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Block copolymer (BCP) membranes are a very promising new type of membranes, but often have a
difficult fabrication method that involves a long evaporation step prior to phase inversion. In this work,
we study new novel BCP phase inversion recipes for the fabrication of asymmetric membranes with a
thin, ordered isoporous selective layer on top of a highly interconnected porous support layer. A key aim
is to shorten the evaporation time while simultaneously allowing the formation of even thinner selective
top layers. Asymmetric membranes were fabricated via the combination of polystyrene-block-poly(4-
vinyl pyridine) self-assembly, solvent evaporation and liquid induced phase separation. Using a solvent
mixture of THF and NMP, a selective top layer of just 60 nm thick was formed with an ordered honey-
comb-like pore structure. The formed structure depended on several parameters, such as THF/NMP ratio,
polymer concentration of the polymer solution and the duration of solvent evaporation. When a high
THF/NMP ratio was used (more THF than NMP) the solvent evaporation step could be reduced to only 1 s,
a clear advantage when considering scale up of this approach. The THF/NMP ratio also influenced the
morphology of the support layer, which translated into a variety of permeabilities (270–
1320 L m�2 h�1 bar�1). Filtration experiments showed that the different top layer structures result in
different filtration performance, with more ordered pores resulting in more selective filtration.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Self-assembling block copolymers (BCPs) are considered to be
very promising for the production of nanoporous membranes,
since their ability to self-assemble can lead to membranes with
very ordered and uniform pores in the range of 10–40 nm [1].
These characteristics can overcome the drawbacks of commercial
ultrafiltration membranes [2], which are either very permeable
but not selective (polydisperse pores) or selective but not that
permeable (low porosity) [3]. Self-assembling BCPs are macro-
molecules that consist of blocks of two or more distinct monomers
that can self-assemble into a variety of different nanostructures
[4]. This self-assembling process is a thermodynamically driven
process. The formed morphology depends on the composition and
molecular weight of the BCP [5].

Diblock copolymers that form a morphology of hexagonally
packed cylinders are interesting to use for membrane fabrication,
since these cylinders can easily lead to isoporous nanochannels
[6]. Fabrication of selective membranes based on BCPs can be di-
vided into several categories. In the first category, a thin dense BCP
Vos).
film (thickness of �100 to several hundred nanometers) is fabri-
cated by spin-coating or dip-coating, where the hexagonally
packed cylinders are orientated perpendicular to the surface. Pores
are formed by removing the cylinders by etching or cleaving [7,8],
by removing an additional component that resides in the core of
the cylinders [9–12], or by an annealing step [6,13]. The thin na-
noporous film acts as the selective top layer of the composite
membrane [14]. Although selective membranes have been suc-
cessfully fabricated, the permeabilities of these membranes are
significantly lower than commercial membranes [15,16]. The main
reason for these low permeabilities is that the orientation of the
cylinders changes deeper inside the film and that the pores are not
highly interconnected [14].

Much higher permeabilities have been obtained by fabricating
freestanding asymmetric BCP membranes via a combination of a
solvent evaporation step prior to phase inversion in a coagulation
bath [17–24]. This method, dry–wet phase separation, is a common
method that is used to fabricate asymmetric ultrafiltration and gas
separation membranes that contain a thin selective layer on top of
a highly interconnected support layer [25]. For the fabrication of
the membrane, a polymer solution is used that consists of a
polymer, a volatile solvent and a non-volatile solvent [26]. Often
the non-volatile solvent has a higher affinity with the nonsolvent
than the volatile solvent. After casting a film, the volatile solvent is
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Table 1
Overview of compositions of polymer solutions used to fabricate composite
membranes.

Solution Polymer concentration THF/NMP ratio
[wt%] [wt/wt]

1 15 60/40
2 18 0/100
3 18 50/50
4 18 60/40
5 18 70/30
6 21 60/40
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allowed to evaporate for a certain time, which results in an in-
crease of polymer concentration at the top of the film. In the case
of BCPs this leads to the formation of cylindrical or threadlike
micelles, because of their self-assembling properties. The film is
then solidified very rapidly by immersing the still liquid film in the
coagulation bath. The increased polymer concentration at the top
of the film results in a thin top film with a structure of ordered
hollow channels on top of a more open porous support layer with
highly interconnected pores [27,28].

