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ABSTRACT: Block copolymers (BCPs) have long been
pursued as precursors to nanoporous membranes, and
selective swelling-induced pore generation has emerged as
an extremely simple strategy to BCP membranes with both
well-defined nanoporosity and inherently functional surfaces.
In this Perspective, we briefly discuss the principles of this
pore-making method and summarize its key features and most
recent progress on thus-produced ultrafiltration membranes.
Exciting results toward the upscaling of this method are
highlighted: the large-scale, affordable synthesis of poly-
sulfone-based BCPs and the continuous manufacturing of BCP membranes by melt extrusion coupled with microwave-boosted
selective swelling. Importantly, we reveal the “greener” nature of this selective swelling process compared to conventional phase-
inversion methods as it involves less aggressive solvents and produces no wastewaters. An outlook on the remaining challenges
and future efforts to push selective swelling to real-world applications is also presented.

■ INTRODUCTION
Ultrafiltration (UF) is a pressure-driven separation process
enabled by porous membranes with pore sizes in the range of
∼2−100 nm.1 UF ensures efficient separation of nanometer-
sized species carried in water and also in organic solvents based
on the mechanism of size discrimination. Compared to other
separation processes, UF consumes less energy, requires fewer
footprints, and can be continuously operated. Therefore, UF has
been extensively used for the purpose of separation, concen-
tration, and purification in a large array of fields ranging from
water treatment to dairy and foods and to pharmaceuticals.2−6

For example, in the case of water treatment, one of the largest
UF drinking water treatment systems built in North America in
2008 can treat 380 million liters of water per day, and now more
significant water treatment plants have been built by using UF
technologies.7 Therefore, UF is expected to play an increasingly
important role in providing clean water as well as other valuable
products to our daily life and to industry.
Over 90% UF membranes are made from polymers, and

nonsolvent-induced phase separation (NIPS), which was
developed by Loeb and Sourirajan over half a century ago,
remains the most popular and successful technique to produce
polymeric UF membranes.8−10 In NIPS, the polymer solution is
subjected to phase separation in a nonsolvent (water in most
cases), producing a polymer-rich phase and a polymer-lean
phase via the exchange of solvent and nonsolvent. The polymer-
rich phase is later on converted to a membrane skeleton while
the polymer-lean phase is converted to porosity. This is a
macrophase separation taking place quite fast, typically
completed within seconds. It is technically difficult to control
the burst and size of the polymer-lean phase. Consequently, the
sizes of the pores in the eventually obtained UF membranes

scatter in a relatively wide range, which weakens the selectivity of
the membranes. Even worse, NIPS is a solvent-extensive process
as it starts from polymer solutions, and it generates a large
volume of intractable wastewater. That is to say, NIPS is facing
challenging environment and safety concerns.
To improve the selectivity, one needs to produce pores with

diameter distribution as low as possible in the membrane.
Microphase separation of block copolymers (BCPs) has been
explored for this purpose for a few decades and demonstrated to
be distinguished from other methods.11−13 BCPs are hybrid
macromolecules composed of at least two covalently bonded
homopolymer chains. BCPs tend to phase separate at the
microscale, producing highly ordered structures with feature
sizes of dispersed phases typically in the range of ∼10−50
nm.14,15 The basic principle to produce uniform pores from
BCPs is to transform the dispersed phases into voids by chemical
or physical approaches. Therefore, the pore sizes of BCP films
are corresponding to the size of dispersed phases, making them
particularly suitable for ultrafiltration. This is the natural reason
for many researchers devoting their efforts to develop BCP
membranes with uniform pores although the ultimate
applications might not be targeted to UF. A few methods have
been used to convert the dispersed phases embedded in the
continuous phases into voids. The direct and widely used way is
to chemically degrade the dispersed phases.16 However, it is only
applicable to very limited types of BCPs, and the chemical
degradation is tedious and typically requires harsh reaction
conditions. By applying NIPS to BCP solutions with deliberate

Received: August 19, 2019
Revised: December 6, 2019
Published: December 16, 2019

Perspective

pubs.acs.org/MacromoleculesCite This: Macromolecules 2020, 53, 5−17

© 2019 American Chemical Society 5 DOI: 10.1021/acs.macromol.9b01747
Macromolecules 2020, 53, 5−17

