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a b s t r a c t

Isoporous membranes which have narrow pore size distributions and straight pore profiles promise
sharp selectivity at no expense of permeability. However, it remains a challenge to produce isoporous
membranes in an affordable and efficient way. In this work, we report on the facile preparation of
isoporous membranes based on the nondestructive creation of straight pores in block copolymers of
polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP). Thin films of PS-b-P2VP are annealed to induce the
perpendicular orientation of the P2VP cylinders, and then transferred to macroporous supporting
membranes to form mechanically robust composite structures. The copolymer films are treated in hot
ethanol to convert the P2VP cylinders into straight pores following the selective swelling-induced pore
generation mechanism. The perpendicular alignment of the P2VP cylinders in the PS matrix facilitates
the swelling-induced pore generation process, making the membrane highly permeable. Because of its
ultrathin thickness, high porosity, and strong hydrophilicity, the membrane exhibits a water flux as high
as 1686 L m�2 h�1 bar�1, which is about 10 times higher than that of commerical membranes and also
much higher than that of other isoporous membranes with similar effective pore sizes. Furthermore, the
membrane has an inherent reversible pH-responsive functionality because of the enrichment of
protonizable P2VP chains on the pore wall and membrane surface.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Isoporous membranes (IMs) hosting straight and through
mesoscale pores with nearly identical pore diameters promise
sharp selectivity and enhanced permeability as well as improved
fouling resistance [1]. Inspired by the luring features of IMs
outperforming coventional membranes with tortuous porosity, a
number of strategies have been explored to fabricate IMs based on
either top-down or bottom-up techniques [2]. Solution-etching of
heavy ions-bombarded polymer films [3] and anodization of
aluminum chips [4] are the best known approaches to the
polymeric and inorganic IMs, respectively. Lithography-based
micro/nanofarbication has been extensively used to fabricate
silicon-based IMs with almost arbitrary pore geometries [5,6].
Arrays of vertically aligned carbon nanotubes are also used to
produce IMs exhibiting exceptionally enhanced permeability
because of the slippery flow of water molecules inside the tubes
[7]. These methods provide optional accessibility to IMs with
different chemical compositions and physical configurations.
However, they suffer from one or more inherent drawbacks, for

example, high cost, complicated fabrication process, poor controll-
ability in pore size and geometry, or limited ranges of available
pore sizes.

Very recently, block copolymers (BCPs) have risen as a promis-
ing precursor for IMs. Thin films of BCPs are first perpendicularly
aligned and the cylinders of the minor blocks are subsequently
converted to straight pores traversing the entire thickness of the
BCP films [8–14]. The BCP-based approach offers an affordable and
flexible alternative to IMs with fine tunability in pore sizes down
to sub-10 nm. However, the current methods to BCP IMs are
mostly based on the destructive removal of the domains of minor
blocks or additives incorporated in these domains. For example,
polymethyl methacrylate (PMMA) and polylactide (PLA)-contain-
ing BCPs are the most frequently used BCP precursors for IMs and
the labile PMMA and PLA blocks have to be chemically etched
away by irradiation of short-wavelength UV light plus a rinse with
acetic acid or alkaline-catalyzed hydrolysis, respectively. These
chemical etching processes carried out in solvents under harsh
conditions are usually tedious and produce byproducts. Even
worse, as the major blocks are usually hydrophobic PS which
constitute the framework of the porous membranes after etching,
the obtained membranes are not water wettable. Consequently,
additional prewetting or hydrophilic modification steps are typi-
cally required for the PS-based membranes to be used in aqueous
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circumstances [9] and the membranes are expected to suffer from
reduced permeability and fouling issues because of their strong
hydrophobicity [1].

