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A cross-linked polymeric membrane

Technical Field
The present invention relates to a method of forming a cross-linked polymeric

membrane and a cross-linked polymeric membrane formed from the method.

Background

Organic solvent nanofiliration (OSN) is an emerging membrane-based separation
technology which can be directly employed in current manufacturing systems. OSN is a
cost-effective separation technique as compared to adsorption, flash chromatography,
evaporation, and distillation which are usually energy intensive, use high temperatures,
and/or use a large amount of solvents thereby leading to higher production costs and

environmental concerns, and result in lower quality products.

Regardless of its advantages, OSN still experiences some shortcomings. For example,
the chemical stability of OSN membranes in harsh organic solvents is a concern to
industrial users. While polybenzimidazole (PBl) membranes have been envisaged,
since these membranes are chemically stable and exhibit good rejection rates, most of
the methods of manufacturing PBI membranes utilise hazardous and toxic solvents and
chemicals.

There is therefore a need for an improved method of forming membranes, particularly

for OSN applications, which is low-cost, environmentally friendly and easily scalable.

Summary of the invention

The present invention seeks to address these problems, and/or to provide an improved
method for forming a polymeric membrane, particularly a polymeric membrane suitable

for, but not limited to, organic solvent nanofiltration.

According to a first aspect, the present invention provides a method of forming a cross-

linked polymeric membrane comprising:

- providing a polymeric membrane; and
- contacting the polymeric membrane with a cross-linking solution comprising

at least one cross-linker to form the cross-linked polymeric membrane,
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wherein the at least one cross-linker comprises at least three halide-
containing groups.

According to a particular aspect, the polymeric membrane may be formed from at least
one polymer. In particular, the at least one polymer may comprise at least one pyrrolic
nitrogen group. For example, the at least one polymer may be, but not limited to:
polybenzimidazole (PBI).

The cross-linker comprised in the cross-linking solution may be any suitable cross-
linker. According to a particular aspect, the at least one cross-linker may comprise at
least three acyl halide groups. For example, the at least one cross-linker may be, but
not limited to: trimesoyl chloride (TMC).

The at least one cross-linker may be dissolved in a suitable solvent in the cross-linking
solution. The solvent may be, but not limited to, 2-methyl tetrahydrofuran (2-MeTHF),
tetrahydrofuran (THF), cyclopentyl methyl ether (CPME), or mixtures thereof.

The method may further comprise forming the polymeric membrane from a polymeric
solution comprising the at least one polymer.

The polymeric solution may comprise a suitable amount of the at least one polymer. In
particular, the polymeric solution may comprise 2-40 % (weight/weight) of the at least
one polymer.

The cross-linking solution may comprise a suitable amount of the at least one cross-
linker. In particular, the cross-linking solution may comprise 0.05-20 % (weight/weight)
of the at least one cross-linker.

According to a particular aspect, the contacting may be for a pre-determined period of
time and at a pre-determined temperature. For example, the pre-determined
temperature may be 10-40°C. For example, the pre-determined period of time may be
0.5-120 hours.

The polymeric membrane may be, but not limited to, a flat-sheet membrane, a hollow

fibre membrane, a tubular membrane, or a dense membrane.
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According to a particular aspect, the cross-linked polymeric membrane may have a
thickness of 1-1000 pm.

According to another particular aspect, the cross-linked polymeric membrane may be
hydrophilic.

According to a second aspect, there is provided a cross-linked polymeric membrane
prepared from a method of the first aspect.

The present invention also provides a cross-linked polymeric membrane comprising a
polymeric membrane cross-linked by a cross-linker comprising at least three halide-
containing groups, wherein the polymeric membrane is formed from a polymer

comprising at least one pyrrolic nitrogen group.

The cross-linker may be any suitable cross-linker. According to a particular aspect, the
cross-linker may be as described above.

The polymeric membrane may be any suitable polymeric membrane. According to a
particular aspect, the polymeric membrane may be as described above.

The polymer may be any suitable polymer. According to a particular aspect, the
polymer may be as described above.

The cross-linked polymeric membrane may preferentially reject solutes with molecular
weights in the range of 150-2000 g/mole in a feed stream solution containing at least

one organic solvent and one dissolved solute.

According to a particular aspect, the cross-linked polymeric membrane may be stable

in an organic solvent.

According to a particular aspect, the cross-linked polymeric membrane may be
hydrophilic.

The cross-linked polymeric membrane may have a thickness of 1-1000 pm.

