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(57) Abrégée/Abstract:
The present invention provides a coated hollow fiber membrane which has an isoporous inner skin and a porous outer support
membrane, I.e. an inside-out iIsoporous composite hollow fiber membrane, and to a method of preparing such membranes. The
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(57) Abrege(suite)/Abstract(continued):

coated hollow fiber membrane Is prepared by a method comprising providing a hollow fiber support membrane having a lumen
surrounded by the support membrane, and coating and the inner surface thereof by first passing a polymer solution of at least one
amphiphilic block copolymer In a suitable solvent through the lumen of the hollow fiber support membrane and along the inner
surface thereof, thereafter pressing a core gas stream through the lumen of the coated hollow fiber mebrane, and thereafter
passing a non-solvent (precipitant) through the lumen of the coated hollow fiber membrane. In order to remove the solvent or
solvents completely, the membranes are kept in water for 1-2 days and washed prior to use. |n order to maintain the porosity of
support membrane, membrane pretreatment Is advantageous prior to coating which reduces the infiltration of block copolymer
solution. The membranes are useful infiltration modules, In particular microfiltration modules, ultrafiltration modules, nano- filtration
modules.
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Fig. 1

(57) Abstract: The present invention provides a coated hollow fiber membrane which has an 1soporous mner skin and a porous outer
support membrane, 1.e. an mside-out 1soporous composite hollow fiber membrane, and to a method of preparing such membranes.
The coated hollow fiber membrane 1s prepared by a method comprising providing a hollow fiber support membrane having a lumen
surrounded by the support membrane, and coating and the inner surface thereot by first passing a polymer solution of at least one
amphiphilic block copolymer i a suitable solvent through the lumen of the hollow fiber support membrane and along the mner surface
thereot, thereatter pressing a core gas stream through the lumen of the coated hollow fiber mebrane, and thereatter passing a non-
solvent (precipitant) through the lumen of the coated hollow tiber membrane. In order to remove the solvent or solvents completely, the
membranes are kept in water for 1-2 days and washed prior to use. In order to maintain the porosity of support membrane, membrane
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Method for Preparing Isoporous Hollow

Fiber Composite Membranes

The present i1nvention relates to coated hollow fiber membranes

which have an 1soporous 1nner skin and a porous outer support

membrane, 1.e. an 1nside-out 1soporous composite hollow fiber

i

membrane, and to a method of preparing such membranes.

i

The 1nvention further relates to the use of the coated hollow

fiber membrane according to the present 1nvention for filtra-
tion, such as 1n particular for microfiltration, ultrafiltra-
tion, nanofiltration and/or reverse osmosis, 1n particular for
ultrafiltration.

4

INVENT ION

L]

BACKGROUND OF TH.

Membrane separation 1s widely used 1in the food technology, bi-

otechnology and pharmaceutical industries for mechanical sepa-

ration of fluid, e.g. gaseous or ligquid streams.

Membrane separation technology using a separation membrane

having a hollow fiber structure has been applied to water pu-

rification and sewage and wastewater processes. In accordance

with the material used for 1ts production, membranes useful 1n

particular for water treatment can be classified 1nto the fol-

lowing categories: polymer membranes, ceramlc membranes, and

metal membranes. Such membranes are used for microfiltration

(MF'), wultrafiltration (UF), nanofiltration (NF), and reverse

osmosis (RO). Ultrafiltration membranes allow small molecules

and 1ons to be permeated, but remove high molecular polymer

particles or bacteria and viruses, and may vary according to

F

the requirements of use. They usually have a pore size 1n a

H
p—

range of from 0.01 to 0.1 um. Ultrafiltration membranes having
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such characteristics have a wide application range, but are

H

particularly i1nteresting for pretreatment of process water or

ultrapure water, reuse, sewage and wastewater treatment and

water purification. Also 1n wastewater treatment, membrane

technology 1s becoming increasingly 1important. With the help

H

of ultrafiltration or microfiltration 1t 1s possible to remove

particles, colloids and macromolecules, so that wastewater can

be disinfected 1n this way.

Such membranes have a porous separation layer on top whereiln

i

the si1ize and size distribution (regularity) of the pores de-

termine filtration selectivity.

Published Canadian Patent Application 2,886,437 Al discloses a

method for producing a hollow fiber polymer membrane having an
1soporous outer skin, a porous 1nner skin and a sponge-like
inner structure. The method described in CA 2,886,437 Al com-

H

prises providiling a polymer solution  of at least one

amphiphilic block copolymer 1n an appropriate solvent, extrud-

1ng the polymer solution through an annular die i1n a spinneret

while simultaneously extruding an agueous core liguid from an

orifice encircled by the annular die 1nto alr and subsequently

1nto a precipitation bath to precipitate the spinning solution
to form the hollow fiber. The method described in CA 2,880,437

Al produces excellent hollow fiber polymer membrane having an

1soporous outer skin.

