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ARTICLE INFO ABSTRACT

A simple method for the preparation of highly permeable solvent-resistant nanofiltration (SRNF) membranes was
developed. By applying a solvent treatment to cross-linked polyimide ultrafiltration membranes, polymer chain
flexibility increased and the matrix rearranged into a more dense structure, creating highly selective SRNF mem-
branes with exceedingly high ethanol permeance. This densification was driven by the ability of the membrane
to lower its free energy while in the solvated state via the establishment of extra favorable interactions, like hy-
drogen bonds and = interactions. Moreover, further reaction of only partly reacted cross-linker molecules was
completed during the treatment, thus enhancing the cross-linking degree. The extent of densification depended
on the type of solvent, the immersion time and the initial cross-linking degree of the membrane, all influencing
the degree of solvation and chain rearrangement. By altering the synthesis conditions, a membrane with equal
selectivity to Duramem 300 but showing a 400% higher ethanol permeance was obtained. This demonstrates
the high potential of the technique to be applied as novel method for the preparation of SRNF membranes with
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exceptionally high solvent permeance.

1. Introduction

Nanofiltration (NF) is a pressure-driven membrane process in which
low molecular weight components (< 1000 Da) can be retained. This
technique is widely applied in aqueous separation processes, e.g. for the
removal of dissolved organic matter, pesticides, disinfection by-prod-
ucts, divalent ions, heavy metals and pharmaceuticals from surface wa-
ter, groundwater and wastewater [1-3]. More recently, solvent resis-
tant nanofiltration (SRNF) has emerged as a potential energy-saving re-
placement for distillation and a waste-free alternative for extractions
and chromatographic separations in the (petro)chemical, pharmaceuti-
cal and food industry [4-6]. Since 40-70% of the capital and operat-
ing costs in the chemical and pharmaceutical industry are related to
separation processes [7], improvements in this field can contribute sig-
nificantly to the creation of a cost-efficient production process. More-
over, the ambient temperature conditions of SRNF allow the separation
of mixtures containing thermolabile components, in contrast to distilla-
tion.

Since SRNF can be a valuable separation technique in several in-
dustrial processes, potential applications have been intensively inves-
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tigated [5]. Real industrial SRNF applications are however still scarce.
This is largely caused by the conditions of solvent stability, high solvent
permeance and high solute retention which all must be satisfied. More-
over, the wide range of organic solvents applied in industry makes the
membrane performance and stability strongly depending on the appli-
cation. Most SRNF membranes are integrally skinned asymmetric (ISA)
membranes, which can be cross-linked to enhance their solvent stabil-
ity [8-11]. Due to the rather low permeance of many organic solvents
through these types of membranes, the use of thin-film composite (TFC)
membranes, with a selective layer of less than 100 nm thick, is being
investigated nowadays [12-16]. The most common type of TFC mem-
branes are interfacially polymerized polyamide membranes, which are
widely applied in aqueous NF and reverse osmosis applications [17].
Although the water permeance is high due to the hydrophilicity of the
selective layer, the permeance of many (more apolar) organic solvents
is still too low to be applied in industry [18]. An improvement in or-
ganic solvent permeance of either ISA or TFC membranes could there-
fore greatly contribute to the large-scale implementation of SRNF.

A new, easy method is presented here to prepare ISA SRNF mem-
branes with a strikingly improved solvent permeance. In this method,
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polyimide-based ultrafiltration (UF) membranes, having a generally
thinner skin layer than ISA NF membranes, were first prepared via
phase inversion. Then, the thin skin layer of the cross-linked mem-
brane was selectively densified by performing a solvent treatment to
rearrange the polymer chains. By comparing the resulting SRNF mem-
branes with commercial SRNF membranes with equal selectivity, a
400% improvement in ethanol permeance was proven. Moreover, a
184% improvement in ethanol permeance compared to state-of-the-art
lab-prepared TFC membranes with similar selectivity [19], generally
showing a higher permeance than ISA membranes, was observed.