According to a particular aspect, the cross-linked polymeric membrane may be for use
in organic solvent nanofiltration (OSN), gas separation, aqueous solution separation,
pervaporation, and fuel cells.
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Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative

drawings. In the drawings:
Figure 1 shows the molecular structures of model solutes used in OSN tests;

Figure 2 shows the chemical cross-linking reaction between PBI and TMC in the cross-
linked polymeric membrane according to one aspect of the present invention;

Figure 3(a) shows the ATR-FTIR spectra of PBI membranes before (NX-PBI) and after
(X0-PBI and X-PBI) cross-linking according to one embodiment of the method of the
present invention; Figure 3(b) shows the XPS spectra on the surface of X-PBI; Figures
3(c) and (d) show the XPS Nis narrow scan spectra on the surfaces of PBI
membranes before and after the TMC cross-linking, respectively;

Figure 4 shows the UV absorption spectra of the dissolved cross-linked polymeric
membrane samples in DMAC;

Figure 5 shows the cross-section and top surface FESEM images of PBI membranes
before (NX-PBI) and after (XO-PBI and X-PBI) cross-linking according to one
embodiment of the method of the invention;

Figures 6(a) shows the pure solvent permeances and Figure 6(b) shows the rejections
of the cross-linked PBI membrane (X-PBI) according to one embodiment of the present
invention to different solutes in IPA solution;

Figures 7 shows the rejections of the cross-linked PBI membrane (X0-PBI) according
to one embodiment of the present invention to different solutes in IPA solution;

Figure 8 shows the UV absorption spectra of the tetracycline/IPA feed, 1st permeate,
and 2nd permeate and a table containing separation performances of the permeates
for 2-step filtration;

Figure 9 shows the UV absorption spectra of the L-a-lecithin/hexane feed and

permeate solutions;
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Figure 10 shows the UV absorption spectra of pure dye solutions, mixed dyes, and
permeate solutions; and

Figure 11 shows the 96-hour separation performance of tetracycline/IPA solution using
the membrane according to one embodiment of the present invention.

Detailed Description

As explained above, there is a need for an improved method for preparing membranes,
particularly suitable for organic solvent nanofiltration (OSN) among other applications.

Membrane separation processes, namely organic solvent nanofiliration, gas
separation, fuel cell, aqueous solution separation and pervaporation are considered to
be energy efficient and beneficial processes in fine-chemical, food, pharmaceutical,
petrochemical and petroleum industries. These processes require a stable and high-

performance membrane.

In general terms, the invention relates to a cross-linked polymeric membrane and a
method of forming the same. In particular, the cross-linked polymeric membrane may
be for, but not limited to, organic solvent nanofiltration. The method of the present
invention may be an environmentally-friendly method. In particular, the method does
not utilise any hazardous or toxic solvents and chemicals. Further, the method of the
present invention may be a simple method and may be carried out at room
temperature, therefore no heating is required. In this way, the overall cost of the

method may be reduced.

According to a first aspect, the present invention provides a method of forming a cross-

linked polymeric membrane comprising:

- providing a polymeric membrane; and

- contacting the polymeric membrane with a cross-linking solution comprising
at least one cross-linker to form the cross-linked polymeric membrane,
wherein the at least one cross-linker comprises at least three halide-
containing groups.

The polymeric membrane may be formed from at least one polymer. The polymer may
be any suitable polymer. For example, the polymer may comprise at least one pyrrolic
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nitrogen (-NH-) group. For example, the at least one polymer may be, but not limited to:
polybenzimidazole (PBI).

The method may further comprise forming the polymeric membrane from a polymeric
solution comprising the at least one polymer prior to the providing.

For example, the at least one polymer may be dissolved in a suitable solvent to form
the polymeric solution. According to a particular aspect, the method may further
comprise preparing the polymeric solution prior to the forming a polymeric membrane,
wherein the preparing comprises mixing the at least one polymer in a first solvent. The
first solvent may be any suitable solvent. For example, the first solvent may be any
solvent in which the at least one polymer may dissolve, and which is compatible to
membrane applications. For example, the solvent may be dimethylacetamide (DMACc),
N-methyl-2-pyrrolidinone (NMP), 1-ethyl-3-methylimidazolium acetate ([EMIM]-OAc), or
mixtures thereof. According to a particular embodiment, the polymeric solution may
comprise PBI dissolved in DMAc.

The polymeric solution may comprise a suitable amount of the at least one polymer.
For example, the polymeric solution may comprise 2-40 % (weight/weight (w/w)) of the
at least one polymer. In particular, the polymeric solution may comprise 5-30 w/w %, 7-
25 w/w %, 10-22 wiw %, 12-20 w/w %, 15-17 w/w % of the at least one polymer. Even
more in particular, the polymeric solution may comprise about 15-17 w/w% of the at

least one polymer.

The polymeric membrane may be, but not limited to, a flat-sheet membrane, a hollow
fibore membrane, a tubular membrane, or a dense membrane. The polymeric
membrane may be an integrally skinned asymmetric membrane. The forming a
polymeric membrane may comprise any suitable method of preparing a polymeric
membrane. For example, if the polymeric membrane is a hollow fibre membrane, the
forming may comprise spinning the polymeric solution under suitable conditions. For
example, if the polymeric membrane is a dense membrane, the forming may comprise
a solvent evaporation method under suitable conditions. According to a particular
embodiment, the forming may comprise a non-solvent induced phase separation
(NIPS) technique.
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The cross-linker comprised in the cross-linking solution may be any suitable cross-
linker. The cross-linker may comprise at least three halide-containing groups, for
example, the halide containing group may be a chlorine- or bromine-containing group
or a group containing a mixture of halides. According to a particular aspect, the at least
one cross-linker may comprise at least three acyl halide groups. In particular, the at
least one cross-linker may comprise at least three acyl chloride group. The cross-linker
may be environmentally friendly and non-toxic. For example, the at least one cross-
linker may be, but not limited to: trimesoyl chloride (TMC).