D
ow

nl
oa

de
d 

vi
a 

N
A

N
JI

N
G

 T
E

C
H

 U
N

IV
 o

n 
Fe

br
ua

ry
 8

, 2
02

0 
at

 0
1:

28
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.9b01747
http://dx.doi.org/10.1021/acs.macromol.9b01747


control over the interaction among solvent/nonsolvent/BCPs,
researchers produced asymmetric UF membranes with highly
uniform surface pores.17,18 This is an important method as it is
fully compatible to the conventional NIPS process but
overcomes its inherent disadvantage of wide pore-size
distribution.
A decade ago, we developed an alternative method

qualitatively different from previous works to produce BCP
membranes with well-ordered pores. This method is termed
selective swelling-induced pore generation, which is based on
the difference in polarity (or interaction to polar solvents) of the
constituent blocks in BCPs.19,20 In this method, dense films of
amphiphilic BCPs no matter how they are processed are soaked
in a polar solvent (e.g., ethanol) at elevated temperatures for a
period of time and then removed from the solvent. With the
evaporation of the solvent in the BCP films, the originally dense
BCP films are transformed to nanoporous membranes. This
method is purely a swelling and drying process, which involves
no chemical reactions. It is extremely simple and is highly flexible
in tuning pore geometries. Also importantly, thus-produced
membranes possess inherent hydrophilicity and functionalizable
pore surfaces, which is highly desired for separations in aqueous
systems.21 A number of other groups joined us to make efforts in
this burgeoning area.23−25 Studies have been performed to
deepen the understanding on this pore-making method,26,27 to
screen various BCPs applicable to this method,28−30 to tune the
pore sizes and morphologies,31−33 to extend the applications of
thus-produced porous BCP membranes,34−36 and also to
explore the feasibility of upscaling of this swelling-based pore-
making process.37−39We have briefly discussed the homoporous
nature of the membranes produced by selective swelling-
induced pore generation a few years ago.22 Very recently,
exciting new results have been achieved, for example, the
synthesis of robust and affordable BCPs suitable for this method
and the new strategies to produce large-area BCP membranes.30

These recent results imply the potential of scalability of this new
technique to produce UF membranes and also the interesting
“clean” or “green” nature of this membrane-forming method
compared to the conventional solvent-extensive NIPS process.
In this Perspective, we first make a brief overview to this

burgeoning method including the pore-forming mechanism,
tunability in pore sizes and geometries, and features of this pore-
making method, with highlights to recent progresses on
membrane applications of thus-produced nanoporous BCPs.
By comparing with the traditional phase-inversion membrane-
making process, we elucidate the “greener” nature of this
selective swelling process. Then, the scalability of this method is
discussed from the aspects of both the suitable BCP raw
materials and the film-manufacturing process. We conclude this
Perspective by identifying remaining obstacles before upscaling
of this method, the future works that need to be done to
maximize the performances of the BCP UF membranes, and
some specific areas where such membranes are expected to play

a better role than conventional membranes made from phase-
inversion methods.

■ MECHANISM OF SELECTIVE SWELLING-INDUCED
PORE GENERATION

It has long been observed that selective solvents induce
morphological evolution of amphiphilic BCPs as a result of
the preferential interaction between the solvent and one
constituent block. Almost two decades ago, Sohn et al. exposed
free-standing micellar monolayers of polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) to ethanol and observed a complete
core−corona inversion of the BCP micellar monolayers.40 Such
a surface reconstruction induced by a selective solvent was later
on used to create surface cavities on BCP thin films supported on
solid substrates41,42 and to make hollow channels in BCP
nanorods.43 The root cause for the surface reconstruction and
the formation of void structure is the difference in the swelling
behavior of the two phases of the BCP materials in the selective
solvent. By enlarging the difference in the swelling degree of the
dispersive and continuous phases, we established a universal
pore-making strategy, termed selective swelling-induced pore
generation, which can produce well-defined nanopores even in
BCP bulk materials.19