2. Experimental
2.1. Materials

Polyimide (PI, Matrimid® 9725) was purchased from Huntsman
(Switzerland). The non-woven polypropylene/polyethylene (PP/PE)
fabric Novatexx 2471 was kindly provided by Freudenberg (Germany).
Hexanediamine (HDA, 99.5%, Acros) was used for membrane cross-link-
ing. N-methylpyrrolidone (NMP, 99%, Acros), tetrahydrofuran (THF,
99.9+%, Sigma-Aldrich), n-hexane (99+%, Chem-Lab), acetonitrile
(ACN, 99.99%, Fisher), dimethylformamide (DMF, 99+ %, Acros),
ethanol (EtOH, 99.99%, Fisher) and 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonylimide ([C,mim][Tf,N], 99 + %, Iolitec) were
used as received. Rose Bengal (RB, 1017 Da, Sigma Aldrich, Figure A.1
in appendix A) and methyl orange (MO, 327 Da, Fluka, Figure A.1 in
appendix A) were used as test solute.

2.2. Membrane synthesis

UF membranes were synthesized via phase inversion. PI powder was
first dried overnight in an oven at 100 °C. Homogeneous polymer solu-
tions were prepared by stirring mixtures of PI (14% (w w~!)) in NMP/
THF (75/25). They were left untouched overnight to remove air bub-
bles created during the stirring. The polymer solution was cast at a con-
stant speed (4.4 1072 m s~ ') and with a wet thickness of 200 um using
an automatic casting device (Braive Instruments, Belgium) on a PP/PE
non-woven impregnated with NMP. After a 30 s evaporation to allow
THF evaporation from the surface, the film was immersed in a coagu-
lation bath. The coagulation bath consisted of HDA (0.5% (w v~1)) in
Milli-Q water to simultaneously perform phase inversion and cross-link-
ing of the membrane [13,20,21]. After 5 min, the membrane was re-
moved from the coagulation bath and stored in water until further use.
In specified cases where a more dense membrane was desired, a poly-
mer concentration of 16% (w w~1), an NMP/THF ratio of 70/30 or 60/
40 or an evaporation time of 60 s was applied. In other specified cases,
a HDA concentration of 2.0% (w v~1) and an immersion time in the co-
agulation bath of 60 min were used to form more strongly cross-linked
membranes.

After synthesis and storage of the membranes in water, the
cross-linked PI membranes were immersed in a solvent (hexane, EtOH,
ACN, [C4mim][Tf,N] or DMF) for specified times (1 min, 1.5 h, 30 h or
70 h). Afterwards, they were stored in water for at least 16 h until fil-
tration.

2.3. Membrane performance

A high-throughput filtration module which allows to run 16 simul-
taneous dead-end filtrations under exactly the same operating condi-
tions was used to test the membrane performance [22]. The active
area of each membrane coupon was 1.54 x 10~* m2. To minimize con-
centration polarization, the feed was stirred at 400 rpm. The mem-
brane performance was evaluated with a RB or MO solution in EtOH
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(both 35 uM). Four coupons per membrane were tested simultaneously
and the performance was averaged.

The permeance P (L m~2h~!bar~1) was calculated using Eq. (1),
with V (L) the permeate volume, A (m?) the membrane area, t (h) the
filtration time and AP (bar) the applied pressure:

\4
P=Xixar W

The retention R (%) was calculated using Eq. (2), with ¢¢ and ¢, the
solute concentration in feed and permeate respectively:

=6
cr

R = x 100 )

RB and MO concentrations in EtOH were determined with a UV-Vis
spectrophotometer (UV-1650 PC, Shimadzu) at 550 and 416 nm respec-
tively.

2.4. Characterization

Membrane cross-sections were analyzed with scanning electron mi-
croscopy (SEM), using a JEOL JSM-6010LV SEM. Before the measure-
ment, a conductive gold/palladium layer was deposited on the samples
with a JEOL JFC-1300 auto fine coater.