The at least one cross-linker may be dissolved in a suitable solvent to form the cross-
linking solution. According to a particular aspect, the method may further comprise
preparing the cross-linking solution prior to the contacting, wherein the preparing
comprises mixing the at least one cross-linker in a second solvent. The second solvent
may be any suitable solvent. In particular, the second solvent may be any solvent in
which the at least one cross-linker may dissolve, and which is compatible to membrane
applications. The second solvent may be environmentally friendly and non-toxic. For
example, the solvent may be, but not limited to, 2-methyl tetrahydrofuran (2-MeTHF),
tetrahydrofuran  (THF), cyclopentyl methyl ether (CPME), or mixtures
thereof. According to a particular embodiment, the cross-linking solution may comprise
TMC dissolved in 2-MeTHF.

The cross-linking solution may comprise a suitable amount of the at least one cross-
linker. For example, the cross-linking solution may comprise 0.05-20 % (weight/weight
(w/w)) of the at least one cross-linker. In particular, the cross-linking solution may
comprise 0.1-15 w/w %, 0.5-12 w/w %, 1-10 w/w %, 2-8 w/w %, 3-7 w/w %, 4-5 w/w %
of the at least one cross-linker. Even more in particular, the cross-linking solution may
comprise about 0.1-2 w/w% of the at least one cross-linker.

The contacting may comprise any suitable method in order to cross-link the polymeric
membrane with the cross-linking solution. The contacting may comprise cross-linking
the polymeric membrane such that the entire polymeric membrane is cross-linked. For
example, the contacting may comprise immersing the polymeric membrane in the

cross-linking solution.

The contacting may be at a pre-determined temperature. For example, the contacting
may be at room temperature. According to a particular aspect, the contacting may be
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without application of any heat. For example, the pre-determined temperature may be
10-40°C. In particular, the pre-determined temperature may be 12-38°C, 15-35°C, 20-
30°C, 22-29°C, 24-28°C, 25-27°C. Even more in particular, the pre-determined
temperature may be 22-25°C.

The contacting may be for a pre-determined period of time. For example, the
contacting may be for a suitable period of time to enable the polymeric membrane to be
fully cross-linked. For example, the pre-determined period of time may be 0.5-120
hours. In particular, the pre-determined period of time may be 0.5-90 hours, 1-60
hours, 5-50 hours, 10-48 hours, 12-24 hours. Even more in particular, the pre-
determined period of time may be about 24 hours.

The method may further comprise washing the cross-linked polymeric membrane. The
washing may be with a suitable solvent. For example, the washing may be with the
second solvent as described above.

According to a particular aspect, the cross-linked polymeric membrane may have a
thickness of 1-1000 pm.

The cross-linked polymeric membrane may be hydrophilic. In particular, the static water
contact angle of the cross-linked polymeric membrane may be 50-100°. Even more in
particular, the static water contact angle of the cross-linked polymeric membrane may
be 60-70°.

Most of the prior art methods PBI cross-linking methods need either multiple steps,
elevated temperatures, or utilizing of hazardous chemicals. In contrast, the method of
the present invention may be carried out at room temperature, comprises a single
cross-linking step and utilises an environmentally-friendly cross-linking technique which
may be easily scaled-up. Accordingly, the method of the present invention may be
suitable for preparing PBI-based OSN membranes.

Cross-linking PBI or any other polymer which contains at least one pyrrolic nitrogen (-
NH-) group with one cross-linker or mixture of cross-linkers which include at least three
halide-containing groups (e.g. bromides, chlorides) will improve the performance of the
membranes in case of stability and performance because of the desired steric
hindrance in case of using cross-linker with at least three halide groups. The pyrrolic
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nitrogen group may be changed to graphitic nitrogen (-N<) group by cross-linking with
the halide containing cross-linker.

In particular, for the embodiment in which the polymer comprised in the polymeric
solution is PBI and the cross-linking solution is TMC dissolved in 2-MeTHF, the
reaction between the three acyl chloride groups of TMC and the secondary amines on
imidazole rings of PBI can result in tertiary amide groups and thus cross-link the PBI
chains. Diffusion of the TMC molecules into the PBI membrane may be facilitated by
the environmentally and non-toxic solution comprising TMC and 2-MeTHF. TMC also
comprises three C=0 groups. Since all the acyl chloride groups can react with PBI, this
results in a desired steric hindrance. Moreover, higher hydrophilicity may be achieved
due to the presence of the three C=0 groups.