As an alternative to destructive chemical routes to convert
domains of the minor blocks into void spaces, we developed a
nondestructive pore-making strategy based on the selective swel-
ling of the domains of the relatively more hydrophilic blocks in
amphiphilic BCPs [15]. We term it as selective swelling-induced
pore generation or confined sweling-induced pore generation if
we consider that the swellable domains are confined by the
nonswellable matrix [16]. This process is extremely simple and
independent of the chemical reactivity of the constituent blocks.
Taking the BCPs of PS and P2VP as an example, we obtain porous
materials of this copolymer simply by immersing the PS-b-P2VP
into hot ethanol for hours followed by air drying. In clear contrast
to pore generation by chemical etching, no chemical reactions are
involved in the swelling-induced pore-making process and thus
no byproducts are produced and the chemical composition of the
BCP material remains intact. Therefore, both the BCP and the
swelling solvent can be directly recycled for repeated use. More
importantly, instead of being removed away from the matrix of the
major blocks, the relatively hydrophilic blocks migrate to the pore
wall and material surface, offering an inherent water wettability
and surface activeness for further functionalization to the obtained
porous materials generated by the selective swelling process. We
successfully produced porous one-dimensional (1D) nanorods
[17], 2D micellar monolayers [18], and 3D bulk materials of
amphiphilic BCPs [19,20] using this swelling process geared to fit
the dimensions of the starting BCP materials.

We previously demonstrated that the selective swelling
method was also applicable to solvent-annealed PS-b-P2VP films
assuming the perpendicular orientation and the perpendicularly
aligned P2VP cylinders were converted to straight cylindrical
pores with uniform diameters [21]. However, the possibility of
using the thin IMs as separation media remains open though the
isoporous nature of their pore structure implies excellent separa-
tion performances. In this study, we report on the transfer of the
perpendicularly aligned BCP films from smooth substrates to
macroporous supporting filters, followed by the nondestructive
swelling-induced pore-making process, to fabricate two-layered
composite membranes using the IMs as the selective layers, and
demonstrate the high permeability and sharp selectivity together
with a pH-responsive functionality of the IMs (Fig. 1). As far as we
know, this is the first report of thin-film composite IMs delivering

a size-selective function prepared by a nondestructive swelling
method. Abetz, Peinemann, Nunes and others nicely demonstrated
that asymmetrical BCP membranes with a well-ordered, isoporous
top layer and a thick sponge-like bottom layer can be prepared by
the nonsolvent-induced phase separation (NIPS) method [22–25].
Their method which should also be considered to be ‘nondestruc-
tive’ is elegant and might be easily upscaled provided that there is
affordable supply of BCP raw materials. However, the isopores only
exist in the top layer and this method consumes large amounts of
expensive BCP raw materials. It follows the typical NIPS process
which requires using thick BCP solutions with a concentration of
20% or higher and produces integral BCP membranes with thick-
nesses of several hundreds of micrometers. In contrast, the
isoporous membrane prepared in our work is in the structure of
thin-film composites: the BCP selective layer is less than 100 nm in
thickness and only very little amount of BCPs is required as we use
extremely dilute BCP solutions typically with a concentration less
than 0.6%.

2. Experimental section

2.1. Materials

The PS-b-P2VP block copolymer (Mn(PS)¼290 kg mol�1,
Mn(P2VP)¼72 kg mol�1,Mw/Mn¼1.10) and PS-OH (Mn¼6 kg mol�1,
Mn/Mw¼1.07) used in our work were purchased from Polymer
Source Inc., Canada. Silicon wafers with a 1000-nm-thick oxide layer
were used as smooth substrates on which the BCP solutions were
spin-coated. Organic solvents including toluene, chloroform, and
ethanol were purchased from local suppliers and used without
further purification. Macroporous PVDF membranes (Millipore) with
a nominal pore diameter of 0.22 mm were used as supporting
membranes. Bovine serum albumin (BSA), monodispered silica
particles with a diameter of 12 nm, and dextrans with four different
molecular weights (10 kDa, 40 kDa, 70 kDa, and 500 kDa) were
purchased from Sigma-Aldrich and used as received.