During separation, the fluid stream 1s passed along the out-

side of the hollow fiber polymer membrane, and the permeate

stream 1s collected from the 1nside of the hollow fiber poly-

mer membrane. This outside-in separation 1s undesirable for a

F

number of reasons, 1ncluding the di:

H

ficulty to control concen-

tration polarization and membrane foulilng.
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Therefore, 1n many cases an opposite filtration direction 1s

F F

protection of selective surface,

desirable. This 18 because o

H

better distribution of feed on the lumen side during filtra-

H

tion, and ease o0of processing and mailntenance. For example,

H

cleaning of membranes with 1soporous 1nner skin by backwashing

or forward aeration will be easier, and the overall fouling

and clogging by bacteria and other foulants may thereby be re-

duced 1n comparison to hollow fiber polymer membranes having

an 1soporous outer skin.

Furopean patent application 3,147,024 Al discloses a hollow

fiber polymer membrane having a novel structure with an

1soporous 1nner skin and a porous outer skin as well as a nov-

el method for 1ts production. The method described 1n EP

i

3,147,024 Al comprises providing a polymer solution of at

least one amphiphilic block copolymer 1n a solvent or solvent

mixture, extruding the polymer solution through a first annu-

lar die 1n a spinneret while simultaneously passing a core gas

stream through at least one orifice encircled by the first die

and extruding that sheath liguid comprising at least one pre-

cilpitant from a second die encircling the first annular die

into air, and subsequently i1into an agqueous precilpitation bath.

The spinning solution 1s precipitated 1n the precipitation

bath to form the hollow fiber polymer membrane having an

1soporous 1nner skin and a porous outer skin.

During the separation, the fluid stream 1s passed along the

H

1inside of the hollow fiber polymer membrane, and the permeate

stream 1s removed from the outside of the fiber, which 1s less

complex.

According to both, CA 2,880,437 and EP 3,147,024 Al self-

H

assembly of the block copolymers and non-solvent 1nduced phase

separation (SNIPS) form the 1soporous skin on the site oppo-

site to where the non-solvent 1s contacted with the polymer
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solution. In both, CA 2,880¢,437 and EP 3,147,024 Al, the hol-

low fiber membrane 1s formed entirely by the block-copolymer.

However, 1n the spinning process highly concentrated block co-

H

polymer solution 1s required, and the production of 1soporous

hollow fibers by the spinning process CA 2,886,437 and EP

3,147,024 Al 1s comparatively expensive. The spinning of block

copolymer solution results 1n membrane substructures having a

H

comparatively low number of through-pores due to the high en-

I

tanglement of polymer chalns during extrusion. This less po-

rous substructure decreases water permeability. Further, the

splnning process often does not provide the required mechani-

H

cal strength of the membranes. It would therefore be desirable

to provide hollow fiber membranes with 1soporous 1nner skin

and a porous outer skin which have high mechanical strength,

i

such as flexibility, and which have a lower content of expen-

sive block copolymers.

While coating 1s a demonstrated strategy to reduce the Dblock

copolymer consumption 1n flat sheet membranes, forming an

H

1soporous surface layver on the 1inner surface of hollow fibers

proved to be a challenge. Dip coating or spray coating can

tyvpically only be applied to flat sheet membranes or the outer

H

surface of a hollow fiber membrane, 1n particular due to the

H

complex mechanism of 1soporous structure formation.

SUMMARY OF INVENTION

H

It 1s therefore an object of the present 1nvention to provide

such hollow fiber composite membranes having an 1S0porous 1n-

ner skin, which have high mechanical strength, such as 1im-

proved flexibility, and which have a lower content of block

H

copolymers, as well as a method for the production thereof.

The above objects are solved by a method for producing a coat-

ed hollow fiber membrane having an 1soporous i1nner skin, com-
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prising providing a hollow fiber support membrane having a lu-

men surrounded by the support membrane, and coating the inner

H H

surface thereof by first passing a polymer solution of at

least one amphiphilic block copolymer 1n a suitable solvent

through the lumen of the hollow fiber support membrane and

H

along the 1nner surface thereof, thereafter pressing a core

gas stream through the lumen of the coated hollow fiber mem-

brane, and thereafter passing a non-solvent (precipitant)

through the lumen of the coated hollow fiber membrane.

i

The membranes according to the present 1nvention are self-

supporting and have an 1soporous 1nner skin, a porous outer

skin, and a sponge-like 1inner structure. The 1nner skin 1s

H

tyvpically of a di

H H

"erent material than the outer skin of the

coated hollow fiber membrane.

DETAILED DESCRIPTION OF PREFERRE

[
_/
]
<

BODIMENTS

Hollow fiber support membrane having a lumen to be coated with

H

an 1soporous 1nner skin of a block copolymer 1s preferably a

polymeric membrane such as a cellulose acetate (CA) membrane,

a polyvethersulfone (PES) membrane, a polyvetherimide (PEI) mem-

brane, a polyvinylidene fluoride (PVDEFE) membrane, a

polysulfone (PSf) membrane, a polyacrylonitrile (PAN) mem-

brane, a polvamide-imide (PAI) membrane, a modified cellulose

acetate (mCA) membrane, a modified polyethersulfone (mPES)

membrane, a modified polyetherimide (mPEI) membrane, a modil-

fied polyvinylidene fluoride (mPVDF) membrane, a modified

polysulfone (mPST) membrane, a modified polvyvacrylonitrile

(MPAN) membrane, a modified polyamide-imide (mPAI) membrane,

etc. Alternatively, the hollow fiber support membrane having a

lumen may be a ceramilic or a metallic membrane.