According to a second aspect, there is provided a cross-linked polymeric membrane
prepared from a method of the first aspect.

A third aspect of the present invention provides a cross-linked polymeric membrane
cross-linked by at least one cross-linker comprising at least three halide-containing
groups, wherein the polymeric membrane is formed from at least one polymer

comprising at least one pyrrolic nitrogen group.

The polymeric membrane may be formed from any suitable polymer. For example, the
at least one polymer may be, but not limited to: polybenzimidazole (PBI).

The polymeric membrane may be, but not limited to, a flat-sheet membrane, a hollow
fibore membrane, a tubular membrane, or a dense membrane. The polymeric

membrane may be an integrally skinned asymmetric membrane.

The cross-linker may be any suitable cross-linker. The cross-linker may comprise at
least three halide-containing groups, for example, the halide-containing group may be a
chlorine- or bromine-containing group or a group containing a mixture of halides.
According to a particular aspect, the at least one cross-linker may comprise at least
three acyl halide groups. In particular, the at least one cross-linker may comprise at
least three acyl chloride group. The cross-linker may be environmentally friendly and
non-toxic. For example, the at least one cross-linker may be, but not limited to:
trimesoyl chloride (TMC).



10

15

20

25

WO 2019/209177 PCT/SG2019/050221

10

The cross-linked polymeric membrane may preferentially reject solutes with molecular
weights in the range of 150-2000 g/mole in a feed stream solution containing at least
one organic solvent and one dissolved solute. This makes the cross-linked polymeric

membrane very useful in many separation applications.

According to a particular aspect, the cross-linked polymeric membrane may be stable
in an organic solvent. For the purposes of the present invention, stable is defined as a
membrane comprising a gel content of at least 80% when immersed in an organic

solvent for at least one week.

According to a particular aspect, the cross-linked polymeric membrane may be
hydrophilic.

The cross-linked polymeric membrane may have a suitable thickness. For example, the

cross-linked polymeric membrane may have a thickness of 1-1000 um.

The cross-linked polymeric membrane may be for use in many different applications,
such as, but not limited to, organic solvent nanofiltration (OSN), gas separation,

aqueous solution separation, pervaporation, and fuel cells.

Having now generally described the invention, the same will be more readily
understood through reference to the following embodiment which is provided by way of
illustration, and is not intended to be limiting.

Example
Chemicals and materials

Celazole® S26 polybenzimidazole (PBI) solution was provided by PBI Performance
Products Inc. (USA). The solution contained 26.2 wt.% PBI and 1.5 wt.% lithium
chloride (stabilizer) in N,N-dimethylacetamide (DMAc). Nonwoven polypropylene
fabrics Novatexx 2472 were from Freudenberg Filtration Technologies (Germany). All
solvents such as DMAc (Sigma), acetonitrile (MeCN, VWR), acetone (VWR), ethanol
(EtOH, VWRY), isopropanol (IPA, VWRY), and DMF (Sigma) were used as received. The
chemicals for cross-linking were TMC (cross-linker), anhydrous tetrahydrofuran (THF)
(cross-linking media), and anhydrous 2-MeTHF (cross-linking media) from Sigma.

Rose bengal, fast green FCF, Remazol brilliant blue R (RBB), tetracycline, safranin O,
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methylene blue, neutral red (NR), and L-a-Phosphatidylcholine (L-a-lecithin, a mixture
of phosphatidylcholine and phosphatides) were procured from Sigma and employed as
model solutes for the rejection and application tests of the fabricated membranes. Their
molecular structures and molecular weights (MW) are displayed in Figure 1.

Fabrication of cross-linked PBl membranes

The non-solvent induced phase separation (NIPS) technique was utilized to fabricate
integrally skinned asymmetric PBI membranes. A Celazole® S26 PBI solution was
diluted with DMACc to a PBI concentration of 17 wt.% and stirred continuously at room
temperature until a homogeneous dope solution was obtained. The dope solution was
then left overnight to remove air bubbles. Membranes were cast on polypropylene
nonwoven fabrics using an adjustable casting knife (BYK-Gardner GmbH, Germany)
with a gap of 250 um. Subsequently, the nascent membranes were immersed in a
water coagulation bath at room temperature and kept in deionized (DI) water for 2
days. The PBl membranes were subsequently solvent exchanged with either THF or 2-
MeTHF thrice, each time for 30 minutes to remove the residual water.

To cross-link PBI membranes with TMC, 1.0 mmol of TMC was dissolved in 10 mL of
THF or 2-MeTHF, and then about 100 mg of PBI membranes were immersed in the
TMC/THF or TMC/2-MeTHF solutions at room temperature (about 22°C). The cross-
linked membranes were removed from the cross-linking solution after 24 hours, rinsed
by THF or 2-MeTHF four times, and solvent exchanged with fresh isopropyl alcohol
(IPA) four times, each time for 30 minutes. Afterwards, the cross-linked membranes
were kept in IPA for OSN tests. The membranes labelled as NX-PBI (non cross-linked
PBI), X0-PBI (cross-linked using a TMC/THF solution), and X-PBI (cross-linked using a
TMC/2-MeTHF solution). Besides, the membranes were conditioned in a 50/50 (weight
ratio) PEG 400/IPA solution overnight and air-dried for long-term storage.

