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Composite membranes comprising a sulfonated polyarylether and their use in forward
0SMOSis processes

Specification

The present invention is directed to thin film composite membranes (TFC membranes)
comprising a substrate layer (S) based on a sulfonated polymer, e.g. a sulfonated po-
lyarylether, and a polyamide film layer (F) and further to a method for their preparation.
Furthermore, the present invention is directed to osmosis processes, in particular to
forward osmosis (FO) processes, using said membrane.

The development and application of membrane technologies (e.g. dialysis, membrane
filtration such as nano-, ultra- and micro-filtration and osmosis processes) is one of the
most significant recent advances in chemical, environmental, and biological process
engineering.

In view of global water scarcity, particularly in drought-prone and environmentally pol-
luted areas, one of the most important applications of osmosis processes using semi-
permeable osmosis membrane is the purification of waste water or seawater. Consi-
derable efforts have been put in providing novel methods of purifying wastewater or
seawater at lower expenditure with less energy consumption. In this context, mem-
brane based purification and separation processes have become more attractive in
comparison to distillation processes.

Generally, the term osmosis describes a diffusion process, wherein solvent molecules
move through a selectively permeable membrane (i.e. permeable to solvent but not to
solute), which is separating at least two solutions of different solute concentration, into
a solution with higher solute concentration. This diffusion process aims for equalization
of the solute concentrations. The selectively permeable membrane used in osmosis
process is also referred to as “semi-permeable” membrane or osmosis membrane.

Normally, osmosis membranes exhibit a molecular weight cut off (MWCO) in the range
from 10 to 500 Da. The molecular weight cut off (MW CO) refers to the lowest molecular
weight (given in Daltons) in which al least 80 %, preferably at least 90 %, of solute mo-
lecules are retained by the membrane.

In general, there are two osmosis process modes used in technical applications, name-
ly the reversed osmosis (RO) and the forward osmosis (FO), wherein both osmosis
processes utilize a selectively permeable membrane to separate water from dissolved
solute molecules or ions.



10

15

20

25

30

35

40

WO 2012/146629 PCT/EP2012/057591

In the case of reversed osmosis (RO), a hydraulic pressure as the driving force for the
separation is employed, wherein the solute retains on the pressurized side of the
membrane and the solvent passes through the membrane to the other side. The for-
ward osmosis (FO) employs the osmotic pressure as a driving force generated by a
highly concentrated solution (so called “draw solution”) to allow water to diffuse through
a semi-permeable membrane from the so called “feed solution” (e.g. brackish water or
seawater), which has a relatively lower salt concentration.

Forward osmosis (FO) offers some advantages over the reversed osmosis (RO) and
thermal separation processes. For example, forward osmosis (FO) can operate without
high hydraulic pressures which are necessary in the reverse osmosis process and high
temperatures which are necessary in the distillation and may be detrimental to the feed
solution. Less energy is required for the FO process compared to other separation
processes. The forward osmosis also offers the advantages of high rejection of a wide
range of contaminants and lower membrane-fouling than traditional reversed osmosis
processes.

It is known in the state of art that FO membranes can be utilized for example for water
reuses, seawater desalination and concentration of pharmaceutical solution. The major
problems in use of forward osmosis today are e.g. the limited number of commercially
available FO membranes, insufficient water permeation and separation performance of
known FO membranes and the lack of desirable draw solutions depended on the in-
tended use of osmosis product.

Membranes, which are designed for reversed osmosis processes can often not be ap-
plied in the forward osmosis process due to their thick and dense support layer, which
is necessitated to withstand high pressure in the reversed osmosis process and which
causes decreased water flux and high salt leakage in the FO process. In this regard, an
effective support layer (substrate layer) for FO membranes should be as thin as possi-
ble, highly porous, and provide a direct path from the draw solution to the active sur-
face of the membrane.

In state of art several flat several sheet membranes based on cellulose triacetate (CTA)
suitable for forward osmosis are known. They are used in applications of water purifi-
cation for military, emergency relief, and recreational purposes (see T.Y. Cath, A.E.
Childress, M. Elimelech, “Forward osmosis: Principles, applications, and recent devel-
opments”. J. Membr. Sci. 281 (2006) 70). These cellulose triacetate membranes exhibit
a low pure water permeability and salt rejection.
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The publication Yip et al. (M. Elimelech,”High Performance thin-film composite forward
osmosis membranes”, Environ. Sci. Technol. 44 (3812) 2010) describes thin film com-
posite (TFC) membranes comprising a polysulfone support for forward osmosis appli-
cation. However, said support layer substrate consists of finger like macrovoid which
may reduce the membrane integrity in the long term process of use in osmosis
processes, in particular in forward osmosis processes.

The use of polyarylethers and sulfonated polyarylethers for the production of mem-
branes, such as dialysis membranes or membranes in fuel cells, is described in the
state of art. Document WO 2009/030620 describes blends of branched polyarylethers
and hydrophilic polymers for production of hollow fiber membranes used as dialysis
filters. The document WO 2010/142585 describes aromatic polyarylenether block copo-
lymers and their use for the production of polyelectrolyte membranes for fuel cells or for
water treatment.

However, there is a high permanent need of novel, superior forward osmosis mem-
brane systems suitable for several applications, which shows high water flux, sufficient
salt rejection and excellent chemical and mechanical resistance. Also long-term stabili-
ty is an important feature.

One object of the invention is to provide novel membranes suitable in particular for for-
ward osmosis (FO) processes which can overcome the disadvantages of the state of
art, in particular having superior properties (e.g. high water flux) in use for forward os-
mosis.

It was surprisingly found that the composite membrane comprising a high content of
sulfonated polymer in the substrate layer exhibit a structure having the following advan-
tageous characteristics:

open-cell with interconnected porous structure;

no macrovoid and

hydrophilic structure.

The present invention is directed to a composite membrane comprising (preferably
composed of):

a) atleast one substrate layer (S) comprising (or consisting of)

i) at least one sulfonated polymer P1, which comprises from 2 to 40
wt%, preferably from 5 to 40 wt%, more preferably 5 to 30 wt% based on
the total weight of the polymer P1, of recurring units comprising at least one
sulfonic acid group;
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i) atleast one polymer P2;

wherein the sulfonated polymer P1 and the polymer P2 are independently
selected from the group consisting of polyarylether, polyethersulfone (PE-
SU), polyphenylensulfone (PPSU), polysulfone (PSU), polyacrylonitrile
(PAN), polybenzimidazole (PBI), polyetherimide (PEI); polyphenyleneoxide
(PPO), polyvinylidenfluoride (PVDF), polyimide (PI), and copolymers com-
posed of at least two recurring units of said polymers;

b) at least one film layer (F) comprising (or consisting of) at least one polya-
mide.

The polymers P1 and P2 are not the same polymers. In particular, the polymer P2 is an
unsulfonated polymer. An unsulfonated polymer in terms of the present invention is a
polymer which does not comprise sulfonic acid groups in its recurring units.

A sulfonated polymer P1 in terms of the present invention is a polymer which compris-
es sulfonated recurring units and unsulfonated recurring units, wherein amount of sul-
fonated recurring units (based on the weight of copolymer P1) is in the range of 2 to 40
wt%, preferably from 5 to 40 wt%, more preferably 5 to 30 wt%.