The hollow fiber support membrane may preferably have a diame-

ter ranging from 0.2 to 3.0 mm, preferably from 0.5 to 1.5 mm,
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H

and the lumen of the hollow fiber support membrane may prefer-

H

ably have a diameter of from 0.1 to 2.5 mm, preferably from

i

0.3 to 1.49 mm. The length of the hollow fiber support mem-

brane may be from few centimeters to few meters. Preferably,

i

however, the hollow fiber support membrane has a length of

from 5 to 50 c¢cm, more preferably from 10 to 25 cm. Preferably

i

the hollow fiber support membrane has a median pore size of

from 20 nm to 20 pm, more preferably from 50 nm to 1 um, as

H

determined by electron microscopy. The pore size of the hollow

fiber support membrane 1s, however, not critical for many ap-

plications.

The at least one amphiphilic block copolymer used for making

the 1soporous 1nner skin of the coated hollow fiber membrane

may be the same as used in EP 3,147,024 Al, which 1s fully 1n-

corporated by reference herewith. Further amphiphilic block

H

copolymers useful for making the 1soporous 1inner skin of the

coated hollow fiber membrane are those disclosed 1n S. Saleem
et al., “Block Copolymer  Membranes from Polystyrene-b-
poly (solketal methacrylate) (PS-b-PSMA) and Amphiphilic Poly-
styrene-b-poly (glyceryl methacrylate) (PS-b—-PGMA)"”, Polymers

2017, 9(o), 216, which 1s fully 1ncorporated by reference

herewith.

Besides of the amphiphilic block as disclosed in EP 3,147,024

Al and S. Saleem et al., preferred pore forming polymer blocks

are selected from poly (N,N-dimethyvlacrylamide) (PDMA) ,
poly (acryvlic acid), poly(glutamic acid) (PGA), poly-v-glutamic
acid (y—-PGA), Polvaspartic acid (polvaminoacid),
polyv(ethyleneoxide) (PEO), poly[(allyl glycidyl ether)-co-

(ethylene oxide)], poly(Z2-acrvlamido-ethane-1,1-disfulonic ac-

1d) , poly(glycervl methacrylate) (PGMA), poly (Z2-ethylhexvyl

methacrvylate) (PEHMA), poly (4-butvltri-phenylamine), poly-
(triphenvlamine), polyphenvlalanine, poly (N-

1sopropylacrylamide) (PNIPAM), poly(N,N-dimethylaminoethyl meth-
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acrylate) (PDMAEMA), poly(poly(ethyvlene glycol)methyl ether
methacrvylate) (P (PEGMA)).

Further amphiphilic block copolymers useful for making the

i

1soporous 1nner skin of the coated hollow fiber membrane are

selected from diblock copolymers such as polystyrene-b-
poly (solketal methacrylate) (PS-b-PSMA) , polystyrene-b-
poly(glyceryvl methacrvylate) (PS-b-PGMA), polystyrene-b-poly(2-
ethylhexyl methacrvylate) (PS-b-PEHMA), poly(glutamic Acid)-b-

Polyphenvlalanine, polystyrene-b-poly[(allyl glycidyl ether)-

co- (ethylene oxide)] (PS-b-P(AGE-co-EQ)), polystyvrene-b-poly (N-

1sopropylacrylamide) (PS-PNIPAM), poly (ethylene oxide) -b-
poly (N, N-dimethylaminoethyl methacrylate) (PEO-b-PDMAEMA), poly-

styvrene-b-poly(ethylene ox1ide) (PS-b—-PEO), polvbutadiene—-b-

poly (Z2-vinylpyridine) (PB-b-P2VP), poly(ethylene ox1ide) —-b-
poly (N, N-dimethylaminoethyl methacrylate) (PEO-b-PDMAEMA) ,

polybutadiene-b-poly (N, N-dimethylaminoethyl methacrylate) (PB-b-

PDMAEMA) , polystyrene-b-poly (2- (dimethylamino)ethyl methacry-

late), poly (styrene-co-1soprene) -b-poly (N, N-dimethylaminoethyl
methacrylate) (P(S—-co-1)-b—-PDMAEMA) , triblock copolymer and
triblock terpolymers such as polystyrene-b-poly(2-
vinylpyridine) -b-poly(ethylene oxide) (PS-b-P2VP-b-PEQO), poly-
1soprene-b-polystyrene-b-poly (2-vinylpyridine) (PI-b-PS-b-
P2VP), polvisoprene-b-polystyrene-b-poly (N, N-dimethylacryl-
amide) (PI-b-PS-b-PDMA) , polystyrene-b-polyisoprene-b-poly-

lactide (PS-b-PI-b-PLA), polvisoprene-b-polystyrene-b-poly (2-
acrylamido-ethane-1,1-disfulonic acid) (PI-b-PS-b-PADSA), pol-

visoprene-b-polystyrene-b-poly(acrylic acid) (PI-b-PS-b-PAA),
polystyrene-b-poly (N-1sopropylacrylamide) -b-polystyrene (PS—b-

