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a b s t r a c t

Selective swelling of amphiphilic block copolymers (BCPs) is an effective and nondestructive pore-
making strategy. Here we coupled swelling-induced pore generation with UV crosslinking to fabricate
BCP isoporous membranes with gradient porosity. Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)
solutions were coated onto macroporous supporting membranes to achieve composite films, which were
then annealed in solvent vapor for the perpendicular alignment of the P2VP phases near the surface of
the coating BCP layer. After swelling of BCP in hot ethanol and drying, isopores of �8 nm formed at the
surface of BCP layer following the selective swelling-induced pore-formation mechanism. Then UV
exposure and subsequent secondary swelling at stronger condition of the membranes were conducted to
enlarge the inner pores while maintaining the surface structures. With balanced UV crosslinking and
secondary swelling, the finally obtained membranes showed ordered perpendicular pores at the
outmost layer and gradient porosity with enlarged interconnected pores inside the BCP layer. Due to
the gradient structures, the membranes exhibited much higher flux while the surface structures and
retention remained essentially unchanged. Moreover, compared to the membranes without UV
treatment, the membranes showed better performances in discriminating polyethylene glycol molecules
with different molecular weights and still kept a sensitive pH-responsive property.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Isoporous membranes possess unique advantages in the precise
separation of chemical/biological molecules and particles due to
their narrow pore-size distributions [1–4]. A number of isoporous
membranes of different materials have been fabricated using
various techniques, such as micro/nanofabrication [5], anodization
[6], and some improved synthesis processes based on traditional
methods [7]. Among these techniques, self-assembly of block
copolymers (BCPs) has stood out because of the relatively simple
fabrication process and the potential to be upscaled for massive
production provided there is affordable supply of BCP materials
having acceptable mechanical strength.

BCPs are hybrid molecules comprised of at least two chemically
distinct chains of homopolymers which are covalently linked
together. Most BCPs undergo phase separation in the microscopic
scale, resulting in a number of highly ordered nanostructures [8,9].
Well-defined nanoporous structures will be obtained when trans-
forming the dispersed phases into pores, and this is one of the most

frequently used strategies to prepare isoporous membranes from
BCPs. Most of the BCPs used for membrane purposes reported so far
are polystyrene (PS)-based copolymers and they are not robust
enough themselves to survive the pressure applied in the separa-
tion processes as PS is a glassy and amorphous polymer with weak
mechanical stability although very recently BCPs with substituted
PS as the major block have been explored for the purpose of
enhanced thermal and chemical stability of the membranes [10].
As a solution to this problem, BCPs are typically used as selective
layers composited on a robust macroporous supporting mem-
branes. Yang et al. [11,12] first prepared a thin film of BCP of PS
and polymethylmethacrylate (PMMA) on silicon wafers with a
sacrificial oxide layer by spin coating, then floated the BCP thin
films in water by removing the oxide layer. They collected the
floated BCP films on macroporous supports and obtained composite
membranes with the BCP layers after they removed the PMMA
blocks or PMMA homopolymer premixed in the BCP. This transfer-
ring method is effective to make membranes with small areas
and have been used by different groups. Alternatively, Phillip et al.
[13–15] prepared composite membranes having an isoporous
separating BCP layer by directly coating polylactide (PLA)-contain-
ing BCPs on water-filled porous supports followed by etching
away the labile PLA blocks with alkaline-catalyzed hydrolysis.
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Interestingly, Peinermann et al. reported an elegant method to
prepare isoprous membranes by employing nonsolvent-induced
phase immersion, which is a mature technique to make polymeric
membranes, to block copolymers [16–21]. They obtained asym-
metric BCP membranes with highly ordered, thin layers on top of
non-ordered sponge-like substructures which had a total thickness
of several hundreds of micrometers. This method enjoys foreseeable
advantages of upscalablity in the form of either flat sheets [16,17,20]
or hollow fibers [19,20] although efforts have to be made to seek
cheaper BCP raw materials as the NIPS method which requires
concentrated solutions consumes considerably larger amount
of BCPs.