The composite membrane shows the following desired characteristics, which are in
particular important for use in forward osmosis process:

- thin membrane with sufficient or high chemical and mechanical stability (e.g.
suitable using in pressure retarded osmosis);

- substrate layer (S) with minimum porosity, macrovoid-free structure and high
hydrophilicity;

- enhanced water flux and reduced membrane fouling;

- nearly defect-free semi-permeable active layer for high solute rejection.

The inventive membrane (thin film composite (TFC) membrane) is particularly suitable
for forward osmosis applications.

The newly developed membranes are designed particularly for seawater desalination,
water reclamation from wastewaters, the osmotic concentration of food and pharma-
ceutical solutions via forward osmosis processes.
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The hydrophilic and macrovoid free membrane substrate layer (S) of the inventive
composite membrane can enhance the membrane integrity. Further, the macrovoid-
free structure and high content of the sulfonated copolymers on the membrane sub-
strate layer (S) results in superior improved water flux and low salt leakage. In addition,
the membrane fouling will be reduced in particular due to the hydrophilic nature of thin
film layer (F) and substrate layer (S).

The term “macrovoid” in terms of the present invention means pores (e.g. elongated
pores) with a pore size of more than 10 micrometer (> 10 micrometer). Macrovoids can
often be found in asymmetric polymeric membranes prepared via phase-inversion
techniques.

In particular, the inventive composite membrane comprises at least one substrate layer
(S) comprising

i) 5 to 95 wt%, preferably 25 to 75 wt%, of at least one sulfonated polymer
P1; and

i)  5to 95 wt%, preferably 25 to 75 wt%, of at least one polymer P2.
In a preferred embodiment, the at least one sulfonated polymer P1 and/or the at least

one polymer P2 are polyarylethers comprising (or composed of) recurring units accord-
ing to following formula (1):

tomtr{OtoOrstv—eil D%

wherein:
X is0.50r1;

(1)

tand q are each, independently of one another, 0, 1, 2 or 3;

QT,Z are each, independently of one another, a chemical bond or a
group selected from among -O-, -S-, -SO,-, S=0, C=0, -N=N-,
-R*C=CR"- and -CR°R"-, where

R*and R° are each, independently of one another, a hydrogen atom or a
C+-Cq,-alkyl group and

R°and R? are each, independently of one another, a hydrogen atom or a
C4-Cqo-alkyl, C4-Cyr-alkoxy or Ce-Cqg-aryl group, where R® and



10

15

20

25

30

35

WO 2012/146629

PCT/EP2012/057591
6

R? are optionally substituted independently by fluorine and/or
chlorine atoms or may together with the carbon atom to which
they are bound form a C;-C4,-cycloalkyl group which is optional-
ly substituted by one or more C4-Cgs-alkyl groups;

with the proviso that at least one of the groups T, Q and Z is -SO,- or C=0
and, when tand q are each 0, Z is -SO,- or C=0,

Ar, Ar'

are each, independently of one another, a C¢-C1g-arylene group
which is optionally substituted by one or more groups selected
from C4-Cqralkyl, Ce-Cqg-aryl, C4-Cqz-alkoxy group, halogen
atom and sulfonic acid group.

In a further preferred embodiment the polymer P1 and/or polymer P2 are polyethersul-
fones (PESU) (also referred to as polyarylethersulfone). Preferably, the at least one
sulfonated polymer P1 and/or the at least one polymer P2 are polyethersulfones (PE-
SU) comprising, preferably composed of, recurring units according to following formula

(1):

to—utr(Opto— O+t Ok

wherein:
X

tand q,

QT,Z

(1)

is 0.5 or 1;
are each, independently of one another, 0, 1, 2, or 3;

are each, independently of one another, a chemical bond or a
group, selected from -O-, -S-, -SO,-, S=0, C=0, -N=N-;

with the proviso that at least one of the groups T, Q, and Z is -SO,- and, if t
and g are 0, Zis -SO,-, and

Ar, Ar'

are each, independently of one another, a Cs-Cys-arylene group
which is optionally substituted by one or more groups selected
from C4-Cqralkyl, Ce-Cqg-aryl, C4-Cqr-alkoxy group, halogen
atom and sulfonic acid group.
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Further preference is given to the use of polyethersulfone (PESU) which comprises (or
is composed of) recurring units of the above mentioned formula (1), wherein

X is0,50r1;
tand q, are each, independently of one another, 0, 1, or 2;

QT,Z are each, independently of one another, a chemical bond or a
group, selected from -O- and -SO,-;
10
with the proviso that at least one of the groups T, Q, and Z is -SO,- and, if t
and g are 0, Zis -SO,-, and

Ar, Ar' are each, independently of one another, a C¢-C4,-arylene group,
15 which is optionally substituted by one or more sulfonic acid
groups.

Further preference is given to the use of polyethersulfone (PESU) which comprises (or
is composed of) units according to the following formula (2):
20

(2).

Further preference is given to the use of polyethersulfone (PESU) which comprises (or
is composed of) recurring units according to the following formula (3):

IR

25 (3)-

In a further embodiment the polymer P1 and/or P2 are polyphenylenesulfone (PPSU)
comprising (or composed of) recurring units according to formula (4)

30 (4),
wherein
R' is C=0 or-SO,;
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Ar is a divalent aromatic radical.

The radical Ar can also have a meaning as given in EP-A-1 394 879 for the structures
of the general formula (2) in this document.

R is preferably -SO,-.

Preferably the polymer P1 and/or P2 are polyphenylenesulfone (PPSU) comprising (or
composed of) recurring units according to formula (5):

+04®7R1—®—0—Ar%

wherein
R' is C=0 or-SO,;
Ar is a divalent aromatic radical.

(),

The aromatic radical Ar is preferably a polycyclic aromatic radical, preferably a biphenyl
radical of the general formula (6)

In the biphenyl radical of the general formulae (4) and (5), the phenyl groups can also
be connected via a —C(CHs),- group.

(6).

In a further embodiment the polymer P1 and/or P2 are polysulfone (PSU) comprising
(or composed of) recurring units according to following formula (7):

RZa
% OO—ArZ—Y—Ar3+
R%

wherein:

(7)

R*? R®  are each, independently of one another, H, C;-Cg-alkyl, or -
(CH,),-COOH, wherein p is an integer from 0 to 6;
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Ar’, Ar*  are each, independently of one another, a Cs-Cs-arylene group
which is optionally substituted by one or more groups selected
from C4-Cqralkyl, Ce-Cqg-aryl, C4-Cqr-alkoxy group, halogen
atom and sulfonic acid group; and

Y is -SOz-.
Preference is given to recurring units of the formula (7), wherein
R% R®  are each, independently of one another, H or C4-C4-alkyl;

Ar’, Ar*  are each, independently of one another, a Cs-C1-arylene group
which is optionally substituted by one or more sulfonic acid
groups, and

Y is -SOz-.

Preferably a polysulfone (PSU) obtained from polycondensation of bisphenol A and
4,4 -dichlorodiphenylsulfone is used in the present invention. Preferably said polysul-
fone is used as at least one polymer P2.

In a further embodiment the polymer(s) P1 and/or P2 are polyacrylonitrile (PAN) com-
prising (or composed of) recurring units according to the following formula (8):

~F

CN 8).

In a further embodiment the polymer(s) P1 and/or P2 are polybenzimidazole (PBI),
which can obtained from reaction (polycondensation) of 3,3",4,4"-tetra amine dipheny-
len und isophthalic acid.