To analyze skin layer cross-sections at high resolution, transmission
electron microscopy (TEM) was applied. Unstained membrane samples
were embedded in an araldite resin (Polyscience) and cut into ultrathin
(70 nm) cross-sections with a Reichert Ultracut E microtome. Images
were taken with a JEOL ARM-200F at 80 kV.

The roughness of the membrane surface was analyzed with atomic
force microscopy (AFM) at ambient conditions using an Agilent 5500
AFM in tapping mode with NCSHR probes from NanoAndMore GmbH.
The cantilever was made out of Si with a spring constant of
40-50 N m~! and a nominal tip apex radius of < 5nm. On each sam-
ple, three positions with an area of 25 um? were scanned and analyzed
with the WSxM software [23]. The reported root-mean square (RMS)
roughness is the average of three different positions of 6.25 um? on the
same sample.

Attenuated total reflectance infra-red (ATR-IR) spectroscopy was
used to determine the chemical composition of the membrane surface
after drying, taking 64 scans at a resolution of 4 cm~! with a Varian 620
FT-IR imaging microscope with a germanium crystal.

The change in free volume in the membrane skin layer was analyzed
using the pulsed low energy positron system (PLEPS) at the neutron
induced positron source Munich (NEPOMUC). The measurements were
performed at ambient temperature (30 °C) with implantation energies
of 0.5-4.0 keV. The pick-off lifetime of the o-positronium, which can be
extracted from the measured spectra, was correlated to the free volume
hole size using the Tao-Eldup model [24,25].

To determine the weight loss of the membrane after immersion in a
solvent, a dry piece of membrane (without non-woven) was weighed be-
fore and after immersion. The membrane was dried in an oven at 80 °C
for at least 24 h. After immersion in a non-volatile solvent, the mem-
brane was washed with water before drying. The weight loss was calcu-
lated using Eq. (3), with m; and my (g) the initial and final dry mass of
the membrane piece respectively.

. M~y
Weight loss = —— x 100 3

m;

To determine the degree of swelling of the membrane during im-
mersion in a solvent, a dry piece of membrane (without non-woven)
was first impregnated with water and, after drying, impregnated with
the solvent. As the membrane does not swell in water, its pore volume
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can be derived from the wet mass after impregnation with water. The
extra volume of solvent taken up in the polymer matrix is then related
to the degree of swelling. It was calculated using Eq. (4), with m_,, m ¢
and m, ,,, (g) the mass of the dry membrane, and the solvent or water
impregnated membrane respectively, and p, and p,, the density of the
solvent and water respectively.

Mnts 7Mm_ Mt~ Mm

Ps Pw 4

Degree ofswelling =

2.5. Interaction parameters

The difference in Hansen solubility parameters between the un-
cross-linked PI membrane and the solvents used for immersion
(Agorvent.pr) Was calculated using Eq. (5) [26], with &y, 8p and &y the con-
tribution of dispersive interactions, polar bonding and hydrogen bond-
ing, respectively. A low A eqe.pr indicates a strong interaction between
the membrane and the solvent.

A

solvent—PI

= \/4(5D,salvent - 5D,PI)2 + (5P,solvent - 5P,PI)2 + (6H,solvent - 51

3. Results
3.1. Principle

Membranes with a dense skin layer with selectivities in the NF
range were formed by preparing cross-linked PI UF membranes via
phase inversion, followed by a solvent treatment. The solvent treat-
ment caused (the skin of) the membrane to densify, drastically im-
proving the selectivity of the membrane. The extent of this effect de-
pended on the type of solvent, the immersion time and the
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cross-linking degree of the membrane, as discussed in 3.2, 3.3 and 3.4.
Under the optimal conditions, a UF membrane could be transformed
into a highly selective NF membrane with a superior performance com-
pared to commercial SRNF membranes (directly prepared via phase in-
version), as presented in 3.5.

