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satisfies 0.02<v/v<0.3.

6 W 8

Processed by Luminess, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 4 410 408 A1
Description
TECHNICAL FIELD
[0001] The present invention relates to an operation method of a hollow fiber membrane module for filtration.
BACKGROUND ART

[0002] In recent years, membrane filtration using a separation membrane has been widely applied to various fields
such as a fermentation field involving culture of microorganisms and cultured cells, a pharmaceutical field, and a food
and drink field, in addition to a water treatment field such as drinking water production, water purification treatment, and
wastewater treatment. Among separation membranes, membrane filtration using a hollow fiber membrane module is
used in many fields in view of the amount of water treated, ease of cleaning, and the like.

[0003] Inthe water treatment field, there are many cases of filtering a relatively clear feed, whereas in the fermentation
field, pharmaceutical field, and food and drink field, there are many cases of handling a feed having high turbidity and
high viscosity. In the case where the turbidity or the viscosity is high, if dead-end filtration operation, which is often
adopted in the water treatment field, is applied, blockage of the hollow fiber membrane, that is, so-called fouling proceeds
rapidly. Therefore, in these fields, a cross-flow filtration operation capable of reducing fouling is performed. The cross-
flow filtration operation is a method of causing a feed to normally flow parallel to a surface of a hollow fiber membrane,
and filtering a part of the feed.

[0004] In this method, since the operation can be performed while preventing accumulation of suspended substances
on the surface of the hollow fiber membrane by the action of the flow parallel to the surface of the hollow fiber membrane,
fouling can be greatly reduced. Along with the expansion of applications of separation membranes, there is an increasing
need for a technique of more stable operation by cross-flow filtration with respect to a feed having high turbidity or high
viscosity.

[0005] In the case of cross-flow filtration of a feed having high turbidity or high viscosity, either an external pressure
type in which the feed is introduced to an outer surface side of the hollow fiber membrane or an internal pressure type
in which the feed is introduced to an inner surface side of the hollow fiber membrane is used. For example, Patent
Literatures 1 and 2 disclose methods of filtering a solution having high viscosity by internal pressure type cross-flow
filtration using an ultrafiltration membrane.

[0006] However, in the case where a feed having high turbidity or high viscosity is subjected to the internal pressure
type cross-flow filtration, since a flow channel size of the feed is smaller than that in the external pressure type, blockage
of the flow channel or pressure loss due to the flow of the feed may be increased, and as a countermeasure, it is
necessary to increase an inner diameter of the hollow fiber membrane. As a result, a membrane area of the hollow fiber
membrane module decreases, and a filtrate amount of the hollow fiber membrane module decreases. Therefore, the
external pressure type cross-flow filtration is often suitable for such a feed.

[0007] Patent Literature 3 discloses a method of applying the external pressure type cross-flow filtration to an oil-water
separation application, and Patent Literature 4 discloses a method of subjecting a yeast culture solution to the external
pressure type cross-flow filtration. Patent Literature 3 describes that it is preferable to set a large average value of
dimensions among hollow fiber membranes in order to prevent blockage of a flow channel in the external pressure type
cross-flow filtration.

CITATION LIST

PATENT LITERATURE

[0008]
Patent Literature 1: JP2020-146645A
Patent Literature 2: JPH10-42851A
Patent Literature 3: JP2010-36183A
Patent Literature 4: WO2017/209150A1

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0009] In the case of subjecting a solution having high viscosity to the external pressure type cross-flow filtration, a
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difference occurs between the viscosity on the feed side and the viscosity on the filtrate side due to viscosity-increasing
components being blocked by the separation membrane, and a difference between a transmembrane pressure on a
feed inlet side and a transmembrane pressure on a feed outlet side of the hollow fiber membrane module (hereinafter
referred to as transmembrane pressure difference) becomes large. As a result, there is a problem that blockage of the
hollow fiber membrane on the feed inlet side having a large transmembrane pressure becomes fast, and a time until
reaching an upper limit of the transmembrane pressure of the entire hollow fiber membrane module becomes short,
thereby increasing cleaning frequency. For this reason, there has been a demand for an operation technique for reducing
the transmembrane pressure difference to reduce the blockage speed in the case where the difference in viscosity
occurs between the feed side and the filtrate side.

[0010] PatentLiterature 1 discloses a method capable of maintaining afiltration flow amount at a high level by returning
back-wash wastewater to the feed in order to reduce blockage of the hollow fiber membrane due to an increase in
viscosity of the feed. Patent Literature 2 discloses a method of controlling the Reynolds number during circulation and
filtration in order to reduce clogging of hollow fibers and obtain a large permeation flux. Patent Literature 3 describes
that, in the case of an external pressure circulation type, dirt on a membrane surface of a hollow fiber membrane can
be removed by a flow of a liquid to be treated, and filtration can be continued while reducing dirt and clogging on the
membrane surface even when a water-insoluble oil content or a concentration of suspended substances in the liquid to
be treated is high. Patent Literature 4 describes that, when a yeast culture solution is subjected to the external pressure
type cross-flow filtration, operation can be performed without breaking the hollow fiber membrane by using a high-
strength hollow fiber membrane.

[0011] However, none of these patent literatures discloses a method for reducing the transmembrane pressure dif-
ference caused by the difference in viscosity between the feed and the filtrate. Accordingly, an object of the present
invention is to provide an operation method of a hollow fiber membrane module, which is capable of reducing a trans-
membrane pressure difference, reducing a blockage speed, and reducing a cleaning frequency, in a case where a
difference in viscosity occurs between a feed and a filtrate in external pressure type cross-flow filtration.

SOLUTION TO PROBLEM

[0012] In order to achieve the above object, the present invention provides the following operation method of a hollow
fiber membrane module.

<1> An operation method of a hollow fiber membrane module, the operation method including:

a filtration step of performing cross-flow filtration by supplying a feed to an outer surface side of a hollow fiber
membrane, in which

in the filtration step, a ratio of a viscosity p; of the feed to a viscosity Pp of afiltrate satisfies a relation of uf/up
> 1.5, and a flow rate ratio of a flow rate Vo of the filtrate to a flow rate v; of the feed satisfies a relation of 0.02
Svplve<0.3.

<2> The operation method of a hollow fiber membrane module according to <1>, in which in the filtration step, the
viscosity s of the feed is 3.0 mPa-s or more.

<3> The operation method of a hollow fiber membrane module according to <1> or <2>, in which

in the filtration step, a concentration of dissolved organic carbon in the feed is 1,000 mg/L or more and 100,000
mg/L or less.

<4> The operation method of a hollow fiber membrane module according to any one of <1> to <3>, in which

the hollow fiber membrane is an ultrafiltration membrane.

<5> The operation method of a hollow fiber membrane module according to any one of <1> to <4>, in which

a breaking load of the hollow fiber membrane is 500 gf/fiber or more.

<6> The operation method of a hollow fiber membrane module according to any one of <1> to <5>, in which

in the filtration step, the viscosity s of the feed and the flow rate ve of the feed satisfy a relation of v;<- 0.135u; + 3.0.
<7> The operation method of a hollow fiber membrane module according to any one of <1> to <6>, in which

an inner diameter D; of the hollow fiber membrane satisfies a relation of 300 um < D; < 1000 pm.

<8> The operation method of a hollow fiber membrane module according to any one of <1> to <7>, in which

a filling rate of the hollow fiber membrane module is 25% or more and 45% or less.

<9> The operation method of a hollow fiber membrane module according to any one of <1> to <8>, in which

a membrane length of the hollow fiber membrane is 0.50 m or more and 2.00 m or less.

<10> The operation method of a hollow fiber membrane module according to any one of <1> to <9>, the operation
method further including:



10

15

20

25

30

35

40

45

50

55

EP 4 410 408 A1

a backwashing step of flowing a cleaning liquid from an inner surface to an outer surface of the hollow fiber
membrane, in which

a pore diameter ¢, of the outer surface of the hollow fiber membrane satisfies a relation of 0.005 wm < ¢, <
0.02 pum, and

a ratio of a pore diameter o; of the inner surface of the hollow fiber membrane to the pore diameter ¢, of the
outer surface satisfies a relation of ¢/¢, > 50.

ADVANTAGEOUS EFFECTS OF INVENTION

[0013] The presentinvention is capable of reducing a transmembrane pressure difference to reduce a blockage speed,
and reducing a cleaning frequency, in a case where a difference in viscosity occurs between a feed and a filtrate in
external pressure type cross-flow filtration.

BRIEF DESCRIPTION OF DRAWINGS
[0014]

[Fig. 1]Fig. 1 is a schematic view showing an embodiment of a hollow fiber membrane module of the presentinvention.
[Fig. 2] Fig. 2 is a schematic flow diagram showing an embodiment of a membrane filtration unit to which cross-flow
filtration is applied.

[Fig. 3] Fig. 3 is a schematic view showing a model for simulating pressure distribution in the hollow fiber membrane
module.

[Fig. 4] Fig. 4 is a schematic flow diagram showing an embodiment of viscosity measurement using a capillary
viscometer.

[Fig. 5] Fig. 5 is a schematic flow diagram showing an embodiment of a membrane filtration unit for verifying a
simulation.

DESCRIPTION OF EMBODIMENTS

[0015] Hereinafter, embodiments of the present invention will be described in detail with reference to the drawings,
but the present invention is not limited in any way by these embodiments.

[0016] Fig. 1is a schematic view showing an embodiment of a hollow fiber membrane module of the present invention.
Hereinafter, in the present description, directions such as "upper"”, "lower", and the like are based on a state shown in
the drawings and are for convenience, and in Fig. 1, a filtrate outlet port 3 side is referred to as an upper direction and
a feed inlet port 2 side is referred to as a lower direction.

[0017] In a hollow fiber membrane module 10 of the present invention, a container 1 including a feed inlet port 2, a
filtrate outlet port 3, and a feed outlet port 4 is loaded with hollow fiber membranes 5. Both ends of the hollow fiber
membrane 5 are embedded in a first potting portion 8 and a second potting portion 9, respectively, and the first potting
portion 8 and the second potting portion 9 are fixed to the container 1. A lower end of the hollow fiber membrane 5
embedded in the first potting portion 8 is sealed. The first potting portion 8 includes a plurality of through holes through
which a feed introduced from the feed inlet port 2 passes. On the other hand, an upper end of the hollow fiber membrane
5 embedded in the second potting portion 9 is embedded in an open state.

[0018] The feed inlet port 2, the filtrate outlet port 3, and the feed outlet port 4 are cylindrical nozzles that connect the
container 1 and a pipe (not shown), and are similarly fixed to the cylindrical container 1 in an open state. The feed inlet
port 2 is connected to a lower end of the container 1, and the filtrate outlet port 3 is connected to an upper end thereof.
The feed outlet port 4 is connected to a side surface of the container 1 and is provided near the second potting portion
9. Any of resin and metal can be used as material thereof.

[0019] The hollow fiber membrane 5 in the container 1 is a membrane of hollow fiber shape having a liquid separation
function. The hollow fiber membrane 5 is contained such that an axial direction of the container 1 is parallel to an axial
direction of the hollow fiber membrane 5. The axial directions refer to a longitudinal direction of the container 1 and a
longitudinal direction of the hollow fiber membrane 5.

[0020] The first potting portion 8 and the second potting portion 9 to which the plurality of hollow fiber membranes are
fixed by an adhesive are portions in which gaps between the bundled hollow fibers are filled with a potting agent containing
a potting resin as a main component, which is the so-called adhesive. The potting portion is preferably formed in ends
of the hollow fiber membrane bundle.

[0021] The potting resin as a main component of the potting agent is preferably an epoxy resin, a polyurethane resin,
or a silicone resin, which is excellent in adhesion to the hollow fiber membrane, heat resistance, and chemical durability.
In addition to the potting resin, the potting agent may contain an additive such as silica, talc, mica, clay, calcium carbonate,
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glass, or rubber.

[0022] The first potting portion 8 is formed in a feed inlet port side end of the hollow fiber membrane 5. It is preferable
that the feed inlet port side end of the hollow fiber membrane 5 is sealed. By sealing the feed inlet port side end, the
filtrate flowing through a hollow portion flows in one direction, and a pressure difference can be generated between the
feed inlet port side end and a filtrate outlet port side end on the filtrate side of the hollow fiber membrane 5. Here, "sealed"
means a state in which the liquid flowing in the hollow fiber membranes 5 is not discharged from the sealed end.
[0023] The first potting portion 8 is fixed to the container 1, and has a plurality of through holes through which the feed
introduced from the feed inlet port 2 can pass, and the feed is introduced into the hollow fiber membranes 5 through the
through holes. The shape and number of the through holes are not specified, and are appropriately provided to reduce
resistance and occurrence of flow unevenness according to a flow amount of the feed passing through.