The selective swelling-induced pore generation strategy
toward nanoporous films involves only soaking the BCP films
in a selective solvent and drying the films withdrawn from the
solvent. Taking the most extensively used BCP, polystyrene-
block-poly(2-vinylpyridine) (PS-b-P2VP), as an example, when
the nonporous dense film is immersed into ethanol, which has a
strong affinity for P2VP but can barely swell the PS matrix, the
P2VP phases uptake ethanol and are swollen. The osmosis
pressure is gradually accumulated in P2VP phases and drives the
swollen P2VP phases to expand their volumes and squeeze the
PS matrix.44 The PS phases can hardly deform due to the rigid
nature at room temperature as the Tg of PS is ∼100 °C.45

However, elevated temperatures (typically 50−70 °C during
selective swelling) will moderately enhance the mobility of PS
chains, thus leading to the plastic deformation of PS matrix in
ethanol. This can be described as the course of selective swelling
as the P2VP phases are strongly swollen while the PS phases are
slightly swollen (Figure 1a). After removal of the film from
ethanol, the PS phases previously deformed in ethanol are frozen
and cannot restore to their original positions because of their
weakened mobility and the absence of a driving force to deform
back at room temperature. Meanwhile, the originally swollen
P2VP chains deswell and collapse on the pore walls and surface
with the evaporation of ethanol, and the volumes previously
occupied by the swollen chains are transformed to void spaces
(pores). This is the deswelling and pore-forming step (Figure
1b). Swelling agents, temperature, and durations influence the
process of selective swelling-induced pore generation, which will
be discussed in detail later. However, there is no limitation to the
approaches or conditions for the drying operation to evaporate
the swelling agents. We note that the evaporation rate of the

Figure 1.Mechanism of selective swelling-induced pore generation in amphiphilic block copolymers. The green color indicates the continuous phase
composed of themajority block, while the red color highlights the dispersed phase composed of theminority polar blocks. Reproduced with permission
from ref 19. Copyright 2010 John Wiley and Sons.
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swelling solvent does not noticeably influence the pore
structures of the swelling-treated BCPs. For instance, it is
found that three different ways of drying, including fast drying at
60 °C, freeze-drying, and drying naturally at room temperature,
are all applicable to this pore-making process, and no difference
can be observed in the morphology of the obtained porous films.
The final pore structure of the BCP film is determined by the
swelling degree of the PS and P2VP phases, both of which are
determined by the swelling conditions (solvent, temperature,
and duration). Drying under different conditions only changes
the speed of the deswelling of the previously swollen P2VP
chains. In the case the solvent is fully evaporated, the P2VP
chains will be in the same condensed state nomatter how fast the
solvent is evaporated, and consequently, pores with a fixed size
and structure are produced.
In this swelling-based pore-making process, the films

experience significant volume expansion since numerous pores
are formed in the films, but there is no sacrifice of any
component in the BCP. For the BCP film coated on flat
substrates, the volume expansion only occurs in the direction
perpendicular to the film surface as vertical stretching because
the deformation in the direction along the film surface is
suppressed by the confinement effect of the substrate.
Therefore, the change in film thickness is a good indicator of
the swelling degree in the swelling process. A detailed
investigation on the thickness change in PS-b-P2VP films coated
on silicon wafers by ellipsometry has been conducted to
understand the kinetics of the swelling process.26 Ethanol
swelling of the film at 60 °C leads to a nearly linear increase of
thickness by 104% in the first hour and subsequently a lower but
continuous increase in the swelling period from 1 to 15 h with a
total increase of 149% compared to the initial thickness of the
film, indicating a porosity of ∼60% for the finally obtained
porous film (Figure 2). From the thickness change during

swelling durations it can be concluded that the film experiences a
fast swelling in the initial stage (1 h), and then the swelling slows
down. This is a result of the initial fast uptake of ethanol in the
P2VP phases initially, which slows down when approaching
saturation. Swelling agents play an important role in determining
the swelling degree of BCP films. The swelling behaviors of PS-
b-P2VP films in different alcohols indicate that monohydric
alcohols with longer carbon chains have stronger swelling
effects, leading to a faster swelling process and consequently a
higher porosity. This is because monohydric alcohols strongly
swell the P2VP phases on one hand, and their affinities to PS are
increased with their carbon numbers on the other. The mobility

