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Cross-linked polyimide membranes

Field of the invention

The present invention relates to a process for cross-linking a membrane
comprising a polyimide, wherein the polyimide is cross-linked with a cross-linking
agent. The present invention also relates to a membrane comprising a cross-linked

polyimide and the use of such a membrane in separation processes.

Background of the invention

Membrane filtration is a separation process that utilizes membranes to
discriminate between components on the basis of differences in size, affinity, molecular
weight and the like. The ability of the membrane to separate is usually expressed by the
molecular weight cut-off (MWCO) which is defined as a molecular weight of a
component that is rejected for 90 % by the membrane. Membrane filtration processes
include microfiltration, ultrafiltration, nanofiltration and reverse osmosis. In
membranes used for nanofiltration (NF), the MWCO is commonly 200 - 2000 Dalton
(Da or g/mole).

In water purification, membrane technology is a widely spread and accepted
technology. Despite the fact, that membrane filtration is an energy-efficient separation
process with high potential in many industries ranging from petro-chemistry to
pharmaceutical industry and waste treatment, it has not been widely applied for
separations in organic solvents, yet. This is mainly due to the interaction of the
membrane material (especially polymeric ones) with the solvent and the solute which
renders them less effective and in many cases not even selective. Moreover, for
separations in apolar, aprotic organic solvents such as N-methyl pyrrolidone (NMP),
dimethyl formamide (DMF) or dimethyl acetamide (DMA), which themselves are
solvents for polymeric materials and often used for membrane fabrication, there are

hardly polymeric nanofiltration membranes available today.
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During separation in such systems, the polymeric membranes often suffer
excessive swelling or even complete dissolve in the organic solvent. Consequently, the
membrane selectivity decreases and the membrane become useless. Modifying
polymeric membranes to improve their resistance to organic solvents has been done by
cross-linking.

US 4.075.093, incorporated by reference, discloses a process for separating citric
acid, isocitric acid, salts thereof, and mixtures thereof, from an aqueous solution,
wherein the aqueous solution is contacted with a permselective membrane comprising a
polymer having acidic groups or a polymer having basic groups. The membrane is
preferably a polyimide or a polyamide modified with acidic or basic groups. Example 8
discloses the synthesis of a polyimide containing amino groups, which is prepared by
reacting the polyimide membrane of Example 2 (a sulfonated polyimide membrane)
with 4,4-diphenylmethane di-isocyanate (MDI) in DMF at 100°C.

H. Delig6z et al., Eur. Polym. J. 42, 1370 - 1377, 2006, incorporated by
reference, discloses cross-linked polyimide films that have been prepared in three steps:
(1) reaction of diaminodiphenyl ether with pyromellitic dianhydride to obtain a
poly(amic acid) intermediate (PAA), (2) reaction of a solution of PAA in NMP with a
solution of an equivalent amount of 4,4-diphenylmethane di-isocyanate (MDI) as a
cross-linker in the solvent NMP to prepare a PAA gel and (3) preparation of a cross-
linked polyimide film by thermal imidization of the PAA gel.

V.A. Bershtein et al., Polymer 43, 6943 - 6953, 2002, discloses poly(imide-
amide)-poly(ethylene adipate) hydrid networks (PIA-PEA networks). Films are
prepared by casting a solution of (a) polyamic acid (PAA) based on pyromellitic
dianhydride (PMDA) with oxydianiline (ODA) in NMP and a solution of (b) toluene-
2,4-di-isocyanate (TDI) terminated poly(ethylene adipate) (TDI-PEA), wherein the
remaining isocyanate groups were end-capped with phenol, ie. the compound
abbreviated as [Ph-TDI-PEA], in NMP on a glass plate. After evaporation of the
solvent (NMP), the films were subjected to a heat treatment, wherein the isocyanate
groups are deprotected, so that the PAA imidization and the cross-linking reaction
proceed in parallel.

