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Asymmetric EB-cross-linked polysulfone (PSU) membranes suitable for solvent resistant nanofiltration
(SRNF) were prepared via the phase inversion method. The influence of phase inversion parameters
including polymer concentration, evaporation time prior to immersion and co-solvent/solvent ratio was
investigated to optimize the separation performance. When the PSU concentration increased from 15
wt% to 21 wt%, rose bengal (RB) rejection varied from 84.7 to 94.3% and isopropanol (IPA) permeance
decreased from 0.051 to 0.015L m~2 h™! bar ’ Rejection increased from 88.6 to 94.7%, while
permeance decreased from 0.039 to 0.007 L m—2 h™! bar™! with increasing evaporation time from 0 to
100 s for the PSU membranes cast from a solution that contained a THF/NMP ratio of 15/85. A similar
impact was also obtained when the co-solvent/solvent (THF/NMP) ratio was increased from 0/100 to
30/70 at 30 s evaporation time: rejection increased from 86.3 to 96.1%, while permeance decreased
from 0.042 to 0.011 L m~2 h™* bar™. The EB-cured PSU membranes were further characterized by
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1. Introduction

Cross-linked PSU-based membranes have been studied for
a wide range of applications. In gas separation membranes,
cross-linking is mainly introduced to prevent plasticization and
to enhance separation performance.' Cross-linked PSU-based
membranes have also been employed in pervaporation* and
used in thin film composites as a support layer.> Moreover,
solvent resistant nanofiltration (SRNF) is specifically a very
attractive field for these highly stable membranes as they
exhibit excellent stability in most organic solvents, such as
acetone, toluene, tetrahydrofuran (THF), N-methylpyrrolidone
(NMP) and N,N-dimethylformamide (DMF).*™

Chemical cross-linking is the primary technique to improve
the solvent stability of polymeric membranes.'*"> However, it
has to be replaced with other cross-linking methods in the case
of PSU, due to the intrinsic limited chemical reactivity resulting
from the absence of reactive groups.” Radiation-based cross-
linking via UV or electron beam (EB) in that case is a more
suitable process for PSU cross-linking."*® Rapid reactions, low
energy demand, high radiation dose and deep penetration
capability render the EB-curing method most attractive. More-
over, the cross-linking procedure becomes simple and envi-
ronmentally friendly since photoinitiators are not required.'”'®
EB-irradiation has been mainly applied earlier for surface
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scanning electron microscopy (SEM) and solvent resistance tests.

modification of PSU membranes.”*** Recently, we have
developed an EB-depth curing method to prepare highly stable
PSU-based membranes.* In that approach, EB-irradiation was
performed to PSU-membranes containing acrylate cross-
linkers, synthesized via non-solvent induced phase separation
(NIPS).* Membrane performance, morphology and solvent
resistance were investigated using various acrylate functional-
ities and EB-doses.

Even small variations in the composition of the casting
solutions and synthesis procedures may have strong effects on
the final SRNF-membrane performance and morphology.®**~° A
detailed investigation of the phase inversion parameters was
thus performed here, i.e. higher permeances combined with
improved rejections, to obtain better performances with EB
cross-linked PSU-based membranes via this method. From the
previous study, a specific EB-depth cured membrane was thus
selected for further optimization by tuning following crucial
phase inversion parameters: the polymer concentration in the
casting solution, evaporation time prior to immersion, and
solvent/co-solvent ratio. The SRNF performance, cross-section
morphology and solvent stability of the resultant EB-cured
PSU membrane were analysed.

2. Experimental
2.1 Materials

PSU (Udel P-1700 LCD, M, = 21000 g mol™ ') was kindly
supplied by Solvay and dried overnight at 100 °C prior to use.
The polyethylene terephthalate (PET) non-woven fabric Nova-
texx 2413 was kindly provided by Freudenberg (Germany).

This journal is © The Royal Society of Chemistry 2016
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Dipentaerythritol penta-acrylate (SR399LV, Sartomer, >90%)
was used as cross-linker (Fig. 1). Rose bengal (RB, 1017.64 g
mol ") was purchased from Sigma-Aldrich. Isopropanol (99.5%,
IPA), N-methylpyrrolidone (99%, NMP), tetrahydrofuran
(99.5%, THF), acetone (99.8%), N,N-dimethylacetamide
(99%, DMAc), toluene (99.8%), butylacetate (99%) N,N-dime-
thylformamide (99.5%, DMF) were obtained from Acros and
used as received.