Unfortunately, a solvent evaporation duration of tens of sec-
onds is required for the ordering of the BCPs [21,29–32]. The
downside of the longer solvent evaporation is that the selective
top layer will become thicker, which increases its hydraulic re-
sistance and therefore reduces its permeability. It also makes it
harder to upscale the process. In this work we study novel BCP
phase inversion recipes that have a much shorter evaporation step
for the fabrication of asymmetric membranes with a thin, ordered
isoporous selective layer on top of a highly interconnected porous
support layer. Asymmetric polystyrene-block-poly(4-vinyl pyr-
idine) is used as a polymer, which has the ability to self-assemble
into a cylindrical morphology. The membranes are fabricated by
dry–wet phase separation that involves a very short solvent eva-
poration step followed by fast liquid induced phase separation. A
solvent mixture of volatile tetrahydrofuran (THF) and non-volatile
N-methylpyrrolidone (NMP) is used to prepare polymer solutions.
This is a common combination for the preparation of asymmetric
gas separation and ultrafiltration membranes [33–35], but has not
been used for the preparation of highly-ordered BCP membranes.
We study the effect of NMP/THF ratio, the polymer concentration
and the solvent evaporation duration on the formed structure.
Contrary to previous isoporous BCP membranes fabricated with
dry–wet phase inversion, we demonstrate that highly ordered
isoporous membranes with thin top layers can be fabricated with a
very short (�1 s) solvent evaporation step, which makes it more
easy to upscale this method to e.g. hollow fiber spinning. The
fabricated membranes are characterized by permeability mea-
surements and several filtrations. Finally, because the P4VP chains
are pH responsive [36], the permeability of our membranes is
tested at different pH values.
2. Experimental

2.1. Materials

Polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP) block copo-
lymer P3910A-S4VP (Mw¼109-b-30 kg/mol, PDI¼1.15) was pur-
chased from Polymer Source, Inc., Canada and was used without
further purification. Tetrahydrofuran (THF, Sigma Aldrich, analy-
tical grade) and N-methylpyrrolidone (NMP, AcrosOrganics, 99%
purity) were used as solvents.

Milli-Q pure water (deionized water purified by a Synergy
water purification system of Millipore) was used as nonsolvent for
phase inversion and for preparing aqueous filtration solutions.

Silver nanoparticles (diameter of 10 and 30 nm) in a 2 mM
sodium citrate solution were purchased from NanoComposix,
Czech Republic and were used for filtration experiments. Sodium
citrate (tribasic dehydrate, Z99.0% purity, Sigma Aldrich) was
used for preparing silver nanoparticle buffer solutions. Bovine
serum albumin (BSA, Z98% purity, Sigma Aldrich) was also used
for filtration experiments.

Hydrochloric acid (HCl, fuming 38 wt%, Sigma Aldrich) was
used to prepare water solutions with different pH values.
2.2. Preparation of composite membranes

PS-b-P4VP block copolymers were dissolved in THF and NMP
and stirred for several hours at room temperature. The solutions
had a polymer concentration of 15, 18 or 21 wt% and a THF/NMP
ratio of 0/100, 50/50, 60/40 or 70/30 (wt/wt). Different types of
nanoporous BCP films were fabricated by using different polymer
solutions. An overview of the compositions of all used polymer
solutions is presented in Table 1.

The interaction parameters of the BCP and THF are χTHF-
PS¼0.35 and χTHF-P4VP¼0.60 [37], which indicates that THF is a
better solvent for PS than for P4VP. The interaction parameters of
the BCP and NMP are χNMP-PS¼0.41 and χNMP-4VP¼0.01 [38], which
indicates that NMP is a better solvent for P4VP than for PS.

The polymer solution was cast on a glass plate using a custom
made casting-machine with an adjustable casting knife (accuracy
of 1 mm). The casting height was set to 200 mm. The film was im-
mersed in a MilliQ-pure water coagulation bath at room tem-
perature, �1 s after casting (amount of time elapsed checked
using a timekeeper). During this immersion step (�1 h) the film
solidified and could be subsequently detached from the glass plate.