US 2010/0038306, US 2010/0181253 and WO 2010/142979, all incorporated by
reference, disclose a process for cross-linking polyimide membranes with low

molecular weight diamines, e.g. 1,2-diamino ethane and 1,6-hexane diamine, and high
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molecular weight diamines, e.g. polyether amines having a molecular weight of 200 to
200.000 and polyethylene amines having a molecular weight of 1000 to 200.000. It is
preferred that the low molecular weight diamines are dissolved in a solvent selected
from the group consisting of ketones, ethers and alcohols. More preferably, the solvent
is an alcohol, most preferably methanol or ethanol, which are polar protic solvents.
However, the cross-linked polyimide membranes obtained in this manner do not appear
to be stable at elevated temperatures. For example, at temperatures above about 100°C,
re-imidization may occur leading to decreased solvent resistance. Moreover, the
diamines used in the process may not be used at too high concentrations and the cross-
linking reaction should not occur for long time as otherwise dissolution or degradation
of the membrane may occur.

US 2009/0069507 discloses blends of aromatic polyimides and polyarylenes,
wherein the aromatic polyimides comprise an aromatic ring and an imide group. The
polyimide may be a polyamide-imide such as Torlon® polyamide-imides.

The present invention provides a solution for these problems and provides
membranes which are resistant to organic solvents and which can be used in separation

processes at elevated temperature, in particular above about 100°C.

Summary of the invention

The present invention relates to a process for cross-linking a membrane
comprising a polyimide, wherein the polyimide is cross-linked with a cross-linking
agent comprising two or more isocyanate groups.

The present invention further relates to a membrane comprising a cross-linked
polyimide.

The present invention also relates to the use of a membrane comprising a cross-
linked polyimide in a separation process as a support in a separation process, wherein
the membrane comprises a selective top layer.

The present invention further relates to a process for separating a dissolved
component having a molecular weight of about 100 to about 10000 Dalton from a
solution, said process comprising:

(a) contacting the solution with a membrane comprising the cross-linked polyimide;

and
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(b) isolating or concentrating the component.

Detailed description of the invention

5 The verb “to comprise” as is used in this description and in the claims and its
conjugations is used in its non-limiting sense to mean that items following the word are
included, but items not specifically mentioned are not excluded. In addition, reference
to an element by the indefinite article "a" or "an" does not exclude the possibility that
more than one of the element is present, unless the context clearly requires that there is

10 one and only one of the elements. The indefinite article "a" or "an" thus usually means
"at least one".

In this document, the term “separation process” must be understood as
encompassing processes such as microfiltration, ultrafiltration, nanofiltration, reverse
osmosis and pervaporation. Such processes are well known in the art.

15 In this document, the term “polyimides” must be understood as polymers or
copolymers comprising an amide group (-NR*-C(O)-) and/or an imide group (-(C(O)-
NR*-C(0)-), wherein R* represents hydrogen or an optionally substituted hydrocarbyl
group, the hydrocarbyl group being optionally a polymeric residue). Hence, the term
“polyimides” includes polymers known as “polyamide-imides”.

20
The polyimide

According to the invention, the polyimide is preferably a polyimide according to

Formula (1):

jEA_BjL
25
(1)

wherein recurring unit A is independently selected from the group consisting of the
structures according to Formulas (2) - (4):

30
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€)) 0O

wherein X:

(a) is absent (so that the two aryl groups are connected via a direct bond);

(b) -C(O)-; and

(¢) -(CR';).-, wherein R' is H, F or CF3 and whereinn=1,2, 3,4 or 5;

wherein recurring unit B is independently selected from the group consisting of the

structures according to Formulas (5) - (8):

x Y
(5) Q (N
(6)

CH,

O . B
H,C

®
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wherein Y is independently selected from the group consisting of -C(O)-, -(CR';)-, -O-
, -S-; -S(0)-, and -S(0O),-; wherein R is H, F or CF; and whereinn =1, 2, 3, 4 or 5.

Preferably, the polyimide is a polyimide according to Formula (1a):

| fl

(1a)

wherein p is such that the molecular weight of the polyimide is about 10.000 to about
1.000.000 Dalton, preferably about 20.000 to about 500.000 Dalton.

10 The polyimides according to Formula (1) and Formula (la) are commercially
available from for example Solvay Advanced Polymers (Torlon®), Huntsman
(Matrimid®) and Evonik Industries (P84®).