2.2 Membrane synthesis

Three different series of membranes were prepared to deter-
mine the influence of the polymer concentration, evaporation
time and role of co-solvent as phase inversion parameters on
the performance and morphology of the EB-cured PSU-
membranes. In the first series, the influence of the polymer
concentration was analysed by using an NMP-based solution
with 15, 18 and 21 wt% of PSU. In the second series, the
influence of the evaporation time was analysed by using an
NMP-based solution containing THF as a co-solvent in a 85/15
ratio. Evaporation times of 0, 10, 20, 30, 60 or 100 s were
applied. It has to be mentioned that all cast films were evapo-
rated for roughly about 5 s extra, which was the required time to
move the cast film from the casting equipment to the non-
solvent (deionized water) bath. In the third series, the influ-
ence of co-solvent was analysed by using an NMP (boiling point,
202 °C) based solution with THF (boiling point, 66 °C) as a co-
solvent keeping a constant evaporation time of 30 s, but with
various ratios of THF/NMP: 0/100, 5/95, 10/90, 15/85, 20/80 and
30/70. All samples were prepared at room temperature under
atmospheric conditions. In the second and third series, the
polymer concentration was kept constant at 21 wt%. All samples
were prepared by using cross-linker at an amount of 5 wt%. The
solutions were cast onto an NMP-saturated PET non-woven
fabric (Novatexx 2413) using an automated casting knife with
a thickness of 200 pm (1.81 m min~*, Braive Instruments, Bel-
gium). Membranes were stored in deionized water until the EB
cross-linking process.

2.3 EB-curing of asymmetric PSU-based membranes

Membranes were cross-linked using EB-curing (ebeam Tech-
nologies, EBLab200, Switzerland) at a 200 kV accelerating
voltage and 9.3 mA beam current with a maximum dose of 100
kGy given during each pass. In accordance with previous
study,” an energy dose of 300 kGy was chosen to cure the
membranes. Some cured PSU membranes were impregnated
after EB-curing to enhance the flexibility and avoid pore
collapse by soaking them in a solution comprising 40% (v/v) of

Fig. 1 Chemical structure of the dipentaerythritol penta-acrylate.
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glycerol in propan-2-ol for 48 h at room temperature, and
subsequently air-dried. SEM was applied to the non-
impregnated parts of the membranes.

2.4 Scanning electron microscopy (SEM)

Membrane cross-section images were obtained using a Philips
XL30 FEG scanning electron microscope. The membrane
samples were freeze-cracked in liquid nitrogen. Samples were
coated with a 1.5-2 nm gold layer using a Cressington HR208
high-resolution sputter coater to reduce sample charging under
the electron beam.

2.5 Viscosity measurements

The viscosity of the casting solutions measurements was
measured with an Anton Paar MCR501 rheometer with a cone-
plane geometry with solvent trap at 20 °C. The sample
temperature was controlled by a Peltier element with high
accuracy. Viscosity at different shear rates was measured in
steady-shear flow from 0.01 to 100 1/s. Data acquisition and
analysis was done using RheoPlus software (Anton Paar GmbH,
Austria).

2.6 Solvent stability

The solvent resistance of the PSU-membranes was determined
by visual inspection after immersing membrane samples in
various solvents at room temperature for at least 24 h.

2.7 Filtration tests

Filtrations were performed at room temperature at selected
pressures in a high-throughput filtration module (HTML,
Belgium),>?* allowing for simultaneous filtrations of
16 membranes. Membrane coupons were supported by a porous
stainless steel disc and sealed with Viton® O-rings. The active
membrane surface area was 0.000452 m>. A solution of 17.5 pM
rose bengal (1017 Da) in IPA was used as feed and stirred
magnetically at 400 rpm to reduce concentration polarization.
Permeance (P, L m > h™ " bar ') was determined gravimetrically
by weighing the collected permeate. Rejection (R, %) is defined
as (1 — Cp/Cp x 100, where C; and C, denote the solute
concentrations in the initial feed and in the permeate respec-
tively. These concentrations were measured on a Perkin-Elmer
lambda 12 UV-Vis spectrophotometer at 555 nm.