2.3. Characterization

Scanning electron microscopy (SEM) (Jeol JSM 6010 LA, at 5 kV
for magnifications up to �10,000, and High-Resolution SEM, Zeiss
Merlin, at 0.5 kV for higher magnifications) was used to visualize
and characterize the membranes. Low magnification SEM samples
were dried under vacuum at 30 °C for 24 h and then coated with a
thin layer of gold using a Balzer Union SCD 040 sputter device.

SemAfore (Jeol) software was used to measure the pore dia-
meters. The average pore diameter was determined by taking the
average of at least 100 pores from at least 3 samples. The error in
pore diameter was calculated using standard rules for error
propagation.

UV–visible spectroscopy (Cary 300 Scan Varian spectro-
photometer) was used to determine the concentration of the silver
nanoparticles (wavelength of �410 nm for 30 nm particles,
�393 nm for 10 nm particles) and BSA (wavelength of �278 nm)
in the retention measurements.

2.4. Permeation experiments

The permeability of the membranes was determined by mea-
suring the flux of Milli-Q pure water at different pressures (0.4–
1.2 bar) using a dead-end filtration set-up. A membrane (circular,
2.5 cm in diameter) was placed in a filter holder cell with a volume
of 4 cL. The cell was connected to a vessel filled with Milli-Q pure
water, which was pressurized by compressed nitrogen.

The permeability (L m�2 h�1 bar�1) was calculated as the ratio
of the flux over the applied pressure:
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where V is the permeate volume (L), A is the membrane area (m2),
t is the time (h), J is the permeate flux (L m�2 h�1) and P is the
pressure (bar).

All measurements were performed using at least six different
membranes to ensure reproducibility. The average permeability
and the standard deviation are reported.

During pH-dependent flux measurements, the equilibration
time between measurements of different pH values was 30 min.

2.5. Filtration

The membranes were challenged to 30 nm and 10 nm (dia-
meter) silver nanoparticles and BSA (diameter of roughly 7 nm
[39]) filtrations performed at 1.0070.04 bar using the dead-end
filtration set-up described before to determine the corresponding
retention. Each component was filtrated individually. Aqueous
feed solutions were prepared containing 2 mg/L nanoparticles in
0.02 M sodium citrate (pH¼7.6) or 1 g/L BSA (pH¼6.8).

The rejection R was determined via:

=
−

R
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where Cpermeate is the permeate concentration (g/L) and Ccell the
concentration inside the test cell (g/L). Since the setup ran in dead-
end mode, accumulation of the retained solutes caused the
400 nm
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0/100

60/40

Fig. 1. SEM surface images (magnification¼ �100,000) of PS-b-P4VP membranes mad
(c) 60/40 and (d) 70/30.
concentration in the membrane cell to rise in time. Since it was not
possible to monitor the concentration inside the cell in time, the
average of the original feed concentration and the final retentate
concentration was used as Ccell. During every filtration experiment,
10–20 ml permeate was collected, of which the first 5 ml was
discarded in order to prevent influence of remaining water in the
dead volume under the membrane.
3. Results and discussion

3.1. Fabrication and characterization of membranes

We started with fabricating a membrane from a 18 wt% poly-
mer in NMP solution. NMP is a solvent that is frequently used to
fabricate membranes via phase inversion with water as non-sol-
vent. After casting, the film was immediately immersed in the
coagulation bath, which resulted in a minimized evaporation step
of approximately 1 s. This resulted in a very porous membrane
with pores of 10–30 nm at the surface (Fig. 1a). The structure of
the membrane changed when THF was added to the polymer so-
lution, while keeping the polymer concentration constant. The BCP
polymers started to form a more cylindrical threadlike structure
when a THF/NMP ratio of 50/50 was used as solvent (Fig. 1b).
When the THF/NMP ratio was increased even further to 60/40, the
cylindrical threads started to form an ordered structure with more
monodisperse pores (Fig. 1c). Using a solvent mixture of 70/30
THF/NMP a well-ordered honeycomb-like structure was obtained
400 nm