The structures according to Formulas (2) - (8) encompass also the tautomers
thereof.

15 According to a preferred embodiment, the recurring unit A is of Formula (4),
wherein it is preferred that X is -C(O)-.

According to a preferred embodiment of the present invention, the recurring unit
B is of Formula (7) or (8).
According to another preferred embodiment, the recurring unit B is of Formula

20  (7) or (8), wherein it is preferred that Y is -(CR';),- or O. When Y is -(CR',),, it is
preferred that n is 1. It is also preferred that R' is H.

As will be understood by the skilled person, the imide groups in recurring unit A

may occur in the corresponding amic acid form:

\Z/LO

HHu

-
=

L

imid form

25 amic acid form
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The cross-linking agent

In a preferred embodiment, the cross-linking agent comprises two or more
isocyanate groups, preferably two or three isocyanate groups.

According to the present invention, it is more preferred that the cross-linking
agent is selected from the group consisting of optionally substituted C; - C, alkylene
diisocyanates and optionally substituted Cs - Cy arylene diisocyanates, wherein the
alkylene group may be linear, cyclic or branched. It is preferred that the alkylene group
is linear.

Preferably, the optionally substituted C; - C,9 alkylene diisocyanates are selected
from the group consisting of 1,3-trimethylene diisocyanate, 1,4-tetramethylene
diisocynanate, 1,5-pentamethylene diisocyanate, 1,6-hexamethylene diisocyanate,
2,2, 4-trimethyl-hexane diisocyanate, 2,4,4-trimethyl-hexane diisocyanate,
isophoronediisocyanate, and 4,4-methylenebis(cyclohexyl isocyanate). More
preferably, the optionally substituted C; - Cyo alkylene diisocyanates are selected from
the group consisting of 1,6-hexamethylene diisocyanate, 2,2,4-trimethyl-hexane
diisocyanate, 2,4,4-trimethyl-hexane diisocyanate and isophoronediisocyanate.

The optionally substituted C¢ - Cy arylene diisocyanate is preferably 4,4'-
methylene bis(phenyl isocyanate).
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The cross-linking reaction

According to the present invention, the cross-linking reaction of the polyimide

proceeds according to the general Scheme 1:

Scheme 1
WA/V—{O
N_
o:<
N—H

0  OCN—wWw——NCO

/< 2)
- )

AR
H H—N
1) 0
O

wherein structure (1) represents the polyimide, structure (2) represents the cross-linking
agent comprising two or more isocyanate groups, and structure (3) represents the cross-
linked polyimide.

Preferably, the process is performed in a solvent system which is an aprotic
solvent and does not dissolve the membrane. Such solvent systems swell the membrane
and allow diffusion of the cross-linking agent into the polymer matrix of the
membrane. It is preferred that the solvent system comprises a polar, aprotic solvent
which is a solvent for the polyimide, and a polar, aprotic solvent which is a non-solvent
for the polyimide, provided that the solvent systems comprises the solvent for the
polyimide and the non-solvent for the polyimide in such a ratio that the polyimide
swells but essentially does not dissolve. It is also preferred that the polar, aprotic
solvent has a dielectric constant € of at least 2 at 20°C. Suitable solvents can be selected

by from e.g. CRC Handbook of Chemistry & Physics, 59" Ed., 1978 - 1979. More
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9
preferably, the solvent for polyimide is selected from the group consisting of NMP (N-
methyl pyrrolidone; € = 32.2), DMSO (dimethyl sulfoxide; € = 46.7), DMA (dimethyl
acetamide; € = 37.8), DMF (dimethylformamide; ¢ = 36.7) and y-butyrolactone (¢ =
42.4.). The given values for ¢ are for 20°C.

Preferably the non-solvent is an ether, ketone or halogenated hydrocarbon. More
preferably the non-solvent is selected from the group consisting of dioxane (e = 2.25),
cyclopentanone (¢ = 2.3) and cyclohexanone (¢ = 18.3) and THF (tetrahydrofuran; ¢ =
7.58).