In past few years, we developed an alternative approach to
make porous BCP membranes on the base of selective swelling-
induced pore generation. This approach is highly facile and
efficient and nanoporous membranes are produced simply by
immersing BCP films in hot solvent, for example, ethanol, and
drying them in air [22–24]. Straight pores with monodispersed
pores can be achieved if we introduced a solvent annealing
process before swelling to perpendicularly align the cylinders of
the minority blocks which are transformed to straight pores in the
following swelling process [25]. Furthermore, we transferred the
aligned BCP thin films onto macroporous polyvinylidene fluoride
(PVDF) supporting membranes followed by swelling treatment,
and obtained composite membranes with sub-100 nm-thin BCP
selective layers [26]. The membranes exhibited high flux and good
retention. However, the fabrication process where thin-film trans-
ferring is involved is tedious and it might be difficult in terms of
large-scale production.

In the present work, we prepare composite membranes having
isoporous surface pores and gradient porosity by selective swelling
of solvent-annealed BCP films directly coated on macroporous
supports. We combine the swelling-induced pore forming and UV
crosslinking of BCP to generate gradient porosity. Polystyrene-
block-poly(2-vinylpyridine) (PS-b-P2VP) solutions were coated
onto supporting membranes to achieve composite films, which
were then annealed in solvent vapor to induce the perpendicular
alignment of the P2VP phases near the surface of the coated BCP
film. After swelling of BCP and drying, uniform pores of �8 nm
formed at the very surface yet the inner BCP layer consisted of
interconnected pores o10 nm, which might affect the size-
selective separation functions of the surface pores. Subsequently,
UV exposure and secondary swelling to a stronger degree of the
membranes were conducted to enlarge the inner pores while
maintaining the surface structures unchanged. The obtained mem-
branes exhibited much better separation performances than the
counterparts without the UV and secondary swelling treatment.

2. Experimental section

2.1. Membrane preparation

Fig. 1 shows the fabrication process for the isoporous mem-
branes with gradient porosity. The BCP, PS-b-P2VP, was purchased
from Polymer Source and used as received. The numeric molecular
weight of the PS and P2VP blocks is 50000 g mol�1 and
16,500 g mol�1, respectively, and the PDI of the BCP is 1.09. The
BCP coating solution was prepared by dissolving PS-b-P2VP in
chloroform and the concentration was 2 wt%. PVDF macroporous
membranes obtained from Millipore with a pore diameter of
0.22 μm as stated by the manufacturer were served as supports
on which the BCP solutions were coated. The coating process was
presented in our previous work [24]. Briefly, we carefully spread
the BCP solution (10 ml each time) on the surface of PVDF substrate
membrane which was prefilled with water, and then dried at

130 1C for 20 min followed by cooling down to room temperature
naturally (Fig. 1a). A defect-free and complete coating of the
nonporous BCP layer on the supporting membrane was thus
obtained as water cannot permeate through the composite film
at a pressure of 0.05 MPa. After coating and heat treatment, the
film was transferred into an annealing vessel with chloroform
inside and the BCP layer was solvent-annealed at room tempera-
ture for a certain time (Fig. 1b). Prefilling of the supporting
membrane with water was necessary to avoid the BCP layer
infiltrating into the pores below during solvent annealing. We
then immersed the solvent-annealed film in ethanol at 50 1C for
5 h and a membrane with uniform surface pores was obtained
(Fig. 1c). To get gradient porosity under the surface pore, UV
crosslinking of the BCP membrane and swelling for the second
time under stronger swelling conditions (secondary swelling)
were used. The membrane was exposed to UV light with a
wavelength of 254 nm at the intensity of 1 mW/cm2 for 2 min to
fix the porous structure on the surface (Fig. 1d) and then swollen
in ethanol to a larger degree at pre-determined temperatures for
different durations (Fig. 1e). Thus a composite membrane com-
posed of a PVDF supporting layer and an isoporous BCP selective
layer with gradient porosity were obtained.

2.2. Characterizations

We used scanning electron microscopy (SEM) to characterize the
morphology of the membranes. SEM images of surfaces and cross
sections of the samples were taken on a field-emission microscope
(Hitachi S4800) operated at 5.0 keV. Before SEM observations, the
samples were sputtering coated with an ultrathin layer of Pt/Pd
alloy to avoid charging. X-ray photoelectron spectroscopy (XPS)
characterizations were carried out on a Thermo Scientific ESCALAB
250 XPS system using monochromatic Al Kα as the X-ray source
and the electron take-off angle was set at 01.