400 nm

50/50

70/30

e of 18 wt% polymer solutions with different THF/NMP ratios. (a) 0/100, (b) 50/50,



1 µm

Fig. 2. SEM surface image of a PS-b-P4VP membranes made of 18 wt% polymer
solutions with a THF/NMP ratio of 60/40 (w/w), and 10 s of solvent evaporation
prior to liquid phase inversion.
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with pores of sizes of 3877 nm and a surface porosity of 0.39
(Fig. 1d). The improved structure of the 70/30 membrane seems
mainly caused by a smoother surface. While the honeycomb-
structure seems flat, the surface of the 60/40 membrane shows
elevations where some cylindrical threads are situated higher than
others. All membranes, however, showed a defect-free surface.
Even higher THF concentrations (80/20) were also investigated,
but resulted in gels unsuitable for casting membranes.
1 µm

Fig. 3. SEM images of PS-b-P4VP membranes made of 18 wt% polymer and a THF/NMP
nification �100,000, (c) bottom, magnification �10,000.
Ordered nanoporous structures from BCPs have been fabricated
before via dry–wet phase inversion, using different combinations
of solvent composition, polymer concentration and the duration of
solvent evaporation [29,40]. However, in our case, the presence of
THF seems vital for the formation of the ordered honeycomb-like
porous structure. THF is known as a good solvent for the formation
of thermodynamic driven PS-b-P4VP nanostructures [9,41,42]. It
has been used as a co-solvent to fabricate PS-b-P4VP membranes
with similar well-ordered surfaces via dry–wet phase inversion,
but at significantly lower concentrations [17].

The formation of the ordered pores is attributed to the eva-
poration step prior to liquid induced phase inversion. Evaporation
of the more volatile THF leads to a higher polymer concentration
at the top of the casted film where the BCPs start to form micelles.
This thermodynamically driven formation of micelles leads to the
formation of the ordered honeycomb-like pores. The formation of
the BCP micelles can take place within 4 s of solvent evaporation
[43], however our membranes were fabricated using only 1 s of
solvent evaporation, much shorter than previous reported values
[21,29,30]. The polymer solutions in this work that lead to hon-
eycomb-like structures contain significantly higher contents of
THF, which is known for the formation of PS-b-P4VP micelles [44].
We therefore consider the short evaporation time required to
obtain honeycomb like pores, an indication that micelles are al-
ready present before the start of phase inversion.

The duration of solvent evaporation also influences the mor-
phology of the top of the film. When the evaporation step was
prolonged to 10 s, a structure was obtained with worm-like cy-
linders that are orientated parallel to the surface and having small
pores in between (Fig. 2). The asymmetric PS-b-P4VP polymer
400 nm

2 µm

ratio of 60/40. (a) cross-section, magnification �45,000, (b) cross-section, mag-
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under investigation is known in dense films to form a cylindrical
structure, which consists of hexagonally packed cylinders formed
by the minority part (P4VP) in a matrix formed by the other part
(PS) [45]. When all solvent is allowed to evaporate slowly, a dense
structure having this morphology will be obtained. We therefore
hypothesize that increasing the evaporation step in our dry–wet
phase inversion gives the BCP more time to self-assemble into this
structure, leading to the worm-like cylindrical structure that is
shown in Fig. 2.

Worm-like cylindrical structures made from polymer solutions
that were also used to fabricate ordered porous structures have
been observed before [20]. The duration of the evaporation step
influences the structure of the top layer [21,29] and in many cases
there is an optimum evaporation duration for a given polymer
solution [20,40]. In our case, using a 18 wt% polymer solution with
a THF/NMP ratio of 70/30, the ideal evaporation duration is very
short: only 1 s. This short evaporation step can have significant
advantages related to the possibility to scale up BCP membrane
production and to produce BCP hollow fiber membranes. In
membrane production, the evaporation time needs to be under
very controlled conditions (temperature, humidity) to lead to a
constant membrane quality, and for a shorter time the conditions
are easier to control than for a longer time. For hollow fiber
spinning, a long evaporation time can lead to an unacceptably long
distance between the spinning head and the coagulation bath or
alternatively an unacceptably low spinning speed. Our shorter
evaporation time takes away that problem.
10 µm