2.2. Modification of silicon wafers

Firstly, silicon wafers with an oxide layer were cleaned in a
piranha solution (H2SO4:H2O2¼7:3 (v:v)) at 82 1C for 40 min,
rinsed with deionized water, and dried in flowing N2. Then,
solutions of PS-OH in toluene with a concentration of 1 wt% were

Fig. 1. The schematic illustration of the fabrication process of isoporous BCP membranes supported on macroporous polyvinylidene fluoride (PVDF) membranes.
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spin-coated on the silicon wafer (1400 rpm, 1 min). PS-OH depos-
ited on the silicon wafers was then subjected to thermal annealing
at 170 1C under vacuum for 60 h. Finally, non-grafted PS-OH chains
were removed by rinsing in toluene, followed by drying in N2.

2.3. Preparation of isoporous membranes

Fig. 1 shows the preparation process of the composite mem-
brane with the BCP isoporous membrane as the selective layer. The
top BCP layer was spin-coated (2000 rpm, 30 s) with a chloroform
solution of PS-b-P2VP, on the PS-OH-grafted silicon wafer. Then,
the film was annealed in the vapor of chloroform to achieve the
perpendicular alignment of P2VP cylinders. The annealed BCP film
coated on the silicon substrate was immersed in 5 wt% HF to
dissolve the sacrificial silicon oxide layer, allowing the complete
exfoliation of the BCP layer from the substrate. A macroporous
PVDF membrane was used to collect the BCP film floating in the HF
solution, forming a bilayered composite membrane upon drying in
air. The BCP film transferred on the PVDF substrate was immersed
in ethanol at 50 or 60 1C for predetermined periods of time
followed by air drying at room temperature to induce the
transformation of P2VP cylinders to pores.

2.4. Characterizations

The thicknesses of the grafted PS layers and the BCP films were
measured using an ellipsometer (Complete EASEM-2000U, J.A.
Woollam) at an incidence angle of 651 in the wavelength range
of 246.1 nm–999.8 nm. A contact angle goniometer (DropMeter
A100, Maist) was used to probe the water contact angles of the
surface of the silicon wafer with the silicon oxide layer before and
after the grafting of PS-OH. The morphologies of the BCP mem-
branes were examined with a Hitachi S4800 field emission
scanning electron microscope (SEM) which was operated at 5 kV.
The samples were sputter-coated with a thin layer of platinum–

palladium alloy to reinforce their conductivity before SEM
characterization.

2.5. Filtration experiments

The water flux and the retention were tested under the
pressure of 0.1 bar with a stirred filtration cell (Amicon 8010,
Millipore Co., Billerica, MA), and BSA with a molecular weight of
67 k, monodispersed silica nanospheres with a diameter of 12 nm,
and dextrans with different molecular weights were separately
used to measure the retention properties of the composite
membranes. BSA which was dissolved in phosphate buffers solu-
tion at a concentration of 0.5 g L�1 was used as the feed solution,

and concentrations of the feed and filtrate solutions were deter-
mined by UV–vis absorption Spectrometer (NanoDrop 2000c,
Thermo). Aqueous solutions of 12-nm silica particles with a
concentration of 30 wt% were diluted 1000 times and used as
feed solutions, and concentrations of silicon element in the feed
and filtrate solutions were measured via inductively coupled
plasma spectrometer (ICP, Optima 7000DV, Perkin Elmer). Four
dextrans with molecular weights of 10 kDa, 40 kDa, 70 kDa, and
500 kDa were mixed in water at a concentration of 2.5 g L�1,
1.0 g L�1, 1.0 g L�1, and 2.0 g L�1, respectively, and used to deter-
mine the molecular weight cut-off of the membrane prepared by
swelling in ethanol at 60 1C for 10 h. The concentrations of
dextrans with different molecular weights were analyzed by gel
permeation chromatography (GPC, Waters 1515).