[0024] Thefirst potting portion 8 may be adhesively fixed to the container 1 or may have aremovable cartridge structure
as long as the first potting portion 8 is fixed in position so as not to float up due to the flow of the feed. The position fixing
method is not particularly limited, and a structure of fixing the position between the container 1 and the first potting portion
8 or a structure of fixing the position between the second potting portion 9 and the first potting portion 8 can be appropriately
selected.

[0025] The first potting portion 8 is not essential as long as the feed inlet port side end of the hollow fiber membrane
5 is sealed, and may not be a so-called fixed end in which the hollow fiber membrane bundles are fixed to each other
with a potting agent, but may be a free end which is not fixed with a potting agent. The free end is a state in which the
hollow fiber membranes are not fixed to each other with a potting agent and are freely movable. In this case, as a method
for sealing the feed inlet port side end of the hollow fiber membrane 5, a method of injecting a potting agent into the
hollow portion of the hollow fiber membrane 5 to seal, a method of welding the end by heat to seal, or the like can be applied.
[0026] Next, the second potting portion 9 is formed on the filtrate outlet port side end of the hollow fiber membrane 5,
and is fixed in a state where the filtrate outlet port side end of the hollow fiber membrane 5 is open. The open state is a
state in which the liquid flowing inside the hollow fiber membrane is discharged from the open end.

[0027] Although the second potting portion 9 is fixed to the container 1, the second potting portion 9 and the container
1 may be adhesively fixed to each other, or the second potting portion 9 may have a so-called cartridge type structure
in which the hollow fiber membrane can be attached and detached, as long as the feed and the filtrate can be separated
in a liquid-tight manner. In the case of the cartridge type, the second potting portion 9 and the container 1 may be
connected via an O-ring or the like.

[0028] In the hollow fiber membrane module having the above structure, an interior of the container 1 is separated by
the hollow fiber membrane 5 and the second potting portion 9 into a feed side space 6 filled with the feed and a filtrate
side space 7 filled with the filtrate, and the feed side space 6 is a space in contact with an outer surface of the hollow
fiber membrane 5, and the filtrate side space 7 is a space in contact with an inner surface of the hollow fiber membrane 5.
[0029] The presentinvention is applied to a so-called external pressure type hollow fiber membrane module in which
the feed inlet port 2 and the feed outlet port 4 are connected to the feed side space 6 and the filtrate outlet port 3 is
connected to the filtrate side space 7.

[0030] Next, an operation method using the hollow fiber membrane module shown in Fig. 1 will be described with
reference to Fig. 2.

[0031] Fig. 2is a flow diagram of a membrane filtration unit. The feed is supplied from a feed tank 12 to the container
1 by a supply pump 14. The feed introduced from the feed inlet port 2 into the container 1 passes through the through
holes of the first potting portion 8 shown in Fig. 1, and is sent through the feed side space 6 in a flow parallel to the axial
direction of the hollow fiber membrane 5. Thereafter, it is discharged from the container 1 through the feed outlet port 4.
[0032] The cross-flow filtration operation is an operation method in which, by circulating at a flow amount of approxi-
mately 10 to 30 times the filtration flow amount, accumulation of membrane blockage components derived from the feed
on the membrane surface can be prevented by a shearing effect of the flow, and stable filtration is enabled. It is an
operation method particularly suitable for filtering a feed containing a large amount of blockage components to be
accumulated on the membrane surface.

[0033] The operation is often performed such that a filtrate flow amount observed by a filtrate flowmeter 32 is constant.
In the cross-flow filtration operation, a difference between an average value of a feed inlet pressure P1 and a feed outlet
pressure P2 observed by a feed inlet pressure gauge 41 and a feed outlet pressure gauge 42 and a filtrate outlet pressure
P3 observed by the filtrate outlet pressure gauge 43 is referred to as an average transmembrane pressure, and the
operation is continued until the average transmembrane pressure reaches a predetermined pressure.

[0034] In the external pressure type cross-flow filtration operation, a high pressure loss occurs in the feed side space
6 due to the feed flow in the feed side space 6. Therefore, a high feed side pressure is applied to the feed inlet side end
of the hollow fiber membrane 5, so that a load on that position will be high. On the other hand, a pressure loss occurs
in the filtrate side space 7 inside the hollow fiber membrane, similarly to the filtrate. Although the filtrate flow is slower
than the feed flow, since a flow channel of the filtrate side space 7 is smaller than a flow channel of the feed side space
6, a higher pressure loss also occurs in the filtrate side space 7. As a result, on the feed inlet port side end of the hollow



10

15

20

25

30

35

40

45

50

55

EP 4 410 408 A1

fiber membrane 5, the feed side pressure and a filtrate side pressure are both high, so that an increase in the trans-
membrane pressure can be prevented.

[0035] However, in the case where the feed and the filtrate are different in viscosity, particularly in the case where
viscosity-increasing components in the feed is held in the feed side space by the separation membrane and viscosity
of the filtrate is smaller than that of the feed, the pressure loss in the filtrate side space 7 is smaller than the pressure
loss in the feed side space 6. As a result, on the feed inlet port side end of the hollow fiber membrane 5, the feed side
pressure is high, and the filtrate side pressure is small, and the transmembrane pressure on this position tends to be
increased. Therefore, at the feed inlet port side end of the hollow fiber membrane 5, an excessive amount of liquid is
filtered as compared with the filtrate outlet port side end, which is a factor for promoting fouling.

[0036] In order to solve this problem, as a result of intensive studies, the present inventors found that, in a hollow fiber
membrane module that performs external pressure type cross-flow filtration, the transmembrane pressure difference in
the axial direction of the hollow fiber membrane can be reduced by controlling the flow rate on the feed side and the
flow rate on the filtrate side to be within predetermined ranges, and completed the present invention of the operation
method of a hollow fiber membrane module.

[0037] Thatis, inthe operation method of a hollow fiber membrane module according to the presentinvention, operation
is performed such that when cross-flow filtration is performed by supplying the feed to the outer surface side of the hollow
fiber membrane as a filtration step, when a ratio of a viscosity p; of the feed to a viscosity Pp of the filtrate satisfies uf/up
> 1.5, a flow rate ratio of a flow rate v; of the feed to the flow rate v, of the filtrate satisfies 0.02 < v,/v;<0.3.

[0038] When the ratio between the viscosity u; of the feed and the viscosity Pp of the filtrate (the ratio of the viscosity
ps of the feed to the viscosity ., of the filtrate) ju¢/p, is 1.5 or more, the pressure loss in the filtrate side space 7 becomes
smaller than the pressure loss in the feed side space 6, but by controlling the flow rate ratio between the flow rate v; of
the feed and the flow rate v, of the filtrate (the ratio of the flow rate v, of the filtrate to the flow rate v; of the feed) to 0.02
< vp/vfs 0.3, the pressure loss on the feed side and the filtrate side can be made uniform while ensuring the necessary
filtrate flow amount and reducing a filtration cost, and progress of fouling can be inhibited.

[0039] More specifically, by satisfying v, /vs> 0.02, even when p.¢., is 1.5 or more, the difference between the pressure
loss on the feed side and the pressure loss on the filtrate side can be reduced, and an increase in the transmembrane
pressure difference can be prevented. As a result, fouling can be inhibited. Furthermore, by satisfying v/v; > 0.02, the
filtrate flow amount does not become excessively small, and a necessary filtrate flow amount can be ensured, and
therefore, the number of membranes can be reduced and the filtration cost can be decreased. On the other hand, by
satisfying vp/vf <0.3, it is possible to prevent a circulation flow amount of the feed from becoming excessively smaller
than the filtrate flow amount, and therefore it is possible to ensure a feed flow necessary for preventing the accumulation
of the membrane blockage components derived from the feed on the membrane surface. As a result, progress of fouling
can be prevented. It is preferable that 0.02 < vp/vf < 0.2, and more preferable that 0.03 < vp/vf <0.15.

[0040] A method for measuring the flow rate v; of the feed and the flow rate v, of the filtrate will be described with
reference to Figs. 1 and 2. The flow rate ve of the feed is calculated by dividing a concentrate flow amount Q. measured
by a concentrate flowmeter 31 by a flow channel area S; of the feed side space 6 of the hollow fiber membrane module
10. The flow channel area S; of the feed side space is a value obtained by subtracting a total cross-sectional area of the
hollow fiber membranes 5 inserted into the container 1 from a cross-sectional area of the container 1. Assuming that an
inner diameter of the container 1 is D, an outer diameter of the hollow fiber membrane 5 is D, and the number of hollow
fiber membranes 5 is N, it is calculated by the following Formula (1).

[Formula 1]

_ Qc _ Qc I
Vf = s¢ = 7(Dc/2)2-m(Do/2)2N (1)

[0041] Theflow rate v, of thefiltrate is calculated by dividing a filtrate flow amount Q, measured by the filtrate flowmeter
32 by a flow channel area Sp of the filtrate side space 7. The flow channel area Sp of the filtrate side space 7 is calculated
by the following Formula (2), assuming that an inner diameter of the hollow fiber membrane 5 is D;.

[Formula 2]

_%__ 9 ces
Yp = Sp  m(Di/2)2N (2)

[0042] Regarding the flow rate v; of the feed, instead of the concentrate flow amount Q., a supplied liquid flowmeter
may be provided between the feed inlet port 2 and the supply pump 14, and a measured supplied liquid flow amount Q;
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may be used. Also in this case, the flow rate v; of the feed is calculated in the same manner.

[0043] Since the values of the viscosity u; of the feed and the viscosity , of the filtrate greatly change with temperature,
it is preferable to measure the viscosity at the feed temperature measured by the feed thermometer 51. Furthermore,
since the viscosity may change due to shearing caused by the flow of the feed or the filtrate, it is preferable to measure
the viscosity when a shear speed v is applied due to the flow during operation.

[0044] The shear speed y is simply calculated from a flow rate v and a flow channel diameter D. by the following
Formula (3). The flow channel diameter D, of the filtrate side space 7 is the inner diameter D, of the hollow fiber membrane
5. On the other hand, since the feed side space 6 has a complicated shape, an equivalent diameter calculated by the
following Formula (4) is defined as the flow channel diameter D,.

[Formula 3]
4v
oy BN BN ¥ 3
y=5 "0
[Formula 4]
4-Sf

€ ™ mDyN+mD, 4

[0045] As for a method for measuring the viscosity, a viscosity measured at the same temperature and shear speed
as in actual operation using a capillary viscometer is defined as the viscosity in the present invention. That is, the method
is measuring a viscosity w using the following Formula (5) from a tube inlet pressure P, and a tube outlet pressure P,
when a fluid is passed through a fine tube having a tube inner diameter D,, and a tube length L, at a flow rate v,,. Using
the above Formula (3), the flow rate v,, in the fine tube is set so that the shear speed during the actual operation and
the shear speed in the capillary viscometer are the same, and then the viscosity is measured.

[Formula 5]

_ DZ(P-Py) ..
T 32wyl (5)

[0046] The capillary viscometer is not particularly limited as long as the temperature of the tube can be adjusted and
the pressure at the inlet and outlet of the tube can be measured, and any commercially available or self-produced
apparatus can be used.

[0047] Although the viscosity may change as the operation is continued, at least the ratio of the viscosity p of the feed
to the viscosity u, of the filtrate in an initial stage of the operation is preferably /., = 1.5. The initial stage of the operation
is a timing at which filtration is started for the first time by introducing the feed into a new hollow fiber membrane module,
or a timing at which filtration is started by newly introducing the feed after chemical cleaning the hollow fiber membrane
module blocked after filtration to recover water transmissivity. From the viewpoint of inhibiting the progress of clogging,
it is preferable that the operation is performed such that the flow rate ratio of the flow rate v; of the feed to the flow rate
v,, of the filtrate satisfies 0.02 < v /vi< 0.3 when there is a difference in viscosity at the beginning of operation.

[0048] The flow rate v; of the feed preferably satisfies 0.30 m/s < v; < 1.80 m/s. By satisfying v;> 0.30 m/s, accumulation
of suspended substances on the surface of the hollow fiber membrane due to the action of the feed flow can be reduced,
and the progress of fouling can be inhibited. By satisfying ve < 1.80 m/s, the pressure loss in the feed side space 6 can
be reduced, and the feed side pressure applied to the feed inlet port side end of the hollow fiber membrane 5 can be
reduced. As a result, the load on the position can be reduced, and as a result, the progress of fouling can be inhibited.
The flow rate ve of the feed preferably satisfies 0.50 m/s < v¢< 1.50 m/s, and more preferably satisfies 0.70 m/s < v<
1.30 m/s.