The principle of the solvent treatment is presented in Fig. 1. Af-
ter casting the PI solution into a thin film, the highly solvated, flexi-
ble polymer chains are in a disordered state to minimize their free en-
ergy. During phase inversion, the film is transformed into a solid mem-
brane. Because this demixing process occurs instantaneously, the poly-
mer chains are ‘frozen’ in their initial, disordered conformation, with-
out reaching the thermodynamic equilibrium. By adding HDA to the co-
agulation bath, the membrane is cross-linked during phase inversion,
making it resistant to dissolution in any organic solvent, and ‘fixing’
the non-equilibrium state even more effectively. When the membrane
is then immersed in a good solvent for the polymer, the interaction be-
tween the solvent and the membrane causes re-solvation of the poly-
mer chains, thus increasing their mobility. This improved flexibility is
expected to enable the PI chains to reorganize and establish extra fa-
vorable interchain interactions, like = interactions between the aromatic
rings and hydrogen bonds, resulting in a decrease in free energy. More-
over, partly unreacted HDA molecules can at that moment better ap-
proach imide groups in the surrounding, flexible PI chains which were
not yet cross-linked before, leading to extra cross-linking. This reorgani-
zation and the resulting interactions and cross-linking between the poly-
mer chains are expected to lower the interchain distance and create a
more dense membrane. Since the membrane is asymmetric, having a
more dense skin on top of a highly porous sublayer, the largest effect is
assumed to be observed in the skin layer, where the polymer chains are
already in close proximity before the solvent treatment. Further densifi-
cation of the skin layer can then cause the membrane to be transformed
from a UF to a NF membrane.

It is thus expected that the effect on chain flexibility and subsequent
membrane densification in the case of solvation of the polymer chains
during immersion in a good solvent, as described in this work, is sim-

.

| fisT oot solidified membrane 4
polymer uid polymer —_— immobile chains E— rearrangement
solution film —_— — densification
[ R further cross-linking
phase inversion + immersion in

solid membrane
flexible chains

solvent

Fig. 1. Basic principle of the post-synthesis membrane densification via solvent treatment.



H. Marién, L.F.J. Vankelecom

ilar to the effect of applying high temperature annealing, as often ac-
complished in e.g. gas separation, aqueous NF or SRNF [27-31]. Dur-
ing high temperature annealing, the increased temperature is also as-
sumed to cause a thermodynamically driven reorganization of the poly-
mer chains towards more dense structures [32].

3.2. Solvent type

First, the effect of a 30 h immersion of cross-linked PI membranes
in different types of solvents was investigated. Because ionic liquids are
an emerging class of solvents in polymer synthesis [33,34], and more
specifically in membrane preparation [19,35,36], [C;mim][Tf,N] was
incorporated in the study as an example of this type of solvents. The
results are shown in Fig. 2. Without solvent treatment, the membrane
showed a very low RB retention, together with a high EtOH perme-
ance, as could be expected from a membrane prepared using a typi-
cal UF membrane recipe. All tested solvents caused the retention to in-
crease and the permeance to decrease, but to an extremely different
extent. While the effect of immersing the membrane in hexane, EtOH
and ACN was low to moderate, a very strong effect was observed af-
ter immersion in [C,mim][Tf,N] and DMF. Pictures of the membrane
coupons after filtration (Fig. 2) clearly prove that — in clear contrast to
the four other samples — no RB was sorbed in the membranes treated
with [C;mim][Tf,N] and DMF, indicating that the increased retention is
not realized by dye adsorption on or in the membrane, but that a true
densification of the skin had occurred.

A washing step with water of at least 16 h was applied between the
solvent treatment and the filtration, during which EtOH, ACN and DMF
were removed. Hexane and [C,mim][Tf,N], however, are immiscible
with water, and could thus still have been present in the membrane at
the start of the filtration, during which they were removed by EtOH.
The observed decrease in permeance over time of the membrane treated
with [C,mim][Tf,N] might indicate that the polymer chains were still
somewhat solvated and flexible at the start of the filtration, caused by
the initial presence of residual ionic liquid.