PNIPAM-b-PS), poly(poly(ethylene glycol)methyl ether methacry-
late) -b—-polystvyvrene-b-polyv(poly(ethylene glycol)methyl ether

methacrylate) (P (PEGMA) ) -b-PS-b-P (PEGMA) ), poly (N, N-
dimethylaminoethyl methacrylate) -b-poly(ethylene oxide) —-b-
poly (N, N-dimethylaminoethyl methacrylate) (PDMAEMA-b-PEO-b-

PDMAEMA) , poly(2-(2-guanidinoethoxy)ethyl methacrylate)-b-PEO-b-
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poly (2-(2-guanidinoethoxy) —ethyl methacrylate) (PGn-b-PEO-b-PGn),

polyisoprene-b-polystyrene-b-poly (4-vinylpyridine) (PI-b-PS-b-

P4VP), poly (1soprene-b-styrene-b- (4-vinylpyridine) ) P(I-b-S-b-
4VP), polystyrene-b-polyvbutadiene-b-poly (tert-butyl methacry-
late) (PS-b-PB-b-PTMA) , polystyrene-b-poly (4-vinvylpyridine) —-b-
polyv (propylene sulfide) (PS-b-P4VP-b-PPS), and also tetrablock

terpolymers such as, polystyrene-b-polvisoprene-b-poly-
(ethvlene oxide)-b-polystyvrene (PS-b-PI-b-PEO-b-PS') and poly-

styvrene-b-polvisoprene-b-polvlactide-b-polystyvrene (PS-b-PI-b-
PLA-b-PS5T), and the like.

Preferred star triblock terporlymers for making the 1soporous

H

inner skin of the coated hollow fiber membrane are polysty-

rene-b-poly(2-vinylpyridine) s (PS-b-P2VP) 3, polystyrene-b-

poly (Z-vinvlpyridine) -b-polyethvleneoxide)s (PS-b-P2VP-b-PEO) 3,
and polystyvrene-b-poly(2-vinylpyridine)-b-bis-poly-
ethyleneoxide) 3 (PS—b—P2VP—b— (PEO) 2) 2 e

I

Most preferred polymers for making the 1soporous inner skin of

the coated hollow fiber membrane are polystyrene-block-poly (4-

vinylpyridine) (PS-b-P4VP) Dblock copolymers. Preferably, the

styrene comonomer component 1s present 1in 75-85 wt.% of the

polymer and the 4-vinylpyridine component 1s present 1n 15-25

O -

wt.s of the polymer. Most preferably, the polymer has a molec-

ular weight between 50 and 300 kg/mol.

The polymer preferably makes up a percentage by weight between

1 wt.s and 10 wt.%, more preferably between 1 wt.s and 5 wt.5%,

and most preferably between 1 wt.s and 3 wt.%s of the polymer

H

solution such as around 2 wt.% of the polymer solution.

Several solvents are suitable for preparing the polymer solu-

tion. Preferred solvents 1nclude diethyl ether, N,N-dimethyl-

formamide (DMF), dimethyvlacetamide, N-methylpyrrolidone, dime-

thyl-sulfoxide, acetonitrile, dioxane, acetone, tetrahydro-
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H

furane (THF), and mixtures thereof. More preferred solvents

include a solvent mixture such as dioxane/THF, dioxane/DMF,

dioxane/DMF/THF or dioxane/DMF/acetone. Most preferably, the

solvent 1s dioxane or a mixture 1ncluding dioxane.

Preferably, the polymer solution 1s pressed or sucked through

i

the lumen of the support membrane with a flow rate between 0.1

mL/min and 5 mL/min, preferably between 0.2 mL/min and 1.0

mL/min.

H

According to a further preferred embodiment of the present 1n-

vention, the polymer solution comprises at least one metal

i

salt. Preferably the metal 1s selected from an element of the

H H

second main group o0f the periodic system of elements, such as

Mg, Ca or Sr or from non-toxic transition metals such as Fe.

F

More preferably, the salt 1s an organic salt of Mg, Ca or Sr,

i

most preferably magnesium acetate. The metals of the second

H

maln group of the periodic system are biocompatible making

them preferred for coated hollow fiber membranes with biologi-

cal applications. The supporting effect of the salt 1n the

phase separation can probably be explalined 1in that the metal

H

salt leads to the formation of partially charged

polyelectrolytic micelle cores, which positively 1mpact the

preclpitant-induced phase separation.