In a further embodiment the polymer(s) P1 and/or P2 are polyetherimide (PEI), which
can be obtained from reaction (polycondensation) of bisphthalic acid anhydride and
1,3-diamino benzene or N-phenyl-4-nitrophthalimide and disodium salt of bisphenol A.

In a further embodiment the polymer(s) P1 and/or P2 are polyphenyleneoxide (PPO)
(also referred to as polyphenylenether PPE) comprising (or composed of) recurring
units according to the following formula (9):
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o
9).

In a further embodiment the polymer(s) P1 and/or P2 are polyvinylidenfluoride (PVDF)
comprising (or composed of) recurring units according to the following formula (10):

F

Y

F (10).

In a further embodiment the polymer(s) P1 and/or P2 are polyimide (Pl) comprising (or
composed of) recurring units according to the following formula (11):

O 0

A

R (11),

wherein R can be an aliphatic or aromatic substituted or unsubstituted radical. Polyi-
mides are preferably produced by polycondensation of dianhydride, e.g. a dianhydride
of a tetracarbocylic acid, and a diamine. Preference is given to aromatic poly-imides.
For example a polyimide is used which is produced from pyromellitic dianhydride and
4,4 -oxodianiline.

In the following preferred embodiments of sulfonated polymer P1 are described.

Preferably the at least one sulfonated polymer P1 is a sulfonated polymer selected
from the group consisting of polyarylether, polyethersulfone (PESU), polyphenylensul-
fone (PPSU), polysulfone (PSU), polyacrylonitrile (PAN), polybenzimidazole (PBI), po-
lyetherimide (PEI); polyphenyleneoxide (PPO), polyvinylidenfluoride (PVDF), polyimide
(Pl) and copolymers composed of at least two recurring units of said polymers, wherein
the polymers are defined as above. More preferably the at least one sulfonated poly-
mer P1 is a sulfonated polymer selected from the group consisting of polyarylether,
polyethersulfone (PESU), polyphenylensulfone (PPSU), polysulfone (PSU), and copo-
lymers composed of at least two recurring units of said polymer, wherein the polymers
are defined as described above.
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Preference is given to sulfonated polymers P1 wherein the polymer comprises recur-
ring units comprising at least one sulfonic acid group (-SOsH). Preferably, the at least
one sulfonic acid group is directly attached to an aromatic ring. According to the
present invention the at least one sulfonated polymer P1 comprises typically from 2 to
40 wt%, preferably from 5 to 40 wt%, more preferably 5 to 30 wt%, based on the total
weight of polymer P1, of recurring units comprising at least one sulfonic acid group.

A skilled person knows that the sulfonic acid groups may be in form of free acid -SOzH
or in deprotonated form in dependency of the conditions.

In particular, the at least one sulfonated polymer P1 is a polyarylether comprising, pre-
ferably composed of, recurring units according to formula (1) as defined above, where-
in Ar and Ar' are each, independently of one another, a biphenyl group of the general

formula (6):

which is substituted by one or more sulfonic acid group.

(6),

Further preference is given to sulfonated copolymers comprising at least two recurring
units as described above, wherein the copolymers may be random copolymers or block
copolymers. Preference is given to use of block copolymers. Preferred copolymers for
the use as sulfonated polymer P1 in the context of the present invention are described
in WO 2010/146052 and EP-A 1 394 879.

The preparation of sulfonated copolymers P1 can be carried out via direct sulfonation
in the monomer or post sulfonation method of an unsulfonated polymer or copolymer
as described e.g. in WO 2010/146052.

In a preferred embodiment of the invention the at least one sulfonated polymer P1 is a
block copolymer comprising at least one polyethersulfone (PESU) segment and at least
one polyphenylensulfone (PPSU) segment according to following formula (12):
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wherein:
n is an integer from 3 to 1500; preferably from 5 to 500;
m is an integer from 3 to 1500, preferably from 5 to 500;

aandb independently of each other, are an integer from 0 to 2,
with the proviso that not both a and b are 0.

The sulfonated polymer P1 can also be a copolymer comprising recurring units accord-
ing to the above formula (12), wherein the recurring units are randomly distributed.

The sulfonated polymer P1 used according to the present invention can be obtained by
sulfonation (e.g. using concentrated sulfuric acid) of at least one of the above de-
scribed polymers selected from polyarylether, polyethersulfone (PESU), polyphenylen-
sulfone (PPSU), polysulfone (PSU), polyacrylonitrile (PAN), polybenzimidazole (PBI),
polyetherimide (PEI), polyphenyleneoxide (PPO), polyvinylidenfluoride (PVDF), polyi-
mide (Pl), and copolymers composed of at least two recurring units of said polymers.
The sulfonated polymer P1 can be prepared by firstly prepared polymer, e.g. block co-
polymer comprising PESU und PPSU units, and subsequently selectively sulfonated by
means of concentrated aqueous sulfuric acid (about 98% strength).

Preferably, the at least one sulfonated copolymer P1 comprises sulfonated recurring
units and unsulfonated recurring units, wherein amount of sulfonated recurring units
(based on the weight of copolymer P1) is in the range of 2 to 40 wt%, preferably from 5
to 40 wt%, more preferably 5 to 30 wt%.

In a preferred embodiment the at least one sulfonated polymer P1 is a copolymer com-
prising at least one polymer based on polyarylether, polyethersulfone (PESU), poly-
phenylensulfone (PPSU), polysulfone (PSU), polyacrylonitrile (PAN), polybenzimida-
zole (PBI), polyetherimide (PEI); polyphenyleneoxide (PPOQO), polyvinylidenfluoride
(PVDF), polyimide (PI), and copolymers composed of at least two recurring units of
said polymers, wherein said polymer(s) comprise 2 to 40 wt%, preferably from 5 to 40
wt%, more preferably 5 to 30 wt%, based on total weight of copolymer P1 sulfonated
recurring units. More preferably the at least one sulfonated copolymer P1 comprises at
least one polymer based on polyethersulfone (PESU), polyphenylenesulfone (PPSU),
polysulfone (PSU), wherein said polymer(s) comprise 2 to 40 wt%, preferably from 5 to
40 wt%, more preferably 5 to 30 wt%, based on total weight of copolymer P1 sulfo-
nated recurring units.

In an further preferred embodiment the sulfonated copolymer P1 is a block copolymer
comprising segments of recurring units comprising at least one sulfonic acid group (sul-
fonated segment, hydrophilic segments) and segments of recurring units comprising no
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sulfonic acid groups (unsulfonated segment, hydrophobic segment), wherein the pro-
portion by weight of hydrophilic segments is from 2 to 40 wt%, preferably from 5 to 40
wt%, more preferably 5 to 30 wt% by weight based on the total block copolymer.

The at least one sulfonated copolymer P1 is often a sulfonated block copolymer com-
prising at least one polyethersulfone (PESU) segment and at least one polyphenylene-
sulfone (PPSU) segment. Preferably the at least one polyphenylenesulfone (PPSU)
segment comprises at least one sulfonic acid group.

Typically the polyphenylensulfone (PPSU) segment has the following chemical formula
(13):

(13).
wherein
R' is C=0 or-SO,-;
Ar is a divalent, aromatic radical; and
m is an integer from 3 to 1500, preferably from 5 to 500.

The radical Ar can also have a meaning as given in EP-A 1 394 879 for the structures
of the general formula (2) in EP-A 1 394 879. Preferably the aromatic radical Ar is
substituted with at least one sulfonic acid group (-SO3zH).