To link the densification effect of the different solvents to mem-
brane-solvent interactions, which would cause solvation and reorgani-
zation of the flexible polymer chains, the difference in Hansen solubil-
ity parameters between PI and the different solvents (A,,) was calcu-
lated (Table A.1 in appendix A). Ay, Was also included, since the
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Fig. 2. EtOH permeance and RB retention of cross-linked PI membranes after 30 h of im-
mersion in different solvent types (top) and visual observation of possible sorption of RB
in the membrane coupons during the filtration (bottom).
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performance of the reference membrane without solvent treatment cor-
responds to a membrane stored in water before filtration. Only
Acamimireang-p could not be calculated because the Hansen solubility pa-
rameters are not available for this solvent.

Fig. 3 shows the decrease in permeance and increase in retention
caused by the solvent treatment, as function of the difference in Hansen
solubility parameters between the membrane and the solvent used for
the treatment. The trend indicates that the solvents having the smallest
effect on membrane performance (lowest Agon permeance N ARp retention)
also had the weakest interaction with the PI membrane (highest A,),
while the interaction increased for solvents having a larger effect on
membrane performance. This supports the hypothesis of the need for
sufficient swelling to reorganize the polymer chains. The larger densi-
fication effect of EtOH compared to hexane (Fig. 2), which contradicts
their equal A, values in Table A.1 in appendix A, can be explained by
the fact that these values were calculated using the Hansen solubility pa-
rameters of pristine, non-cross-linked PI. Cross-linking the PI membrane
caused the polarity of the membrane to increase, improving its interac-
tion with EtOH, while diminishing its affinity for hexane.

As the magnitude of the membrane-solvent interaction changes with
the type of solvent, a difference in swelling behavior of the membrane
should also be observed. Therefore, the degrees of swelling and the
weight losses of the membrane after a 30 h immersion in the different
solvents were calculated. The weight loss was expected to be propor-
tional to the degree of swelling, since a larger membrane-solvent inter-
action would both cause a larger swelling and a higher solubility, hence
facilitating leaching of non-cross-linked polymer chains from the mem-
brane. The degree of swelling could only be measured accurately in the
case of non-volatile solvents, while the weight loss could only be deter-
mined when the solvent was able to evaporate or to be fully replaced by
water, which could then be evaporated.

As shown in Fig. 4a, hexane and EtOH, having the highest A, did
not induce any significant weight loss of the membrane. However, the
weight loss increased after immersing the membrane in ACN and, even
more, in DMF, corresponding to the trend in A,,. The differences in
weight loss perfectly agree with the trend in membrane performance,
as elucidated in Fig. 4b. It should be mentioned that the weight loss re-
mained low (< 6%) for all membranes, suggesting that the membrane
integrity was maintained. A too high weight loss could result in a loss of
membrane structure and performance. Also the swelling degree of the
membrane increased going from [C,mim][Tf,N] to DMF as immersion
solvent (Fig. 4a).

Densification was expected to be caused by both the establishment
of favorable interactions between the polymer chains and by further
cross-linking of the PI matrix (Fig. 1). The effect of the solvent treat-
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Fig. 3. Change in EtOH permeance and RB retention of cross-linked PI membranes caused
by the solvent treatment, as function of their interaction with the respective solvents used
for the treatment.
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Fig. 4. (a) Weight loss and degree of swelling of cross-linked PI membranes after 30 h of immersion in different solvent types. ‘0’ means the value was zero, ‘- means the value was not

measured. (b) Change in EtOH permeance and RB retention of cross-linked PI membranes caused by the solvent treatment, as function of their weight loss after immersion in the respective

solvents.