[0049] The flow rate v, of the filtrate preferably satisfies 0.006 m/s < v, < 0.30 m/s. By satisfying v,> 0.006 m/s, the
pressure loss in the filtrate side space 7 can be increased, and the pressure loss difference with the feed side space 6
can be reduced. Furthermore, since filtration flux itself can be increased, the number of necessary membrane modules
can be reduced. By satisfying Vp < 0.30 m/s, the pressure loss in the filtrate side space 7 can be prevented from becoming
excessively high, and the pressure loss difference from the feed side space 6 can be reduced. The flow rate v, of the
filtrate preferably satisfies 0.01 m/s < v, < 0.25 m/s, and more preferably satisfies 0.03 m/s < v, <0.20 m/s.
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[0050] Itis preferable to control the flow rate ratio of the flow rate Vo of the filtrate to the flow rate v; of the feed to satisfy
0.02 <vp/v;< 0.3 in all stages of the cross-flow filtration operation of the feed using the hollow fiber membrane module,
and it is particularly preferable to control the flow rate ratio within this range at the initial stage of operation. As the
operation is continued, the fouling proceeds, and then the transmembrane pressure difference of the hollow fiber mem-
brane 5 in the axial direction is reduced. When the operation is performed with the flow rate ratio of the flow rate Vo of
the filtrate to the flow rate v; of the feed out of the above range from the initial stage of the operation, the blockage
becomes fast and a relaxation speed also becomes fast, and therefore, in order to inhibit fouling, it is particularly important
to control the flow rate ratio of the flow rate v, of the filtrate to the flow rate v; of the feed at the initial stage of the operation.
[0051] The flow rate v; of the feed and the flow rate v, of the filtrate can be controlled by adjusting the supply pump
14, a concentrate valve 21, and a filtrate valve 22. The flow rate v; of the feed can be adjusted by a rotational speed of
the supply pump 14 and the concentrate valve 21. The flow rate Vo of the filtrate is affected by the transmembrane
pressure and the flow rate of the feed. Since the transmembrane pressure is a difference in pressure between the feed
side space 6 and the filtrate side space 7, the transmembrane pressure can be controlled by adjusting the rotational
speed of the supply pump 14 and opening degrees of the concentrate valve 21 and the filtrate valve 22. The supply
pump 14, the concentrate valve 21, and the filtrate valve 22 are subjected to proportional-integral-differential (PID)
control, whereby the feed flow amount and the filtrate flow amount can be kept constant.

[0052] Next, the operation method of a hollow fiber membrane module of the present invention is preferably applied
to a feed having a viscosity . of 3.0 mPa-s or more. In the case of a clear filtrate, the filtrate viscosity is approximately
1.0 mPa s, and therefore, in a feed with a viscosity of 3.0 mPa-s or more, a difference from the viscosity Pp of the filtrate
occurs, and the effect of the operation method of the present invention is easily exhibited. On the other hand, when the
viscosity p; of the feed becomes too high, the pressure loss in the feed side space 6 becomes high and the operation
becomes difficult, so that it is preferably applied to the feed with a viscosity of 100.0 mPa-s or less. The present invention
is preferably applied to a feed with a viscosity of 30.0 mPa-s or less, and more preferably to a feed with a viscosity of
10.0 mPa s or less.

[0053] The feed to which the operation method of a hollow fiber membrane module according to the present invention
is appliedis not particularly limited, and the presentinvention can be applied to various feeds having a ratio pf/up between
the viscosity u; of the feed and the viscosity ., of the filtrate of 1.5 or more. A concentration of dissolved organic carbon
(DOC) is preferably 1,000 mg/L or more and 100,000 mg/L or less. When the DOC concentration is 1,000 mg/L or more,
a large amount of viscosity-increasing components is contained, and the feed has a high effect of inhibiting the progress
of fouling by applying the operation method of a hollow fiber membrane module of the present invention. The present
invention is preferably applied to a feed having a DOC concentration of 5,000 mg/L or more, and more preferably 10,000
mg/L or more.

[0054] The DOC concentration is obtained by measuring a total organic carbon (TOC) concentration of a liquid obtained
by filtering a sample through a membrane filter having a pore diameter of 0.45 um. The TOC concentration can be
measured using a TC-IC method in which inorganic carbon (IC) is subtracted from the total carbon (TC) to calculate the
TOC concentration, an NPOC method in which acid is added to a sample, and then the sample is aerated, and the total
carbon of a liquid after the aeration is measured to calculate the TOC concentration, or the like. When the feed contains
a large amount of volatile organic carbon, the measurement is preferably performed using the TC-IC method.

[0055] The hollow fiber membrane 5 mounted on the hollow fiber membrane module of the present invention is not
particularly limited as long as the filtration can be performed to satisfy the ratio j.¢/j,, of the viscosity p; of the feed to the
viscosity Pp ofthefiltrate of 1.5 or more, and various membranes can be applied, including those with large pore diameters,
such as microfiltration membranes, ultrafiltration membranes, nanofiltration membranes, and reverse osmosis mem-
branes. However, in the case of nanofiltration membranes and reverse osmosis membranes, the pressure loss when
the feed permeates through the membrane is much larger than the pressure loss caused by the feed flow or the filtrate
flow, and the influence of the pressure loss in the feed side space 6 and the filtrate side space 7 is reduced, and therefore,
it is preferable to apply a microfiltration membrane or an ultrafiltration membrane. In addition, since a viscosity-increasing
component for increasing the viscosity of the feed is often a high molecular weight component dissolved in the feed, it
is preferable to apply an ultrafiltration membrane capable of separating the dissolved high molecular weight component.
[0056] Although there are various definitions for the microfiltration membrane and the ultrafiltration membrane, they
are defined as follows in the present invention. That is, a separation membrane having a pore diameter of 0.1 uwm or
more and 10 um or less is defined as a microfiltration membrane, a separation membrane having a pore diameter of
less than 0.1 wum and a cutoff molecular weight of 1,000 Da or more is defined as an ultrafiltration membrane, and a
separation membrane having a cutoff molecular weight of less than 1,000 Da is defined as a nanofiltration membrane
and a reverse osmosis membrane.

[0057] The hollow fiber membrane 5 used in the present invention preferably has a strength (breaking load) of 500
gf/fiber ormore. In the external pressure type cross-flow filtration, as an example, as shown in Fig. 1, the feed is introduced
from the feed inlet port 2 of the hollow fiber membrane module 10 into the hollow fiber membrane module 10 and then
discharged from the feed outlet port 4, but when the feed is discharged from the feed outlet port 4, the flow of the feed
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is turned by 90°. Therefore, a shearing force perpendicular to a length direction of the hollow fiber membrane 5 is applied
to the hollow fiber membrane 5 in the vicinity of the feed outlet port 4.

[0058] In the presentinvention, it has been found that when the strength of the hollow fiber membrane 5 is 500 gf/fiber
or more, it is possible to prevent breaking of the fiber, damage to the membrane, or the like with respect to shearing
caused by the cross-flow flow rate assumed in the present application.

[0059] The strength refers to a load (gf) applied when the hollow fiber membrane 5 is stretched in the axial direction
by a tensile tester or the like and breaks. The measured temperature at this time is the temperature of the feed during
actual operation. The strength of the hollow fiber membrane 5 is preferably 600 gf/fiber or more, and more preferably
700 gf/fiber or more.

[0060] A method for measuring the strength is not particularly limited, and for example, the strength can be measured
by stretching a sample with a measurement length of 50 mm at a stretching speed of 50 mm/min using a tensile tester
that can control an ambient temperature, and then repeating at least 5 times with different samples to obtain an average
value of breaking strength.

[0061] Furthermore, in the operation method of a hollow fiber membrane module according to the present invention,
the flow rate v; of the feed and the viscosity . of the feed preferably satisfy a relation of v; < -0.135p; + 3.0. The flow
rate v; of the feed is a value calculated by Formula (1), and the unit thereof is m/s. The viscosity s of the feed is a
viscosity at an actually operating temperature, and the unit thereof is mPa-s.

[0062] With the flow rate ve of the feed satisfying < -0.135p; + 3.0, it is possible to prevent the shearing force applied
to the hollow fiber membrane 5 by the feed flow in the vicinity of the feed outlet port 4 from becoming larger, and it is
possible to reduce the risk of breaking the fiber or damaging the membrane. Preferably, vi< -0.135u; + 2.5 is satisfied,
and more preferably, vi< -0.135u; + 2.3 is satisfied.

[0063] Regarding dimensions of the hollow fiber membrane 5 loaded in the hollow fiber membrane module 10, an
outer diameter D, thereof preferably satisfies 600 pm < D, < 2,000 um. By satisfying D, < 2,000 um, a membrane area
per hollow fiber membrane module does not become excessively small, and the filtrate flow amount per module can be
ensured. By satisfying D, > 600 wm, a contact area between the feed and the hollow fiber membrane increases, and
thus it is possible to prevent an excessive increase in pressure loss in the feed side space. The outer diameter D,
preferably satisfies 900 um < D, < 1,800 wm, and more preferably satisfies 1000 um < D, < 1,500 pm.

[0064] An inner diameter D; of the hollow fiber membrane 5 preferably satisfies 300 wm < D; < 1,000 wm. By satisfying
300 pm < D; < 1,000 wm, the pressure loss in the filtrate side space 7 can be controlled to an appropriate range, and
the transmembrane pressure difference in the length direction of the hollow fiber membrane 5 can be reduced. It is
preferable that D, satisfies 400 um < D; < 900 wm, and more preferable that D; satisfies 500 um < D; < 800 pum.

[0065] The outer diameter D, and the inner diameter D, of the hollow fiber membrane 5 are measured by cutting the
hollow fiber membrane 5 by a plane perpendicular to the axial direction with a single-edge or the like, observing the
cross section with a microscope or the like, and measuring diameters of an inner circle and an outer circle. When the
outer circle or the inner circle is flat, a length (long diameter) of a portion having the longest diameter and a length (short
diameter) of a portion having the shortest diameter are measured, and the diameter is calculated by averaging the two.
Preferably, the hollow fiber membranes 5 loaded in the hollow fiber membrane module 10 are arbitrarily cut, and average
values of the outer diameters and the inner diameters of 10 or more hollow fiber membranes are used.

[0066] A filling rate M of the hollow fiber membranes 5 loaded in the hollow fiber membrane module 10 preferably
satisfies 25% < M < 45%. By satisfying 25% < M < 45%, the pressure loss on the feed side can be controlled to an
appropriate range while ensuring the membrane area per module. The filling rate M preferably satisfies 28% <M <42%,
more preferably satisfies 30% < M < 40%.

[0067] The filling rate M is calculated by the following Formula (6) from an inner diameter D, of the container 1, the
outer diameter D, of the hollow fiber membrane 5, and the number N of the hollow fiber membranes 5. When there is
a member existing in the feed side space 6 other than the hollow fiber membranes 5 in the container 1, a cross-sectional
area of the member perpendicular to the axial direction of the container 1 is calculated and added to an occupied area
Sp of the hollow fiber membranes 5.

[Formula 6]

__ m(Do/2)?N

M= n(D¢/2)?

X 100 =--(6)

[0068] The membrane length L is alengthin a direction parallel to the container 1 of a portion actually used for filtration
in a state where the hollow fiber membranes 5 are loaded in the container 1, that is, a portion where the outer surfaces
of the hollow fiber membranes 5 are in contact with the feed. In Fig. 1, it is a length of a hollow fiber membrane among
the hollow fiber membrane 5 from an end surface of the first potting portion 8 on the second potting portion side to an
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end surface of the second potting portion 9 on the first potting portion side. The length of the hollow fiber membrane
embedded in the first potting portion 8 and the second potting portion 9 is not considered here.

[0069] In the present invention, the membrane length L preferably satisfies 0.50 m < L <2.00 m. By satisfying 0.50 m
<L <2.00 m, it is possible to prevent the pressure loss in the feed side space 6 from becoming excessively large and
to inhibit the progress of fouling while ensuring the membrane area of the hollow fiber membrane module. The membrane
length L preferably satisfies 0.70 m <L < 1.50 m, and more preferably satisfies 0.80 m <L <1.20 m.