According to an embodiment of the present invention, the non-solvent for the
polyimide is optionally in admixture with a solvent for the polyimide, preferably at a
ratio (w/w) of about 99/1 to about 70/30, more preferably about 99/1 to about 15/85.

The cross-linking reaction may be performed in the presence of a catalyst,
preferably a tertiary amine, N-C;-Cs alkyl substituted 2-pyrrolidinone such as NMP,
pyridine, oxazole and a co-catalyst or a mixture of such catalysts. It is preferred that the
catalyst is a tertiary amine or a N-C;-C¢ alkyl substituted 2-pyrrolidinone. Even more
preferred, the catalyst is selected from the group consisting of triethylene diamine
(TEDA), bis(2-dimethylaminoethyl)ether (BDMAEE), N-ethylmorpholine, N'N'-
dimethylpiperazine, N,N,N’ N’ N”’-pentamethyl-diethylene-triamine (PMDETA), N, N-
dimethylcyclohexylamine (DMCHA), N,N-dimethylbenzylamine (DMBA), N,N-
dimethylcethylamine, N,N,N’ N” N”-pentamethyl-diproylene-triamine (PMDPTA),
Tritethylamine (TEA). It is even more preferred that the catalyst is 1-Methyl-2-
pyrrolidinone (NMP) and /or Triethylamine (TEA).

It is preferred that the co-catalyst is an alkaline metal salt such as potassium
carbonate, sodium carbonate, sodium hydrogen carbonate, Potassium acetate,
Potassium octoate and calcium carbonate or an organometallic compound. It is more
preferred that the co-catalyst is an organometallic compound containing selected from
the group of tin 2-ethylhexanoate, dibutyltin dilaurate (DBTL), dibutyltin mercaptide,
dibutyltin  thiocarboxylates, phenylmercuric propionate, lead octoate, ferric
acetylacetonate. It is even more preferred that the co-catalyst is tin 2-ethylhexanoate,

dibutyltin dilaurate and lead octoate.



WO 2012/177133 PCT/NL2012/050440

The cross-linked polyimide membrane

The present invention also relates to a cross-linked polyimide membrane that is
obtainable by the process according to the present invention. Preferably, the cross-
5  linked membrane has a MWCO of about 100 to about 10000 Dalton, more preferably
of about 100 to about 6000 Dalton, even more preferably of about 100 to about 2000

and in particular of about 200 to about 2000.
The present invention therefore also relates to a cross-linked membrane

comprising a polyimide according to Formula (1):
JEA_le
(M

wherein recurring unit A is independently selected from the group consisting of the

10

15  structures according to Formulas (2) - (4):

(0] O (0] l O
—N N— —N O N—
0O (6] (6] (6]
2) (3)
O
AN
) 0O

wherein X:

(a) is absent (so that the two aryl groups are connected via a direct bond);
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(b) -C(O)-; and
(¢) -(CR';).-, wherein R' is H, F or CF3 and whereinn=1,2, 3,4 or 5;
wherein recurring unit B is independently selected from the group consisting of the

structures according to Formulas (5) - (8):

x Y
(5) Q @)
(6)

CH,

O . h
H;C

®)
wherein Y is independently selected from the group consisting of -C(O)-, -(CR';)-, -O-
, -S-; -S(0)-, and -S(0O),-; wherein R is H, F or CF; and whereinn =1, 2, 3, 4 or 5; and
wherein the imide groups, optionally in their amic acid form, in recurring unit A are

cross-linked with a cross-linking agent comprising two or more isocyanate groups.
Applications

The cross-linked membrane according to the present invention can in particular
be used in a separation process. Preferably, the separation process is a membrane
filtration processes which preferably is either a pervaporation, microfiltration, an
ultrafiltration, a nanofiltration or a reverse osmosis, or a combination thereof.

Preferably, the membrane separation process comprises the application of a
solvent for a non-crosslinked polyimide.