Membrane characterizations
(i) Chemistry analysis

Fourier transform infrared spectroscopy (FTIR) was employed to analyse the chemical
changes before and after the cross-linking modification. An attenuated total reflectance
(ATR) mode was applied using a Bruker FTIR spectrometer (VERTEX 70/70v) over the
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range of 400-4000 cm' with the total 64 scans for each sample. To further investigate
the surface chemistry of the PBI membranes before and after the modification, X-ray
photoelectron spectroscopy (XPS) was performed using a Kratos AXIS UltraPLP (Kratos
Analytical Ltd., UK). The hydrophilicity of the membranes was investigated by
measuring the static water contact angles of dried membranes using a contact angle
goniometer (Rame Hart, USA). More than 10 measurements were taken at different
locations for each sample to obtain the average value.

(i) Chemical stability

To evaluate the chemical stability of the cross-linked PBI membranes in DMAc, several
pieces of nonwoven fabrics, NX-PBI, and X-PBl membranes were vacuum dried and
weighed. Each nonwoven sample was about 60 mg while NX-PBI and X-PBI samples
were about 80 mg before immersion. The samples were separately soaked in 50 mi
DMACc for one week at room temperature with stirring. Subsequently, the samples were
taken out from the DMAc, washed with DI water and dried under vacuum overnight.
Afterwards, their weights were measured and compared with their initial values. The
percentage of gel content indicates the membrane stability in DMAc. Also, the UV
absorption spectra of the dissolved portion of PBI in DMAc were recorded using a UV-
Vis spectrometer (Pharo 300, Merck)

(iii) Morphological studies

A field-emission scanning electron microscope (FESEM, JEOL JSM-6700F) was
employed to examine the top membrane surface and cross-sectional morphologies.
Firstly, the membranes were rinsed with deionized (D) water for several times, frozen
in a refrigerator for 5 hours, and then dried for 24 hours using a freeze dryer (S61-
Modulyo-D, Thermo Electron Corp.). Subsequently, the freeze-dried membranes were
immersed in liquid nitrogen, fractured, and then coated with platinum using an ion
sputtering device (JEOL JFC-1300). The membrane surface topologies were
characterized using atomic force microscopy (AFM, Bruker Dimension ICON) with a
tapping mode (Acoustic AC) at room temperature. For each sample, an area of 5 x 5
pm was scanned at a rate of 1 Hz. Then the scanned results were analyzed using
NanoScope Analysis (version 1.5). The obtained mean roughness (R.) was used to
quantify the surface roughness.



10

15

20

WO 2019/209177 PCT/SG2019/050221

13
(iv) Experimental setup for OSN tests

Pure solvents, different model solute/IPA solutions with a concentration of 50 ppm, and
an L-a-lecithin/hexane solution (2 g/L) were used for OSN tests. All experiments were
conducted in a stainless steel dead-end permeation cell with a stirring speed of 600
rom at a transmembrane pressure of 10 bar. Permeance (Ps; LMH/bar) was obtained
from the following equations:

p=—2
Ax AP

(1)

where Q (L/h) is the volumetric flow rate of the permeate liquid, A (m?) is the effective

filtration area, and AP (bar) is the transmembrane pressure.

Solute rejection, Rr (%), was obtained from Equation 2:

R, (%) = [1 —C—"] <100 (2)

Cr

where ¢, and cr are the solute concentrations in the permeate and feed solutions,
respectively.

The solute concentrations were measured by a UV-Vis spectrometer at different
wavelengths based on the solutes. The permeate flow rates, Q (L/h) and solute
rejections were measured only after the flux reached a steady state. Three consecutive
data with the same volume were measured to ensure the variations of the steady flux

and rejection were within 5%.

To test the long-term performance of the X-PBI membrane, the filtration test was
conducted using an IPA solution containing 50 ppm tetracycline at 10 bar for 96 hours.
The feed solution concentration was always adjusted to keep almost constant during
the filtration tests.

Results and discussion

(i) Chemical analyses
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Figure 2 illustrates the cross-linking reaction between PBI and TMC in anhydrous 2-
MeTHF at 22°C. The acyl chloride groups of TMC react with the secondary amines on
imidazole rings of PBI, forming tertiary amide groups and thus crosslinking the PBI

chains.