1 µm

10 µm

1 µm

0/100

60/40

Fig. 4. SEM cross-section images of PS-b-P4VP membranes made of 18 wt% polymer sol
Magnifications are �2000 (a) and 1000 (b–d). Insets show SEM images zoomed in on
Fig. 3 shows the cross-section and the bottom side of a PS-b-
P4VP membrane made from an 18 wt% polymer solution with a
THF/NMP ratio of 70/30. On the cross-section images the porous
ordered honeycomb-like structure can be seen on top of a more
open sponge-like network of interconnected pores. This asym-
metric structure is the result of the combination of the very short
solvent evaporation prior to liquid induced phase inversion
[25,26]. The thickness of the top-film is just 40–60 nm and of the
same order of magnitude as the domain length of the honey-
combs. This is thin compared to the thicknesses of BCP top layers
found in other asymmetric BCP membranes, which are typically in
the range of 100–300 nm [17,19–21, 30,40]. For dry–wet phase
separation the thickness of the top layer is determined by the
duration of the solvent evaporation step and the ratio of volatile/
non-volatile solvent [27,46]. A long solvent evaporation step and a
high volatile/non-volatile ratio give rise to a thicker top layer.
Therefore the large THF contents used to fabricate our membranes
would in principle lead to thick top layers, but this effect is
counterbalanced by the very short duration of the evaporation
step.

Besides the structure of the selective top layer, also the mor-
phology of the support layer is examined, since the support layer
should also be permeable and give the membrane mechanical
strength. In Fig. 4, the SEM cross-section images for the four dif-
ferent membranes are shown. The insets show the polymer matrix
at a higher magnification. The images show that the THF/NMP
ratio not only influences the structure of the top layer, but also
10 µm

1 µm

1 µm

1 µm

10 µm

50/50

70/30

utions with different THF/NMP ratios. (a) 0/100, (b) 50/50, (c) 60/40 and (d) 70/30.
the polymer matrix (magnification �15,000).
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influences the morphology of the support layer. Using only NMP as
solvent (0/100), a symmetric homogeneous membrane is obtained
with an interconnected network of small pores. This morphology
looks similar to the structure of the surface (Fig. 1a). This is not
surprising, since with the use of only non-volatile NMP no sig-
nificant solvent evaporation takes place that is required to create
an asymmetric layer. The membranes that are fabricated using a
mixture of THF and NMP as solvent (Fig. 4b–d) all show a polymer
matrix of highly interconnected pores, formed by short worm-like
cylinders that are randomly linked with each other. The diameters
of these cylinders and the cylinders that form the structures of the
top layer seem similar, which suggests that these cylinders are also
formed by micelles. Apparently, the BCPs throughout the whole
film have the possibility to self-assemble in cylindrical micelles
prior to phase inversion. However, the films also have larger voids
in the polymer matrix. For the case of the 50/50 membrane, ran-
dom large and small voids can be seen, as well as cracks that start
at these voids. The 60/40 and 70/30 membranes have finger-like
pores directly underneath the top layer, which become larger
deeper inside the film. These so-called macrovoids are typically
seen in ultrafiltration membranes made by phase inversion. They
are often found when the solvent and non-solvent have a high
affinity and show instantaneous demixing [25]. Surprisingly, in our
cases macrovoids start to appear only when high amounts of THF
are used, while THF and water are known for delayed demixing
[25].

Fig. 5 shows the effect of the polymer concentration on the
obtained surface structure of the membrane. The membranes are
fabricated using a THF/NMP ratio of 60/40 and an evaporation step
of 1 s. When a polymer concentration of 15 wt% is used, a porous
structure with a cylindrical micellar structure is obtained (Fig. 5a),
but it is less ordered than the honeycomb-like structure obtained
using the 18 wt% polymer solution (Fig. 1c). Interestingly, the
structure looks very similar as the structure of the membrane
fabricated with a 18 wt% polymer solution and a THF/NMP ratio of
50/50 (Fig. 1b). When the polymer concentration is increased to
21 wt% (Fig. 5b) the structure becomes even more ordered than
the structure obtained using 18 wt% polymer. Thus, changing the
polymer concentration can enhance the ordering of pores. The
structure has pores of 3576 nm and a porosity of 31%. These
values are lower than the ordered structure of the 18 wt% 70/30
membrane (Fig. 1d). This can be explained by the higher polymer
concentration used to make the structure in Fig. 5b, which nor-
mally leads to a more dense morphology in phase inversion [25].