3. Results and discussion

3.1. Optimization of the membrane fabrication process

The porous BCP film itself with a thickness less than 100 nm
cannot be directly used for membrane separation because of its
weak mechanical strength. The solution is to transfer the ultrathin
BCP film onto a robust macroporous substrate to form a bilayered
composite structure with the BCP layer delivering the size-
selective function and the macroporous substrate providing
mechanical stability. Therefore, in our work the fabrication of
the composite membrane can be carried out either by the
‘swellingþtransferring’ route or ‘transferringþswelling’ route if
we start with a perpendicularly aligned BCP film spin-coated on a
silicon wafer. In our initial efforts, we followed the ‘swellingþ-
transferring’ route. As shown in Fig. 2a, hexagonally packed,
uniform pores with an average diameter of 38.7 nm are present
on the surface of the BCP film subjected to swelling in ethanol at
60 1C for 10 h. After being immersed in hydrofluoric acid (HF) for
ca. 10 min, the BCP membrane was separated from the silicon
substrate and floated in the liquid. The floated BCP membrane can
be collected on the PVDF substrate membrane, however, the
original ordered pore structure on the membrane before transfer-
ring was mostly lost and instead disordered and deformed pores
appeared with a much less pore density on the top surface
(Fig. 2b). In the transferring step, the BCP membrane deposited
on a silicon wafer with a silicon oxide sacrificial layer was
immersed in HF to etch away the silicon oxide layer between
the BCP membrane and the silicon substrate, allowing the BCP
membrane to freely float in the HF solution. The BCP membrane
had already been treated by ethanol swelling and the P2VP chains
were enriched in the membrane surface and pore walls. Upon

Fig. 2. The surface SEM images of the BCP membrane prepared by swelling in ethanol at 60 1C for 10 h before (a) and after (b) being transferred onto the PVDF substrates by
etching away the sacrificial silicon oxide layer with HF. Inset in (a) is the bar chart of the pore size distribution of the corresponding membrane. The two images have the
same magnification and the scale bar in (a) corresponds to 200 nm.
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contacting with HF, the P2VP chains exposed on membrane
surface and pore walls will be protonated as HF has a pKa

(¼3.18) which is lower than the pKa (¼4.7) of P2VP [26]. The
P2VP chains will be strongly swollen because of the repulse forces
between charged pyridyl groups in the P2VP chains, resulting in
the unconstrained deformation of the BCP membrane as it is freely
floating in the HF solution. Consequently, the initial highly ordered
pore structures are largely lost and some pores are deformed and
even sealed after the BCP membrane is transferred on the PVDF
substrate and dried in air. In contrast, we find that the ‘transfer-
ringþswelling’ route leads to highly ordered isoporous BCP
membranes on top of PVDF substrate membranes. In this way,
the annealed BCP film prior to ethanol swelling is floated in the HF
solution and only the exposed ends of the P2VP cylinders are in
direct contact with HF as the majority of P2VP chains are
condensed in the interior of the P2VP cylinders which are
embedded in the PS matrix. It is not likely for HF molecules to
get into the P2VP cylinders by penetrating through the hydro-
phobic PS matrix. Therefore, the swelling of the P2VP chains only
slightly occurs and the structure of the annealed BCP film is
maintained. After transferring the BCP film onto the PVDF sub-
strate, the following treatment of swelling in ethanol leads to the
well-ordered isoporous membrane being supported on the PVDF
substrate (details will be shown later).

3.2. Hydrophobic modification of the substrate surface

To function as a membrane, the BCP film after the swelling
treatment needs to have through pores opened on both sides to
ensure permeability. The composite membrane obtained through
the ‘transferringþswelling’ route exhibits a well-developed iso-
porous top surface. However, much fewer pores are observed on
the bottom side (contacting the silicon surface) of the BCP
membrane (Fig. 3a). This is due to the strong interaction between
the polar P2VP chains in the spin-coated BCP film and the
hydroxyl surface of the silicon substrate, inducing the formation
of a thin layer of P2VP chains on the bottom side of the BCP film to
wet the silicon substrate. This wetting layer will minimize the
interfacial energy and stabilize the film, and has been observed in
different BCP/substrate systems [27,28]. The selective aggregation
of P2VP chains on the bottom surface of the BCP film impedes the
pore formation in the region near the bottom surface possibly due
to the lack of adequate PS chains. Consequently, the pores are only
partly opened on this side in the ethanol treatment. We need to
cavitate all ends of P2VP cylinders on the bottom side to make the
BCP layer highly permeable by suppressing the formation of the
P2VP wetting layer. Our solution is to perform hydrophobic
modification to the silicon surface on which the more hydrophobic
PS chains will be preferentially aggregated in the annealing
process.