[0070] In the case of a hollow fiber membrane module in which the hollow fiber membrane 5 is loaded in a so-called
U-shape and is embedded in only the second potting portion 9 in a state where both ends are open, the membrane
length L is half of the length of the hollow fiber membrane actually used for filtration, that is, half of the length of the fiber
in a portion where the outer surface of the hollow fiber membrane is in contact with the feed.

[0071] In the case where the first potting portion 8 is not provided and the feed inlet port side end of the hollow fiber
membrane 5 is a free end, the membrane length L is a length from a portion in the free end which is not subjected to
sealing processing by an adhesive or heat to an end surface of the second potting portion 9 on the feed inlet port side.
[0072] Even when the hollow fiber membrane 5 is crinped or twisted, the membrane length L may be measured as a
length in a direction parallel to the container 1 of a portion of the hollow fiber membrane actually used for filtration, that
is, a portion where the outer surface of the hollow fiber membrane is in contact with the feed.

[0073] Next, the operation method of a hollow fiber membrane module according to the present invention preferably
further includes, in addition to the above-described filtration step, a backwashing step of flowing a cleaning liquid from
the inner surface side to the outer surface side of the hollow fiber membrane, and it is preferable that a surface pore
diameter ¢, of the outer surface of the hollow fiber membrane satisfies 0.005 pm < ¢, <0.02 wm, and a ratio of a surface
pore diameter ¢; of the inner surface of the hollow fiber membrane to the surface pore diameter ¢, of the outer surface
satisfies ¢;/p, > 50.

[0074] In general, in the filtration operation, components larger than pores on the surface of the hollow fiber membrane
are deposited on the surface of the hollow fiber membrane 5. Components contained in the feed and smaller than the
pores on the surface of the hollow fiber membrane enter into the pores. Accordingly, clogging occurs on the membrane
surface and inside the membrane. In the external pressure type cross-flow filtration, components accumulated on the
membrane surface are removed by the flow generated by the cross-flow filtration operation.

[0075] In order to eliminate clogging inside the membrane, a backwashing step of flowing a cleaning liquid from the
inner surface side toward the outer surface side of the hollow fiber membrane is preferably performed. The backwashing
step is a step of passing the cleaning liquid through the filtrate side space 7 of the hollow fiber membrane module 10
from a filtrate tank 13 using, for example, a compressed gas or a pump, and discharging the cleaning liquid flowing out
to the feed side space 6 to the outside of the hollow fiber membrane module 10.

[0076] However, itis difficult to remove all the components that enter the inside of the membrane only by backwashing,
and it is necessary to perform cleaning with chemicals because clogging of the membrane progresses in a long period
of operation. Cleaning with chemicals induces deterioration in the strength of the membrane, which prevents the mem-
brane from being used for a long period of time.

[0077] Furthermore, in the case where the viscosity of the filtrate is lower than that of the feed as in the present
invention, particularly when clogging components in the feed are held in the feed side space by the hollow fiber membrane
and adhere to the membrane surface, the clogging components are easily accumulated mainly on the membrane surface
and in the pores in the vicinity of the surface.

[0078] Inresponse to this problem, as a result of intensive studies, it has been found that, in a hollow fiber membrane
module that performs the external pressure type cross-flow filtration, by using a hollow fiber membrane in which the
pore diameter of the outer surface of the hollow fiber membrane and the ratio between the pore diameters of the inner
surface and the outer surface are controlled, the effect of backwashing is particularly good, and stable filtration for a
long period is possible.

[0079] The surface pore diameter g, of the outer surface of the hollow fiber membrane preferably satisfies 0.005 um
<9,<0.02 um. By satisfying 0.005 um < ¢, <0.02 um, it is possible to prevent the intrusion of the clogging components
into the membrane while having a pore diameter capable of ensuring a necessary filtrate amount. The pore diameter
¢, more preferably satisfies 0.005 um < ¢, < 0.009 um, and particularly preferably satisfies 0.005 um < ¢, < 0.008 pum.
[0080] The surface pore diameter in the present invention is obtained by the following method. Images obtained by
observing the outer surface and the inner surface of the hollow fiber membrane with a scanning electron microscope
(SEM) or a transmission electron microscope (TEM) is binarized using free software "ImageJ". During binarization, after
Create Background is performed by Subtract Background with 1 pixel, Condition: Renyi Entropy is selected in Threshold
(threshold for binarization). In the obtained binarized images, an area of each pore is obtained by selecting Area in
Analyze Particles, and the diameter is calculated on the assumption that each pore is a circle. The surface pore diameter
is obtained by averaging pore diameters of one hundred pores or more.

[0081] In acase where there is unevenness on the surface and it is difficult to sort the pores by binarization, the surface
pore diameter may be obtained from a cross-sectional pore diameter described later. In this case, a cross-sectional pore
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diameter within a depth of 20 um from the surface is defined as the surface pore diameter.

[0082] Itis preferable that the ratio /¢, of the pore diameter g; of the inner surface which is the surface of the hollow
fiber membrane in contact with the filtrate to the pore diameter ¢, of the outer surface which is the surface of the hollow
fiber membrane in contact with the feed (the ratio of the pore diameter ¢; of the inner surface to the pore diameter of the
outer surface o) satisfies ¢;/¢, > 50. By satisfying ¢/, > 50, the flow rate of the cleaning liquid in the vicinity of the
membrane surface can be increased, and the cleaning effect in the vicinity of the surface can be particularly enhanced
even in the case of a feed having a difference in viscosity between the feed and the filtrate, in which clogging components
are likely to accumulate on the membrane surface or in the pores in the vicinity of the surface. It is preferable that ¢/,
> 60 is satisfied, and itis particularly preferable that ¢;/¢, > 70 is satisfied. An upper limit of /¢, is not particularly limited,
and is, for example, 1000 or less, preferably 700 or less, since the larger the value of ¢;/¢,, the higher cleaning recovery
performance of the hollow fiber membrane by the backwashing.

[0083] The cleaning liquid used in the backwashing step is preferably a liquid having a lower viscosity than the feed,
such as pure water or a filtrate, so as to easily exhibit the cleaning effect. The backwashing step can be performed
during the cross-flow filtration operation or after stopping the cross-flow filtration operation, or the like, and the frequency
of the backwashing step may be appropriately set depending on the situation during the operation.

[0084] The hollow fiber membrane 5 of the present invention may be a single-layer hollow fiber membrane, but a
composite hollow fiber membrane in which two or more layers are laminated is preferable since ¢,/¢p, easily takes a large
value. In this case, a transmission coefficient Lp, of the layer on the outer surface side and a transmission coefficient
Lp; of the layer on the inner surface side preferably satisfy Lp; > Lp,. A transmission coefficient Lp is an index of case
of passage of water, is represented by the following Formula (7), and shows that the larger the transmission coefficient
is, the easier it is for water to pass through, and the smaller the transmission coefficient is, the more difficult it is for water
to pass through. Formula (7) is described in, for example, Journal of Chemical Engineering of Japan (Vol.15, No.3 (1982)
pp-200-205). In the above-described document, the cross-sectional pore diameter is expressed by a radius instead of
a diameter, and a porosity is expressed by an opening ratio, but they are used in the same meaning. Note that a pure
water transmissivity K, which will be described later, is an index of the ease of passage of water, similarly to the trans-
mission coefficientLp, and the pure water transmissivity K is calculated from a measurement result of water transmissivity,
whereas the transmission coefficient Lp is calculated from a micro structure of a separation membrane. The transmission
coefficient Lp is used only for comparing the case of passage of water in each layer.

[Formula 7]

T— ¢2A IR IS
Lp = 32uH 7)

[0085] Here, ¢ is a cross-sectional pore diameter (um), and A is a porosity (-), and p is a viscosity (Pa s) of water,
and H is a thickness (um).

[0086] When the transmission coefficient Lp; of the layer on the inner surface side is larger than the transmission
coefficient Lp, of the layer on the outer surface side, during backwashing, the pressure loss of the cleaning liquid passing
through the layer on the inner surface side can be reduced, and the pressure acting on the layer on the outer surface
side where the clogging components are easily accumulated can be increased, and the cleaning effect is enhanced.
[0087] The cross-sectional pore diameter of the present invention can be determined by the following method. A cross
section sample for observation is obtained by embedding a hollow fiber membrane using a commercially available
embedding agent for frozen tissue section preparation, collecting a section of a porous membrane having a thickness
of 100 nm ata low temperature using a cryo ultramicrotome, and performing vacuum drying overnightatroom temperature.
A cross section of the hollow fiber membrane is observed with a scanning electron microscope (SEM) or a transmission
electron microscope (TEM) to obtain an image of each layer. When a structure of a layer is symmetric in a membrane
thickness direction, an image of a central portion of the layer is acquired, and when the structure of the layer is asymmetric
in the membrane thickness direction, animage of aregion having the densest pore diameter is acquired. Then, binarization
is performed using free software "Imaged". In the binarization, a condition: Minimum is selected in Threshold (threshold
for binarization). In the obtained binarized images, an area of each pore is obtained by selecting Area in Analyze Particles,
and the diameter is calculated on the assumption that each pore is a circle. The cross-sectional pore diameter is obtained
by averaging the pore diameters of hundred or more pores.

[0088] The porosity A can also be obtained from the binarized image of the cross section of the hollow fiber membrane
described above, and the porosity is calculated by dividing the total value of the calculated areas of the pores by a total
area including the hollow fiber membrane in the observed image.

[0089] Note that in the present invention, the transmission coefficient Lp is calculated in regions with an interval of 10
pm in the membrane thickness direction, and the cross-sectional pore diameter and the void also use values calculated
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in regions with an interval of 10 um. For the transmission coefficient Lp when the structure of each layer is symmetrical
in the membrane thickness direction, the transmission coefficient Lp calculated in a region positioned at a center of each
layer in the membrane thickness direction is used as Lp of the layer, and for the transmission coefficient Lp when the
structure of each layer is asymmetric in the membrane thickness direction, the transmission coefficient Lp calculated in
aregion having the densest cross-sectional pore diameter in the membrane thickness direction is used as Lp of the layer.
[0090] A thickness H, of the layer having a small transmission coefficient on the outer surface side and a thickness
H; of the layer having a large transmission coefficient on the inner surface side preferably satisfy H,/H; < 1.0. By satisfying
H./H; < 1.0, the pressure loss generated in the layer having a small transmission coefficient can be reduced. As a result,
the pressure acting on the layer on the outer surface side where the clogging components are easily accumulated can
be increased, and the cleaning effect is enhanced. When H,/H; is too small, a separation function for blocking the
viscosity-increasing components is deteriorated, and therefore, 0.04 < H/H; < 0.5 is preferable, and 0.1 <H/H;< 0.4 is
more preferable.

[0091] As alayer having a small pore diameter and a small transmission coefficient on the outer surface side, a three-
dimensional network structure layer in which fine pores are easily formed is suitable. On the other hand, as a layer
having a large pore diameter and a large transmission coefficient on the inner surface side, a spherical structure layer
having a high strength in which coarse pores are easily formed is suitable. Therefore, itis preferable thatin the composite
hollow fiber membrane constituted by two layers, a spherical structure layer is provided on the inner surface side, and
a three-dimensional network structure layer is provided on the outer surface side.

[0092] In the composite hollow fiber membrane in which the spherical structure layer is provided on the inner surface
side and the three-dimensional network structure layer is provided on the outer surface side, a thickness of the three-
dimensional network structure layer is preferably 20 wm or more and 120 um or less, and more preferably 30 wm or
more and 80 pm or less from the viewpoint of the cleaning effect and an blocking property of the viscosity-increasing
components described above. When the thickness of the three-dimensional network structure layer is less than 20 pm,
a blocking rate of the viscosity-increasing components may decrease. When the thickness is more than 120 pum, trans-
mission resistance becomes too large, which may cause a decrease in the cleaning effect and a decrease in the water
transmissivity.

[0093] The thickness of the spherical structure layer is also preferably 120 wm or more and 500 wm or less, and more
preferably 200 um or more and 300 pwm or less, from the viewpoint of the cleaning effect and the viewpoint of the strength
and water transmissivity of the hollow fiber membrane described above.

[0094] A liquid-liquid type thermally induced phase separation method or a nonsolvent induced phase separation
method described later can be used for forming the three-dimensional network structure layer, and a solid-liquid type
thermally induced phase separation method can be used for forming the spherical structure layer.