R is preferably -SO,-.

Preferably the polyphenylensulfone (PPSU) segment have the following chemical for-

mula (14):
B g
m

wherein:
R' is C=0 or-SO,-;
Ar is a divalent, aromatic radical; and
m is an integer from 3 to 1500, preferably from 5 to 500.

(14),

The aromatic radical Ar is preferably a polycyclic aromatic radical, preferably a biphenyl
radical of the general formula (6)
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In the biphenyl radical of the general formula (6), the phenyl groups can also be con-
nected via a —C(CHzs),- group. Preferably the aromatic radical Ar is substituted with at
least one sulfonic acid group (-SO3H).

(6).

Typically, the polyethersulfone (PESU) segment have the following chemical formula
(15):

L PN YN
O SOz ]
v \/ n (15),

wherein n is a integer from 3 to 1500.

Preferably, the polyethersulfone (PESU) segment have the following chemical formula
(16):

wherein n is a integer from 3 to 1500.

Preferably, the block copolymers as described above are prepared using prepolymers
which comprises above defined polyphenylensulfone (PPSU) segment or polyethersul-
fone (PESU) segment. Suitable aromatic dihalides and dihydric alcohols which can
used as monomers for preparation of polymer P1 are mentioned in WO 2010/146052.

In the following preferred embodiments of polymer P2 are described:

Preferably the at least one polymer P2 is selected from the group consisting polyary-
lether, polyethersulfone (PESU), polyphenylensulfone (PPSU), polysulfone (PSU), po-
lyacrylonitrile (PAN), polybenzimidazole (PBI), polyetherimide (PEI); polyphenyleneox-
ide (PPO), polyvinylidenfluoride (PVDF), polyimide (PI), and copolymers composed of
at least two recurring units of said polymers, wherein the polymers are defined as
above. More preferably the at least one polymer P2 is selected from polyarylether, po-
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lyethersulfone (PESU), polyphenylensulfone (PPSU), polysulfone (PSU), and copoly-
mers composed of at least two recurring units of said polymer, wherein the polymers
and the recurring units are defined as described above.

Preferably the at least one polymer P2 does not comprise sulfonated recurring units
(recurring units with sulfonic acid group (s)).

Preferably the at least one polymer P2 is selected from polyarylether and/or polyether-
sulfone (PESU) according to formula (1) as defined above, wherein

Ar, Ar' are each, independently of one another, a C¢-C1g-arylene group
which is optionally substituted by one or more groups selected
from C4-Cqz-alkyl, Ce-Cqg-aryl, C4-Cq2-alkoxy group and halogen
atom.

Preferably, the at least one polymer P2 is a polyethersulfone (PESU) composed of re-
curring units according to the following formula (3):

oot

In particular the inventive composite membrane comprises 5 to 95 wt%, preferably 25
to 75 wt%, more preferably 35 to 55 wt % of at least one sulfonated polymer P1 based
on weight of the polymers P1 and P2. Preferably the inventive composite membrane

3)

comprises more than 25 wt%, in particular more than 50 wt% of the sulfonated polymer
P1 (based on the weight of polymers P1 and P2). In a preferred embodiment the inven-
tion is directed to a composite membrane as described above, wherein the weight ratio
of sulfonated polymer P1 to polymer P2 is in the range from 0.4 to 1.5, preferably from
0.4 to 1, more preferably from 0.6 to 1.

Typically, the substrate layer (S) has a thickness in the range from 1 to 200 ym, prefer-
ably from 10 to 100 um, more preferably from 10 to 50 pm.

The present invention is also directed to a composite membrane, which comprises at
least one film layer (F) comprising (or consisting of) at least one polyamide, preferably
an aromatic polyamide (aramid). Preferably the invention is directed to a composite
membrane as described above, wherein the at least one polyamide is an aromatic po-
lyamide (aramid), in which at least 85 % of amide groups (CO-NH) are attached directly
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to two aromatic rings. Preferably the polyamide according to the present invention is

poly-metaphenylene isophtalamides (MPIA) and/or a poly-paraphenylene terephtala-
mides (PPTA).

The film layer (F) can be obtained via reaction of at least one polyamine monomer hav-
ing at least two amine groups, and at least one polyacylhalide monomer having at least
two acyl halide groups on the surface of the substrate layer. Suitable polyamine mo-
nomer and polyacylhalide monomer are described below in connection with the method
for preparation of composite membrane.

The film layer (F) has preferably a film thickness in the range from 10 to 500 nm, pre-
ferably from 50 to 300 nm, more preferably from 70 to 200 nm.

Furthermore, the present invention relates to a method for preparation of an inventive
composite membrane, which comprises at least one substrate layer (S) and at least
one film layer (F), comprising the following steps:

a) preparing a polymer composition (P) comprising:

i) at least one sulfonated polymer P1, which comprises 2 to 40 wt%
based on the total weight of polymer P1 recurring units comprising at
least one sulfonic acid group;

i) at least one polymer P2;

iiiy atleast one solvent $1, preferably selected from the group consisting
of N-methylpyrrolidone, N-dimethylacetamide, dimethylsulfoxide, di-
methylformamide, triethylphosphate, tetrahydrofuran, 1,4-dioxane and
methylethyl ketone;

iv) optional at least one further additive selected from the group consist-
ing of ethylene glycol, diethylene glycol, polyethylene glycol, glycerol,
methanol, ethanol, isopropanol, polyvinylpyrrolidon;

wherein the sulfonated polymer P1 and the polymer P2 are independently se-
lected from the group consisting of polyarylether, polyethersulfone (PESU),
polyphenylensulfone (PPSU), polysulfone (PSU), polyacrylonitrile (PAN), po-
lybenzimidazole (PBI), polyetherimide (PEI); polyphenyleneoxide (PPO), po-
lyvinylidenfluoride (PVDF), polyimide (PI), and copolymers composed of at
least two recurring units of said polymers;
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b) separating the polymers P1 and P2 from the solvent S1 to form a substrate
layer (S);

¢) bringing the substrate layer (S) into contact with a composition A1 comprising
at least one polyamine monomer having at least two amine groups and at
least one solvent S2;

d) bringing the substrate layer (S) into contact with a composition A2 comprising
at least one polyacylhalide monomer having at least two acyl halide groups
and at least one solvent S3 to form a film layer (F) onto the substrate layer
(S), wherein a composite membrane is obtained.

The above described method provides a reliable and easy method for preparation of
forward osmosis membranes, wherein the obtained composite membranes exhibit su-
perior properties in forward osmosis application, in particular improved water flux and
sufficient or improved salt leakage and sufficient mechanical stability.

The polymer blends of sulfonated and unsulfonated polymers as membrane substrate
layer (S) can induce hydrophilic property and achieve macrovoid free morphology while
retaining membrane's mechanical strength. A high content of hydrophilic material from
sulfonated copolymer (e.g. 50 wt% of total polymer composition) can be introduced in
the substrate layer using the inventive method. The resultant TFC-FO membranes with
macrovoid free morphology can achieve a high water flux in forward osmosis. In this
regards, the new developed forward osmosis membranes shows great potentials to be
applied in the seawater desalination, waste water treatment, pharmaceutical and juice
concentration, power generation as well as potable water reuse in space.

Step a of the inventive method is directed to preparation of a polymer composition (P).
Preferred embodiments of at least one sulfonated polymer P1 and at least one polymer
P2 are described above in connection with inventive membrane.