ment on the degree of cross-linking of the membranes is shown in Fig.
5. To quantify the cross-linking degree, the ratio of the amide over
imide absorbance was calculated, since cross-linking causes the imide
bonds of the PI membrane to be transformed into amide bonds. A higher
amide/imide ratio thus indicates a stronger cross-linking. The largest
imide (at 1720 cm~1!) and amide signals (at 1602 and 1662 cm~1) in
the UV-vis spectrum were used to calculate the ratio. Fig. 5 indicates
that the cross-linking degree of the membranes did not change sig-
nificantly after immersion in hexane, EtOH and ACN. Immersion in
[C,mim][Tf,N] and DMF, however, caused the membranes to be further
cross-linked. Especially when using DMF, the difference in cross-link-
ing degree with the reference membrane was large. This proves that
during the initial phase inversion and cross-linking step, not all HDA
molecules are able to react at both sides with a PI chain, probably
because the PI chains are ‘frozen’ instantaneously when immersing
the polymer film in the coagulation bath containing the cross-linker.
Subsequent immersion of the solidified membrane in a solvent which
makes the polymer matrix swell significantly ([C;mim][Tf,N] or DMF),
causes the PI chains to become flexible, and enables the unreacted

amine group of HDA to physically reach a second
0.70
= (amide 1602 cm-1)/(imide 1720 cm-1)
2 065 - 5
£ | ©(amide 1662 cm-1)/(imide 1720 cm-1) N
@
% 0.60 Q
£ 0.5 -
g
g 0.50 1 \
£ 045 -
]
g 0.40 -
2
0.35 4
<
0.30 | . . . . . >
& ® R & &
A2 & O
A v s
ks

Immersion solvent

Fig. 5. ATR-IR results of cross-linked PI membranes after 30 h of immersion in different
solvent types. The amide/imide absorbance ratio indicates the cross-linking degree of the
membranes.

polymer chain to complete its cross-linking reaction. This improvement
of membrane cross-linking is assumed to be one of the driving forces of
the densification of the membrane.

In an attempt to visualize the change in membrane density and pore
structure caused by immersion in the different solvents, SEM and TEM
cross-sectional images were made. The SEM images in Fig. 6a, b and
c indicate that the overall membrane pore structure was not altered
by the solvent treatments. By focusing on the skin layer of the mem-
brane with TEM, an increase in thickness of the denser layer was ob-
served after treating the membrane with ACN or DMF (Fig. 6d, e and f).
However, the difference was small and difficult to quantify. It is there-
fore expected that the density (free volume) of the skin layer rather
than its thickness is affected by the solvent treatment. An attempt was
made to quantify this change in free volume with PLEPS. However, since
o-Positronium formation is inhibited in some materials, like polyimide
[37], extremely low intensities were measured and the results were not
useful.

Also the surface morphology was assumed to be affected by the
solvent treatment. Reorganization of the polymer chains into a more
densely packed structure was expected to lower the surface roughness.
AFM indicated that the RMS roughness indeed decreased from 5.2 (+
0.6) nm for the reference membrane to 4.2 (+ 0.4) nm or 3.6 (+ 0.2) nm
after immersion in ACN or DMF respectively (Fig. 6g, h and i), which
corresponds to the expected extent of reorganization in polymer chains
caused by these two solvents.

3.3. Immersion time

Since DMF had the largest effect on membrane performance, this sol-
vent was chosen to investigate the influence of the immersion time. As
shown in Fig. 7a, a 1 min immersion in DMF already caused the RB re-
tention to increase drastically towards the NF range, while the perme-
ance dropped accordingly. By increasing the immersion time to 1.5 h,
the effect on performance was intensified. However, a further increase
of the immersion time resulted in a small reversal of the densification
effect.