According to another embodiment of the present invention, the membrane can
also be used as a support in a pervaporation, nanofiltration or reverse osmosis process,

wherein the membrane comprises a selective top layer.
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Accordingly, the present invention also relates to a process for separating a
dissolved component having a molecular weight of about 100 to about 10000 Dalton
from a solution, said process comprising:

(a) contacting the solution with a membrane according to the invention; and
(b) isolating or concentrating the component.

Preferably, this process is performed under a pressure of about 0.1 kPa to about 5
MPa, more preferably about 10 kPa to about 4 MPa, and even more preferably about
100 kPa to about 4 MPa.

Preferably, this process is performed at a temperature of about -10° to about 200
°C, more preferably about 0° to about 150°C.

Preferably, this process is performed in an organic solvent. Preferably, the solvent
is a strong aprotic solvent and is preferably be selected from the group consisting of N-
methyl pyrrolidone (NMP), dimethyl formamide (DMF), dimethyl acetamide (DMA),
dimethyl sulfoxide (DMSO), hexamethyl phosphoramide (HMPA), hexamethyl
phosphorous triamide (HMPT), acetonitril, acetone, ethyl acetate, dichloromethane, and
tetrahydrofuran (THF). More preferably the strong aprotic solvent is selected from the
group consisting of N-methyl pyrrolidone (NMP), dimethyl formamide (DMF),
dimethyl acetamide (DMA), DMSO (dimethyl sulfoxide), hexamethyl phosphoramide
(HMPA), and hexamethyl phosphorous triamide (HMPT).

Examples

Example 1

Commercial Torlon® based membranes (obtained from SolSep B.V.) were used
for cross-linking. The membranes were first dried at 150°C for 12 h to remove water
and then immersed into the cross-linking solution containing 70 wt% (v/v)
tetrahydrofuran (THF), 14% (v/v) hexamethylene diisocyanate (HMDI) as cross-
linking agent, a mixture of catalysts: 7% (v/v) triethylene diamine (TEA), 5% (v/v)
NMP, and 4% (v/v) tin 2-ethylhexanoate as a co-catalyst, for 13 days at 50°C. The
reaction was performed in a closed container to ensure water free environment. Then
the membranes were removed from the solution and rinsed carefully for 48 h in THF,
then 8 h in methanol and finally 8 h in acetone. The resulting membranes were dried at

ambient temperature.
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The transport properties (flux and retention) of the non-cross-linked and cross-
linked membranes were tested in a custom made cross-flow high pressure permeation
set up employing acetone and polystyrene (PS) / acetone solutions (Dutczak, Luiten-
Olieman et al. 2011, J. Membr. . Sci, 372(1-2): 182-190).

All permeation experiments were performed at 25°C in a total recycle mode at a
cross-flow velocity of the feed solution above 2 m/s. Before starting the flux or MWCO
measurement, the membrane was always pressurized at the test pressure for minimum 2
h to reach the steady state conditions. The permeance coefficient, P [L.m™>.h™ bar"], was
calculated from the slope of the flux (J, [.m™.h™]) vs. transmembrane pressure (TMP)
graph. Determination of the acetone permeance was always carried out first.
Afterwards, the permeation of 0.3% (w/w) PS mixture was performed in order to obtain
MWCO curves. For the cross-linked membranes, besides acetone, the transport of pure
NMP was measured as well. After this, the permeation of PS-acetone solution was
repeated to compare the flux and MWCO curves with those obtained before NMP
transport.

Table 1 shows a performance comparison of non-cross-linked and cross-linked

Torlon® based membranes.

Table 1
Permeance [L.m™.h" bar™]
System : :

Non-cross-linked Cross-linked
Acetone
7.6 1.2
NMP )
dissolves 0.1
Acetone-polystyrene
POLYSLY 5.7 1.1
(0.3 % w/w)

Figure 1 shows an example of the morphology of a non-cross-linked Torlon®
based membrane. When this membrane is cross-linked in the absence of NMP, cross-
linking is incomplete and the membrane partly dissolves during filtration in NMP

(Figure 2)
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When the membrane is cross-linked in the presence of NMP, no compaction or
dissolution of the membrane occurs during filtration in NMP (Figure 3).