of PS chains is thus enhanced in alcohols with increasing carbon
numbers. Therefore, the PS matrix will deform to a higher
degree driven by the same swelling of P2VP phases, eventually
leading to larger pores. However, the excessive swelling will
cause the micellization of the BCP, resulting in the collapse of
the PS matrix.46 As a consequence, the maximum of the film
thickness is achieved when ethanol is used as the swelling agent
rather than other monohydric alcohols with longer carbon
chains. It should be noted that the pronounced increase of the
film thickness during selective swelling not only brings high
porosity but also may cause wrinkles on the prepared porous
films, especially for thicker BCP films.
Multiblocked copolymers offer more opportunities in the

preparation of nanoporous polymers with additional function-
alized pore walls.47,48 Selective swelling-induced pore gen-
eration is also applicable to triblock terpolymers given that the
PS blocks in the glassy state have the highest volume fraction in
the polymer. The third blocks may enhance the performances of
the nanoporousmembranes or provide additional functionalities
to them. For example, a third rubbery block evidently increases
the mechanical stability of the nanoporous membranes of
polyisoprene-block-polystyrene-block-poly(2-vinylpyridine)
(PIP-b-PS-b-P2VP),29 while terpolymers with two hydrophilic
blocks, e.g., poly(styrene)-block-poly(2-vinylpyrene)-block-
poly(ethylene oxide) (PS-b-P2VP-b-PEO), have more freedom
in tuning the pore sizes,49 which will be discussed in the
following section.

■ REGULATION ON PORE SIZES AND GEOMETRIES
As described above, the pores formed by selective swelling
coincide with the positions of swollen minority phases; thus, the
pore geometries are essentially determined by the microdomain
structure of minority blocks. In the as-coated dense film of PS-b-
P2VP, P2VP cylindrical microdomains (cylinders) are randomly
oriented in the PS matrix, and swelling of the BCP films in
ethanol at 60 °C causes the expansion and interconnection of
P2VP cylinders and following solvent evaporation would result
in a bicontinuous porous structure with pore sizes scattered to
some extent (Figure 3a).21,34,50 To obtain ordered pores, the
P2VP cylinders in the BCP films before swelling are required to
be regularly organized.51,52 To this end, solvent or thermal
annealing treatment to the BCP films prior to swelling must be
conducted to align the P2VP cylinders in a certain
orientation.53−55 It has been reported that a short exposure of
as-coated PS-b-P2VP films to chloroform vapor followed by
instant vapor evaporation could lead to the perpendicular
orientation of the P2VP cylinders hexagonally arranged in the PS
matrix.56 After swelling the prealigned films in ethanol for several
hours, straight pores penetrating the entire film thickness with
identical pore sizes were obtained (Figure 3b). Such
perpendicularly aligned pores can be called “standing pores”.31

Another type of uniform pore with the orientation parallel to the
XY-plane is the slit-shaped pores, which can be nicknamed
“sleeping pores” in contrast to “standing pores” (Figure 3c).
Annealing PS-b-P2VP films in saturated vapor of 1,1,2-
trichloroethane was able to induce the in-plane orientation of
the P2VP cylinders embedded in the PS matrix. Following
swelling in hot ethanol resulted in slit-shaped pores with a long
and narrow geometry wound in the film surface.57 These slit-
shaped pores were all parallel to each other in local areas and
were densely arranged in the BCP films with a uniform pore
width of 12.5 nm. Compared to the standing pores, the films
with sleeping pores exhibited more than doubled surface

Figure 2. Change in thickness of PS-b-P2VP films after swelling in
monohydric alcohols with different carbon numbers for various
durations. Reproduced with permission from ref 26. Copyright 2016
John Wiley and Sons.
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porosity although the pore sizes were identical when the same
BCPs were used. Furthermore, highly ordered pores with a
gyroidal geometry have also been obtained by swelling the
aligned PS-b-P4VP supramacromolecules with 3-n-penta-
decylphenol (PDP) (Figure 3d).33 PDP was used to form a
hydrogen bond with the pyridyl rings on the P4VP blocks of PS-
b-P4VP, thus tuning the supramacromolecules into the gyroidal
phase in the phase diagram.58−60 In summary, the pore geometry
is dependent on the phase morphology of the BCP films before
swelling. Because many regular morphologies are available to
diblock copolymers and triblock terpolymers,61 the swelling
process is capable of sculpturing highly ordered pores with
different geometries in BCP films which are not accessible by
other methods. We note that the swelling degree should be kept
moderate to produce ordered pores; otherwise, the pore
regularity would be weakened as the PS matrix in a highly
swollen state deforms too much to maintain the initial position
and morphology of the P2VP or P4VP microdomains.
It should be noted that bicontinuous porous structure can be