To explain this trend, the swelling degree and weight loss of the
membranes after different immersion times was determined (Fig. 7b).
Although swelling occurs immediately after immersion and the
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Fig. 6. (a, b, ¢) Cross-section SEM images, (d, e, f) cross-section TEM images and (g, h, i) surface AFM images of cross-linked PI membranes without solvent treatment or after 30 h of

immersion in ACN or DMF.
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Fig.7. (a) EtOH permeance and RB retention of cross-linked PI membranes after immersion in DMF for different times (log scale), and (b) weight loss and degree of swelling of cross-linked

PI membranes after immersion in DMF for different times (log scale).

swelling degree remains constant at increasing immersion times, 1 min
is probably too short for the polymer chains to fully rearrange and es-
tablish interchain interactions and cross-linking. Therefore, a further in-
crease in RB retention and decrease in EtOH permeance takes place

at longer treatment times (Fig. 7a). The weight loss however, is still
very small after 1 min immersion due to the rather slow disentan-
glement and leaching of non-cross-linked PI chains. The increasing
weight loss after longer DMF treatments possibly counteracts the mem-
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brane densification effect, which might explain the slightly reversing
trend in performance after 30 and 70 h immersion (Fig. 7a).

3.4. Degree of cross-linking

Since cross-linking limits the PI chains to become flexible and re-
arrange during immersion in a solvent, membranes with a higher degree
of cross-linking after the coagulation step were expected to be less af-
fected by the solvent treatment. Therefore, more strongly cross-linked
PI membranes were prepared and the effect of immersion in
[C;mim][Tf,N] and DMF on their performance was investigated. First,
the significant difference in cross-linking between the two membranes,
realized by altering the HDA concentration and reaction time, was
demonstrated with ATR-IR (Fig. 8). The strongly cross-linked PI mem-
brane (high-XL) clearly shows larger amide signals (green bars) and re-
duced imide signals (blue bars). The spectrum of an uncross-linked PI
membrane is shown for comparison.

- 0.25
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< low-XL
high-XL ﬂ 0.20
f
@
[ 0.15 2
AT
i | 0.10 2
-\‘\___
— - + 0.00
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Fig. 8. ATR-IR spectra of PI membranes with a low (low-XL) and high degree of cross-link-
ing (high-XL), and an uncross-linked PI membrane for comparison. The blue bars represent
imide and the green bars amide signals. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article)
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Fig. 9. EtOH permeance and RB retention of PI membranes with low (low-XL) and high

degree of cross-linking (high-XL), before and after immersion in [C;mim][Tf,N] and DMF
for 30 h.
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As shown in Fig. 9, increasing the cross-linking degree of the mem-
brane (without solvent treatment) caused the membrane to densify, as
derived from the decreasing EtOH permeance and increasing RB reten-
tion. However, after immersion in [C;mim][Tf,N] or DMF, the increase
in retention and decrease in permeance (relative to the value of the
non-treated membranes) was lower at higher cross-linking degree. This
difference was more pronounced for [C,mim][Tf,N] than for DMF. In-
creasing the cross-linking thus clearly lowered the effect of the solvent
treatment. This can either be caused by the lower potential of a more
highly cross-linked membrane to reorganize, or by the lower diffusion
rate of the solvents inside a more dense, highly cross-linked membrane,
reducing the available time for reorganization.

3.5. Formation of nanofiltration membranes

NF membranes are classified as membranes having a MWCO of less
than 1000 Da [38]. RB has a MW of 1017 Da and therefore represents
the upper limit of NF. The best performing membrane prepared by the
solvent treatment, showed a RB retention of 96.8% and an EtOH per-
meance of 1.44 L m2 h~! bar~! (Figs. 7a, 1.5 h immersion in DMF) and
can thus be classified as a NF membrane. It was however expected that
even more dense membranes could be prepared by changing the synthe-
sis conditions, which could then be transformed again into even tighter
NF membranes by applying the solvent treatment.