Figure 3(a) displays the ATR-FTIR spectra of the PBI membranes before (NX-PBI) and
after the TMC modification (X0-PBI and X-PBIl). The appearance of characteristic
peaks for tertiary amides at 1630 cm™' (C=0 stretching) and 1225 cm™ (C-N stretching
of 3° N) in both X0-PBI and X-PBI confirms the aforementioned reaction between PBI
and TMC. The C=0O stretching peak of tertiary amides (1630 cm™') appears as a
shoulder peak on the strong stretching peak at 1603 cm™' related with benzene rings.
Moreover, the existence of C=0 groups in TMC may result in the cross-linked
membranes with higher hydrophilicity compared to the non cross-linked membranes.
The static water contact angle measurements confirm this hypothesis where the
contact angle of NX-PBI is 72.4°+2.2° while that of X-PBl is 60.2°+1.9°. Basically, the
hydrophilicity of a membrane affects its separation performance because a hydrophilic
membrane tends to have higher fluxes for polar solvents.

The evolution of surface chemistry after the TMC modification was also examined by
XPS. Figure 3(b) shows the full survey XPS spectra of X-PBI. Figure 3(c) and Figure
3(d) illustrate the N1s narrow scan spectra on the surfaces of NX-PBI and X-PBI,
respectively. The peaks at ~398.3, ~400.2, and ~400.9 are related to the pyridinic N,
pyrrolic N, and graphitic N, respectively. A comparison between the spectra of NX-PBI
and X-PBl membranes reveals that the TMC modification results in a graphitic N peak
due to the chemical cross-linking. In addition, the intensity of the pyrrolic N for X-PBI is
lower than that in NX-PBI due to the conversion of some pyrrolic N to graphitic N during
the TMC cross-linking modification.

(i) Chemical stability

Figure 4 shows the UV absorption spectra of the dissolved portion of samples in DMAc
as well as gel content of the nonwoven, NX-PBI, and X-PBI samples after soaking in
DMAc for one week. These UV absorption spectra demonstrate that the nonwoven
sample is thoroughly stable in DMAc; however, the non cross-linked PBI (NX-PBI)
membrane is completely dissolved. The TMC modified membrane (X-PBI) shows
outstanding stability in DMAc where the gel content is ~94%. Clearly, TMC is an
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effective agent to cross-link the PBI membrane with strong resistance to its original
solvent (i.e., DMAc).

(iii) Morphological studies

Figure 5 shows the cross-section and top surface FESEM images of the non cross-
linked PBI (NX-PBI) and cross-linked PBI (X0-PBI and X-PBl) membranes. All
membranes exhibit a similar structure consisting of a relatively dense-selective top
layer and a highly porous sublayer full of macrovoids. This makes the membrane highly
permeable with a reasonable selectivity. There is no apparent change in the cross-
section of the PBlI membranes after the cross-linking modification; however, the top
surface of the cross-linked membranes (X0-PBI and X-PBI) are found to be denser.
Further, the cross-linked membrane has a smoother surface than the non cross-linked
one due to the relaxation and pore size reduction during the modification.

(iv) Organic solvent nanofiltration performance
(a) Various solvent permeances and solute rejections

In order to evaluate the OSN performance of the TMC cross-linked membranes (X-PBI)
in both polar and nonpolar organic solvents, MeCN, acetone, EtOH, IPA, toluene, and
hexane were chosen as comparative solvents. Figure 6(a) shows the permeance of

each solvent.

In general, a solvent with a small kinetic diameter and molar volume, low viscosity and
surface tension, and high affinity towards the selective layer, can pass through the
membrane with relative ease at a high flux. The X-PBlI membranes demonstrate
excellent permeances for polar solvents within the range of 40.7 to 5.8 LMH/bar, which
follow the order of MeCN > acetone > EtOH > IPA. MeCN has the highest permeance
of 40.7 LMH/bar due to its high polarity, low viscosity and surface tension, small molar
volume, and the highest affinity to PBI membrane (i.e., |3prai-dmecn|=1.0 MPa ). In
contrast, IPA has the lowest permeance of 5.8 LMH/bar because it has the highest
viscosity of these 5 polar solvents in addition to high surface tension, large kinetic
diameter and molar volume. For non-polar solvents, toluene shows a low permeance of
2.2 LMH/bar due to its high surface tension, large kinetic diameter and molar volume. It

also has low affinity to the PBI membrane (i.e., |Spei-87owene|=4.8 MPa ). However,
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hexane has a surprisingly high permeance of 80.8 LMH/bar because of its low
viscosity, small surface tension and kinetic diameter. These characteristics facilitate its
transport through the membrane regardless of its poor affinity to the PBI membrane
(i.e., |5pBI-OHexane|=8.4 MPa172),