The surface modification was done by grafting hydroxyl-
terminated PS (PS-OH) chains on the surface of the silicon
substrates [29,30]. PS chains are grafted on the silicon surface
through the reaction between the PS-OH and the hydroxyl groups
on the oxide layer atop the silicon substrate. After rinsing away the
unreacted PS-OH, a 4-nm-thick layer of PS brushes was formed on
the silicon substrate as detected by ellipsometry. The PS-grafted
silicon wafer demonstrates a significantly enhanced hydrophobi-
city as revealed by water contact angles (WCAs). As shown in
Fig. 3c and d, the WCA of the silicon wafer with the silicon oxide
layer is 49.31, and increases to 91.11 after grafting of the PS chains.
The modified silicon wafers are then used as the substrates for the
spin-coating of the BCP thin films. The coated BCP films are
subsequently subjected to the standard treatment of chloroform
annealing and ethanol swelling, producing isoporous membranes.
Thus-obtained membrane exhibits a much more porous bottom

surface than the membrane developed from the unmodified
silicon substrate (Fig. 3a and b). For the BCP films deposited on
the PS-grafted surface, the PS blocks in the copolymer will be
preferentially enriched on the surface during the solvent annealing
process, covering the P2VP microdomains. In the following treat-
ment of ethanol swelling, the P2VP domains are selectively
swollen and pierce through the surrounding PS matrix, leading
to cylindrical pores with openings on both surfaces of the
membrane.

3.3. Morphology of the bilayered composite membranes

A solution of PS-b-P2VP dissolved in chloroform was spin-
coated onto the PS-grafted silicon wafer and the thickness of the
obtained BCP film was measured to be 70 nm. Subsequently, the
sample was annealed in the saturated vapor of chloroform to align
the P2VP cylindrical microdomains. As previously reported, highly
ordered, hexagonally arranged, straight P2VP cylinders spanning
the entire thickness of the block copolymer film can be quickly
obtained [21]. The BCP film was separated from the silicon wafer
by etching away the sacrificial silicon oxide layer sandwiched
between the copolymer film and the silicon wafer using an HF
solution. The film floating on the surface of the HF solution was
then transferred onto a macroporous PVDF membrane, forming a
bilayered composite structure. After the composite membrane was
dried in air for several hours, the adhesion between the top BCP
layer and the substrate PVDF membrane was strong enough to
maintain the mechanical robustness which is necessary to survive
the following swelling treatment and usage in separation.

We converted the P2VP cylinders into straight pores by
immersing the composite membrane into hot ethanol, following
the selective swelling-induced pore generation mechanism [15–
21,31–33]. The P2VP phases take up ethanol and swell because
ethanol is a good solvent for P2VP, leading to the migration of
P2VP chains onto the membrane surface from the position
occupied by the initial P2VP cylinders. Pores are formed with the
evaporation of ethanol in the subsequent drying process as
migrated P2VP chains cannot fully recover to their initial positions.
Fig. 4a clearly shows a bilayered composite structure with the
defect-free BCP membrane homogenously attached on the macro-
porous PVDF substrate. The top surface of the BCP membrane
displays hexagonally packed uniform pores with a diameter of
about 34.4 nm (Fig. 4b, c). The bottom surface also shows ordered
pores in most areas though the order is slightly poorer than the
pores in the top surface (Fig. 4d). The presence of ordered pores on
both surfaces suggests that the perpendicular straight pores are
spanning the entire thickness of the membrane, which can also be
observed in Fig. 4e. The pore openings in the bottom surface have
an average diameter of 27.2 nm, which is smaller than those in the
top surface. These pores are produced after the BCP film is
transferred onto the macroporous PVDF substrate, and the porous
PVDF allows the bottom side of the BCP film immediate accessi-
bility to ethanol upon immersion. Therefore, swelling-induced
pore generation occurs simultaneously at both the top and bottom
sides, and the diameter difference in the pore openings should not
result from the swelling process. It originates from the solvent
annealing process in which the BCP film is deposited on the silicon
wafer. We believe the confinement effect of the substrate to the
BCP film results in slightly tapered P2VP cylinders with larger ends
on the top free surface although the exact mechanism is unclear.
Such a slightly tapered shape of P2VP cylinders finally leads to
larger openings on the top surface and smaller ones on the bottom
surface. In addition, we note that the pore size on the top surface
of the BCP membrane which is transferred on the PVDF substrate
and then subjected to the ethanol swelling is smaller than that of
the BCP membrane being directly swelling-treated on top of the
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silicon substrate (34.4 nm vs. 38.7 nm). This difference in pore
sizes is related to the ethanol swelling process. When the BCP film
is deposited on the silicon substrate, the swelling P2VP chains can
only migrate outside the P2VP cylinders from their ends on the top
surface in the ethanol swelling process, leading to the accumula-
tion of higher osmotic pressure and consequently larger pore
openings with the collapse of the P2VP chains in the drying step.
However, when the BCP film is supported on a macroporous
substrate, the swelling P2VP chains can migrate outside through
both ends of the P2VP cylinders on top and bottom surfaces of the
membrane and the accumulated osmotic pressure is easily
released, leading to smaller pore openings.