Table 1 shows the synthesis conditions of cross-linked PI membranes
in which either polymer concentration, NMP/THF ratio or evaporation
time were adapted to obtain denser membranes. For every membrane, a
1.5 h DMF treatment was applied after phase inversion, and membrane
performance was determined with a solution of MO in EtOH. This dye
(MW = 327 Da) was more suitable than RB to distinguish the selectiv-
ities of these denser membranes. As derived from Fig. 10, an increase
in polymer concentration form 14-16% (w w~1) or a decrease in NMP/
THEF ratio from 70/30 to 60/40 both resulted in an improved selectivity
without loss in permeance. An increase in evaporation time, however,
caused the permeance to decrease significantly, probably by increasing
the thickness of the skin layer [28,39,40]. Combining the higher poly-
mer concentration and lower NMP/THF ratio resulted in a highly selec-
tive NF membrane with a 95% MO retention, while the EtOH perme-
ance remained unaffected (i.e. 1.1 Lm~2h~! bar~1).

In Fig. 11, the performance of Duramem 500 and Duramem 300
(commercial, cross-linked PI membranes) is compared with the solvent
treated membranes prepared in this work. Membranes from Fig. 10 with
a selectivity similar to the Duramem membranes were selected to com-
pare the EtOH permeance more correctly. Since Duramem 500 has a
MWCO of 500 Da, it showed a MO retention below 90%. The solvent
treated PI membrane with similar selectivity had a significantly higher
EtOH permeance (x 270%). The more dense Duramem 300 showed a
higher MO retention and, accordingly, a lower EtOH permeance. In this
case, an even larger difference in EtOH permeance could be observed
(x 400%). The DMF treatment of cross-linked PI-based UF membranes
thus clearly proved to result in high-performance NF membranes with

Conditions for the preparation of denser, cross-linked PI membranes (with low cross-linking degree) via phase inversion, followed by a DMF treatment.

NMP/THF ratio

Membrane PI concentration (% w w~1) ww™) Evaporation time (s) Immersion time in DMF (h)
Pl-ref 14 70/30 30 1.5
PI-16% 16 70/30 30 1.5
P1-60/40 14 60/40 30 1.5
PI-60 s 14 70/30 60 1.5
PI1-16%-60/40 16 60/40 30 1.5
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a drastically higher EtOH permeance compared to commercial Du-
ramem membranes with equal selectivity.

Even compared to lab-made TFC polyamide membranes [19], which
generally reach higher permeances than ISA membranes, these densi-
fied crosslinked PI membranes showed a 180% higher EtOH permeance
(0.61 for the TFC membrane compared to 1.12 L m~2 h~! bar~! for the
PI membrane) with similar selectivity (99% RB (1017 Da) and 96% Su-
dan Black B (457 Da) retention for the TFC membrane compared to 95%
MO (327 Da) retention for the PI membrane).

4. Conclusions

A new, simple method to form highly permeable ISA SRNF mem-
branes was presented, in which a solvent treatment allowed cross-linked
PI UF membranes, prepared via phase inversion, to be transformed into
NF membranes. The link between the degree of swelling, weight loss
of the membranes after immersion in different solvents, Hansen solu-
bility parameters and the effect of the solvent treatment on membrane
performance proved that membrane-solvent interactions and swelling
were determining factors in the membrane densification. The increased
polymer chain flexibility during immersion in a good solvent (i.e. DMF)
caused densification and improved chain stacking, by establishing favor-
able interactions (e.g. hydrogen bonds and = interactions) and increas-
ing the cross-linking degree. Furthermore, the immersion time in the or-
ganic solvent and the initial degree of cross-linking of the membrane
also influenced the extent of densification.

By changing the PI concentration, the NMP/THF ratio in the poly-
mer solution and the evaporation time between casting and phase
inversion of the initial membranes, the performance of the solvent
treated membranes could be further tuned. The best performing den-
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sified membranes from this work with selectivity equal to Duramem
500 or Duramem 300, reached a respectively 270 or 400% higher EtOH
permeance compared to these commercial membranes. Compared to
lab-made TFC polyamide membranes [19], solvent treated membranes
from this work with similar selectivity showed a 180% higher EtOH per-
meance. This very simple treatment of existing membranes thus shows
a huge potential for SRNF applications, since it enables the formation of
highly selective SRNF membranes with exceedingly high EtOH perme-
ance compared to commercial membranes.
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