difference of 8 MPa, a pH of 7 or
more and 9 or less, and a recovery ratio of 10% or more and
20% or less, the apparent blocking ratio Robs of the loose
RO membrane is 20% or more and 90% or less.

[0060]

‘A membrane separation method according to a sixth
aspect of the present invention is the membrane separation
method according to any one of the first to fifth aspects,
including a second step of separating the first permeate
into a second permeate and a second retentate by a reverse
osmosis method using a reverse osmosis membrane, in which
the reverse osmosis membrane has an apparent blocking ratio

Robs of 95% or more.
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[0061]

‘A membrane separation method according to a seventh
aspect of the present invention is the membrane separation
method according to any one of the first to sixth aspects,
in which the number of the first steps is one or more and
ten or less.

[0062]

‘A membrane separation method according to an eighth
aspect of the present invention is the membrane separation
method according to any one of the first to seventh
aspects, in which, for at least one of the loose RO
membranes, a permeability coefficient Lp of pure water is 1
x 10712 [m3/m?/s/Pa] or more and 1 x 10°% [m3/m?/s/Pa] or
less, a reflection coefficient o of a solute is 0.2 or more
and 0.9 or less, and a permeability coefficient P of the
solute is 1 x 1078 [m/s] or more and 1 x 1075 [m/s] or less.
[0063]

‘A membrane separation method according to a ninth
aspect of the present invention is the membrane separation
method according to any one of the first to eighth aspects,
including a plurality of the first steps, in which the
loose RO membrane in at least one of the first steps that
are continuous has a higher blocking ratio than the loose
RO membrane in the first step in the upstream.

[0064]
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‘A membrane separation method according to a tenth
aspect of the present invention is the membrane separation
method according to any one of the sixth to ninth aspects,
in which at least a part of the first retentate liquid
and/or the second retentate is used as a part of the first
to-be-treated liquid and/or the second to-be-treated
liquid.

[0065]

‘A membrane separation method according to an
eleventh aspect of the present invention is the membrane
separation method according to any one of the first to
tenth aspects, in which an operating pressure difference in
at least one of the first steps is 5 MPa or more and 10 MPa
or less.

[0066]

A method for manufacturing a loose RO membrane
according to a twelfth aspect of the present invention is a
manufacturing method, including bringing an oxidizing agent
solution containing an oxidizing agent into contact with an
RO membrane.

[0067]

‘A method for manufacturing a loose RO membrane
according to a thirteenth aspect of the present invention
is the manufacturing according to the twelfth aspect, in

which the adjusted apparent blocking ratio Robs is 20% or
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more and 90% or less under operating conditions.
[0068]

‘A membrane separation method according to a
fourteenth aspect of the present invention is the membrane
separation method according to any one of the first to
eleventh aspects, in which a loose RO membrane manufactured
by the manufacturing method according to the twelfth or
thirteenth aspect is used.

[0069]

The present invention is not limited to the above-
described embodiments, and various modifications can be
made within the scope indicated in the claims, and
embodiments obtained by appropriately combining technical
means disclosed in different embodiments are also included

in the technical scope of the present invention.

EXAMPLES
[0070]

Hereinafter, the present invention will be described
in more detail based on Example and Comparative Example,
but the present invention is not limited to the following
Example.

[0071]
<Application Example>

A case where a reverse osmosis method is applied to a
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process of concentrating salt water having a concentration
Cw = 25 wt% as a to-be-treated liquid was performed
according to Comparative Example and Example 1. A
concentration C [mol/m3] of the salt water and an osmotic
pressure 1c [Pa] at the concentration C are calculated from
the following formulas (8) and (9). According to this, the
osmotic pressure mcp, Oof the present to-be-treated liquid
having the concentration Cw = 25 wt% is 18.5 MPa.
[0072]

C = 0.003286 x Cw?® + 0.6091 x Cw?2 + 99.2 x Cw (8)

nic = 0.7345C2%2 + 4229.9C (9)

(Comparative Example)

In Comparative Example, a reverse osmosis method

treatment is attempted using a reverse osmosis membrane

having a maximum operating pressure difference APmax = 8
MPa, a pure water permeability coefficient Lp = 8.90 x 10712
[m3/m2/s/Pa]l, a solute permeability coefficient P = 1.00 x
10-7 [m/s], and a reflection coefficient o = 0.999.

However, under the present conditions, (AP - ocAm) = -10.5 <
0 is satisfied, a solvent permeate flux expressed by the
formula (4) has a negative value, and therefore a to-be-
treated liquid cannot be concentrated in the present
reverse osmosis method treatment.