According to a still further preferred embodiment, the polymer

solution comprises at least one carbohvydrate, multifunctional

phenol and/or multifunctional organic acid. Preferred carbohy-

drates 1nclude saccharose, D(+)-glucose, D(-)-fructose and/or

cyclodextrin, 1n particular o-cyclodextrin. Carbohvdrates as

used 1n the present 1nvention lead to a stabilization of the

1soporous separation-active surface during the phase 1nver-

i H

sion. The supporting effect of the at least one carbohvydrate

1n phase separation can probably be explalned i1in that the car-
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the block copolymers.

The block copolymer

solvent

such as

1

PCT/EP2018/066130

form hydrogen bonds with the hydrophilic block of

H

solution may also comprise of an

polyethylene glycol

Yy non-
(PEG) ,

polyvinylpyrrolidone (PVP) glycerol, y-butyrolactone (GBL) 1in

H

order to 1ncrease the viscosity of solution and to

H

overall reqgquirement of block copolymer concentration.

The core gas may be selected

i

with the polymer of the membrane. Preferably, the core

selected from compressed air,

as argon or helium,

reduce

from any gas which does not react

gas 1S

nitrogen (N,), a noble gas, such

bly the core gas 1s nitrogen. Preferably, the core

H

and/or carbon dioxide (CO,); most prefera-

gas 18

pressed or sucked through the lumen of the support membrane

with a flow rate between 0.1 mL/min and 5 mL/min depending on

i

the lumen volume of support

mL/min and 1.0 mL/min.

Preferably

methanol, ethanol or a mixture o
mixture with any one or more of diethyl ether, more pre:

1n admixture with at least one pore

the non—-solvent

(

precipilitant) comprilses

H H

two 0Or more thereof

fiber, preferably between 0.Z

water,

1n ad-

‘erably

forming material such as

polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) or glyc-

erol. Most pre:

H

comprised O3

H

a mixture of water and glycerol. Most pre:

the non-solvent (precipitant)

‘erably the precipitation bath comprises or 1s

"erably

1s water. Preferably, the non-

H

solvent 1s pressed or sucked through the lumen of the support

membrane with a

preferably between 0.2 mL/min and 1.0 mL/min.

The so-obtained coated hollow

washed using water,

flow rate between 0.1 mL/min and 5 mL/min,

"1ber membranes are pre:

prior to use.

"erably
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The hollow fiber support membrane 1s preferably also pretreat-

ed by passing a non-solvent for support membrane through the

H

lumen thereof, where non-solvent for support membrane pretfera-

bly shows good miscibility with the block copolymer solution,

such as dioxane or dioxane/acetone. This pretreatment 1s 1in-

H

tended to reduce the infiltration of dilute block copolymer

solution. While passing the polymer solution for coating on

F

the top most 1inner skin of support membrane, the infiltration

i

decreases the porosity of support membrane.

H

The 1nner surface or lumen of the hollow fiber support mem-

brane 1s preferably coated from top to bottom or from bottom

to top, coating from top to bottom being preferred. The method

according to the present 1nvention makes 1t possible to

achieve coated hollow fiber composite membranes having advan-

tageous characteristics as set out below.

H

The self-supporting hollow fiber composite membranes having an

1soporous 1nner skin and an outer porous support membrane ac-

cording to the present invention have preferably an 1nner skin

H

of at least one amphiphilic block copolymer and outer porous

support membrane 1s preferably a polymer material selected

H

from the group consisting of a cellulose acetate (CA) mem-

brane, a polyethersulfone (PES) membrane, a polyetherimide

(PEI) membrane, a polyvinylidene fluoride (PVDF) membrane, a
polysulfone (PSf) membrane, a polvacrylonitrile (PAN) mem-
brane, a polyvamide-imide (PAI) membrane, a modified cellulose

acetate (mCA) membrane, a modified polyethersulfone (mPES)

membrane, a modified polyetherimide (mPEI) membrane, a modi-

fied polyvinylidene fluoride (mPVDF) membrane, a modified

polysulfone (mPS1t) membrane, a modified polvyacrylonitrile

(MPAN) membrane, a modified polyamide-imide (mPAI) membrane,

etc.; a ceramic membrane, and a metallic membrane. The pore

H H

size of the 1inner skin 1s smaller than the pore size of the

H

outer porous support membrane. The 1sopores of the separation-

i

active 1nner skin preferably have a ratio of the maximum pore
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diameter to the minimum pore diameter (pore size dispersity)

H

of less than 10, more preferably less than 5, most preferably

less than 3; and preferably a median pore size ranging from 1

nm to /0 nm, preferably from 2 nm to 40 nm, more preferably

from 10 to 30 nm.

In order to remove the solvent or solvents completely, the

membranes may be kept i1in water for 1 to 2 days and washed pri-

Or TO use.

The coated hollow fiber composite membrane according to the

present 1nvention may have a flux from 1000 to 30,000
dm’/ (m°+h*MPa), such as 3000 to 20000 dm’/(m“-h°MPa). At this
flux, the coated hollow fiber membrane according to the pre-
sent i1nvention still malntains high selectivity.