The formation of the structure of the top layer using dry–wet
phase inversion is a combination of thermodynamics and kinetics.
An interesting theoretical approach has been published that
400 nm

Fig. 5. SEM surface images (magnification¼ �100,000) of PS-b-P4VP membranes made o
made using a THF/NMP ratio of 60/40.
explains the formation of different structures [47]. During the
solvent evaporation step, the composition of the BCP, THF and
NMP mixture changes continuously. When the film is immersed in
the coagulation bath, the solvent concentration decreases because
of solvent–nonsolvent exchange, until an unstable composition is
reached where the BCP solidifies. The BCP micelles do not freeze
instantaneously after immersion of the swollen film in the coa-
gulation, but still have seconds to rearrange to form the final
structure [48]. The formed structure depends on this final com-
position and the path towards it. In this liquid induced phase in-
version, the initial composition of the solution is determined by
the evaporation step and has a major influence on the path to-
wards solidification. Because two different solvents are used to-
gether, the different solvent/nonsolvent pairs should also be con-
sidered. The mutual affinity and miscibility of THF and water is
lower than that of NMP and water. As a result delayed demixing
occurs when THF and water are exchanged, while NMP and water
exchange instantly [25]. THF will be more present in PS, since THF
does not dissolve P4VP well [49]. Also because water has a more
favorable interaction with P4VP than with PS, NMP and water
exchange is likely to start in the swollen P4VP domains. In sum-
mary, many parameters determine the final structure of the
membrane. Unfortunately, a perfect combination of BCP type,
suitable solvents, solution composition and duration of solvent
evaporation has to be found empirically [47].

Micelle formation is a crucial first step that leads to ordered
membrane structures. The state of these micelles, i.e., which
blocks form the shell and core, is important since the polymer that
forms the shell will determine the surface properties of the
membrane. For PS-b-P4VP, the state of micellization in a mixed-
solvent system has been a point of discussion [50]. It is claimed
that P4VP forms the shell of the micelles in a DMF/THF solvent
solution when THF starts to evaporate, since the evaporation of
THF leads to a higher concentration of DMF, which is more fa-
vorable to P4VP [21,22]. However, it was found that thread-like
micelles having PS as the shell side are formed in DMF, even
though DMF is favorable to P4VP. The incompatibility of the two
polymer blocks drives the formation of micelles, having the min-
ority P4VP blocks as micelle core [50]. It is likely that PS also forms
the shell side of the micelles in our case. The used BCP also has a
majority PS block, and the used polymer solutions contain a high
concentration of THF, which is PS favorable. It is possible that with
different ratios of NMP/THF one could also form micelles with PS
cores and P4VP shells, but this is beyond the scope of the
manuscript.

To conclude this paragraph, PS-b-P4VP membranes are fabri-
cated using different THF/NMP ratios as solvent. A very short
400 nm

f (a) 15 wt% polymer solution and (b) 21 wt% polymer solution. Both solutions were
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solvent evaporation step prior to precipitation coagulation is re-
quired to fabricate an asymmetric membrane with a thin top layer.
The THF/NMP ratio and polymer concentration dramatically
change the structure of both the top layer and the support layer. In
the next paragraphs the effect of the formed structure on the
permeability and actual filtration properties will be examined.

3.2. Membrane performance

In all experiments the freestanding membranes were placed on
top of a non-woven that acted as an additional mechanical sup-
port. Because of the relatively large voids of the non-woven and its
high permeability (�750,000 L m�2 h�1 bar�1, as determined
experimentally) it is assumed that the non-woven has no influ-
ence on the results of both the permeability and filtration
experiments.

Fig. 6 shows the pure water permeability of membranes made
with 18 wt% polymer solutions with different THF/NMP ratios.