3. Results and discussion
3.1 Influence of PSU concentration

3.1.1 Filtration performance. Fig. 2 represents the IPA
permeance and RB rejection data obtained with EB-cured PSU-
membranes prepared from casting solutions with polymer
concentrations between 15 wt% and 21 wt%. The THF/NMP
ratio and evaporation time of the cast films were kept
constant as 15/85 and 30 s respectively prior to immersion
precipitation. The IPA permeances decreased with higher PSU
concentration from 0.051 to 0.015 L m~2 h™* bar™!, while the
RB rejections slightly increased with increasing PSU

RSC Adv., 2016, 6, 110916-110921 | 110917
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Fig. 2 Effect of PSU concentration in the casting solution on the
separation performance of EB-cured PSU-membranes (conditions:
30 s of evaporation time and 15/85 ratio of THF/NMP).

concentration, hardly above experimental error. Overall, the
changes in rejection were not as significant as expected. This
might be explained by the excessive cross-linking of all
prepared membranes that takes place due to the intrinsic
energy of EB as was reported in our previous study.** This
seemingly densifies all skin layers of the membranes to a very
large extend.

The general effect of polymer concentration in the casting
solution is in accordance with literature where it has been
studied already for e.g. polyimide (PI) and PSU-based SRNF
membranes.””*> Due to the increasing initial polymer
concentration in the casting solution, a higher concentration
is present at the polymer/non-solvent interface which retards
the diffusion of non-solvent. Thus, demixing is delayed and
a denser or thicker skin layer is formed which especially
results here in a lowered permeance, which is obviously not
desired."

3.1.2 Membrane morphology. Fig. 3 illustrates the cross-
sections of the membranes consisting of 15 wt%, 18 wt%
and 21 wt% of PSU. It is clear that the number of macrovoids
decreases and their size increases with increasing polymer
concentration. Increasing the polymer concentration in the
casting solution leads to elevated polymer concentrations at
the interface of the cast membrane and the precipitation bath.
As shown in Table 1, the viscosity of casting solution increases
from 2.17 to 2.93 Pa s by increasing the PSU concentration
from 15 to 21 wt%. In this way, the higher viscosity of the film
slows down the non-solvent diffusion and thus limits the
macrovoid formation.*>*

Fig. 3 Effect of the PSU concentration in the casting solution on the
morphology resulting EB-cured PSU membranes as observed in SEM
cross-section images: (a) 15 wt%, (b) 18 wt%, (c) 21 wt% in THF/NMP
(15/85).
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Table 1 Viscosity of the casting solutions containing various PSU
concentration

PSU concentration Viscosity
(Wt%) (Pa s)

15 2.17

18 2.49

21 2.93

3.2 Influence of evaporation time

3.2.1 Filtration performance. One of the commonly used
methods to have a denser membrane skin layer is evaporation
of volatile (co-)solvents from the casting solution before coag-
ulation.??*?73* This process leads to the formation of a thin-
layer at the surface of the membrane which creates a locally
elevated polymer concentration. The resultant film layer
induces delayed demixing as the mass transfer resistance
between the non-solvent bath and the bulk of the membrane
increases.**

Literature related to this parameter in SRNF-membranes
seems very system dependent. Evaporation times of 0 to 40 s
for PI (P84) membranes based on DMF/DIO casting solutions
did not influence the dense top layer formation.>* On the other
hand, increasing evaporation time from 0 to 120 s for another
PI (Matrimid) membrane based on an NMP/THF casting solu-
tion resulted in a rejections and lower permeances.’” In the case
of PSU-based SRNF-membranes, a constant decrease in per-
meance was observed with higher evaporation time, but the
rejection increase stopped after a certain time and remained
stable afterwards.””

Six different evaporation times of 0, 10, 20, 30, 60 or 100 s
were applied for evaporation of THF before dipping the cast
membranes in the water bath. The IPA permeance decreased
from 0.039 to 0.007 L m > h ™" bar ', while RB retention slightly
improved from 88.6 to 94.7% by increasing the evaporation
time (Fig. 4). After 30 s, effects on rejection and flux became less
pronounced, especially the rejection. Evaporation times longer
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Fig.4 Effect of evaporation time before immersion in the non-solvent
bath on the separation performance of EB-cured PSU/THF-based
membranes in terms of rejection and permeance for a RB/IPA feed
(conditions: 15/85 ratio of THF/NMP).
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than 30 s are thus not beneficial for this system, while shorter
times show a typical trade-off between flux and rejection, hence
creating an application dependent optimum.

3.2.2 Membrane morphology. Varying the evaporation
time remarkably affected the membrane morphology, as illus-
trated in the SEM pictures (Fig. 5). Only membranes prepared
very short evaporation times showed small macrovoids imme-
diately under the surface layer. At the highest evaporation times
(100 s), even an almost full disappearance of macrovoids could
be observed. The reason to turn the macrovoid structure into
a more sponge-like structure is generally attributed to delayed
demixing, here provoked by the formation of a stronger mass
transfer resistance for the non-solvent penetrate the film
after the evaporation step.