[0095] Examples of the high molecular which is the material of the hollow fiber membrane 5 include olefin polymers
such as polyethylene, ethylene-propylene copolymer, ethylene-acrylic acid ethyl copolymer, ethylene-vinyl acetate co-
polymer, ionomer, polypropylene, and poly-4-methyl pentene-1, fluorine-containing polymers such as polytetrafluoroeth-
ylene, polychlorotrifluoroethylene, polyvinylidene fluoride, tetrafluoroethylene-ethylene copolymer, and tetrafluoroethyl-
ene-perfluoroalkyl vinyl ether copolymer, cellulose polymers such as cellulose acetate, polyvinyl chloride, acrylonitrile
polymers, silicone polymers, polyamide, polyimide, polyethersulfone, polysulfone, polyphenylene oxide, polyphenylene
sulfide, polyarylate, polyether ether ketone, polyether imide, polycarbonate, and polyvinyl alcohol-based polymer. In
order to enhance heatresistance, physical strength, and chemical durability of the hollow fiber membrane to be obtained,
fluororesin-based high molecular, polyethersulfone, or polysulfone are preferable, and in the hollow fiber membrane
module for cross-flow filtration in which the load applied to the membrane is large, the fluororesin-based high molecular
having excellent strength is preferable.

[0096] In order to reduce fouling of the hollow fiber membranes 5, hydrophilic high molecular may be contained.
Specific examples thereof include polymers containing vinyl alcohol, ethylene glycol, vinyl pyrrolidone, methacrylic acid,
allyl alcohol, cellulose, and vinyl acetate. Furthermore, examples of the copolymer containing a hydrophilic group include
polyvinyl alcohol, vinyl pyrrolidone-vinyl acetate copolymer, vinyl pyrrolidone-vinyl caprolactam copolymer, and vinyl
pyrrolidone-vinyl alcohol copolymer, which have a saponification degree of less than 99%.

[0097] A method for producing a hollow fiber membrane module according to the present invention will be described
below.

(Method for Producing Hollow Fiber Membrane)

[0098] As an example of the method for producing a hollow fiber membrane according to the present invention, a
method for producing a hollow fiber membrane using a fluororesin-based high molecular will be shown. Various methods
such as a thermally induced phase separation method and a nonsolvent induced phase separation method can be used
as the method for producing a hollow fiber membrane using a fluororesin-based high molecular. Hereinafter, a production
method using a thermally induced phase separation method will be described.
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[0099] The fluororesin-based high molecular is dissolved in a poor solvent or a good solvent of the fluororesin-based
high molecular at arelatively high temperature equal to or higherthan a crystallization temperature to prepare a fluororesin-
based high molecular solution (that is, amembrane producing raw liquid containing the fluororesin-based high molecular).
[0100] When a high molecular concentration in the membrane producing raw liquid is high, a porous hollow fiber
membrane having high strength is obtained. On the other hand, when the high molecular concentration is low, the
porosity of the porous hollow fiber membrane increases, and the pure water transmissivity is improved. Therefore, a
concentration of the fluororesin-based high molecular is preferably 20 wt% or more and 60 wt% or less, and more
preferably 30 wt% or more and 50 wt% or less.

[0101] In the present description, the poor solvent refers to a solvent that cannot dissolve the fluororesin-based high
molecular at 5 wt% or more at a low temperature of 60°C or less, but can dissolve the fluororesin-based high molecular
at 5 wt% or more in a high temperature range of 60°C or more and a melting point of the fluororesin-based high molecular
(forexample, approximately 178°C in a case where the high molecular is composed of a vinylidene fluoride homopolymer
alone) or less. The good solvent refers to a solvent capable of dissolving the fluororesin-based high molecular at 5 wt%
or more even in a low temperature range of less than 60°C, and the nonsolvent is defined as a solvent that does not
dissolve or swell the fluororesin-based high molecular up to the melting point of the fluororesin-based high molecular or
a boiling point of the solvent.

[0102] Here, examples of the poor solvent of the fluororesin-based high molecular include cyclohexanone, isophorone,
y-butyrolactone, methyl isoamyl ketone, propylene carbonate, dimethyl sulfoxide, and mixed solvents thereof. Examples
of the good solvent include N-methyl-2-pyrrolidone, dimethylacetamide, dimethylformamide, methylethyl ketone, ace-
tone, tetrahydrofuran, tetramethylurea, trimethyl phosphate, and mixed solvents thereof. Examples of the nonsolvent
include water, aliphatic hydrocarbons such as hexane, pentane, benzene, toluene, methanol, ethanol, carbon tetrachlo-
ride, o-dichlorobenzene, trichloroethylene, ethylene glycol, diethylene glycol, triethylene glycol, propylene glycol, buty-
lene glycol, pentanediol, hexanediol, and low molecular weight polyethylene glycol, aromatic hydrocarbons, aliphatic
polyhydric alcohols, aromatic polyhydric alcohols, chlorinated hydrocarbons, and other chlorinated organic liquids and
mixed solvents thereof.

[0103] In aforming step of a hollow fiber membrane, a hollow fiber membrane is obtained from a membrane producing
raw liquid containing a fluororesin-based high molecular by using a thermally induced phase separation method in which
phase separation is induced by temperature change. In the thermally induced phase separation method, two types of
phase separation mechanisms are mainly used. One is a liquid-liquid phase separation method in which a high molecular
solution uniformly dissolved at a high temperature is separated into a high molecular concentrated phase and a high
molecular dilute phase due to a decrease in solubility of the solution during temperature drop, and then a structure
thereof is fixed by crystallization. The other is a solid-liquid phase separation method in which a high molecular solution
uniformly dissolved at a high temperature undergoes crystallization of the high molecular during temperature drop and
is phase-separated into a high molecular solid phase and a solvent phase.

[0104] The former method mainly forms a three-dimensional network structure, and the latter method mainly forms a
spherical structure constituted by a spherical tissue. Although the phase separation mechanism is not particularly spec-
ified in the production of the hollow fiber membrane of the present invention, the latter phase separation mechanism is
preferably used for a hollow fiber membrane for cross-flow filtration which requires strength. Accordingly, a high molecular
concentration and a solvent at which solid-liquid phase separation is induced are selected.

[0105] As a specific method, a hollow portion formation liquid is discharged from a tube on an inner side of a double
tube type spinneret for spinning the porous hollow fiber membrane while the above-described membrane producing raw
liquid is discharged from a tube on an outer side of the double tube type spinneret. The thus discharged membrane
producing raw liquid is cooled and solidified in a cooling bath to obtain a porous hollow fiber membrane.

[0106] Next, the cooling bath for cooling the fluororesin-based high molecular solution discharged from the spinneret
will be described. For the cooling bath, it is preferable to use a mixed liquid including a poor solvent or a good solvent
having a concentration of 50 wt% to 95 wt% and a nonsolvent having a concentration of 5 wt% to 50 wt%. Further, as
the poor solvent, the same poor solvent as in the high molecular solution is preferably used. In the hollow portion formation
liquid, it is preferable to use a mixed liquid including a poor solvent or a good solvent having a concentration of 50 wt%
to 95 wt% and a nonsolvent having a concentration of 5 wt% to 50 wt%, similarly to the cooling bath. Further, as the
poor solvent, the same poor solvent as in the high molecular solution is preferably used. A hollow fiber membrane made
of a fluororesin-based high molecular obtained by the above method may be stretched. A stretching ratio and a stretching
temperature are appropriately selected according to a desired pore diameter, dimension, and pure water transmissivity.
[0107] In the case of obtaining the hollow fiber membrane to be loaded in the hollow fiber membrane module of the
present invention, the inner and outer diameters of the hollow fiber membrane can be controlled mainly by adjusting a
spinneret diameter of the double tube type spinneret and discharge amounts of the membrane producing raw liquid and
the hollow portion formation liquid. That is, a hollow fiber membrane having large inner and outer diameters can be
obtained by using a double tube type spinneret having a large diameter or by increasing the discharge amounts of the
membrane producing raw liquid and the hollow portion formation liquid. The dimension can also be adjusted by changing
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the stretching ratio and the stretching temperature.

[0108] Examples of a method for obtaining a composite hollow fiber membrane include a method of simultaneously
forming a plurality of layers and a method of sequentially forming another layer on a single layer of hollow fiber membrane.
Examples of the former method include a method of performing composite molding of a plurality of resin solutions using
a multi-tube type spinneret. Examples of the latter method include a method in which a resin solution for forming another
layer is applied to a hollow fiber membrane obtained after the above step, and then the hollow fiber membrane is scraped
by a nozzle or a slit coater to form, and a method in which a resin solution for forming another layer is spray-coated.
Among them, a method of applying a resin solution for forming another layer, and then scraping and solidifying the hollow
fiber membrane is simple and preferable.

[0109] In the production of the composite separation membrane by the above method, the resin solution for forming
another layer is not particularly limited, and when the purpose is to modify or densify the surface of the separation
membrane, a three-dimensional network structure is preferably used. In the case of a composite separation membrane
constituted by a spherical structure and a three-dimensional network structure, a nonsolvent induced phase separation
method can be used to form the three-dimensional network structure. Here, the nonsolvent induced phase separation
is phase separation in which the resin solution is solidified by being brought into contact with a nonsolvent.

[0110] When the nonsolvent induced phase separation method is used, as a solvent of the resin solution, a good
solvent of the resin is preferable, and examples of the good solvent of the polyvinylidene fluoride-based resin include
lower alkyl ketones, esters, amides, and the like such as N-methyl-2-pyrrolidone, dimethylacetamide, dimethylformamide,
methyl ethyl ketone, acetone, and tetrahydrofuran, and mixed solvents thereof. Here, the good solvent refers to a solvent
capable of dissolving the polyvinylidene fluoride-based resin to 5 wt% or more even at alow temperature of less than 60°C.
[0111] The nonsolvent is defined as a solvent that does not dissolve or swell the polyvinylidene fluoride-based resin
up to a melting point of the polyvinylidene fluoride-based resin or a boiling point of the solvent. Here, examples of the
nonsolvent of the polyvinylidene fluoride-based resin include water, aliphatic hydrocarbons such as hexane, pentane,
benzene, toluene, methanol, ethanol, carbon tetrachloride, o-dichlorobenzene, trichloroethylene, ethylene glycol, dieth-
ylene glycol, triethylene glycol, propylene glycol, butylene glycol, pentanediol, hexanediol, and low molecular weight
polyethylene glycol, aromatic hydrocarbons, aliphatic polyhydric alcohols, aromatic polyhydric alcohols, chlorinated
hydrocarbons, and other chlorinated organic liquids and mixed solvents thereof.

(Production of Hollow Fiber Membrane Module)

[0112] Types of the hollow fiber membrane module are classified into a container-integrated module in which the
container 1 and the hollow fiber membrane 5 are fixed by an adhesive and a cartridge type module in which the container
1 and the hollow fiber membrane 5 are not fixed by an adhesive and the hollow fiber membrane 5 is attachable to and
detachable from the container 1.

[0113] In the container-integrated module, a plurality of hollow fiber membranes 5 are inserted into the container 1,
and the container 1 is fixed to the ends of the hollow fiber membranes 5 with an adhesive. In the cartridge type module,
the hollow fiber membranes are inserted into a dedicated fixture or the like, and the membranes are adhered to each
other with an adhesive, and are not fixed to the container 1.

[0114] In either method, the hollow fiber membrane 5 is inserted into a fixture or a container, or into both, and an
adhesive is poured for fixing. Examples of a method for filling a gap between the hollow fiber membranes with the
adhesive include a centrifugal potting method in which a potting agent is permeated by using a centrifugal force, and a
static potting method in which the adhesive is permeated by natural flowing. The adhesive may be injected into a mold
for casting to fill the gap between the hollow fiber membranes.

[0115] In the case of opening the hollow fiber membrane end fixed by the adhesive, the end of the hollow fiber
membrane 5 is sealed in advance so that the adhesive does not flow into the hollow portion in the hollow fiber membrane
when the adhesive is poured, and is fixed by the adhesive. Examples of the sealing method include a method of injecting
an adhesive only into the hollow portion and a method of welding with heat or a solvent. After the hollow fiber membrane
5in which the end is sealed is fixed with an adhesive, the other end side from a sealed portion is cut in a cross-sectional
direction of the hollow fiber membrane 5, and thus the hollow fiber membrane end can be opened. In the case where
the hollow fiber membrane ends are fixed with an adhesive without being sealed, the adhesive flows into the hollow
portions of the hollow fiber membranes 5, so that the ends of the hollow fiber membranes are sealed.