[0073]

(Example 1)
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In Example 1, a reverse osmosis method treatment of a
to-be-treated liquid is attempted using the membrane
separation method according to the present invention. Fig.
3 is a schematic diagram schematically illustrating a
configuration of a membrane separation system 1A used in
Example 1. The membrane separation system 1A includes
three first separation devices 10 (10A, 10B, and 10C) and a
second separation device 20.

[0074]

The first separation device 10A is a device disposed
on the most upstream side, and includes a loose RO membrane
50A. The first separation device 10B is a device disposed
on a downstream side on a permeation side of the first
separation device 10A, and includes a loose RO membrane
50B. The first separation device 10C is a device disposed
on a downstream side on a permeation side of the first
separation device 10B, and includes a loose RO membrane
50C. The second separation device 20 is a device disposed
on a downstream side on a permeation side of the first
separation device 10C, and includes a reverse osmosis
membrane 60.

[0075]

As the loose RO membrane 50A and the loose RO

membrane 50B, membranes having a maximum operating pressure

difference APmax = 8 MPa, a pure water permeability
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coefficient Lp = 1.50 x 10-1! [m3/m?2/s/Pal, a solute
permeability coefficient P = 9.00 x 10°° [m/s], and a
reflection coefficient o = 0.65 were used. As the loose RO
membrane 50C, a membrane having a maximum operating
pressure difference APmax = 8 MPa, a pure water

permeability coefficient Lp = 1.26 x 1071 [m3/m?/s/Pa]l, a

solute permeability coefficient P = 7.00 x 10°¢ [m/s], and
a reflection coefficient o = 0.75 was used.
[0076]

The reverse osmosis membrane 60 is a membrane having

a maximum operating pressure difference APmax = 8 MPa, a
pure water permeability coefficient Lp = 8.90 x 10712
[m3/m2/s/Pal], a solute permeability coefficient P = 1.00 x

10-7 [m/s], and a reflection coefficient o = 0.999 as in
Comparative Example.
[0077]

(Flow of membrane separation operation)

A to-be-treated liquid (first to-be-treated liquid)
is sent to a to-be-treated liquid side of the first
separation device 10A through a pipe 11. The first to-be-
treated liquid is caused to pass through the loose RO
membrane 50A to be separated into a first A permeate and a
first A retentate (a concentrate) under condition of AP = 8
MPa (first A step). The first A retentate obtained in the

first A step is discharged through a pipe 13.
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[0078]

The first A permeate is sent as a first B to-be-
treated liquid to a to-be-treated liquid side of the first
separation device 10B through a pipe 12. The first B to-
be-treated liquid is caused to pass through the loose RO
membrane 50B to be separated into a first B permeate and a
first B retentate under condition of AP = 8 MPa (first B
step). The first B retentate obtained in the first B step
is mixed with the first to-be-treated liquid through a pipe
16 as a recycled liquid.

[0079]

The first B permeate is sent as a first C to-be-
treated liquid to a to-be-treated liquid side of the first
separation device 10C through a pipe 14. The first C to-
be-treated liquid is caused to pass through the loose RO
membrane 50C to be separated into a first C permeate and a
first C retentate under condition of AP = 8 MPa (first C
step). The first C retentate obtained in the first C step
is mixed with the first B to-be-treated liquid through a
pipe 17 as a recycled liquid.

[0080]

The first C permeate is sent as a second to-be-
treated liquid to a to-be-treated liquid side of the second
separation device 20 through a pipe 15. The second to-be-

treated liquid is caused to pass through the reverse
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osmosis membrane 60 to be separated into a second permeate
and a second retentate under condition of AP = 8 MPa
(second step). The second permeate obtained in the second
step is discharged through a pipe 21. The second retentate
obtained in the second step is mixed with the first C to-
be-treated liquid through a pipe 22 as a recycled liquid.
[0081]

The pressure of the first to-be-treated liquid, the
first B to-be-treated liquid, the first C to-be-treated
liqguid, and the second to-be-treated liquid was increased
using a pump, and an operating pressure difference AP in
each of the separation devices was 8 MPa.

[0082]

(Setting of convergence condition)

A mass transfer coefficient k in a boundary membrane
in each of the first separation devices 10A to 10C and the
second separation device 20 was 8.00 x 1075 [m/s]. 1In
addition, a material balance in each of the first
separation devices 10A to 10C and the second separation
device 20 was calculated as follows. That is, using the
concentration Cb' [mol/m3] on a to-be-treated liquid side
and a permeate concentration Cp [mol/m3] as variables,
convergence calculation was performed such that the above
formulas (3), (4), and (7) were satisfied for each membrane

area of 0.001 m?2. In addition, using a necessary membrane
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area as a variable, a convergence condition was set such
that a salt concentration of each recycled liquid was equal
to a salt concentration of a to-be-treated liquid at a
recycling joint destination.