Figure 6(b) shows the rejection of the X-PBlI membrane as a function of solute
molecular weight in IPA solutions. IPA is used as the solvent for rejection experiments
due to an existing trend to shift the commonly used organic solvents in industry, from
toxic and hazardous solvents to “greener” substitutes such as ethanol and IPA. The X-
PBI membranes exhibit excellent rejections (~100%) to solutes with molecular weights
of higher than 600 g/mol. The calculated molecular weight cutoff (MWCO) of the X-PBI
membrane is almost 440 Da; however, the MWCO of the X0-PBI membrane is larger
than 600 Da (Figure 7). Also, the pure IPA permeance for both X-PBI and X0-PBI
membranes are almost the same (5.8 vs. 5.9 LMH/bar). Based on Figures 6 and 7, the
TMC/2-MeTHF cross-linking solution results in a smaller MWCO for PBI membranes
without scarifying the permeability of the membranes as compared with the TMC/THF

cross-linking solution.
(b) 2-step tetracycline/IPA filtration

Recycling mother liquor and concentrating pharmaceuticals with less energy
consumption is one of the most important OSN applications. To investigate the
potential application of cross-linked PBI membranes in the pharmaceutical industry, the
X-PBI membranes were tested by filtrating a tetracycline/IPA solution. Figure 8 shows
the UV absorption spectra of the tetracycline/IPA feed, 1%t and 2" permeates of the
cross-linked PBI (X-PBI) membrane. In the 15t step of filtration, more than 90% of
tetracycline molecules were rejected by the X-PBI membrane; thus, the tetracycline
concentration in the 1%t permeate became lower than 5 ppm. In the 2" step of filtration,
where the 15t permeate was used as the feed, the membrane showed a superb
rejection of 97.81% to tetracycline molecules. The permeances of the 18t and 2"
filtration steps were 1.87 and 5.06 LMH/bar, respectively, indicating the huge influence
of the feed concentration on separation performance. This observation was in good
agreement with previous reports, where both concentration polarization and osmotic

pressure were found to play significant roles in determining the separation performance
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of OSN. Accordingly, a high rejection and flux would be observed if the feed

concentration is low.
(c) L-a-lecithin/hexane filtration

To explore a possible application of X-PBlI membranes in the food industry, 2 g of L-a-
lecithin as a common food additive was dissolved in 1 L of hexane and filtered through
the X-PBI membranes. Figure 9 shows the UV absorption spectra of the L-a-
lecithin‘hexane feed and permeate solutions. The membrane rejected 92% of L-a-
lecithin with a high hexane permeance of 80.8 LMH/bar. Clearly, the X-PBI membranes
have potential to concentrate L-a-lecithin in mother liquor and cut down the energy cost
for the evaporation of hexane.

(d) Mixed dyes separation

To prove that the X-PBlI membrane has shape-selective functions and precise
molecular sieving features, separation of mixed dyes was also conducted using a
mixture of NR (red) and RBB (blue) in IPA. The dark feed colour became orange or
light red. The UV absorption spectra as shown in Figure 10 confirm that RBB is almost
entirely rejected, while NR still selectively passes through the X-PBlI membrane. This
remarkable separation performance results from the fact that RBB (15.8 x 11.9 A) has
a 3D bulky structure, while NR (12.6 x 5.9 A) has a slim one. As a result, RBB is fully
blocked, but the slender NR molecules with a diameter of 5.9 A passes through the X-
PBI membrane. Therefore, the X-PBlI membrane has potential to selectively separate
small molecules and may be used in dye separation, monomer purification, solutes

fractionation and other industrial applications involving organic solvents.
(e) 96-hour separation performance of tetracycline/IPA mixtures

The durability of OSN membranes in long-term tests is an important performance index
in practical applications. By using a 50 ppm tetracycline/IPA solution as the feed, the X-
PBI membrane was tested for 96 hours under a dead-end filtration mode. Figure 11
shows the results. In particular, the IPA permeance dropped sharply within the first 6
hours and then slightly declined until 96 hours, while the tetracycline rejection slightly
increased during the entire 96 hours. The initial permeance decline may be attributed

to the membrane compaction, stabilization and/or pore blockage due to the solute
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entrapments. After the initial 6 hours, the membrane permeance and rejection become
more stable. The steady IPA permeance and tetracycline rejection are 1.36 LMH/bar
and 92.6%, respectively. These results indicate that the membranes of the present
invention possess great potential for real OSN applications with exceptional separation

performance arising from their robust structure and adequate solvent resistance.
Comparative data

A comparison between the X-PBlI membrane and other OSN membranes for the
separation of different solutes and solvents is tabulated in Table 1. The X-PBI
membrane exhibits much higher permeances and rejections compared to commercial
OSN membranes and other reported PBI membranes.
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Conclusion

The present invention provides an environmentally friendly cross-linking method to
form cross-linked polymeric membranes. In particular, a cross-linker such as trimesoyl
chloride (TMC) may be used with a solvent such as 2-methyl tetrahydrofuran (2-
MeTHF) to fabricate cross-linked polymeric membranes such as polybenzimidazole
(PBIl) membranes for OSN.

In particular, as can be seen from the example, the cross-linked PBI (X-PBI) membrane
may possess a denser, smoother, and more hydrophilic surface as compared with the
non cross-linked PBlI (NX-PBI) membrane. For example, the X-PBlI membrane
exhibited an excellent rejection of 99.6% to remazol brilliant blue R (MW of 627 g/mol).
It had pure acetonitrile, acetone, ethanol and isopropanol permeances of 40.7, 29.0,
13.8, and 5.8 LMH/bar at 10 bar, respectively.