[0116] In the present invention, a method of fixing both ends of the hollow fiber membrane 5 with an adhesive may
be adopted, but the feed inlet port side end of the hollow fiber membrane 5 may be a free end which is not fixed with an
adhesive.

(Pressure Distribution Simulation of Hollow Fiber Membrane Module)

[0117] In order to verify an effect of the operation method of a hollow fiber membrane module according to the present
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invention, the pressure distribution in the hollow fiber membrane module was simulated to examine a range that could
not be examined by experiments.

[0118] Fig. 3 shows an overview of a model for simulation. In Fig. 3, (a) shows one hollow fiber membrane 5 and flows
of the feed and the filtrate. In Fig. 3, the feed is indicated by shaded arrows, and the filtrate is indicated by white arrows.
It is assumed that n = 0 for the feed inlet port side end of the hollow fiber membrane 5, and n = k for the position of the
filtrate outlet port side end. In the hollow fiber membrane 5, the feed inlet port side end is sealed and the filtrate outlet
port side end is open, and all the filtrate is discharged from the filtrate outlet port side end. Here, the flow of the liquid in
a minute section n when the hollow fiber membranes 5 are meshed in the axial direction by A1 is shown in (b) of Fig. 3.
Here, n is an integer of 0 or more, and k is a natural number of 1 or more. In the minute section n, the filtrate discharged
from the minute section n-1 merges with the filtrate filtered by the membrane in the minute section n. As a result, the
filtrate flow amount Q; , discharged from the minute section n is expressed by the following Formula (8), where the
filtrate amount discharged from the minute section n-1 is assumed as Q, 4, and the filtrate amount filtered by the
membrane in the minute section n is assumed as Q, ,,. Note that Q; _; does not exist, and Q; 5 = Q, (. K is preferably
50 or more, and more preferably 100 or more. The membrane length from the feed inlet port side end to the minute
section n is defined as |,,. Here, I, =0, and |, = L.

[Formula 8]

Qin=0Qin-1+ Qp,n “-+(8)

[0119] The filtrate flow amount pr n in the minute section n is calculated by the following Formulas (9) to (11) from a
feed side pressure P, , and a filtrate side pressure P; , in the minute section n, a membrane area A,, a membrane
filtration resistance Ry, and the viscosity p, of the filtrate at the temperature at which filtration is performed. R, is calculated
from a filtration flux J (= permeation amount (m3)ffiltration time (hr)/effective membrane area (m2)), the transmembrane
pressure AP, and the viscosity u when the pure water transmissivity K is measured by a miniature module, and it is
assumed to be uniform in the axial direction of the hollow fiber membrane 5 at an initial stage of the filtration.
[Formula 9]

. (P o,n“P i,n)An
Qon =k (9)

[Formula 10]

A, = DAl =++(10)
[Formula 11]

APy,
u

Rn — ...(11)

[0120] The feed side pressures P, ,in the minute section n is calculated by the following Formula (12) in consideration
of a feed inlet pressures P, o and a pressure loss AP, X |, caused by the feed flow. Actually, since a part of the feed is
filtered by the membrane, the circulation flow amount changes in the axial direction of the hollow fiber membrane 5, but
since the filtered flow amount is small as compared with the circulation flow amount, it can be ignored. Therefore, in the
present model, the pressure loss AP, per unit length in the axial direction caused by the feed flow is calculated to be
constant regardless of position.

[Formula 12]

Pon = Pop — ARl --+(12)

[0121] For the pressure loss AP per unit length, the pressure loss AP is calculated from the equivalent diameter Dg
of the feed side space 6 and the viscosity p; of the feed by the following Formulas (13) and (14). Note that p is a feed
density, D is a diameter of an inner circle of the container 1, and t is a shape correction coefficient of a feed side flow
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channel.
[Formula 13]

pPDevy

Re, =
4] P‘-f

. -(13)

[Formula 14]

32 1
AP,= Tor Depvf =+ +(14)

[0122] The filtrate side pressure P; |, in the minute section n is calculated from the pressure loss when flowing through
the inside of the hollow fiber membrane 5. Here, the Reynolds number Re; , of the filtrate flowing through the inside of
the hollow fiber membrane 5 is calculated, and the pressure loss from the minute section n to the filtrate outlet port side
end is integrated to be calculated. V n is a flow rate of the filtrate in the minute section n. Here, a calculation method
in a case where the flow flowing through the inside is a laminar flow is shown in the following Formulas (15) and (16).
[Formula 15]

Re;n = — PDivpn « e (15)
Hp
[Formula 16]
k 32 Al
i;n_fn Re1nD1pvpn +Pik lcn(ls)

[0123] Here, for the sake of convenience, by setting P; , = 0 and adjusting P, , so that the filtrate flow amount Q; |
obtained from the hollow fiber membrane 5 satisfies the following Formula (17), the pressure distribution on the feed
side and the filtrate side of the hollow fiber membrane 5 is calculated. Note that J; indicates a set filtration flux.
[Formula 17]

Qi _ ., ...
D, L =J; (17)

[0124] From the pressure distribution thus calculated, a difference between the feed side pressure P, , and P;  in
the minute section n is a transmembrane pressure AP, , in this section. In the operation method of a hollow fiber
membrane module according to the present invention, AP, | - AP, , which is a transmembrane pressure difference
in the axial direction of the hollow fiber membrane 5, is preferably 50 kPa or less.

Examples

[0125] Hereinafter, the presentinvention will be described with reference to specific examples, but the presentinvention
is not limited to these examples. Note that various parameters relating to the present invention were measured using
the above-described methods.

(Measurement of Pure Water Transmissivity)

[0126] The pure water transmissivity K was measured by preparing a miniature module including three hollow fiber

membranes having a membrane length of 0.1 m. Under conditions of a temperature of 25°C and a filtration differential
pressure of 16 kPa, external pressure type dead-end filtration of a reverse osmosis membrane filtrate was performed
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for 10 minutes to determine a permeation amount (m3). The permeation amount (m3) was converted into a value per
unit time (h) and per effective membrane area (m2), and the value was further multiplied by (50/16) to be converted into
a value at a pressure of 50 kPa, thereby obtaining the pure water transmissivity K. In the present invention, the effective
membrane area is an area of a portion of the outer surface of the hollow fiber membrane 5 actually used for filtration
operation.

(Measurement of Strength)

[0127] The strength was measured by testing a sample having a measurement length of 50 mm five times or more
using atensile tester (TENSILON (registered trademark)/RTM- 100, manufactured by TOYO BALDW!IN)in an atmosphere
at 25°C and at a stretching speed of 50 mm/min with changing the sample, and then obtaining an average value.

(Measurement of Viscosity)

[0128] The apparatus shown in Fig. 4 was used to measure the viscosity. A feed tank 12 and a fine tube 16 were
disposed in a constant-temperature-water bath 15, and were connected by a fluorine tube such that the feed can be
sent to and returned from the fine tube 16. A fluorine tube having an inner diameter of 2.0 mm and a tube length of 1.0
m was used as the fine tube 16. A tube inlet pressure gauge 45 and a tube outlet pressure gauge 46 were connected
to both ends of the fine tube, respectively. The constant-temperature-water bath 15 was filled with water, and the
temperature of the feed was adjusted to the same temperature as that during actual operation.

[0129] Thereafter, the shear speed was obtained from the flow channel diameter D, of the hollow fiber membrane
module used in the actual operation and the flow rate v, and a flow rate v,, of the feed to be sent to the fine tube was set
so that the shear speed was equivalent to the shear speed y of an actual module. The feed was sent at the set flow rate
v,, and the viscosity was calculated from measured tube inlet pressure P1 and tube outlet pressure P2 using Formula (5).

(Measurement of Pore diameter)

[0130] The hollow fiber membrane was vacuum-dried overnight at 25°C, and then observed at a magnification of
30,000 to 100,000 times using an SEM (S- 5500, manufactured by Hitachi High-Technologies Corporation). An image
obtained by using SEM to observe the surface of the porous membrane was binarized using free software "ImageJ".
During binarization, after Create Background was performed by Subtract Background with 1 pixel, Condition: Renyi
Entropy was selected in Threshold (threshold for binarization). In the obtained binarized images, an area of each pore
was obtained by selecting Area in Analyze Particles, and the diameter was calculated on the assumption that each pore
was a circle. The surface pore diameter was obtained by averaging the pore diameters of 1,000 or more pores.

[0131] With respect to the cross-sectional pore diameter, a hollow fiber membrane, which was embedded using a
commercially available embedding agent for frozen tissue section preparation (O.C. T. Compound, manufactured by
Tissue-Tek Co., Ltd.), was sampled at -40°C using a cryo ultramicrotome (FC7, manufactured by Leica) to obtain a
section having a thickness of 100 nm with the porous membrane being oriented perpendicularly to the surface, and the
section was dried under vacuum at room temperature overnight. The cross section of the hollow fiber membrane was
observed with an SEM (S-5500, manufactured by Hitachi High-Technologies Corporation) or a TEM (JEM-1400 Plus,
manufactured by JEOL Ltd.) to obtain an image, and the image was binarized using free software "ImageJ". In the
binarization, a condition: Minimum was selected in Threshold (threshold for binarization). In the obtained binarized
images, an area of each pore was obtained by selecting Area in Analyze Particles, and the diameter was calculated on
the assumption that each pore was a circle. The cross-sectional pore diameter was obtained by averaging the pore
diameters of 1,000 or more pores.

(Production of Hollow Fiber Membrane)
(Reference Example 1)

[0132] First, 39 wt% of vinylidene fluoride homopolymer having a weight average molecular weight of 417,000 (KF
1300 manufactured by Kureha Corporation, weight average molecular weight: 417,000, number average molecular
weight: 221,000) and 61 wt% of y-butyrolactone were dissolved at 150°C to obtain a polymer solution as a raw material
liquid.

[0133] For the pressure application and discharge of the obtained polymer solution, an apparatus including a double
tube type spinneret, a tube connected to the spinneret, and two gear pumps disposed on the tube was used. In the tube
between the gear pumps, the raw material liquid was retained at 100°C to 103°C for 15 seconds while being pressurized
to 2.5 MPa. Thereafter, the raw material liquid was discharged from an outer tube of the double tube type spinneret
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while discharging an 85 wt% y-butyrolactone aqueous solution from an inner tube. The raw material liquid was retained
for 20 seconds in a cooling bath having a temperature of 5°C and composed of 85 wt% y-butyrolactone aqueous solution,
and then solidified. Then, the hollow fiber membrane obtained above was stretched 1.5 times in water at 95°C to obtain
a support layer.

[0134] A functional layer was applied to the support layer obtained above to obtain a composite membrane. For the
functional layer, 12 wt% of vinylidene fluoride homopolymer having a weight average molecular weight of 284,000, 7.2
wt% of cellulose acetate (CA435-75S, Eastman Chemical Company), and 80.8 wt% of N-methyl-2-pyrrolidone were
mixed and dissolved at a temperature of 95°C to prepare a high molecular solution.

[0135] The membrane producing raw liquid was uniformly applied to the surface of the hollow fiber membrane having
a spherical structure, and immediately solidified in a coagulation bath composed of 100% water to prepare a hollow fiber
membrane having a three-dimensional network structure layer formed on the spherical structure layer. The obtained
hollow fiber membrane had an outer diameter of 1.30 mm, an inner diameter of 0.75 mm, pure water transmissivity of
0.4 m/hr, and strength of 1010 g/fiber. The pore diameter ¢, of the outer surface was calculated as 0.006 um from the
binarized SEM image, and the pore diameter ¢; of the inner surface was calculated as 0.6 um from the cross-sectional
pore diameter, and ¢;/p, was 100.

[0136] The thickness Li of the spherical structure layer was 0.225 mm.

(Reference Example 2)

[0137] In Reference Example 1, the temperature of the coagulation bath for solidifying the membrane producing raw
liquid of the functional layer was adjusted to produce a hollow fiber membrane having an outer surface with a pore
diameter of 0.010 uwm. In this case, the outer diameter was 1.30 mm, and the inner diameter was 0.75 mm, and the pure
water transmission coefficient was 0.6 m/hr, and the strength was 1010 g/fiber, and ¢;/¢, was 60.

(Reference Example 3)

[0138] Atatemperature of 95°C, 12 wt% of vinylidene fluoride homopolymer having a weight average molecular weight
of 284,000, 7.2 wt% of cellulose acetate (CA435-75S, Eastman Chemical Company), and 80.8 wt% of N-methyl-2-
pyrrolidone were mixed and dissolved to prepare a high molecular solution.