The at least one solvent S1 is particularly selected from the group consisting of N-
methylpyrrolidone, N-dimethylacetamide, dimethylsulfoxide, dimethylformamide, trie-
thylphosphate, tetrahydrofuran, 1,4-dioxane and methyl ethyl ketone, preferably the at
least solvent S1 is N-methyl pyrrolidone.

Preferably the present invention is directed to a method for preparation of a composite
membrane as described above, wherein the polymer composition (P) comprises:

i) 2,5 to 22.5 wt%, preferably from 2,5 to 15 wt%,
of at least one sulfonated polymer P1;
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i) 2,5t0 15wt%  of at least one polymer P2;

i)y 62.5 to 95 wt%, preferably from 70 to 95 wt%, preferably from 50 to 95 wt,
of at least one solvent S1 selected from the group consist-
ing of N-methylpyrrolidone, N-dimethylacetamide, dime-
thylsulfoxide, dimethylformamide, triethylphosphate, te-
trahydrofuran, 1,4-dioxane, and methyl ethyl ketone;

iv)  optionally 0-30 wt %, preferably from 0.1 to 20 wt%
of at least one further additive selected from the group
consisting of ethylene glycol, diethylene glycol, polyethy-
lene glycol, glycerol, methanol, ethanol, isopropanol and
polyvinylpyrrolidon.

The weight percent given above in connection with the polymer composition (P) is
based on the weight of whole polymer composition (P).

Preferably the sulfonated polymer P1 and the polymer P2 are used in a weight ratio
(P1/P2) in the range from 0.4 to 1.5, preferably from 0.4 to 1, more preferably from 0.6
to 1.

Step b) of present invention is directed to separating the polymers P1 and P2 from the
solvent S1 to form a substrate layer (S).

In a preferred embodiment the separating of the polymers P1 and P2 from the solvent
S1 in step b is effected by:

- applying the polymer composition (P) into a support;

- adding a coagulation composition (C) comprising at least one C4-Cy; aliphatic
alcohol and/or water to the polymer composition (P) by forming the substrate
layer (S).

In principle the form of composite membrane can vary, in which case the membrane is
particularly present in form of a flat membrane or in form of a fiber, e.g. a hollow fiber.
Preferably, the membrane according to the present invention is in form of flat mem-
brane. When the method of the present invention is used to produce hollow fiber mem-
branes, step b) is preferably conducted by means of wet spinning.
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The coagulation composition used in the method is preferably a liquid which is fully
miscible with the solvent S1 with the proviso that the polymers P1 and P2 are insoluble
or partially insoluble in the coagulation composition (C). In particular the coagulation
composition comprises (or preferably is composed of) at least one aliphatic C - Cg
alcohol or water or mixtures thereof. Preferably the coagulation composition comprises
at least one liquid selected from the group consisting of water, methanol, ethanol and
isopropanol. In a further preferred embodiment water is used as coagulation composi-
tion (C).

Step ¢) and d) of the present invention are directed to bringing the substrate layer (S)
into contact with a composition A1 comprising at least one polyamine monomer and
with a composition A2 comprising at least one polyacylhalide monomer to form a film
layer (F) onto the substrate layer (S), wherein a composite membrane is obtained.

Preferably the step ¢) and d) of inventive method, in which the polyamide film layer (F)
is formed, is carried out by so called interfacial polymerization. Interfacial polymeriza-
tion can form an ultrathin active layer exhibiting high water flux. The interfacial polyme-
rization reaction generally takes place very fast on the organic side, and produces a
defect-free ultrathin film near the interface. As a result, the membrane production cost
will be greatly reduced.

A polyamine monomer in terms of the present invention is a compound having at least
two amine groups (preferably two or three amine groups). The polyamine monomer
has typically at least two amine groups selected from primary or secondary amine
groups. Preferably a polyamine monomer having at least two primary amine groups is
employed in the inventive method.

In one embodiment, the at least one polyamine monomer is selected from the group
consisting of phenylenediamine, phenylenetriamine, cyclohexane triamine, cyclohex-
ane diamine, piperazine and bi-piperidine.

Preferably, the polyamine monomer is an aromatic polyamine monomer comprising at
least two amine groups, wherein the amine groups are directly attached to an aromatic
ring. Typically the aromatic ring is an aromatic ring system comprising less than three
aromatic rings, preferably the aromatic ring is phenyl. Preferably the at least one po-
lyamine monomer is selected from phenylendiamin. Preferably at least one polyamine
monomer is meta-phenylen diamine (MPD).

The at least one solvent S2 is preferably a polar solvent. Preferably, the at least one
solvent S2 is selected from water and mixtures of water with at least one aliphatic C, -
Cs alcohol. Preferably an aqueous solution of polyamine momoner is used according to
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the present invention, wherein the aqueous solvent comprises at least 50 wt%, prefer-
ably at least 70 wt%, preferably at least 90 wt%, more preferably at least 99 wt % wa-
ter.

In a preferred embodiment the composition A1 comprises from 0.5 to 5 wt% of at least
one polyamine monomer selected from the group consisting of phenylenediamine,
phenylenetriamine, cyclohexane triamine, cyclohexane diamine, piperazine, and bi-
piperidine and at least one solvent S2 comprising at least 50 wt% water.

A polyacylhalide monomer in terms of the present invention is a compound having at
least two acyl halide (also known as an acid halide) groups, wherein an acyl halide
group is derived from a carboxylic acid group by replacing a hydroxyl group with a ha-
lide group. The halide may be selected from fluorine, chlorine, bromine or iodine. Pre-
ferably the polyacylhalide monomer is a polyacylchloride.

Preferably an aromatic polyacylhalide comprising at least two acyl halide groups (pre-
ferably two or three acyl halide groups) is employed in the inventive method, wherein
the acyl halide groups are directly attached to an aromatic ring. Typically the aromatic
ring is an aromatic ring system comprising less than three aromatic rings. In particular
the aromatic ring is phenyl, biphenyl, naphthyl, preferably phenyl. Preferably the at
least one polyacylhalide is selected from acyl halides based on aromatic polycarboxylic
acids, e.g. phthalic acid, isophthalic acid (meta-phthalic acid), terephthalic acid (para-
phthalic acid). Preferably the at least one polyacylhalide is selected from phthaloyl
chloride (1,2-benzenedicarbonyl chloride), isophthaloyl chloride (1,3- benzenedicar-
bonyl chloride), terephthaloyl chloride (TCL, 1,4-benzenedicarbonyl chloride), and tri-
mesoyl chloride (TMC, 1,3,5-benzene-tri-carbonyl-trichloride).

The at least one solvent S3 is preferably a hydrocarbon solvent. Preferably the at least
one solvent S3 is selected from the group consisting of C4-C4, alkane, Cg-C4, cycloal-
kane, isoparaffinic liquid (z.B. Isopar®), Cs-C4, arene (e.g. benzene, toluene). Prefera-
bly, the al least solvent S3 is selected from the group consisting of hexane, cyclohex-
ane, heptane and benzene. More preferably n-hexane is used as solvent S3.