Further, the X-PBI membrane had superlative performance during 2-step filtration of
tetracycline with a MW of 444 g/mol. The membrane had rejections of 90.4% and
97.8% of the compound in the first and second steps of the filtration, respectively.
Moreover, the X-PBI membrane was able to concentrate L-a-lecithin with a MW of
758.08 in hexane solutions with a L-a-lecithin rejection of 92% and a pure hexane
permeance of 80.8 LMH/bar at 10 bar. The X-PBI membrane also had precise shape-
selective functions for mixed dyes separation. The X-PBI membranes also exhibited
promising performance for the separation of tetracycline/IPA mixtures in 96-hour tests,
representing its potential for industrial OSN applications.

Whilst the foregoing description has described exemplary embodiments, it will be
understood by those skilled in the technology concerned that many variations may be

made without departing from the present invention.
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Claims
1. A method of forming a cross-linked polymeric membrane comprising:
- providing a polymeric membrane; and
- contacting the polymeric membrane with a cross-linking solution
comprising at least one cross-linker to form the cross-linked polymeric
membrane, wherein the at least one cross-linker comprises at least
three halide-containing groups.
2. The method according to claim 1, wherein the polymeric membrane is formed

from at least one polymer comprising at least one pyrrolic nitrogen group.

3. The method according to claim 2, wherein the at least one polymer is:
polybenzimidazole (PBI).

4. The method according to any preceding claim, wherein the at least one cross-
linker comprises at least three acyl halide groups.

5. The method according to any preceding claim, wherein the at least one cross-
linker is: trimesoyl chloride (TMC).

6. The method according to any preceding claim, wherein the cross-linking

solution comprises the at least one cross-linker dissolved in a solvent.

7. The method according to claim 6, wherein the solvent is: 2-methyl
tetrahydrofuran (2-MeTHF), tetrahydrofuran (THF), cyclopentyl methyl ether (CPME),

or mixtures thereof.

8. The method according to any preceding claim, wherein the contacting is for a
pre-determined period of time and at a pre-determined temperature.

9. The method according to claim 8, wherein the pre-determined temperature is
10-40°C.



10

15

20

25

30

WO 2019/209177 PCT/SG2019/050221

22

10. The method according to claim 8 or 9, wherein the pre-determined period of
time is 0.5-120 hours.

11. The method according to any preceding claim, wherein the polymeric
membrane is a flat-sheet membrane, a hollow fibre membrane, tubular membrane, or a

dense membrane.

12. The method according to any preceding claim, wherein the method further
comprises forming the polymeric membrane from a polymeric solution comprising at

least one polymer prior to the providing.

13. The method according to claim 12, wherein the polymeric solution comprises 2-
40 % (weight/weight) of the at least one polymer.

14. The method according to any preceding claim, wherein the cross-linking
solution comprises 0.05-20 % (weight/weight) of the at least one cross-linker.

15. The method according to any preceding claim, wherein the cross-linked

polymeric membrane has a thickness of 1-1000 pm.

16. The method according to any preceding claim, wherein the cross-linked
polymeric membrane is hydrophilic.

17. A cross-linked polymeric membrane prepared from a method as claimed in any

preceding claim.

18. A cross-linked polymeric membrane comprising a polymeric membrane cross-
linked by a cross-linker comprising at least three halide-containing groups, wherein the
polymeric membrane is formed from a polymer comprising at least one pyrrolic nitrogen

group.

19. The cross-linked polymeric membrane according to claim 18, wherein the

cross-linker comprises at least three acyl halide groups.
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20. The cross-linked polymeric membrane according to claim 18 or 19, wherein the
at least one cross-linker is: trimesoyl chloride (TMC).

21. The cross-linked polymeric membrane according to any of claims 18 to 20,

wherein the polymer is: polybenzimidazole (PBI).

22. The cross-linked polymeric membrane according to any of claims 18 to 21,
wherein the polymeric membrane is a flat-sheet membrane, a hollow fibre membrane,

tubular membrane, or a dense membrane.

23. The cross-linked polymeric membrane according to any of claims 18 to 22,
wherein the cross-linked polymeric membrane preferentially rejects solutes with
molecular weights in the range of 150-2000 g/mole in a feed stream solution containing
at least one organic solvent and one dissolved solute.

24. The cross-linked polymeric membrane according to any of claims 18 to 23,

wherein the cross-linked polymeric membrane is stable in an organic solvent.

25. The cross-linked polymeric membrane according to any of claims 18 to 24,

wherein the cross-linked polymeric membrane has a thickness of 1-1000 pm.

26. The cross-linked polymeric membrane according to any of claims 18 to 25,
wherein the cross-linked polymeric membrane is hydrophilic.

27. The cross-linked polymeric membrane according to any of claims 18 to 26,
wherein the membrane is for use in organic solvent nanofiltration (OSN), gas

separation, aqueous solution separation, pervaporation, and fuel cells.