[0139] While discharging the adjusted high molecular solution from the outer tube of the double tube type spinneret
and an injection liquid composed of 100% water from the inner tube of the double tube type spinneret, the high molecular
solution was solidified in a coagulation bath composed of 100% water to produce a hollow fiber membrane constituted
by a layer with a three-dimensional network structure. The obtained hollow fiber membrane had an outer diameter of
1.30 mm, an inner diameter of 0.75 mm, a pure water transmissivity of 0.5 m/hr, a strength of 230 g/fiber, a pore diameter
¢, of the outer surface of 0.008 wm, and /¢, of 1.13.

(Production of Hollow Fiber Membrane Module)

[0140] The obtained hollow fiber membrane 5 was cut to a length of 1.2 m, immersed in a 30 mass% glycerin aqueous
solution for 1 hour, and then air-dried. Thereafter, the filtrate outlet port side end of the hollow fiber membrane was
sealed with a silicone adhesive (SH850A/B manufactured by Dow Toray Co., Ltd., a mixture of two agents at a mass
ratio of 50: 50).

[0141] Thereafter, as shown in Fig. 1, the container 1 (inner diameter: 97.6 mm, length: 1100 mm) was loaded with
the above-described hollow fiber membrane 5 such that the sealed filtrate outlet port side end was positioned on the
filtrate outlet port 3 side. The feed outlet port 4 is provided on a side surface on the filtrate outlet port 3 side of the container 1.
[0142] Subsequently, a first potting portion forming jig was attached to the feed inlet port 2 side of the container 1,
and a second potting portion forming jig was attached to the filtrate outlet port 3 side. A pin having a diameter of 7 mm
and a length of 100 mm was inserted into the first potting portion forming jig in the same direction as the axial direction
of the hollow fiber membrane 5 in order to open a through hole for introducing the feed into the feed side space 6.
[0143] As a potting agent, a bisphenol F type epoxy resin (LST868-R14, manufactured by Huntsman Corporation)
and an aliphatic amine-based curing agent (LST868-H14, manufactured by Huntsman Corporation) were mixed at a
mass ratio of 100:30, and a total of 800 g of the mixture (400 g per end) was put into a potting agent injector.

[0144] Subsequently, a centrifugal molding machine was rotated, and the potting agent was injected into the first
potting portion forming jig and the second potting portion forming jig at both ends to mold the first potting portion 8 and
the second potting portion 9, and the potting agent was cured. The centrifugal molding machine had a temperature of
35°C, a rotational speed of 300 rpm, and a centrifugal time of 5 hours.

[0145] Atfter curing, the first potting portion forming jig, the second potting portion forming jig, and the pin were removed,
and after curing at room temperature for 24 hours, the end of the second potting portion 9 was cut with a tip saw type

18



10

15

20

25

30

35

40

45

50

55

EP 4 410 408 A1

rotary blade to open an end surface of the hollow fiber membrane 5 on the filtrate outlet port side.

[0146] Subsequently, a lower cap including the feed inlet port 2 and an upper cap including the filtrate outlet port 3
were attached to the container 1 to obtain a hollow fiber membrane module. In this case, the hollow fiber membrane
had a membrane length L of 1.0 m, a filling rate M of 40%, and a membrane area of 9.2 m2.

(Filtration Test)

[0147] In a filtration test using the hollow fiber membrane module obtained above, the filtration unit shown in Fig. 2
was used. A volume of the feed tank 12 was 200 L, and the supply pump 14 was operated to introduce the feed into the
hollow fiber membrane module, and a part of the feed was filtered and then a filtrate was sent to the filtrate tank 13. All
the unfiltered feed was returned from the feed outlet port 4 to the feed tank 12. The filtrate sent to the filtrate tank 13
was returned to the feed tank 12 by a pump each time, and a water level in the feed tank was controlled so as not to
decrease.

[0148] The filtration was performed at a constant flow amount, and the transmembrane pressure was increased as
blockage of the membranes. Note that the transmembrane pressure here was calculated by subtracting the filtrate outlet
pressure measured by a filtrate outlet pressure gauge 43 from an average value of a feed inlet pressure measured by
a feed inlet pressure gauge 41 and a feed outlet pressure measured by a feed outlet pressure gauge 42. The operation
was performed with the filtrate outlet pressure fixed to 20 kPa, and an increase speed (the unit is expressed as kPa/m
hereinafter) in the transmembrane pressure was set to a value obtained by dividing the transmembrane pressure, which
was increased until the filtration amount per membrane area (m3/m?2) became 0.1 m3/m2, by 0.1 m3/m2.

(Reference Example 4)

[0149] It was verified how accurately the actual pressure distribution of the hollow fiber membrane module can be
predicted by the simulation shown in the above Formulas (8) to (17).

[0150] For the verification, another hollow fiber membrane module different from the above was prepared using the
hollow fiber membrane obtained above. A fluorine tube having an inner diameter of 6 mm was used as the container 1,
and fifteen hollow fiber membranes obtained above were potted in a state where both ends were opened such that the
membrane length L became 1.0 m. The filling rate M in this case was 32%. As shown in Fig. 5, the feed inlet port 2 and
the feed outlet port 4 are connected to a side surface of the tube, and the feed introduced from the feed inlet port 2 flows
in the container 1 in a direction parallel to the axial direction of the hollow fiber membranes 5 and is discharged from the
feed outlet port 4. In this case, the pressure measured by the feed inlet pressure gauge 41 was assumed as the feed
inlet pressures P, , and the pressure measured by the feed outlet pressure gauge 42 was assumed as the feed outlet
pressures P .

[0151] On the other hand, a pressure gauge was connected to each of both open ends on the filtrate side, and the
pressure measured by the filtrate outlet pressure gauge 43 provided in a tube connected to the filtrate tank 13 was
assumed as the filtrate outlet pressures P; |, and the pressure measured by the filtrate inlet pressure gauge 44 on the
other end side was assumed as the filtrate inlet pressures P; .

[0152] In the hollow fiber membrane module 10 of the present application, as shown in Fig. 1, the filtrate outlet port
side end of the hollow fiber membrane 5 is open, and the feed inlet port side end is sealed. Therefore, the filtrate inlet
pressures P,  at the position of n = 0 among P; , shown in Formula (16) cannot be actually measured. Therefore, a
miniature module with both ends open was produced for verification of this simulation, and P; , was measured. Note
that since the space to which the filtrate inlet pressure gauge 44 for measuring P;  is connected is sealed and the filtrate
is not discharged to the filtrate inlet pressure gauge 44 side, the pressure distribution of the miniature module and the
pressure distribution of the hollow fiber membrane module 10 show equivalent distributions.

[0153] A filtration test was performed using the miniature module. In the test, 0.3 wt% aqueous solution obtained by
dissolving polyethylene glycol (molecular weight: 2,000,000, manufactured by FUJIFILM Wako Pure Chemical Corpo-
ration) in distilled water was used as a feed. The feed was dissolved by stirring with a stirrer overnight, and when a
viscosity of the feed after dissolution was measured at 25°C, the viscosity was 5.0 mPa-s.

[0154] The feed was supplied to the miniature module by the supply pump 14, and cross-flow filtration was performed.
Operation conditions in this case were as follows: the flow rate of the feed was 1.0 m/s, and the flow rate of the filtrate
was 0.045 m/s (corresponding to a filtration flux of 0.4 m/d). The temperature of the feed was 25°C. Filtration was started
under these operation conditions, and each pressure immediately after the start of filtration was measured to calculate
AP o, @nd AP, . A viscosity of the filtrate collected during the test was also measured by the same method, and the
measured viscosity was 1.0 mPa-s.

[0155] Furthermore, AP, o and AP,  were calculated also by simulation using Formulas (8) to (17). Various param-
eters of the hollow fiber membrane 5 used for producing the miniature module were input for the simulation. The filtrate
outlet pressures P, | was calculated using the measured values obtained from the test of the miniature module. Here,
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Al was set to 10 mm, and the shape correction coefficient t of the feed side flow channel was set to 1.0.

[0156] As a result of comparing the measured values and the simulation values, as shown in Table 1, it was confirmed
that AP, o and AP, | show equivalent values, and the present simulation can accurately predict the transmembrane
pressure.

Table 1
Actual measurement | Calculation
AP olkPa] 67 69
APk [kPa] 25 25
AP o- AP [kPa] 42 44

(Example 1)

[0157] Using the hollow fiber membrane module loaded with the hollow fiber membrane of Reference Example 1,
filtration was performed using a polyethylene glycol aqueous solution. The polyethylene glycol aqueous solution was
prepared by adjusting the amount of polyethylene glycol (molecular weight 2,000,000, manufactured by FUJIFILM Wako
Pure Chemical Corporation) in distilled water to be 0.3 wt%, and was used as the feed. In this case, the feed had a
temperature of 25°C and a viscosity of 5.0 mPa-s.

[0158] Filtration was started after adjusting the flow rate v; of the feed to 1.0 m/s and the flow rate v, of the filtrate to
0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux). As a result, as shown in Table 2, the increase speed of
the transmembrane pressure was 230 kPa/m, and the operation could be performed while preventing the rise of the
transmembrane pressure. The filtrate viscosity immediately after the start of filtration was 1.0 mPa-s.
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Table 2
Parameter Unit | Ex1 | Ex.2 | Ex.3 | Ex. 4 | SOMP- | Comp.
Ex. 1 Ex. 2
Outer diameter mm 1.30 1.30 1.30 1.30 1.30 1.30
Inner diameter mm 0.75 0.75 0.75 0.75 0.75 0.75
Pore diameter ¢, of outer
pm 0.006 | 0.006 | 0.006 | 0.006 0.006 0.006
surface
Pore diameter o; of inner
pm 0.60 0.60 0.60 0.60 0.60 0.60
surface
@ olP; - 100 100 100 100 100 100
Thickness L, of three-
dimensional network mm 0.050 | 0.050 | 0.050 | 0.050 0.050 0.050
structure layer
Thickness L; of spherical
mm 0.225 | 0.225 | 0.225 | 0.225 0.225 0.225
structure layer
Membrane Cr(?ss-sectional pore
structure diameter of three- wm 0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.025
dimensional network
structure layer
Cross-sectional pore
diameter of spherical pm 0.60 0.60 0.60 0.60 0.60 0.60
structure layer
Porosity of three-dimensional ) 065 0.65 065 0.65 0.65 0.65
network structure layer
Porosity of spherical structure ) 063 063 063 063 0.63 063
layer
Transmission coefficient Lpg
of three-dimensional network wm/Pals 0.045 0.045 0.045 0.045 0.045 0.045
structure layer
Transmission coefficient Lp;
. wm/Pals 25 25 25 25 25 25
of spherical structure layer
Inner diameter of container mm 97.6 97.6 97.6 97.6 97.6 97.6
Module Membrane length m 1.0 1.0 1.0 1.0 1.0 1.0
structure Filling rate % 40 40 40 40 40 40
Membrane area m2 9.2 9.2 9.2 9.2 9.2 9.2
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(continued)
Parameter Unit | Ex1 | Ex2 | Ex 3 | Ex 4 | COMP- | Comp.
Ex. 1 Ex. 2
Viscosity p; of feed mPa-s 5.0 5.0 5.0 10.0 5.0 5.0
Viscosity p, of filtrate mPa-s 1.0 1.0 1.0 1.4 1.0 1.0
ity - 5.0 5.0 5.0 7.1 5.0 5.0
Flow rate V; of feed m/s 1.0 1.0 1.0 0.5 0.5 2.0
Filtration Flow rate V, of filtrate m/s 0.03 | 0.05 | 011 | 005 | 0.16 0.01
fest Filtration flux m/d 0.3 0.5 1.0 0.5 15 0.1
V!V - 003 | 0.05 | 0.11 0.11 0.32 0.01
tran's'”n:fr:z‘:;r;es;’eiure kPa/m | 230 | 250 | 265 | 260 | 420 370
APy o~ APy i kPa 43 43 41 42 10 87

[0159] In parallel with the actual filtration test, the calculation of the module internal pressure distribution by simulation
was performed. The calculation method was the same as the method described in Reference Example 1. As a result,
the transmembrane pressure difference AP, o - AP, | in the axial direction of the hollow fiber membrane 5 was a low
value of 43 kPa.

(Example 2)

[0160] A filtration test and a module internal pressure distribution simulation were performed in the same manner as
in Example 1 except that the flow rate Vo of the filtrate was adjusted to 0.05 m/s (corresponding to 0.5 m/d in terms of
filtration flux).