H

The proposed method of the coating can be also applied to pre-

pare 1soporous surfaces 1n multibore membranes and the lumens

H

having different architected shapes such as triangular-polygon

or star-shaped 1n order to 1ncrease surface area for separa-

tion. The process holds the potential to coat a bundle of hol-

low fiber support membranes together. Also, two opposite elec-
trolytes can be added to support membrane and 1n the coating

solution 1n order to produce an electro-conductive 1sS0porous

composite hollow fiber membrane.

Membranes having 1soporous surfaces on both sides could be

beneficial for instance for applications 1n bioprocessing. For

F

this, the outer surface of 1nside-out 1soporous composite hol-

low fibers can also be coated which will result 1n a membrane

having 1soporous 1inner and outer surfaces. The coating of the

outer surface could be performed by the methods described 1n

the article by Y. Liu et al. Y“Fabrication of a Novel
PS4VP/PVDF Dual-layer Hollow Fiber Ultrafiltration Membrane”,

Journal of Membrane Science 5006, 1-10, 2Z2010.
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Further methods for producing a coating on outer surface are
disclosed 1n: Y. Zhang et al. "Nanomanufacturing of High-
performance Hollow Fiber Nanofiltration Membranes by Coating
Uniform Block Polymer Films from Solution", Journal of Materi-
als Chemistry A 5, 3358-3370, 2017 and Y Zhang et al. Y“Block

Polymer Membranes Functionalized with Nanoconfined Polyelec-

trolyte Brushes Achieve Sub-Nanometer Selectivity”, ACS Macro
Letters 6, 120-732, 2017.

Furthermore, the present 1nvention provides a filtration mod-

ule, 1n particular a microfiltration module, an ultrafiltra-

tion module, or a nanofiltration module, comprising at least

I

one of the hollow fiber polymer membranes according to the

present 1nvention. The coated hollow fiber membranes according

i

to the present i1invention are e.g. useful for pretreatment of

process water or ultrapure water, reuse, sewage and wastewater

treatment and water purification.

p— g

f electrically conductive membranes are desired, the mem-

H

branes can be produced having different charges 1in the support

membrane and coating membrane.

H

Further characteristics of the 1nvention will become apparent

H

from the description of embodiments according to the i1nvention

together with the claims and the included drawings.

B

[T
EI RN

DETATL]
I'o TH

EXPLANATION OF PREFERR
LIGURES

L]
_/
L]

EMBODIMENTS WITH REFER!

L+
Z,
O
=]

L]

The 1nvention 1s now described below 1n an exemplary manner,

H

without restricting the general 1ntent of the 1nvention, based

on exemplary embodiments with reference to the figures append-

ed hereto, wherein:
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H

Figure 1 1s a schematic diagram of the method according to the

present 1nvention, wherein the hollow fiber support membrane

1s preferably coated from top to bottom.

H

Figure 2 1s a schematic diagram of the method according to the

present 1nvention, wherein the hollow fiber support membrane

1s preferably coated from bottom to top.

H

Figure 3a shows an SEM of the cross-section of a PEI support

membrane coated top-bottom with 1.5 wt$ PS;o-b-P4VP,,'"* in

dioxane: Qgox = 0.2 mL/min; Q.= 0.2 mL/min; Qcoy = 0.2 mL/min; Q
= 0.5 mL/min; Tgox = 10 s; T, = 15 s; Teoz = 15 s.

H

Figure 3b shows the cross-section near the 1inner surface of

H

the coated membrane of Figure 3a. The coating thickness 1s

about 13 pum.

H

Figure 3¢ shows the morphology of the 1nner surface of the

i

coated membrane of Figure 3a 1n top view.

H H

the cross-section of a PES support

membrane coated top-bottom with 1.5 wt$ PS;o-b-P4VP,,'"* in

Figure 4a shows an SEM o

dioxane: Qgox = 1.0 mL/min; Q.= 1.0 mL/min; Qcoz = 1.0 mL/min; Q
= 1.0 mL/min; Tgox = 15 s; T, = 25 s; Teoz = 15 s.

)

Figure 4b shows the cross-section near the 1nner surface of

H

the coated membrane of Figure 4a. The coating thickness 1s

about o um.

Figure 4c¢ shows the morphology of the 1nner surface of the

i

coated membrane of Figure 4a 1n top view.

H

Figure 5a shows an SEM of the cross-section of a mPES support

membrane (commercially availlable) coated top-bottom with 2 wts
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PS,9-b-P4VP,,'"* and 1 wt% MgAc in dioxane: Q, = 1.0 mL/min; Q =
0.5 mL/min; Qy= 0.5 mL/min; T, = 5 s; Txz = 5 s.

)

Figure bbb shows the cross-section near the 1inner surface of

H

the coated membrane of Figure 5a. The coating thickness 1s

about 3 pum.

H

Figure b5c¢ shows the morphology of the 1nner surface of the

i

coated membrane of Figure 5a 1n cross-sectional view.

ﬁ

Figure 5d shows the morphology of the 1inner surface of the

H

coated membrane of Figure ba 1n top view.