In a preferred embodiment the composition A2 comprises from 0.01 to 4 wt% of at least
one polyacylhalide monomers selected from the group consisting of phthaloyl chloride
(1,2-benzenedicarbonyl chloride), isophthaloyl chloride (1,3- benzenedicarbonyl chlo-
ride), terephthaloyl chloride (TCL, 1,4-benzenedicarbonyl chloride), and trimesoyl chlo-
ride (TMC, 1,3,5-benzene-tri-carbonyl-trichloride) and at least one solvent S3, prefera-
bly at least one hydrocarbon solvent S3.
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In particular the invention is directed to a method for preparation of a composite mem-
brane as described above, wherein bringing the substrate layer (S) into contact with a
composition A1 and/or A2 in steps ¢ and/or d is effected by immersing the substrate
layer (S) in the composition A1 and/or composition A2. Preferably the remaining com-
position A1 and/or A2 on the substrate layer (S) after step ¢ and/or d) are wiped out
after immersing. Typically, the contacting time of substrate layer (S) in the composition
A1 is in the range of 0.1 to 30 minutes (min). Typically, the contacting time of substrate
layer (S) in the composition A2 is in the range of 5 to 240 seconds (s).

In the inventive method as mentioned above the substrate layer (S) and/or the compo-
site membrane can optionally be treated in a conditioning step after the steps b and/or
d, wherein conditioning steps can be selected from cleaning, washing, drying and
cross-linking. Preferably after steps b the obtained substrate layer (S) is washed and
dried. Preferably, after step d the composite membrane is washed and/or dried (e.g. in
air) at a temperature in the range of 30 to 150 °C, preferably at 50 to 100°C, preferably
at 50 to 70°C. Typically the composite membrane is washed and/or dried for 10 s to 30
min.

The obtained composite membrane is typically washed and kept in water prior to use.

Furthermore, the present invention is directed to a process of forward osmosis com-
prising the following steps:

a) supplying a composite membrane described above;

b)  bringing in contact the composite membrane with at least one aqueous
draw solution on one side of composite membrane and with at least one
aqueous feed solution on the other side of composite membrane, wherein
water is transported from the feed to the draw solution.

The term “forward osmosis (FO)” in terms of the present invention describes a process,
wherein the osmotic pressure as a driving force allows water to diffuse through a semi-
permeable membrane from the so called feed solution to a so called draw solution,
wherein the feed solution exhibits a relatively lower salt concentration as the draw solu-
tion.

Further the present invention is directed to the use of inventive composite membrane in
a forward osmosis process for waste water treatment, seawater desalination, concen-
tration of pharmaceutical compositions, concentration of food compositions, and water
reclamation from wastewaters, power generation and potable water reuse devices,
preferably for waste water treatment and seawater desalination.
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Brief description of the Figures:

Fig. 1 shows the FESEM (Field Emission Scanning Electron Microscopy) picture of the
cross section of the substrate layer (S) comprising 50 wt% sulfonated polymer P1

(a) cross section

(b) macrovoid-free sponge like structure (enlarged picture) of the substrate layer (S).

Fig. 2 shows schematically the layout of the lab-scale circulating filtration unit used for
testing the composite membranes, wherein the references have the following meaning:

(1) crossflow permeation cell;

(2) feed solution in storage tank;

(3) draw solution in storage tank;

(4) flow meters;

(5) pumps;

(6) measurement devices of temperature and pressure;
(7) balance;

(8) computer.

The present invention is described in more detail by the following examples.

Example 1 - Production of substrate layer (S) based on sulfonated polyarylethers

A casting solution of a polyethersulfon (PESU) (polymer P2) and a sulfonated copoly-
mer (polymer P1) of a polyethersulfon (PESU) and a polyphenylensulfone PPSU
showing a ratio of said polymers of 50/50wt% was produced.

The polyethersulfone (polymer P2) was produced using the monomers dichloro-
diphenylsulfone (DCDPS) and dihydroxy-diphenylsulfone (DHDPS) and comprised
recurring units according to formula (3).

The sulfonated polyethersulfon/polyphenylensulfone copolymer (polymer P1) com-
prised recurring units according to the formula (12), wherein the sulfonated copolymer
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(polymer P1) exhibits 11,5 wt% of sulfonated units (sulfonated PPSU units) based on
the weight of polymer P1.

A casting solution of 8 wt% of PESU (polymer P2) and 8 wt% of sulfonated copolymer
of PESU and PPSU (polymer P1) was prepared by dissolving according amounts of
said polymers in N-methyl pyrrolidone (NMP>99.5%) under addition of 16 wt% ethy-
lene glycol (EG). After fully dissolved, the casting solution was kept overnight without
stirring to remove bubbles.

The polymer solution (P) was then cast on a glass plate via phase inversion method
using 60 micron casting knife to form a homogeneous membrane substrate. Thereafter,
the as-cast membrane substrate layer was immersed in water to conduct solvent ex-
change process to form a hydrophilic porous substrate. The resultant membrane was
further washed with tap water for 1 day to fully remove residual solvent.

The morphology of as-cast membrane substrate (substrate layer (S)) was analyzed by
scanning electron microscopy FESEM (top surface, bottom surface and cross section).
Figures 1a and 1b show the cross section of substrate layer (S). It can be observed
that the cross-section of membrane cast from 50/50wt% polymer blends of PESU and
sulfonated PESU/PPSU-copolymer exhibits a sponge-like porous structure with no ma-
crovoids.

In addition, water permeability of the support membrane substrate (substrate layer (S))
using pure water and the molecular weight cut off (MW CO) were determined. The pure
water permeability (PWP) of the support membrane substrate was 188.63 LMH (L/(m?
hr) and molecular weight cut off (MWCO) was 414,829 Da.

Example 2 — Production of thin film layer (F) onto substrate layer (S)

The substrate (substrate layer (S)) based on sulfonated polyarylethers as produced in
Example 1 was used for formation of a thin polyamide layer (film layer (F)). The forma-
tion of a polyamide layer onto the substrate layer was based on the interfacial polyme-
rization. The substrate layer was first immersed in 2 wit% of MPD (meta-
phenylendiamine) in deionized water (DI water) for 1 minute. Thereafter, filter paper
was used to remove the water droplets in the membrane surface. Subsequently, the
top surface of membranes was brought into contact with the 0.05 wt% TMC (trimesoyl
chloride) solution in n-hexane for 15 seconds. The resultant membrane was dried at
60°C for 1 minute, followed by drying in the air for 2 minutes. The resultant membrane
was further cleaned in deionized water before use in forward osmosis process (FO).
After this process, a thin polyamide film (film layer (F)) was formed on the substrate
layer (S).
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The morphology of membrane was analyzed by scanning electron microscopy (FE-
SEM), wherein the cross section and top surface of thin film layer composite mem-
brane were analyzed. It was observed that the thickness of thin polyamide film was
approximately 150-200 nm.

RO (reversed osmosis) test for this composite membrane (at 50 psi and 400 ppm
NaCl) showed PWP (pure water permeability) of 0.7320.016 L/(m*bar-hr) and salt re-
jection of 91£0.21%.

Example 3 — Forward osmosis process using thin film composite membrane

The thin film composite membrane produced as described in Examples 1 and 2 was
tested in a forward osmosis (FO) experiment.

FO experiments were conducted on a lab-scale circulating filtration unit. The schematic
diagram of the filtration unit is shown in Fig. 2.

The crossflow permeation cell (1) was a plate and frame design with a rectangular
channel on each side of the membrane. The feed solution (2) and the draw solution (3)
were in storage tanks and circulated via pumps (5). The solution flows were adjusted
using flow meters (4). The solution flow velocities during the FO process were kept at
6.4 cm/s for both feed solution (2) and draw solution (3) which was co-currently flowed
through the cell channels. The temperature and the pressure of each solution were
measured (6). The temperatures of the feed and draw solutions were maintained at 22
1 0.5°C. The pressures at two channel inlets were kept at 1.0 psi.