2.3. Filtration experiments

Flux and separation experiments were carried out in a Milli-
pore Amicon 8010 stirred filtration cell. The membranes were
prepressed at the pressure of 0.05 MPa for 10 min prior to the
filtration tests. Bovine serum albumin (BSA) with purity higher
than 97% was purchased from General Material. BSA was dissolved
in phosphate buffered solution (PBS, pH 7.4) at the concentration
of 0.5 g/L. The concentrations of BSAwere determined from the UV
absorbance at 280 nm with a Thermo minitype UV–vis absorption
Spectrometer (NanoDrop 2000c). A mixed solution (total concen-
tration 0.6 g/L) of two equal polyethylene glycol (PEG, PDI o1.10,
purchased from Polymer Source Inc.) with the molecular weights
of 22 kDa and 102 kDa in water was used to test the size-sieving
property of the membranes, and the filtration of PEG was analyzed
via gel permeation chromatography (GPC, Waters 1515).

We tested the fluxes of water with different pH values (2–9) of
the membranes to illustrate their pH-responsive property. Firstly,
one composite membrane was kept in a beaker with water
(pH¼2) for 30 min, allowing the P2VP chains to swell completely.
The wet membrane was then placed in the stirred cell module and
the flux of water (pH¼2) was measured. Note that a 10-min
prepressing of the membrane at 0.05 MPa was applied before
every measurement. After that, the cell module was cleaned
carefully and rinsed with water at a pH¼3 for several times, and
the membrane was immersed in water (pH¼3) for 30 min and its
flux of water (pH¼3) was then measured. The flux of water (pH
from 2 to 9 and then 9 to 2) of the composite membrane was
measured in the same way.
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3. Results and discussions

Pore size distribution and other surface properties are key
factors affecting membrane performances [27,28]. Generally, a
porous membrane with a narrower pore size distribution can
show better size-sieving property. In our previous work, compo-
site membranes consisting of a mesoporous BCP layer and a
macroporous support layer were fabricated [24]. The intercon-
nected pores in BCP layer were structured, yet far from uniform. To
further improve the pore regularity and thus narrow the pore size
distribution, we took solvent annealing to adjust the microphase
separation and achieve a highly ordered perpendicular alignment
of the PS-b-P2VP film. The BCP film was annealed in the satura-
ted vapor of chloroform. It was found that short annealing in a
neutral solvent followed by instant solvent evaporation produ-
ced a highly ordered perpendicularly aligned morphology. The
solvent-annealed PS-b-P2VP film was then swollen in ethanol at
50 1C for 5 h and dried in air, and uniform pores with a diameter
�8.0 nm were formed (Fig. 2a), following the pore forming
mechanism of selective swelling. However, the cross-sectional
SEM images showed that the inner PS-b-P2VP layer was made
up of interconnected pores with a diameter less than 10 nm
(Figs. 2b and S1), and these inner pores affect the permeability
of the membrane as well as size-selective separation functions of
the surface pores as the pore sizes of the inner pores are
comparable to the surface pores, for instance, such a membrane
gave a very low water flux (80 L/(m2 h bar)). Both the uniform
surface pores and the interconnected pores underneath the sur-
face play a role in determining the size-sieving performance of the
membranes.

One common strategy to solve this problem is to lower down
the thickness of the selective layer and therefore to reduce the
transport resistance produced by the pores underneath. There are
two existing routes realizing thin selective layer: one is to directly
spin-coat the BCP solution onto the supporting membrane [15],
the other is the sacrificial layer method [11,26,29]. Nanoporous
membranes with top BCP layer lower than 500 nm can be
obtained via both methods. However, as we already mentioned
in Section 1 it is challenging to produce composite membranes
with large areas using both methods. Alternatively, we propose a
two-step fabrication strategy: maintaining the isoporous surface
unchanged and enlarging the inner pores.