A permeability of 270 L m�2 h�1 bar�1 is obtained when pure
NMP (0/100) is used. The permeability dramatically increases to
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Filtrations were performed in a dead-end setup at 1.0 bar.
�1320 L m�2 h�1 bar�1 when the THF/NMP ratio is increased
to 50/50. When the THF content is further increased to 60/40
and 70/30, the permeability decreases again to 344 and
349 L m�2 h�1 bar�1, respectively. Although these permeabilities
differ a lot, they all are in the range of permeabilities of other
freestanding BCP membranes made by phase inversion (40–
3000 L m�2 h�1 bar�1 [17,18,40,51]). The thicknesses δ of all
fabricated membranes are in the same order of magnitude
(δE87 mm, 77 mm, 75 mm and 66 mm for THF/NMP¼0/100, 50/50,
60/40 and 70/30, respectively), which indicates that the large
differences in permeabilities are mainly the result of differences in
the membrane structure. Since the hydraulic resistance of the
membranes will be mainly caused by the support layer [18], it is
best to explain the permeabilities with the SEM cross-section
images in Fig. 4. The structure of the 0/100 membrane is denser
and has smaller voids than the membranes that were fabricated
with THF in the polymer solution. This explains the lowest ob-
tained permeability for this type of membrane. When THF is added
to the polymer solution, the polymer matrix shows an inter-
connected network of pores formed by worm-like tubes. A THF/
NMP ratio of 50/50 also shows large voids and cracks in the
polymer matrix, which have a very low hydraulic resistance. This
is most probably the reason for the very high permeability of
1320 L m�2 h�1 bar�1. It should nevertheless be noted that this
membrane (50/50) was very fragile and therefore difficult to work
with. When higher THF contents (60/40 and 70/30) are used,
structures with fingerlike macrovoids are formed. Such structures
are often seen in other membranes made by phase inversion.
These structures normally also have denser regions that decrease
the permeability. As these membranes do not show any cracks
within the polymer matrix, the permeability is lower than that of
the 50/50 membrane.

As shown in this paragraph, the different morphologies of the
polymer matrices result in different permeabilities. However, since
all morphologies consist of interconnected pores, the perme-
abilities of all membranes are high. Since the permeability is also
determined by the thickness of the membrane, higher perme-
abilities would be possible by fabricating thinner membranes on
top of other support materials. This, however, is beyond the scope
of this article.

Fig. 7 shows the rejection of 30 and 10 nm silver nanoparticles
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and BSA for the membranes fabricated with different THF/NMP
solvent ratios. Because the filtrations were performed in a dead-
end setup, it is expected that accumulation of rejected solutes in
the cell module influences the performance of the membrane in
time in terms of permeability and rejection. Therefore, only the
first 10–20 ml of permeate (of which the first 5 ml was not taken
into account) were used for analysis.

The 0/100 membrane completely rejects both 30 and 10 nm
silver nanoparticles and has a BSA rejection of 0.65. The mem-
branes made with THF/NMP mixtures never show complete re-
jection of the nanoparticles, but always have a rejection between
0.90 and 0.98. However, the BSA rejection is much lower com-
pared to the 0/100 membrane, with BSA rejections of 0.13 for the
50/50 membrane, and even lower values of 0.06 and 0.02 when
the THF/NMP ratio is increased to 60/40 and 70/30, respectively.
The differences in rejections for the different membranes are the
result of the different structures of the top layer of the membrane.
Although the structure of the 0/100 membrane is less ordered
compared to the membranes made with a THF/NMP mixture, the
pores are much smaller. Therefore the 0/100 membrane rejects
smaller particles, including BSA that has a diameter of �7 nm [39].
For the membranes made with THF/NMP mixtures one would
expect a sharper size cut-off for the membrane with a more or-
dered pore structure. Indeed, the 70/30 membrane shows a higher
difference between the rejections of the 10 nm nanoparticle and
BSA than the 50/50 and 60/40 membranes, which means that the
pore size distribution is smaller when the pore structure is more
ordered. This again demonstrates the key advantages of the BCP
membranes, i.e. the ordered pores proved to have a high se-
lectivity and a high porosity.