The membranes were tested under two different modes:

(1) draw solution against the dense selective layer (film layer (F)) (pressure re-
tarded osmosis/PRO mode) and
(2) feed water side against the dense selective layer (film layer (F)) (FO mode).

The draw solutions with different concentrations were prepared from sodium chloride
(NaCl) solutions and used in FO process. The change of draw solution concentration
was ignored because the ratio of water permeation flux to the volume of the draw solu-
tion was less than 2% during the FO process.

Deionized water (DI water) was used as the feed solution. In this case the salt leakage
can be calculated by measuring the conductivity in the feed solution at the end of expe-
riment. A balance (7) (EK-4100i, A & D Company Ltd., Japan) connected to a Comput-
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er (8) recorded down the mass of water permeating into the draw solution over a se-
lected period of time.

The water permeation flux was then calculated based on the weight changes of feed
water. The water permeation flux J, (in L-m?h™ (liter over square meter and hour) ab-
breviated as LMH) was calculated from the volume change of feed or draw solution
using the following formula (f1):

Jv = AV/(A-At) (f1)
wherein:

AV (in liter (L)) is the permeation water collected over a predetermined time At
(in hours (hr)) in the FO process duration;

A is the effective membrane surface area (in square meter m?).

The salt concentration in the feed water was determined from the conductivity mea-
surement in the feed solution using a calibration curve for the single salt solution. The
salt leakage Js, which is the salt back-diffusion from the draw solution to the feed solu-
tion (in g m%h™ (gram over square meter and hour) abbreviated as gMH), was thereaf-
ter determined from the increase of the feed conductivity using the following formula
(f2):

Js = A(CrVY)/(A-AL) (f2)
wherein:

C: and V, are the salt concentration and the volume of the feed at the end of FO
process, respectively.

The water flux and salt leakage in the FO mode and the PRO mode with varying draw
solution concentration (NaCl concentrations) are summarized in Table 1:
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FO mode PRO mode
Concentration of
NaCl Water flux Salt leakage Water flux Salt leakage
draw solution [LMH] [gMH] [LMH] [gMH]
[mol/L]
0.5 15 2.5 16 3
1 22 3.5 24 4.5
2 26 4.5 33 6
3 30 9 46.5 9
4 33 9 54 10
5 39 9.5 57 12.5

Table 1:  Water flux and salt leakage of inventive composite membrane using DI wa-
ter as feed in FO and PRO mode.

It was found that the water flux can reach 33 LMH with salt leakage <6 gMH for PRO
mode with ZM NaCl as draw solution. At a higher draw solution concentration, i.e. 5M,
the water flux can increase up to 57 LMH with salt leakage below 12.5 gMH for PRO
mode.

Example 4 — Forward osmosis process using sea water

A forward osmosis process using the thin film composite membrane produced as de-
scribed in Examples 1 and 2 was carried out similar to Example 3 using seawater as
feed solution instead of deionized water. The feed solution concentration consisted of
3.5 wt% NaCl and the draw solution concentration (NaCl) was varied from 2 M (mol/L)
to 5 M (mol/L).

The water flux in the FO mode and the PRO mode using varying draw solution concen-
tration (NaCl) are summarized in Table 2:



10

15

20

25

30

WO 2012/146629 PCT/EP2012/057591
27

FO mode PRO mode
Concentration of
NaCl Water flux Water flux
draw solution [LMH] [LMH]
[mol/L]
2 13.5 15
3 19.5 21
4 22.5 25.5
5 255 27.0

Table 2:  Water flux of inventive composite membrane using sea water (3,5 wt %
NaCl solution) as feed in FO and PRO mode.

It can be found that the water flux of thin film composite FO membrane can reach 15
LMH using 2M NaCl as draw solution tested under PRO mode.

Example 5:

For comparison thin film membranes with 0 or 25 wt% sulfonated copolymer in the
support material (substrate layer (S)) were prepared analogously to Examples 1 and 2
and tested in a forward osmosis process according to Example 3. The polymers P1
and P2 as described in Example 1 were used (sulfonated PESU/PPSU-copolymer hav-
ing 11.5 wt% of sulfonated units and unsulfonated PESU). The following casting solu-
tions were used:

Sample 1 (0 wt% sulfonated copolymer):
16 wt% of unsulfonated PESU (polymer P2)
16 wt% of ethylene glycol (EG)
68 wt% N-methylpyrrolidone (NMP)

Sample 2 (25 wt% sulfonated copolymer):
12 wt% of unsulfonated PESU (polymer P2)
4 wt% of sulfonated PESU/PPSU-copolymer (polymer P1)
16 wt% ethylene glycol (EG)
68 wt% N-methylpyrrolidone (NMP)

Sample 3 (50 wt% sulfonated polymer see Example 1):
8 wt% of unsulfonated PESU (polymer P2)
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8 wt% of sulfonated PESU/PPSU-copolymer (polymer P1)
16 wt% ethylene glycol (EG)
68 wt% N-methylpyrrolidone (NMP)

The casting procedure of these membrane support materials from different polymer
solutions followed Example 1. Thereafter, the interfacial polymerization was carried on
each resultant support materials using the same method as described in Example 2.

A forward osmosis process as described in Example 3 using deionized water as feed
solution and 2 M sodium chloride (NaCl) solution as draw solution was carried out us-
ing said membranes. The data concerning water flux and salt leakage are summarized
in Table 3:

PRO mode FO mode
Sample i:?g:i): Water flux | Salt leakage | Water flux | Salt leakage
[LMH] [gMH] [LMH] [gMH]
0 wt% sulfo-
1 nated poly- 13.5 3.7 10.5 3.1
mer
25 wt% sul-
2 fonated po- 21.0 3.7 16.5 3.1
lymer
50 wt% sul-
fonated po-
3 lymer (ac- 33.0 6 26.0 4.5
cording to
Example 1)

Table 3:  Water flux and salt leakage of different composite membranes using DI
water as feed in FO and PRO mode.

It was found that thin film composite membrane with 0 wt% of sulfonated polymer in the
membrane substrate layer (S) results in lower water fluxes as compared to that with 25
wt% or 50 wt% sulfonated content in the substrate layer (S). In addition, the composite
membranes were analyzed using scanning electron microscopy. The thin film compo-
site membranes with 0 wt% sulfonated polymer content in the membrane substrates
showed finger-like macrovoid formation in the membrane cross section.