H

Figure 6a shows an SEM of the cross-section of a mPES (commer-

clally available) support membrane coated bottom-top with 2
wt% PSgy.;-b-P4VP.5 5'°°* and 1 wt% MgAc in dioxane: Q, = 1.0
0.5 mL/min; Qy = 0.5 mL/min; T, = 10 s; Ty = 20 s.

mL/min; QO

H

Figure 6b shows the cross-section near the 1inner surface of

F

the coated membrane of Figure ©6a. The coating thickness 1s

about 3 pum.

ﬁ

Figure 6¢ shows the morphology of the 1inner surface of the

H

coated membrane of Figure 6a 1n cross—-sectional view.

H

Figure 6d shows the morphology of the 1nner surface of the

i

coated membrane of Figure 6a 1n top view.

With reference to Figs. 1 and 2, there 1s shown a schematic

F

diagram of the method according to the present 1invention,

wherein 1n step A a hollow fiber support membrane having a lu-

men surrounded by the support membrane 1s provided.

F

Prior to coating, a module which consists of transparent PVC

H

U-tubes having an outer diameter of about © mm and thickness
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i

of about 1 mm were provided 1n the present case. The tubes

were preferentially pierced at every 3 c¢cm distance, using a

H H

bore of 2.4 mm in order to fasten the exchange of solvent/non-

solvent, to lead away the water filtered through the coated

i

membrane and to avoid floating of the modules 1n the precipi-

tation bath. To hold and straighten the support fibers both

i

ends of PVC modules were sealed using epoxy resin. The e:

i

-:ec_

H

tive length was varied 1n the range of 10-20 cm and a typical

preparation procedure started with modules having one support

H

membrane. A larger module can contain bundle of longer fibers

as well.

The hollow fiber support membrane may thereafter be pretreated

with a non-solvent for support membrane and which shows good

miscibility with the block copolymer solution, such as dioxane

or dioxane/acetone.

In steps B, C and D, three fluids were pumped from top to bot-

tom (Fig. 1) or bottom to top (Fig. 2), respectively, as 1indi-

cated by the arrows, for a certailn time period through the

module to achieve 1soporous surface on the inner side: 1n step

B the polymer solution as coating material; 1n step € a core

i

gas for removal of superfluous polymer solutions and for

H F
—

providing sufficient evaporation time for self-assembly; 1n

—

step D a non-solvent, such as water, for precipitation of the

coated laver. Fibers with newly developed thin selective laver

were then washed and kept in DI water. In step C, nitrogen (Ny)

and carbon dioxide (COy) were used as gaseous fluid. To control

the flow rates high-precision syringe pumps were used. The

H

type of polymer solutions, flow rates and purge times are 1n-

H

dicated 1n the description of Figs. 3a, 4a, ba, and 6a, re-

spectively. Further, the fluids can be either pumped through

or sucked out for coating, depending on the requirements and

H

avallability of the system.
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H

The morphology of the membranes was 1nvestigated using scan-

H

ning electron microscopy (SEM). Specimens for the SEM of

cross—-section measurements were prepared by freezing the mem-

brane samples 1n ligquid nitrogen. The membrane surfaces and
cross—-sectional pleces were coated with a 2 nm thin platinum

layer.

Following abbreviations were used to define the coating param-

eters:

Dioxane pretreatment flow rate (Qsox): polymer solution flow

rate (Qp); nitrogen (Ny) flow rate (Qnz) or carbon dioxide (CO;)

H

flow rate (Qcoz); water flow rate (Qy,); time of dilioxane pre-

H

treatment (Tgex)s; time of flow for polymer solution (T,); time

i i
p—

of flow for N, (Ty); time of flow for water (T,).

Additives: Magnesium acetate (MgAc) or a-cyclodextrin

Polymer characteristics (where subscripts denote the amount of
respective block 1n wt.3 and the digits 1in brackets show the

number average molar mass 1in kg/mol) :

1. PSgs.5-b-P4VPi3.5 (82.8 kg/mol)
2. PS79-b-P4VP,; (70 kg/mol)

3. PSgy . 7—b-P4VP;7.53 (168 kg/mol)
4, PSg3—b-P4VP; (139 kg/mol)

Used Support Membranes:

1. Polyetherimide (PEI) membranes

2. Polyethersulfone (PES) membranes

3. Modified PES (mPES) membranes (commercial).

F

Figs. 3a to 6d show the results of four samples prepared using

the method according to the present invention. Figs. 3a to b5d

H

display results of the coating experiments performed 1n top-
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bottom direction on three di:

branes:

sults of

H

support.

PET,

the coating performed 1in bottom-top direction on mP.

The cross-section 1mages highlight uniform coating of

CA 03061303 2015-10-23
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I

ferent support hollow fiber mem-

PES and mPES, while Figs. 6a to 6d show the re-

L]

O

H

thicknesses ranging from 3 to 15 pum (see description of Fig-

ures) .