UV exposure of the annealed and swelling-treated composite
membranes was utilized to fixate PS and P2VP chains on the
surface by crosslinking [30] and thus maintain the surface isopor-
ous structure during the secondary swelling. UV exposure can
induce both crosslinking and degradation in polymer films, so an
appropriate UV dosage is crucial. A UV intensity of 1 mW/cm2 for
2 min in air was used here. Upon UV exposure, radical species
were produced on the PS and P2VP chains, which then recom-
bined to generate a crosslinked network. In addition, UV exposure
is a thickness-dependent process and it will result a progressively
reduced degree of crosslinking from the top surface to the interior
of the polymer film. Therefore, we could significantly crosslink
the polymer chains in the top surface on which the UV light was
directly shed while barely disturbing the polymer chains in
the interior within a relatively short exposure time. The surface
morphology of the annealed and swelling-treated composite
membrane was preserved after UV exposure (Fig. S2). XPS analysis
also showed that the compositions of the PS-b-P2VP layer did not

Fig. 1. Schematic of the preparation of the isoporous membrane with gradient porosity. (a) BCP layer coating, (b) the perpendicular alignment by solvent annealing, (c) pore-
making by swelling in ethanol, (d) surface crosslinking by UV exposure, and (e) enlarging of the inner pores and producing the gradient porosity by secondary swelling at a
stronger swelling conditions.

Fig. 2. SEM images of the BCP layer after solvent annealing and ethanol swelling: (a) surface and (b) cross section. Both panels have the identical magnification and the scale
bar is found in panel (b).

Z. Wang et al. / Journal of Membrane Science 476 (2015) 449–456 451



change evidently with UV exposure (Fig. 4). In contrast, if the UV
dosage was not proper (Fig. S3a) or the exposure time was too long
(Fig. S3b), cracks or pore blocking emerged.

After UV exposure, the sample was immersed in hot ethanol
subjected to secondary swelling to a stronger degree to enlarge the
pores inside the BCP layer. The degree of swelling was significantly
influenced by the swelling temperature and swelling time. Higher
swelling temperature or longer swelling time can lead to a stronger
deformation degree of both the PS matrix and the P2VP chains during
the swelling process and, consequently larger pores [23,25]. So the
diameters of the inner pores increased after secondary swelling.
However, due to the UV crosslinking, the mobility of the surface
polymer chains was reduced severely and the isoporous structure at
the surface was maintained. As a result, an isoporous membrane with
gradient porosity was obtained. We investigated the surface morphol-
ogies of the UV treated membranes subjected to secondary swelling
at different swelling conditions. SEM image in Fig. 3a revealed that
the composite membrane after UV exposure and secondary swelling
in 60 1C ethanol for 1 h showed highly ordered circular pores with a
diameter of �8.1 nm which was consistent with the membrane
before UV exposure. In contrast, if the annealed and swelling-
treated composite membrane was directly swelled in 60 1C ethanol

for 1 h without UV exposure, its initially ordered alignment ruined
and the membrane showed a twisted and interconnected pore
structure with a pore diameter 413 nm (Fig. S4a), much like that
of the membrane swelling at 60 1C for 1 h without a prior solvent
annealing (Fig. S4b). That is, for the UV-treated membrane, the
UV-crosslinked surface polymer chains were restricted so its surface
structures were not disturbed by the following secondary swelling.
On the contrary, the surface morphology of the membrane without
UV exposure was changed by secondary swelling as the polymer
chains were mobile and able to deform under further swelling
treatment.

Whenwe did the swelling at 60 1C for 5 h, the membrane surface
was slightly waved as shown in Fig. 3b, which was due to a
confliction between the enlarged inner pores and the limited space
determined by the supporting membrane. However, as the UV-
crosslinked polymer chains on the surface were restricted, the pores
on the surface still kept a highly ordered and uniform state and
the mean pore diameter was �8.3 nm, much the same with that
before UV exposure. The surfaces became more waved when we
further increased the swelling condition at 60 1C for 15 h, and
the mean pore diameter increased to �10.2 nm (Fig. 3c). The
gradually changing morphologies indicated a competition between