The cross-sectional SEM images also reveal that the thickness
of the BCP membrane increased from its initial thickness of 70 nm
to ca. 85 nm after swelling treatment in ethanol at 60 1C for 10 h.
In addition, the surface porosity (ε) of the BCP membrane can be
estimated to be 11.7% according to Eq. (1) if we only consider the
pores on the bottom surface of the BCP membrane which has a
pore radius (r) of 13.6 nm.

ε¼ npπr2

Am
ð1Þ

where np is the number of pores and Am is the total
membrane area.

3.4. Liquid permeability and separation performances

We prepared composite membranes with the BCP selective
layers subjected to different swelling temperatures and durations,
and evaluated their water flux and rejection. As shown in Fig. 5,
with increasing swelling temperatures or durations which cause
stronger swelling degree, the membranes exhibit higher flux. For
instance, the flux greatly increases from 324 L m�2 h�1 bar�1 for

the membrane prepared by swelling at 50 1C for 3 h to
1686 L m�2 h�1 bar�1 for the membrane prepared by swelling at
60 1C for 10 h. We check the surface morphology of the mem-
branes prepared at different conditions and find that the pore sizes
on the top surfaces of different membranes just slightly vary
within the range of 31 nm–35 nm (Fig. S1). Such a slight difference
in pore sizes cannot be accounted for the huge change in water
flux of these membranes. The much smaller water flux for the
membrane prepared by swelling at 50 1C for 3 h is due to its much
less porous bottom surface (Fig. S2) than the membrane prepared
by swelling at 60 1C for 10 h. The water flux for the latter
membrane is three to ten times higher than other bilayered
composite membranes with isoporous BCP selective layers which
have similar thicknesses and effective pore sizes [9,10]. The
significantly enhanced water flux should be attributed to the
strong hydropholicity arising from the migration of polar P2VP
chains onto the pore walls and the complete opening of the P2VP
cylinders in the swelling treatment. All these membranes prepared
at different swelling conditions exhibit similar retention perfor-
mances, a retention rate of ca. 45% and 95% to Bovine serum
albumin (BSA, 6.8 nm in diameter) and silica nanospheres (12 nm
in diameter), respectively, as they have similarly sized pores. Such
a high retention to 12-nm silica nanospheres reveals that the
membranes are free of large-pore defects.

The hydrophobic modification to the silicon substrate plays a
significant role in achieving a higher flux for the BCP membrane. If
we use the unmodified silicon substrate and keep all other
preparation parameters unchanged, the obtained composite mem-
brane only produces a pure water flux of 327 L m�2 h�1 bar�1,
which is lower than 20% of the flux of the membrane developed
from a modified silicon substrate. The reason is that the bottom
surface of the former membrane is much less porous and conse-
quently much less permeable than that of the latter one as we