Figure 4a shows that the permeance of acetone and PS / acetone mixture through
the cross-linked membrane is lower that the non cross-linked membrane. Whereas the
non cross-inked membrane dissolves in NMP, the cross-linked membrane stays intact
in NMP. After NMP filtration through the cross-linked membrane, the acetone and
acetone-polystyrene fluxes are equal to those prior to NMP filtration (Figure 4b).

Figures 5a,b show retention curves of polystyrene (PS) for the non-cross-linked
and the cross-linked membrane before and after filtration. The membrane retention
increases with cross-linking. The retention of PS also does not change after filtration of
NMP (Figure 5b). These two observations show that cross-linking of the polyimide was

successful.
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Claims

1. A process for cross-linking a membrane comprising a polyimide, wherein the

polyimide is cross-linked with a cross-linking agent comprising two or more

5 isocyanate groups, the polyimide being a polyimide according to Formula (1):
JEA_le
(D
10 wherein recurring unit A is independently selected from the group consisting of

the structures according to Formulas (2) - (4):

O O O O O
Ni:CE/éN N; ' EN
o 0 0 0

) €))
o)
Sy
o)
X
o}
AN
(€)) e}

15 wherein X:

(a) is absent (so that the two aryl groups are connected via a direct bond);
(b) -C(O)-; and
(¢) -(CR';).-, wherein R' is H, F or CF3 and whereinn=1,2, 3,4 or 5;
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wherein recurring unit B is independently selected from the group consisting of

the structures according to Formulas (5) - (8):

S H OO0

CH,

O l B
h O

(®)
wherein Y is independently selected from the group consisting of -C(O)-, -
(CR'), -O-, -S-; -$(0)-, and -S(0O),-; wherein R' is H, F or CF; and wherein n =
1,2, 3,4 or 5, provided that in Formula (1) recurring unit A has not the structure
according to Formula (2) when recurring unit B has the structure according to
Formula (7) when Y is O.

The process according to Claim 1, wherein the polyimide is a polyimide

fd

(1a)

according to Formula (1a):

wherein p is such that the molecular weight of the polyimide is about 10.000 to
about 1.000.000 Dalton.

The process according to Claim 1 or Claim 2, wherein the cross-linking agent
comprises two or three isocyanate groups.

The process according to any one of Claims 1 - 3, wherein the cross-linking agent
is selected from the group consisting of C; - Cy alkylene diisocyanates and Cg -

Cyo arylene diisocyanates.
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11.

12.
13.

14.

15.

16.

17.

17

The process according to any one of Claims 1 - 4, wherein the process is
performed in a solvent for the polyimide.
The process according to Claim 5, wherein the solvent comprises a polar, aprotic
solvent.
The process according to Claim 6, wherein the polar, aprotic solvent has a
dielectric constant € of at least about 2 at 20°C.
The process according to any one of Claims 5 - 7, wherein the polar, aprotic
solvent is selected from the group consisting of NMP, DMSO, THF, DMA,
DMF, y-butyrolactone, dioxane, cyclopentanone, and cyclohexanone.
The process according to any one of Claims 1 - 8 wherein the process is
performed in the presence of a catalyst.
A membrane obtainable by the process according to any one of Claims 1 - 9.
The membrane according to Claim 10, wherein the membrane has a cut-off point
of about 100 to about 10000 Dalton.
Use of a membrane according to Claim 10 or Claim 11 in a separation process.
Use of a membrane according to Claim 10 or Claim 11 in a membrane separation
process comprising a solvent for a non-crosslinked polyimide.
Use of a membrane according to Claim 10 or Claim 11 as a support in a
pervaporation, nanofiltration or reverse osmosis process, wherein the membrane
comprises a selective top layer.
A process for separating a dissolved component having a molecular weight of
about 100 to about 10000 Dalton from a solution, said process comprising:
(a) contacting the solution with a membrane according to Claim 10 or Claim

11; and
(b) isolating or concentrating the component.
The process according to Claim 15, wherein the process is performed under a
pressure of about 0.1 kPa to about 5 MPa.
The process according to Claim 15 or Claim 16, wherein the process is performed

at a temperature of about -10° to about 200°C.
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