Fig. 3. (a–d) Surface SEM images of the composite membranes which were subjected to UV treatment and secondary swelling at stronger but different swelling conditions:
(a) 60 1C for 1 h, (b) 60 1C for 5 h, (c) 60 1C for 15 h, and (d) 70 1C for 5 h. (e) The cross-sectional morphology of (a). (a–d) shows the identical magnification and the scale bar
is placed in panel (d).
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the tendency to preserve the structure endowed by UV crosslinking
and the tendency to enlarge the pore induced by secondary swelling.
In spite of the waved surface and the increasing pore sizes, the
isoporous structure on the membrane surface was preserved, indicat-
ing that the structure-preserving tendency endowed by UV cross-
linking of polymer chains still played a major role. As mentioned,
temperature is a crucial factor in the swelling process and higher
swelling temperature leads to higher degree of swelling and conse-
quently larger pores. We also observed the surface morphology of the
UV-exposed membrane subjected to secondary swelling in 70 1C for
5 h as shown in Fig. 3d. The membrane surface was waved to an even
stronger extent and the mean pore diameter increased to �14.3 nm.
Moreover, some initially cylindrical pores merged with neighboring
ones and converted to channel-like pores. It indicated that the
secondary swelling induced structural transformation prevailed in its
competition with the structure-preserving tendency endowed by UV
exposure. Fig. 3e showed the cross-sectional morphology of the
membrane after UV exposure and following secondary swelling in
ethanol at 60 1C for 1 h. It is clear that the membrane was composed
of three gradient layers: the top isoporous layer with a pore diameter
o10 nm and thickness o100 nm, the lower gradient BCP layer with
larger interconnected pores and the supporting macroporous layer.
Compared to the membrane which did not receive UV treatment
(Fig. 2b), the membrane subjected to UV treatment and secondary
swelling exhibited larger inner BCP pores and a gradient porosity. As a
result, the filtration resistance of such membranes with gradient
porosity and larger pores will be reduced and a better permeability
as well as size-selective separation function was expected.

XPS was used to reveal the chemical compositions of the PS-b-
P2VP surface layer of the composite membranes prepared under
different conditions. And the nitrogen to carbon (N/C) atomic ratios
were used to indicate the relative concentrations of P2VP on the top
surface of membranes, as shown in Fig. 4. The surface N/C ratio of the
annealed and swelling-treated membrane, the membrane further
subjected to UV exposure, and the membrane further subjected to
secondary swelling at UV-60 1C for 1 h was 5.39%, 5.67%, and 5.56%,
respectively. The nearly identical N/C ratios within the measurement
errors indicated nearly the same surface P2VP contents and therefore
confirmed the retaining of the surface structure during UV exposure
and the following secondary swelling at 60 1C for 1 h. When the
secondary swelling was carried out at 60 1C for 15 h, the surface N/C
ratio of the membrane noticeably increased to 8.23%. This was because
more P2VP moieties translocated to the surface as the surface
retaining endowed by UV crosslinking could not completely prevent
the structural transformation forced by secondary swelling last for
longer time.

We then studied the permeability and retention performances
of membranes prepared under different conditions, and the results
are illustrated in Fig. 5. Membr. 1 referred to the annealed and
swelling-treated membrane without UV exposure. It showed a
pure water flux of 83 L/(m2 h bar) and a rejection of 95.6% to BSA
as both the pores on the surface and in the interior were less than
10 nm, which would be smaller when used due to slight swelling
of PS-b-P2VP in water. Membr. 2 and Membr. 3 referred to the
membrane subjected to UV exposure and secondary swelling at
60 1C for 1 h and 15 h, respectively. After UV exposure and
secondary swelling, the membrane exhibited much better perme-
ability. For Membr. 2, the pure water flux was 295 L/(m2 h bar),
more than three times larger than that of Membr. 1, while the BSA
retention maintained at 94.7%. As mentioned above, for the
annealed and swelling-treated membrane, the surface structure
was well kept and the inner BCP pores were enlarged after UV
crosslinking and subsequent secondary swelling at 60 1C for 1 h.
The highly ordered surface pores with a diameter �8.3 nm played
a decisive role in rejecting BSA, and the enlarged inner pores
contributed to reducing of the membrane mass-transfer resistance
and thus improving of the permeability. When the secondary
swelling at 60 1C increased to 15 h, the membrane showed a pure
water flux of 557 L/(m2 h bar) and a BSA retention of 93.4%. The
flux was almost seven times higher than that of Membr. 1 while
the BSA retention barely declined. This was because swelling at
60 1C for 15 h induced much larger inner pores and on the other
hand, the 10-nm ordered pores could still reject BSA efficiently in
water. Membr. 4 and Membr. 5 were the control samples subjected
only to ethanol swelling at 60 1C for 1 h and 15 h, respectively and
no solvent annealing, UV treatment or secondary annealing was
carried on them. The water flux of Membr. 4 and Membr. 5 was
391 L/(m2 h bar) and 788 L/(m2 h bar), the BSA retention 59.4% and
47.4%, respectively. Compared to Membr. 4, Membr. 3 which was
secondarily swelled at 60 1C for 15 h exhibited both higher flux
and retention because of the gradient porosity and larger pores.