WO 2012/146629 PCT/EP2012/057591
29

Claims
1. Composite membrane comprising:
a) atleast one substrate layer (S) comprising
i) at least one sulfonated polymer P1, which comprises from 2 to 40
wt%, based on the total weight of the polymer P1, of recurring units
10 comprising at least one sulfonic acid group;
i) at least one polymer P2,
wherein the sulfonated polymer P1 and the polymer P2 are independently se-
15 lected from the group consisting of polyarylether, polyethersulfone, polypheny-
lensulfone, polysulfone, polyacrylonitrile, polybenzimidazole, polyetherimide
polyphenyleneoxide, polyvinylidenfluoride, polyimide and copolymers composed
of at least two recurring units of said polymers;
20 b) atleast one film layer (F) comprising at least one polyamide.
2. Composite membrane according to claim 1, wherein the at least one sulfonated

polymer P1 and the at least one polymer P2 are polyarylethers comprising recur-
ring units according to following formula (1):

Fo—str~{Orto—~O)—2tr—et(O)5

wherein:

25

X is0.50r1;
30 tand q are each, independently of one another, 0, 1, 2 or 3;

QT,Z are each, independently of one another, a chemical bond
or a group selected from among -O-, -S-, -SO,-, S=0,
C=0, -N=N-, -R*C=CR"- and -CR°R’-; where
35 R*and R® are each, independently of one another, a hydrogen atom
or a C4-Cyp-alkyl group; and
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R®and R are each, independently of one another, a hydrogen atom
or a Cy-Cyp-alkyl, C4-Cyr-alkoxy or Ce-Cyg-aryl group,
where R® and R are optionally substituted independently
by fluorine and/or chlorine atoms or may together with the

5 carbon atom to which they are bound form a Csz-Cyp-
cycloalkyl group which is optionally substituted by one or
more C4-Cg-alkyl groups,

with the proviso that at least one of the groups T, Q and Z is -SO,- or C=0
10 and, when tand q are each 0, Z is -SO,- or C=0,

Ar, Ar' are each, independently of one another, a Cs-Cqg-arylene
group which is optionally substituted by one or more
groups selected from C4-Cqx-alkyl, Ce¢-Cqg-aryl, C4-Cyp-

15 alkoxy group, halogen atom and sulfonic acid group.

3. Composite membrane according to any of claims 1 or 2, wherein the at least one
sulfonated polymer P1 and the at least one polymer P2 are polyarylethers com-
posed of recurring units according to following formula (1):

(1

20
— ‘ 1 \ / \ ]
O —ArtT <:> o <:> zta'—a1 O
wherein:

X is 0.50r1;
25 tand q, are each, independently of one another, 0, 1, or 2;

QT,Z are each, independently of one another, a chemical bond

or a group, selected from -O- and -SO,-;

30 with the proviso that at least one of the groups T, Q, and Z is -SO,- and, if t

and g are 0, Zis -SO,-, and

Ar, Ar' are each, independently of one another, a Cs-Cq-arylene
group, which is optionally substituted by one or more sul-
35 fonic acid groups.
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Composite membrane according to any of claims 1 to 3, wherein the at least one
sulfonated polymer P1 is a block copolymer comprising at least one polyethersul-
fone segment and at least one polyphenylensulfone segment according to follow-
ing formula (12):

wherein:
n is an integer from 3 to 1500;
m is an integer from 3 to 1500;

aandb independently of one another, are an integer from 0 to 2,
with the proviso that both a and b are not 0.

Composite membrane according to any of claims 1 to 4, wherein the at least one

polymer P2 is a polyethersulfone composed of recurring units according to the
following formula (3):

oyt

Composite membrane according to any of claims 1 to 5, wherein the weight ratio
of sulfonated polymer P1 to polymer P2 is in the range of 0.4 to 1.5.

3)

Composite membrane according to any of claims 1 to 6, wherein the at least one
polyamide is an aromatic polyamide, in which at least 85 % of amide groups are
attached directly to two aromatic rings.

Method for preparation of a composite membrane, which comprises at least one
substrate layer (S) and at least one film layer (F), comprising the following steps:

a) preparing a polymer composition P comprising:
i) at least one sulfonated polymer P1, which comprises from 2 to 40

wt%, based on the total weight of the polymer P1, of recurring units
comprising at least one sulfonic acid group;
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b)

d)

32

i) at least one polymer P2;

i) at least one solvent S1;

iv) optional at least one further additive selected from the group consist-
ing of ethylene glycol, diethylene glycol, polyethylene glycol, glycerol,
methanol, ethanol, isopropanol and polyvinylpyrrolidon;

wherein the sulfonated polymer P1 and the polymer P2 are independently
selected from the group consisting of polyarylether, polyethersulfone, poly-
phenylensulfone, polysulfone, polyacrylonitrile, polybenzimidazole, polye-
therimide polyphenyleneoxide, polyvinylidenfluoride, polyimide and copo-
lymers composed of at least two recurring units of said polymers;

separating the polymers P1 and P2 from the solvent S1 to form a substrate
layer (S);

bringing the substrate layer (S) into contact with a composition A1 compris-
ing at least one polyamine monomer having at least two amine groups and
at least one solvent S2;

bringing the substrate layer (S) into contact with a composition A2 compris-
ing at least one polyacylhalide monomer having at least two acyl halide
groups and at least one solvent S3 to form a film layer (F) onto the substrate
layer (S), wherein a composite membrane is obtained.

9. Method for preparation of a composite membrane according to claim 8, wherein
the polymer composition P comprises:

i) 2,510 22.5wt% of at least one sulfonated polymer P1;

i) 2,5t0 15wt%  of at least one polymer P2;

i) 62.5t095wt% of at least one solvent S1 selected from the group
consisting of N-methylpyrrolidone, N-dimethylacetamide, dimethylsul-
foxide, dimethylformamide, triethylphosphate, tetrahydrofuran, 1,4-
dioxane, and methyl ethyl ketone;

iv)  optional 0-30 wt % of at least one further additive selected from
the group consisting of ethylene glycol, diethylene glycol, polyethy-
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10.

11.

12.

13.

14.

33

lene glycol, glycerol, methanol, ethanol, isopropanol and polyvinyl-
pyrrolidon.

Method for preparation of a composite membrane according to any of claims 8 or
9, wherein the separating of the polymers P1 and P2 from the solvent S1 in step
b is effected by:

- applying the polymer composition P into a support;

- adding a coagulation composition C comprising at least one C4-Cy,
aliphatic alcohol and/or water to the polymer composition P by forming
the substrate layer S.

Method for preparation of a composite membrane according to any of claims 8 to
10, wherein the composition A1 comprises from 0.5 to 5 wt% of at least one po-
lyamine monomer selected from the group consisting of phenylenediamine, phe-
nylenetriamine, cyclohexane triamine, cyclohexane diamine, piperazine, and bi-
piperidine and at least one solvent S2 comprising at least 50 wt% water.

Method for preparation of a composite membrane according to any of claims 8 to
11, wherein the composition A2 comprises from 0.01 to 4 wt% of at least one po-
lyacylhalide monomers selected from the group consisting of phthaloyl chloride
(1,2-benzenedicarbonyl chloride), isophthaloyl chloride (1,3- benzenedicarbonyl
chloride), terephthaloyl chloride (TCL, 1,4-benzenedicarbonyl chloride), and tri-
mesoyl chloride (TMC, 1,3,5-benzene-tri-carbonyl-trichloride) and at least one
hydrocarbon solvent S3.

Method for preparation of a composite membrane according to any of claims 8 to
12, wherein bringing the substrate layer (S) into contact with a composition A1
and/or A2 in steps ¢ and/or d is effected by immersing the substrate layer (S) in
the composition A1 and/or composition A2.

Process of forward osmosis comprising the following steps:

a) supplying a composite membrane according to any of claims 1 to 7;

b) bringing the composite membrane in contact with at least one aqueous
draw solution on one side of composite membrane and with at least one

agueous feed solution on the other side of composite membrane, wherein
water is transported from the feed to the draw solution.
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15. Use of a composite membrane according to any of claims 1 to 7 in a forward os-
mosis process for waste water treatment, seawater desalination, concentration of
pharmaceutical compositions, concentration of food compositions, water recla-
mation from wastewaters, power generation and potable water reuse devices.