Fig. 3. The SEM images of the bottom surface of membranes derived from PS-b-P2VP films deposited on silicon substrates before (a) and after (b) the grafting of hydroxyl-
terminated polystyrene (PS-OH), and the photographs of a water droplet staying on the silicon substrate before (c) and (d) grafting of PS-OH, from which water contact
angles are determined. The two images have the same magnification and the scale bar in (a) corresponds to 200 nm.
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discussed earlier. Furthermore, solvent annealing to perpendicu-
larly align the P2VP cylinders in the BCP film also contributes to
the high flux of the membrane. We prepared a composite
membrane by directly transferring the as-coated BCP film onto
the PVDF substrate membrane without the chloroform annealing
step followed by swelling in ethanol at 60 1C for 10 h. This
membrane displayed a very low water flux of 115 L m�2 h�1 bar�1

because of its poorly opened surface as shown in Fig. 6. The as-
coated PS-b-P2VP film is preferentially covered by the PS chains as
PS has a lower surface energy than P2VP (γPS¼33 mN m�1;
γP2VP¼60 mN m�1) [34] and the enrichment of PS chains on the
surface was already confirmed by XPS analysis [15]. Under the
tight wrapping of the PS blocks, the underneath P2VP microdo-
mains are difficult to pierce through the PS shells and produce a
much smaller porosity. This suppressing effect of PS layer becomes
more pronounced for PS blocks with higher molecular weights,

Fig. 4. SEM images for isoporous PS-b-P2VP membranes supported on PVDF substrate membranes and subjected to ethanol swelling at 60 1C for 10 h: (a) large-field view of
the cross-section of the bilayered composite structure; (b, c) top surface, (d) bottom surface, and (e) enlarged view of the cross-section. Insets in (b, d) are the bar charts of
the size distribution of the pores on the top and the bottom surface of the membrane, respectively. The scale bars in (a) and (b) correspond to 400 nm and 200 nm,
respectively. (c)–(e) have the same magnification and the scale bar in (c) corresponds to 100 nm.

Fig. 5. The pure water flux and retention to BSA and silica nanospheres with a
diameter of 12 nm of composite membranes prepared under different swelling
conditions.
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like the one we used in this work. PS chains with higher molecular
weights are in a more entangled state and are more difficult to
take plastic deformation to allow the outflow of the swelling P2VP
chains. In contrast, after annealing in chloroform, the P2VP
cylinders are perpendicularly aligned with their upper ends
directly exposed to the free surface. As a result, swelling in ethanol
even at a lower temperature for a shorter period of time is able to
thoroughly convert the P2VP cylinders into hollow pores.

Fig. 7 reveals that there is a linear correlation between water
flux and the applied transmembrane pressures (TMPs) in the range
of 0.05 bar–0.5 bar for the composite membrane with the copoly-
mer selective layer prepared by swelling in ethanol at 60 1C for
10 h. Under TMPs higher than 0.5 bar the flux increases at reduced
amplitude because of the compaction of the BCP layer under high
pressures. However, the thin BCP layer can withstand a pressure as
high as at least 1 bar and does not fracture under this pressure as
the water flux does not abruptly increase under the range of
testing pressures up to 1 bar. Considering that the copolymer
selective layer is only 85 nm in thickness, the copolymer mem-
brane has a reasonably good mechanical stability upon composit-
ing with the PVDF substrate membrane.

To investigate its size-sieving performances, the composite
membrane swelling at 60 1C for 10 h was further studied in the
selective separation experiment using dextrans with different
weights. As shown in Fig. 8a, the response peak of the 500 kDa
dextran in the filtrate disappears. However, the peaks of the
10 kDa dextran in the feed and filtrate are almost identical. As
dextrans with higher weights display shorter response times and
the peak area is proportional to the concentration of dextrans, we
conclude that the rejection of the 10 kDa sample is very low, and
the 500 kDa dextran is completely rejected by the membrane. In
contrast, the response values of the 40 kDa and 70 kDa dextran in
the filtrate are lower than those in the feed, which indicates that
dextrans with moderate molecular weights are partly rejected.
Fig. 8b shows the rejection curve of the membrane, and a
molecular weight cut-off (MWCO) of 165 kDa can then be
determined.