[0161] As aresult, as shown in Table 2, the increase speed of the transmembrane pressure became 250 kPa/m, and
the operation could be performed while preventing the rise of the transmembrane pressure. The transmembrane pressure
difference AP, o - AP,  in this case was a low value of 43 kPa.

(Example 3)

[0162] A filtration test and a module internal pressure distribution simulation were performed in the same manner as
in Example 1 except that the flow rate v, of the filtrate was adjusted to 0.11 m/s (corresponding to 1.0 m/d in terms of
filtration flux).

[0163] As aresult, as shown in Table 2, the increase speed of the transmembrane pressure became 265 kPa/m, and
the operation could be performed while preventing the rise of the transmembrane pressure. The transmembrane pressure
difference AP, o - AP, | in this case was a low value of 41 kPa.

(Example 4)

[0164] Using the same hollow fiber membrane module as in Example 1, filtration was performed using a polyethylene
glycol aqueous solution. The polyethylene glycol aqueous solution was prepared by adjusting the amount of polyethylene
glycol (molecular weight 2,000,000, manufactured by FUJIFILM Wako Pure Chemical Corporation) in distilled water to
be 0.45 wt%, and was used as the feed. In this case, the feed had a temperature of 25°C and a viscosity of 10.0 mPa-s.
[0165] Filtration was started after adjusting the flow rate v; of the feed to 0.5 m/s and the flow rate v, of the filtrate to
0.05 m/s (corresponding to 0.5 m/d in terms of filtration flux). As a result, as shown in Table 2, the increase speed of
the transmembrane pressure was 260 kPa/m, and the operation could be performed while preventing the rise of the
transmembrane pressure. The filtrate viscosity immediately after the start of filtration was 1.4 mPa-s.

[0166] In parallel with the actual filtration test, the calculation of the module internal pressure distribution by simulation
was performed. The calculation method was the same as the method described in Reference Example 1. As a result,
the transmembrane pressure difference AP, - AP, | in the axial direction of the hollow fiber membrane 5 was a low
value of 42 kPa.
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(Example 5)

[0167] Usingthe same hollow fiber membrane module as in Example 1, filtration was performed using a gelatin aqueous
solution. The gelatin aqueous solution was prepared by adjusting a concentration of gelatin in distilled water to 0.4 wt%,
and was used as the feed. In this case, the feed had a temperature of 60°C and a viscosity () of 3.5 mPa-s.

[0168] Filtration was started after adjusting the flow rate v; of the feed to 1.0 m/s and the flow rate Vo of the filtrate to
0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux). As a result, as shown in Table 3, the increase speed of
the transmembrane pressure was 260 kPa/m, and the operation could be performed while preventing the rise of the
transmembrane pressure. The filtrate viscosity immediately after the start of filtration was 1.1 mPa-s, and p.¢/p, was 3.2.
[0169] When the transmembrane pressure reached 1.5 times the initial ratio, the filtration was terminated, and pure
water was pressurized at 200 kPa to flow from the filtrate side to perform backwashing for 15 seconds. After the back-
washing, the gelatin aqueous solution was filtered at a flow rate v; of the feed of 1.0 m/s and a flow rate Vo of the filtrate
of 0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux), and the transmembrane pressure was recovered to 1.1
times the initial ratio, and the effect of the backwashing was confirmed.

Table 3
Parameter Unit Ex. 5 Ex. 6 Ex.7
Outer diameter mm 1.3 1.3 1.3
Inner diameter mm 0.75 0.75 0.75
Pore diameter ¢, of outer surface pm 0.006 | 0.01 0.008
Pore diameter ¢, of inner surface pum 0.60 0.60 | 0.009
Qolo; - 100 60 1.13

Thickness L, of three-dimensional network structure
mm 0.050 | 0.050 | 0.275

layer
Membrane Thickness L; of spherical structure layer mm 0.225 | 0.225 -
structure - i i -di i
Cross-sectional pore diameter of three-dimensional um 0.025 | 0035 | 0030
network structure layer
Cross-sectional pore diameter of spherical structure um 0.60 0.60 i
layer
Porosity of three-dimensional network structure layer - 0.65 0.66 0.64
Porosity of spherical structure layer - 0.63 0.63 -

Transmission coefficient Lpy of three-dimensional
pm/Pa/s | 0.045 | 0.091 | 0.065
network structure layer

Transmission coefficient Lp; of spherical structure layer | um/Pals 25 25 -
Inner diameter of container mm 97.6 97.6 97.6
Membrane length m 1.0 1.0 1.0
Module structure
Filling rate % 40 40 40
Membrane area m2 9.2 9.2 9.2
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(continued)

Parameter Unit Ex. 5 Ex. 6 Ex.7
Viscosity p; of feed mPa-s 3.5 3.5 3.5
Viscosity p, of filtrate mPa-s 1.1 1.2 11

rilip - 3.2 2.9 3.2

Flow rate V; of feed m/s 1.0 1.0 1.0

Filtration test Flow rate V/, of filtrate m/s 0.03 0.03 0.03
Filtration flux m/d 0.3 0.3 0.3

V/Vs - 0.03 0.03 0.03

Increase speed of transmembrane pressure kPa/m 260 280 290
AP o= APk kPa 30 30 30

(Example 6)

[0170] A hollow fiber membrane module loaded with the hollow fiber membrane of Reference Example 2 was produced
and filtration was performed using a gelatin aqueous solution. The gelatin aqueous solution used was the same as in
Example 5.

[0171] Filtration was started after adjusting the flow rate v; of the feed to 1.0 m/s and the flow rate v, of the filtrate to
0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux). As a result, as shown in Table 3, the increase speed of
the transmembrane pressure was 280 kPa/m, and the operation could be performed while preventing the rise of the
transmembrane pressure. The filtrate viscosity immediately after the start of filtration was 1.2 mPa-s, and pf/up was 2.9.
[0172] When the transmembrane pressure reached 1.5 times the initial ratio, the filtration was terminated, and pure
water was pressurized at 200 kPa to flow from the filtrate side to perform backwashing for 15 seconds. After the back-
washing, the gelatin aqueous solution was filtered at a flow rate v; of the feed of 1.0 m/s and a flow rate v, of the filtrate
of 0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux), and the transmembrane pressure was recovered to 1.1
times the initial ratio, and the effect of the backwashing was confirmed.

(Example 7)

[0173] A hollow fiber membrane module loaded with the hollow fiber membrane of Reference Example 3 was produced
and filtration was performed using a gelatin aqueous solution. The gelatin aqueous solution used was the same as in
Example 5.

[0174] Filtration was started after adjusting the flow rate v; of the feed to 1.0 m/s and the flow rate Vo of the filtrate to
0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux). As a result, as shown in Table 3, the increase speed of
the transmembrane pressure was 290 kPa/m, and the operation could be performed while preventing the rise of the
transmembrane pressure. The filtrate viscosity immediately after the start of filtration was 1.1 mPa's, and p/p, was 3.2.
[0175] When the transmembrane pressure reached 1.5 times the initial ratio, the filtration was terminated, and pure
water was pressurized at 200 kPa to flow from the filtrate side to perform backwashing for 15 seconds. After the back-
washing, the gelatin aqueous solution was filtered at a flow rate v; of the feed of 1.0 m/s and a flow rate Vo of the filtrate
of 0.03 m/s (corresponding to 0.3 m/d in terms of filtration flux), the transmembrane pressure was increased to 1.4 times
the initial ratio, and the effect of the backwashing could not be confirmed. It was considered that the effect of the
backwashing was reduced because ¢,/¢,, which is the ratio of the pore diameters was small.

(Comparative Example 1)

[0176] A filtration test and a module internal pressure distribution simulation were performed in the same manner as
in Example 1 except that the flow rate ve of the feed was adjusted to 0.5 m/s, and the flow rate Vp of the filtrate was
adjusted to 0.16 m/s (corresponding to 1.5 m/d in terms of filtration flux).

[0177] As aresult, as shown in Table 2, the increase speed of the transmembrane pressure was 420 kPa/m, and the
increase speed of the transmembrane pressure was high. The transmembrane pressure difference AP, o - AP,  in
this case was a low value of 10 kPa, but it was considered that the flow rate of the feed was slower than the flow rate
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of the filtrate, and the accumulation of the foulant on the membrane surface progressed, and the increase in the trans-
membrane pressure became fast.

(Comparative Example 2)

[0178] A filtration test and a module internal pressure distribution simulation were performed in the same manner as
in Example 1 except that the flow rate v; of the feed was adjusted to 2.0 m/s, and the flow rate Vo of the filtrate was
adjusted to 0.10 m/s (corresponding to 0.1 m/d in terms of filtration flux).

[0179] As aresult, as shown in Table 2, the increase speed of the transmembrane pressure was 370 kPa/m, and the
increase speed of the transmembrane pressure was high. The transmembrane pressure difference AP, o - AP,  in
this case was a high value of 87 kPa, and furthermore, it was presumed that reverse filtration in which a part of the filtrate
flows back to the feed side occurred, and the filtration was inefficient. Since the filtration flux was small and it was
calculated that three times as many hollow fiber membrane modules as in Example 1 were required, the filtration cost
was high.

[0180] Althoughthe presentinvention hasbeendescribedin detail with reference to specificembodiments, itis apparent
to those skilled in the art that various changes and modifications can be made without departing from the spirit and
scope of the present invention.

[0181] The present application is based on the Japanese patent application filed on September 30, 2021 (Japanese
Patent Application No. 2021-160479), an entire content of which is incorporated herein by reference.

INDUSTRIAL APPLICABILITY

[0182] The operation method of a hollow fiber membrane module of the present invention is preferably applied to
membrane filtration of a feed in a fermentation field involving culture of microorganisms and cultured cells, a pharma-
ceutical field, a food and drink field, or the like in recent years, in addition to a water treatment field such as drinking
water production, water purification treatment, and wastewater treatment.

REFERENCE SIGNS LIST
[0183]

container

feed inlet port

filtrate outlet port

feed outlet port

hollow fiber membrane

feed side space

filtrate side space

first potting portion

9 second potting portion

10  hollow fiber membrane module
12  feed tank

13 filtrate tank

14 supply pump

15  constant-temperature-water bath
16  fine tube

21  concentrate valve

22 filtrate valve

31 concentrate flowmeter

32 filtrate flowmeter

41  feed inlet pressure gauge
42  feed outlet pressure gauge
43  filtrate outlet pressure gauge
44  filtrate inlet pressure gauge
45  tube inlet pressure gauge
46  tube outlet pressure gauge
51  feed thermometer

0 ~NOO O WN =
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Claims

1.

10.

An operation method of a hollow fiber membrane module, the operation method comprising:

a filtration step of performing cross-flow filtration by supplying a feed to an outer surface side of a hollow fiber
membrane, wherein

in the filtration step, a ratio of a viscosity p; of the feed to a viscosity Pp of afiltrate satisfies a relation of uf/up
> 1.5, and a flow rate ratio of a flow rate Vp of the filtrate to a flow rate v; of the feed satisfies a relation of 0.02
<vpive<0.3.

The operation method of a hollow fiber membrane module according to claim 1, wherein
in the filtration step, the viscosity . of the feed is 3.0 mPa-s or more.

The operation method of a hollow fiber membrane module according to claim 1 or 2, wherein
in the filtration step, a concentration of dissolved organic carbon in the feed is 1,000 mg/L or more and 100,000
mg/L or less.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 3, wherein the hollow
fiber membrane is an ultrafiltration membrane.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 4, wherein a breaking
load of the hollow fiber membrane is 500 gf/fiber or more.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 5, wherein in the
filtration step, the viscosity . of the feed and the flow rate v; of the feed satisfy a relation of v; < - 0.135pu; + 3.0.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 6, wherein an inner
diameter D; of the hollow fiber membrane satisfies a relation of 300 um < D; < 1000 pm.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 7, wherein a filling
rate of the hollow fiber membrane module is 25% or more and 45% or less.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 8, wherein a membrane
length of the hollow fiber membrane is 0.50 m or more and 2.00 m or less.

The operation method of a hollow fiber membrane module according to any one of claims 1 to 9, the operation
method further comprising:

a backwashing step of flowing a cleaning liquid from an inner surface to an outer surface of the hollow fiber
membrane, wherein

a pore diameter ¢, of the outer surface of the hollow fiber membrane satisfies a relation of 0.005 um < @, <
0.02 pum, and

a ratio of a pore diameter ¢, of the inner surface of the hollow fiber membrane to the pore diameter ¢, of the
outer surface satisfies a relation of ¢;/p, > 50.
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