Inner surface morphology shows that the method provides

1nside-out 1i1soporous composite hollow fiber membranes. The po-

rosity on 1nner surface can be 1ncreased by e.g. 1ncreasing

the amount of

e.g.,

H

additives, and variation 1n coating parameters

H

flow rate and time of flow for gas stream.
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Claims

A method for producing a coated hollow fiber membrane hav-

1Nng an 1soporous 1nner skin, comprising providing a hollow

fiber support membrane having a lumen surrounded by the

support membrane, and coating and the i1nner surface there-

H

of by first passing a polymer solution of at least one

amphiphilic block copolymer 1n a suitable solvent through

H

the lumen of the hollow fiber support membrane and along

H

the 1nner surface thereof, thereafter pressing a core gas

H

stream through the lumen of the coated hollow fiber mem-

brane, and thereafter passing a non-solvent (precipitant)

H

through the lumen of the coated hollow fiber membrane.

The method according to claim 1, wherein the hollow fiber
support membrane having a lumen surrounded by the support
membrane support membrane 1s polymeric material, selected

H

from the group consisting of a cellulose acetate (CA) mem-

brane, a polyethersulfone (PES) membrane, a polyvetherimide

(PEI) membrane, a polyvinylidene fluoride (PVDF) membrane,
a polysulfone (PSf) membrane, a polvacrylonitrile (PAN)
membrane, a polvamide-imide (PAI) membrane, a modified
cellulose acetate (mCA) membrane, a modified
polyethersulfone (MPES) membrane, a modified
polyetherimide (mPEI) membrane, a modified polyvinylidene

fluoride (mPVDF) membrane, a modified polysulfone (mPSI)

membrane, a modified polvacrylonitrile (mPAN) membrane, a

modified polyamide-imide (mPAI) membrane etc.; a ceramic

membrane and a metallic membrane.

The method according to claim 1 or claim 2, wherein the

hollow fiber support membrane has an 1nner diameter rang-

ing from 0.2 to 3.0 mm.
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H

The method according to any of the previous claims, where-

1in the hollow fiber support m

> cm to 80 cm.

H F

embrane has a length of from

H

The method according to any of the previous claims, where-

in the at least one amphiphilic block copolymer used for

making the 1soporous 1nner skin 1s a polystyrene-block-

poly(4-vinylpyridine) (PS-b-P4VP) block copolymer.

H

The method according to any of the previous claims, where-

1n the polymer solution further comprises at least one

metal salt or a carbohydrate,

H

organic salt of Mg, Ca or Sr.

wherein the metal salt 1s an

H

The method according to any of the previous claims, where-

1n the core gas 1s selected from compressed alr, nitrogen,

a noble gas and/or carbon dioxide (CO;), whereby the core

gas 1s pressed or sucked thro

H

ugh the lumen of the support

membrane with a flow rate between 0.1 mL/min and 5 mL/min.

H

The method according to any o:

- the previous claims, where-

1n the non-solvent (precipitant) comprises water, metha-

nol, ethanol or a mixture o

i H

f two or more thereof, and

whereilin the non-solvent 1s pressed or sucked through the

H

lumen of the support membrane

mL/min and 5 mL/min.

with a flow rate between 0.1

H

The method according to any of the previous claims, fur-

H

ther comprising the step of

solvent such as water.

washing the fiber 1n a non-

F

The method according to any o3

- the previous claims, where-

1n, prior to coating the hollow fiber support membrane 1s

pre-treated by passing a non-solvent for support membrane
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11.

12.

13.

14.

through the lumen thereof, wherein the non-solvent com-

prises dioxane.

F

The method according to any of the previous claims, where-

1n the lumen surrounded by the support membrane support
membrane has a multi bore, triangular-polygon or star-

shaped lumen architecture.

A self-supporting, coated hollow fiber composite membrane

F

having an 1soporous 1nner skin having a ratio of the maxi-

I

mum pore dilameter to the minimum pore diameter of 1less

than 3 and an outer porous support membrane, whereln the

H

inner skin 1s of at least one amphiphilic block copolymer

H

and outer porous support membrane 1s of a polymer such as

a cellulose acetate (CA) membrane, a polyethersulfone

(PES) membrane, a polyetherimide (PETI) membrane, a

polyvinylidene fluoride (PVDF) membrane, a polysulfone

(PSf) membrane, a polvacryvlonitrile (PAN) membrane, a pol-

vamide—-imide (PAI) membrane, a modified cellulose acetate

(MCA) membrane, a modified polyethersulfone (mPES) mem-

brane, a modified polyetherimide (mPEI) membrane, a modi-

fied polyvinylidene fluoride (mPVDF) membrane, a modified

polysulfone (mPSf) membrane, a modified polvacrylonitrile

(MPAN) membrane, a modified polyvamide-imide (mPAI) mem-

brane, etc.; a ceramic membrane, and a metallic membrane.

A self-supporting, coated hollow fiber membrane according

to claim 12, which has a flux ranging from 3,000 to 20,000
dm’/ (m“*h-MPa) .

A self-supporting, coated hollow fiber membrane according

to claim 12 or 13, which 1s electro-conductive.
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A filtration module comprising at least one hollow

H

membranes prepared according to the method of any of

claims 1 to 11.
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