3.5. The inherent pH-responsive functionality of the BCP membrane

During the process of selective swelling and drying in the air,
P2VP that is a weak polyelectrolyte migrates to the surface and
adheres to the pore walls, which offers a stimuli-responsive
functionality to the BCP membrane. We measured the water flux

Fig. 6. The SEM image of the top surface of a BCP membrane prepared by directly
transferring the as-coated BCP film onto PVDF substrate followed by swelling in
ethanol at 60 1C for 10 h. The scale bar corresponds to 200 nm.

Fig. 7. The change of water fluxes with transmembrane pressures for the
composite membrane with the copolymer selective layer prepared by swelling in
ethanol at 60 1C for 10 h.

Fig. 8. The chromatograms for the mixture of dextrans with four different
molecular weights of the feed, filtrate, and retentate (a), and the rejection curve
of the composite membrane with the BCP selective layer developed by swelling in
ethanol for 10 h at 60 1C (b).
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of the membrane prepared by ethanol swelling at 60 1C for 10 h,
first with a rising pH from 2 to 8 and then with a decreasing pH
from 8 to 2. As can be seen in Fig. 9, the fluxes at lower pH are
small because the pyridine groups in the P2VP chains are highly
protonated and become positively charged. Consequently, the
P2VP chains are stretched to minimize charge repulsion, leading
to decreased effective pore sizes. With the increase of pH, the
P2VP chains are progressively deprotonated and take a coiled
conformation, resulting in the increase of the effective pore size
and consequently enhanced water flux. The largest jump in the
water flux occurs in the pH range from 3 to 5 where the pKa (¼4.7)
of the P2VP chains is crossed. In this experiment, the effective pore
size is not only influenced by protonation, but also impacted by
water swelling effect, which explains the reason why the flux at
pH¼6 was lower than that at pH¼5. Although the pore size
increases with the weakening protonation effect, the membrane
soaked in water for a longer time reduces the effective pore size.
When the pH is gradually adjusted from 8 back to 2 by adding HCl
to the testing solution, the water flux is also progressively reduced,
demonstrating that the change of water flux as a function of pH is
reversible. However, the water flux in the return line is generally
lower than the counterpart at the same pH in the departure line,
which should be caused by the water swelling effect. We note that
the pH-sensitive functionality of the membranes prepared here is
inherent to their pore formation mechanism, which means this
stimuli-responsive property and the pore creation are simulta-
neously obtained with the migration of P2VP chains onto pore
walls. Therefore, a post modification step is no longer necessary in
our method for the preparation of stimuli-responsive membranes.
In contrast, additional polymer chains are usually required to
attach on preformed pores in the extensively used ‘grafting to’ or
‘grafting from’ methods [35].

4. Conclusions

We demonstrated the nondestructive preparation of isoporous
membranes of PS-b-P2VP which have uniform and straight pores,
and inherent hydrophilic and stimuli-responsive surfaces. The
preparation of the isoporous membranes contains three critical
steps: (1) perpendicular alignment of the P2VP cylinders by
solvent annealing, (2) transferring the BCP film onto the macro-
porous PVDF substrate membrane, and (3) transformation of the

solid P2VP cylinders into straight pores by selective swelling in hot
ethanol. Additionally, before solvent annealing the BCP film is
required to be deposited on a hydrophobic substrate modified by
grafting of hydroxyl-terminated PS chains to ensure a sufficient
porosity on the bottom side of the ultimately obtained BCP
membrane. The obtained membrane possesses a bilayered com-
posite structure with the 85-nm-thick isoporous BCP membrane as
the selective layer and the PVDF membrane as the supporting
layer providing mechanical stability. The perpendicular alignment
of the P2VP cylinders, which facilitates the sufficient opening of
P2VP cylinders throughout the entire membrane during the
swelling-induced pore generation process, is essential to the high
permeability of the isopores. The membrane exhibits a much
larger water flux than other isoporous membranes derived from
block copolymers mainly because of its highly permeable pores
and strong hydrophilicity. Furthermore, the polar P2VP chains
enriched on the pore walls and membrane surface rendered the
membrane an inherent pH-responsive functionality.
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