Fig. 8a shows the flux response of the BCP membranes at dif-
ferent pH values. When the pH is lowered from 6 to 4 the flux
remains similar, but decreases dramatically when the pH is further
decreased to 3, 2 and 1. The original flux is restored when the pH is
increased back to 6. This phenomenon is analogous to other
membranes prepared with PS-b-P4VP [21,22,30,51,52].

P4VP responds to changes in pH via protonation and deproto-
nation of the pyridyl group [53]. In the protonated state (below the
pKa of 5.2), the polymer chains are in an extended conformation
because of electrostatic repulsion of the charged pyridyl groups,
while the chains are coiled in the deprotonated state [54,55].
These conformations respond to a swollen state and a collapsed
state of the polymer chains [56]. As a result, the diameter of the
pores decreases at low pH and consequently leads to a lower
permeability of the membrane. It should be noted that protonation
of P4VP also leads to a water-soluble hydrophilic state [56,57],
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Fig. 8. (a) Flux of a PS-b-P4VP membranes made of 18 wt% polymer and a THF/NMP rati
immersion in aqueous HCl solution (pH 1.5).
however, the decreasing effective pore diameter is the main phe-
nomenon that contributes to the change in permeability.

Fig. 8b shows an HR-SEM image of the surface of the membrane
after immersion in the aqueous HCl solution at a pH of 1.5. Al-
though some of the initial honeycomb-like pores still exist, a sig-
nificant amount of pores seem to have collapsed. This means that
these membranes are pH responsive in terms of permeability, but
are also irreversibly damaged once they operate at low pH values.
The reason of the pore collapse lies probably in the micellar state
of PS-b-P4VP. As mentioned before, it is most likely that (for our
membranes) P4VP forms the core of the cylindrical threads. Once
this core swells, a collapse of the interconnected network of these
cylindrical threads seems inevitable.
4. Conclusions

Different membranes made of self-assembling PS-b-P4VP can
be fabricated using a combination of solvent evaporation followed
by phase inversion. Using a solvent mixture of volatile THF and
non-volatile NMP, an asymmetric membrane having a very thin
top layer and a highly porous and permeable support layer can be
fabricated by using only 1 s of solvent evaporation which is a
benefit from a processing and scale-up point of view and which
would possibly allow commercially relevant production of BCP
hollow fibre membranes.

Changing the ratio of THF/NMP leads to membranes with dif-
ferent structures, hence, different performances. When only NMP
is used as solvent, a symmetric porous membrane is fabricated. No
selective layer is formed because no solvent evaporation takes
place, as NMP is a non-volatile solvent. When a THF/NMP mixture
is used as solvent, PS-b-P4VP starts to form cylindrical micelles
that end up as a network of interconnected cylinders, thereby
creating a highly permeable structure of interconnected pores. The
short solvent (THF) evaporation step prior to phase inversion is
enough to create a very thin selective layer of honeycomb-like
ordered pores. The ordering of pores can be optimized by varying
parameters such as polymer concentration and THF/NMP ratio.
The best structures were obtained using a 18 wt% polymer solution
with a THF/NMP ratio of 70/30 and a 21 wt% polymer solution with
a THF/NMP ratio of 60/40, though it is likely that more combina-
tions exist that lead to these structures.

The THF/NMP ratio also influences the morphology of the support
layer, and determines the permeability of the membrane. Large voids
and cracks underneath the defect-free top layer give rise to a high
permeability (1320 L m�2 h�1 bar�1 for a 50/50 THF/NMP ratio),
400 nm

o of 60/40 at different pH values. (b) HR-SEM surface image of the membrane after
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but make the membrane less mechanically strong. The membrane
having the honeycomb-like top layer (70/30) shows a morphology
with finger-like macrovoids underneath the top layer, which results
in a permeability of 349 L m�2 h�1 bar�1.

Filtration experiments with 30 and 10 nm silver nanoparticles
and BSA show that a sharper size cut-off is obtained when the
pores are more ordered. This indicates that the ordered honey-
comb-like pores indeed have a lower pore size distribution and
result in better filtration performance.
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