[0083]

Detailed numerical values of the material balance set
as described above are illustrated in Fig. 3. As
illustrated in Fig. 3, by the membrane separation operation
using the membrane separation system 1A, the first to-be-
treated liquid could be dehydrated by about 30% by an
operation of a maximum operating pressure difference or
less to obtain a concentrated first retentate, and a salt
recovery ratio of 99.9% or more could be achieved. That
is, it has been proved that the membrane separation system
1A can perform a reverse osmosis method treatment on a to-
be-treated liquid having a high osmotic pressure of 18.5
MPa, which could not be separated in Comparative Example,
by an operation of a maximum operating pressure difference

or less.

DESCRIPTION OF REFERENCE SIGNS

[0084]

1, 1A Membrane separation system

10, 10A, 10B, 10C First separation device

20 Second separation device
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50, 50A, 50B, 50C Loose RO membrane

60 Reverse osmosis membrane
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CLAIMS

1. A membrane separation method for a to-be-treated
liquid having an osmotic pressure, the method comprising

a first step of separating the to-be-treated liquid
into a first permeate and a first retentate by a reverse
osmosis method using a loose RO membrane, wherein

the loose RO membrane is a membrane through which at
least a part of a solute contained in the to-be-treated
liqguid passes together with a solvent, and

the to-be-treated liquid

(i) satisfies the following formula (1) when an
osmotic pressure of a to-be-treated liquid side membrane
surface concentration Cb’ 1is represented by nc and a
maximum operating pressure difference is represented by
APmax,

IIcpr > APmax (1), or

(ii) has an osmotic pressure of 5 MPa or more and 100

MPa or less.

2. The membrane separation method according to claim
1, wherein in the first step, an operating pressure
difference AP falls within a range satisfying the following
formula (2) when an osmotic pressure difference between a

to-be-treated liquid side and a permeation side is
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represented by Amn, and a reflection coefficient of a solute
of the loose RO membrane is represented by o.

AP > oOAm (2)

3. The membrane separation method according to claim
1, wherein an apparent blocking ratio Robs of a solute in
the loose RO membrane is 20% or more and 90% or less under

operating conditions.

4. The membrane separation method according to claim
3, wherein in the first step, the to-be-treated liquid is a
25 wt% potassium hydrogen carbonate aqueous solution, and
when the to-be-treated liquid is treated at a liquid
temperature of 40°C, an operating pressure difference of 8
MPa, a pH of 7 or more and 9 or less, and a recovery ratio
of 10% or more and 20% or less, the apparent blocking ratio
Robs of the loose RO membrane is 20% or more and 90% or

less.

5. The membrane separation method according to claim
1, comprising a second step of separating the first
permeate into a second permeate and a second retentate by a
reverse osmosis method using a reverse osmosis membrane,
wherein

the reverse osmosis membrane has an apparent blocking
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ratio Robs of 95% or more.

6. The membrane separation method according to claim
1, wherein the number of the first steps is one or more and

ten or less.

7. The membrane separation method according to claim
1, wherein for at least one of the loose RO membranes, a
permeability coefficient Lp of pure water is 1 x 10712
[m3/m?/s/Pa] or more and 1 x 1079 [m3/m?/s/Pa] or less, a
reflection coefficient o of a solute is 0.2 or more and 0.9
or less, and a permeability coefficient P of the solute is

1 x 108 [m/s] or more and 1 x 1075 [m/s] or less.

8. The membrane separation method according to claim
1, comprising a plurality of the first steps, wherein the
loose RO membrane in at least one of the first steps that
are continuous has a higher blocking ratio than the loose

RO membrane in the first step in upstream.

9. The membrane separation method according to claim
5, wherein at least a part of the first retentate and/or
the second retentate is used as a part of a first to-be-

treated liquid and/or a second to-be-treated liquid.
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10. The membrane separation method according to
claim 1, wherein an operating pressure difference in at
least one of the first steps is 5 MPa or more and 10 MPa or

less.

11. A method for manufacturing a loose RO membrane,
comprising bringing an oxidizing agent solution containing

an oxidizing agent into contact with an RO membrane.

12. The method for manufacturing a loose RO membrane
according to claim 11, wherein the adjusted apparent
blocking ratio Robs is 20% or more and 90% or less under

operating conditions.

13. The membrane separation method according to any
one of claims 1 to 10, wherein a loose RO membrane
manufactured by the manufacturing method according to claim

11 or 12 is used.
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