Membrane resistance analysis was conducted to further illus-
trate the gradient porosity of the composite membranes. The
filtration resistance from membrane itself Rm was calculated using
the Darcy filtration model [31]

J0 ¼
ΔP
μRm

ð1Þ

where ΔP is the pressure drop across a membrane, μ is the water
viscosity, 0.89�10�3 Pa s, and J0 is the pure water flux. Therefore,
the membrane resistance can be estimated just from the pure

Fig. 4. XPS wide-scan spectra of (a) the annealed and swelling-treated membrane,
(b) the membrane further subjected to UV exposure, and (c) the membrane further
subjected to secondary swelling at UV-60 1C for 1 h and (d) 15 h.

Fig. 5. The water flux and BSA rentention of different membranes. Membr. 1:
annealed and swelling-treated membrane without UV exposure; Membr. 2 and
Membr. 3: the membrane subjected to UV exposure and secondary swelling at 60 1C
for 1 h and 15 h, respectively; Membr. 4 and Membr. 5: the membranes which were
only swollen in ethanol at 60 1C for 1 h and 15 h, respectively and no solvent
annealing, UV treatment or secondary annealing was carried on them.
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water flux. We compared the integral membrane resistance Rm,
the top isoporous layer resistance Rt, and the lower subsurface
layer (including the gradient BCP layer and the supporting macro-
porous layer) resistance Rl (Fig. 6) of the annealed and swelling-
treated membrane before and after UV exposure and secondary
swelling at 60 1C for 1 h. For the annealed and swelling-treated
membrane before UV exposure and secondary swelling (namely,
Membr. 1), Rm was calculated according to its pure water flux, and
Rl was calculated according to the pure water flux of the mem-
brane subjected only to ethanol swelling at 50 1C for 5 h and no
solvent annealing, which had a structure similar to that of the
lower subsurface layer of Membr. 1. Rt was the subtraction of Rl
from Rm. For the annealed and swelling-treated membrane after
UV exposure and secondary swelling (namely, Membr. 2), Rm was
also calculated according to its pure water flux. Membr. 1 and
Membr. 2 had a same Rt as they showed similar top layer
structures, and Rl was the subtraction of Rt from Rm. As shown in
Table 1, the membrane before such treatment exhibited a much
higher membrane resistance than the treated one because of the
more than four times higher resistance from the layer underneath
the surface layer. We can also conclude from the table that the
resistance for the membrane without UV exposure and secondary
swelling is mainly from the subsurface layer and the resistance
from the surface layer can be neglected because it only accounted
for 6.44%. In contrast, for the membrane subjected to UV exposure
and secondary swelling, the role of the surface layer became
evident as it was accounted for 22.8% to the whole membrane
resistance.

Two PEG molecules with molecular weights of 22 KDa and
102 KDa, respectively were used to investigate the size-sieving
performances of the composite membranes. GPC curves are shown
in Fig. 7. The annealed and swelling-treated membrane before UV
exposure displayed a retention of 40.9% and 83.3% to 22 KDa and
102 KDa PEG, respectively. While for the membrane after second-
ary swelling at 60 1C for 1 h, the retention was 31.8% and 86.5%,
respectively, and for the membrane after secondary swelling at
60 1C for 15 h, the retention was 17.2% and 85.2%, respectively. It
indicates that after UV exposure and secondary swelling the
membrane kept almost the same retention to larger PEG mole-
cules and it exhibited less retention to the smaller PEG molecules
because the subsurface layer in the membrane receiving no UV
exposure and secondary swelling also delivered a retention func-
tion. The separation factors to 22 KDa and 102 KDa PEG of the
above-mentioned three membranes were 2.04, 2.72 and 4.95,
respectively. That is, the membrane subjected to UV exposure

and secondary swelling behaved better in discriminating the two
PEG molecules and moreover, the membrane with 15 h secondary
swelling worked even better than the one with 1 h secondary
swelling.