3.3 Influence of co-solvent concentration

3.3.1 Filtration performance. The distinct influence of co-
solvent addition on the performance and morphology of
asymmetric membranes has been investigated by several
researchers.”»3>3

Fig. 6 demonstrates the effect of the co-solvent/solvent ratio
(THF/NMP) on the separation performance of EB-cured PSU-
membranes. THF evaporates considerably during the evapora-
tion step, owing to its low boiling point (66 °C). In general, it is

50 um

Fig.5 Effect of evaporation time before immersion in the non-solvent
bath on the morphology of the EBU-cured PSU membranes: (a) Os, (b)
10s, (c) 20°s, (d) 30 s, (e) 60 s, (f) 100 s.
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Fig. 6 Effect of co-solvent (THF) amount in the PSU casting solution
on the separation performance of the EB-cured PSU-membranes
(conditions: 30 s of evaporation time).
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observed that adding more THF to the casting solution results
in reduced IPA permeances and increased RB rejections. The
ideal THF/NMP ratio can be assumed roughly to be 15/85, since
beyond this ratio, permeance still decreased, but rejection
stayed almost constant. It can be seen that the higher THF
concentration in the PSU casting solution increased the rejec-
tion (Fig. 6). However, IPA flux was still very low to fulfill SRNF
applicability.®

3.3.2 Membrane morphology. The increase in THF/NMP
weight ratio from 0/100 to 30/70 in the casting solutions
notably influenced the membrane morphology, as shown in the
SEM pictures (Fig. 7). The number of macrovoids decreased
gradually with increasing THF content. In line with 3.1.2, this
could be explained by an increased mass transfer barrier at
higher THF concentrations leading to delayed demixing,
inducing less macrovoids in the membranes.***

3.4 Solvent resistance

Table 2 illustrates the stability of the non-cured and the EB-
cured membranes in various solvents. All membranes were
stable in IPA. The EB cross-linked PSU membranes were stable
in acetone and butyl acetate, while the non-cured membrane
swelled upon immersion in these solvents. The EB-cured PSU
membranes were also stable in toluene, while the reference
membrane fully dissolved. Furthermore, the EB cross-linked
PSU membrane swelled without dissolving after immersion in
DMF, THF and NMP, while the reference membrane dissolved

Fig. 7 Effect of co-solvent/solvent ratio (THF/NMP) in the PSU casting
solution on the morphology of the EB-cured PSU membranes: (a) [0/
1001, (b) [5/95], (c) [10/901, (d) [15/85], (e) [20/80], (f) [30/70].

Table 2 Solvent stability of the non-cured (without additive) and EB-
cured PSU membranes®

Solvent Non-cured EB-cured

IPA

Acetone
Butyl acetate
Toluene —
THF
NMP —
DMF —
DMAc -

X X +

X X X X + + + +

¢ + stable, x swelling, — dissolution.
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fully. Hence, the EB irradiation obviously enhanced the solvent
stability of the PSU membranes.

4. Conclusions

This study focused on the impact of various phase inversion
parameters for the preparation of solvent stable EB-cured
PSU membranes via NIPS in an attempt to create useful SRNF-
membranes combining high rejection with high flux. Polymer
concentration, evaporation time before immersion and co-
solvent/solvent ratio were varied during membrane prepara-
tion to control the EB cross-linked membrane performance.
Higher polymer concentrations in the casting solution led to
a slight increase in RB rejection but a strong decrease in IPA
permeance. Longer evaporation times prior to the precipitation
continuously lowered the permeance till 0.007 Lm >h ™" bar™*
(at 100 s), while no significant change was observed in rejection.
Depending on the targeted final application of the EB-cured
membranes, evaporation times may be limited to 10 s or even
totally eliminated. Addition of a more volatile co-solvent (THF)
to the casting solution caused constant decline in permeance
up to 0.011 L m~> h™" bar ™', while the rejection increased to
96.1%. The morphological analysis demonstrated that synthe-
sized membranes were influenced markedly by the phase
inversion parameters as anticipated. The most distinct change
was detected by varying the time of the evaporation step, as the
macrovoid structure turned to a totally spongy structure with
increasing evaporation time. In conclusion, despite varying
all these phase inversion parameters, the flux generally
remained too low for membranes to become really useful in
SRNF. However, these membranes still may be used for appli-
cations where more dense structures are required, like in gas
separation or pervaporation.
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