The membranes subjected to UV exposure and secondary
swelling also showed a pH-responsive property although the

Fig. 6. The schematic depiction of the analysis of membrane resistance.

Table 1
Membrane resistance values of membranes before and after the treatment of UV
exposure and secondary swelling at 60 1C for 1 h.

Rt (m�1) Rl (m�1) Rm (m�1) Rt/Rm (%)

Before 3.10�1011 45.0�1011 48.1�1011 6.44
After 3.10�1011 10.5�1011 13.6�1011 22.8

Fig. 7. GPC curves showing the selective sieving to 22 KDa and 102 KDa PEG
molecules of (a) the annealed and swelling-treated membrane before UV exposure,
the membrane subjected to UV exposure and secondary swelling at 60 1C for 1 h
(b) and for 15 h (c).
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P2VP segments migrated on the pore wall were crosslinked by UV
exposure. We tested the water flux of the membrane subjected to
secondary swelling at 60 1C for 1 h under different pH values and
the results are shown in Fig. 8. When pH was lower than 2, no
water permeated the membrane. The membrane pores were
considered to be closed. The flux showed an increase of more
than 1 order of magnitude when the pH changed from 3 to 7. Then
the flux decreased slightly with the increase of pH till 9. Further-
more, the change of water flux as a function of pH was reversible.
When pH decreased, the nitrogen atoms on P2VP chains per-
formed stronger protonation. And P2VP chains stretched to a
larger extent because of the electrostatic exclusion, resulting in a
decrease of effective pore size of BCP layer and thus the decrease
of water flux at the macroscopic level [32,33]. When the pH was
switched from 7 to 3, around the isoelectric point of P2VP,
protonation between the nitrogen atoms took place at a stronger
degree and the flux showed a sharp decrease. When the pH
decreased to 2, stretched P2VP chains had already covered the
nanopores on the surface. Reversibility of protonation between the
nitrogen atoms as a function of pH led to the reversibility of the
change of water flux. Such a pH-dependent permeability of the
UV-treated membrane was similar, both in the trend and the
amplitude of the flux change, to the membrane made of the same
BCP but subjected to no UV crosslinking [24]. On the membrane
surface the P2VP chains were expected to be significantly cross-
linked and their change in conformation with varying pH might be
restricted to some extent. However, the P2VP chains in the bottom
part of the BCP layer were slightly influenced or not at all by
UV exposure and they changed their conformations to respond
the changes in pH and resulted in an evident pH-dependent
permeability.

4. Conclusions

Block-copolymer-based isoporous membranes with gradient
porosity are prepared. Dilute solutions of PS-b-P2VP were directly
coated on the surface of macroporous PVDF substrate membranes
and a solvent annealing process was applied to induce the
perpendicular orientation of P2VP cylinders on the BCP surface.
The annealed BCP film composited on PVDF support was then
immersed in hot ethanol to make isopores on the surface and
interconnected pores inside the BCP layer following the pore
generation mechanism of selective swelling. The BCP layer was
exposed to UV light shortly and the BCP chains were crosslinked
with a progressively reduced degree of crosslinking. We then

applied a secondary swelling in ethanol to the UV-exposed BCP
membrane at stronger swelling conditions. We obtained BCP
separating layer with isoporous surface pores and gradient poros-
ity because the secondary swelling did not change the isoporous
structure on the surface as the BCP chains were largely fixated by
UV crosslinking and enlarged the pores inside the BCP layer as the
crosslinking became gradually weak at deeper positions. Cross-
sectional SEM observation and membrane resistance analysis
confirmed the gradient porosity in the BCP layer. The resulting
membranes showed higher permeability by a factor of three to
seven at no expense of retention compared to membranes sub-
jected to no treatment of UV exposure and secondary swelling.
Moreover, such membranes exhibited better performances in
discriminating polyethylene glycol molecules with different mole-
cular weights. Additionally, we found that the membrane kept its
smart nature to respond to the change toward varying pH and the
UV exposure did not noticeably hurt the pH-responsive property
of the membrane as the P2VP chains especially in the bottom part
in the BCP layer were not fully locked by the UV crosslinking.
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