easily produced by directly swelling the as-coated BCP films, and
this pore structure has been prepared from both PS-based BCPs
and non-PS-based BCPs.21,30 However, ordered pores are
mainly limited to the PS-based BCP membranes up to now due
to the requirement of the prealignment treatment process where
the appropriate annealing condition is not easy to be
determined. As ordered pores with uniform pore sizes are
more preferred for separation applications, more efforts should
be made in the future to develop facile ways for ordered pores in
diverse BCP membranes.
There is a substrate effect in the preparation of nanoporous

BCPs which may lead to a thin but dense layer covering the
resulted porous membranes. In the preparation of perpendic-
ularly aligned PS-b-P2VP films on silicon substrate, the hydroxyl
groups terminated on the surface of the silicon substrate induce
the selective aggregation of polar P2VP chains on the bottom
side of the PS-b-P2VP films. When swelling the perpendicularly
aligned PS-b-P2VP films in ethanol to create standing pores, this
aggregation would impede the pore formation in the region near

the bottom surface. To address this issue, hydrophobic
modification, for example, by grafting PS homopolymers, to
the silicon surface is necessary to allow the cavitation of ends of
P2VP cylinders. Nevertheless, the substrate effect has little
impact on the formation of bicontinuous pores and sleeping
pores as they can be prepared directly on unmodified silicon
wafers. This is possibly because randomly and in-plane oriented
PS-b-P2VP films do not allow a complete wetting of P2VP
chains on the substrate surface.
The pore sizes of BCP films are primarily determined by the

sizes of microdomains of the minority blocks before swelling as
well as the swelling degree of BCPs in the selective swelling
process. The annealed PS-b-P2VP film with perpendicularly
aligned P2VP cylinders gives uniform cylindrical pores by
selective swelling, making it possible to accurately investigate the
kinetic evolution of pore sizes with different swelling
conditions.31 For instance, PS-b-P2VP with a molecular weight
of 50 kDa for PS and 16.5 kDa for P2VP gave a pore diameter of
∼12 nm after swelling in ethanol at 50 °C for 3 h. When the
molecular weights of PS and P2VP were increased to 290 and 72
kDa (the BCP is denoted as PS290K-b-P2VP72K), respectively, the
produced pores were enlarged to ∼35 nm under the identical
swelling condition because of the increased volumes of P2VP
cylinders in the PS matrix. For BCPs with given molecular
weights, swelling parameters, such as swelling temperatures, can
tune the pore sizes. Specifically, when the swelling temperature
was increased from 40 to 70 °C, the diameters of the
correspondingly produced pores from PS290K-b-P2VP72K films
were enlarged from ∼18 to ∼52 nm. The larger pore diameters
produced at higher temperatures are related to the improved
mobility of the PS chains and enhanced interaction between
ethanol and P2VP chains, which lead to stronger degree of
expansion of the P2VP cylinders and consequently larger void
spaces after ethanol evaporation. Furthermore, the morphology
evolution of PS290K-b-P2VP72K films with swelling durations has
also been examined at the temperature of 50 °C, and the results
suggest longer swelling durations generate larger pores. In
addition, swelling agents also directly affect the swelling process
of BCP films as discussed above and therefore become an
optional way to change the pore sizes under controlled
conditions of swelling temperature and durations. For the
bicontinuous porous structures obtained by swelling, the pore
sizes of as-coated BCP films are also enlarged with rising swelling
temperatures/durations although their pore sizes are scattered
in a relatively wide range.62 Hence, BCP materials and swelling
temperatures along with swelling durations and agents are
united to contribute to determine the diameters of selective
swelling-induced pores in BCP films. Interestingly, for
terpolymers containing two hydrophilic blocks, the pore sizes
can be tuned in another level by leveraging the difference in the
swelling capability of the two hydrophilic blocks in specific
swelling agents. As shown in Figure 4, water swells only the PEO
blocks in PS-b-P2VP-b-PEO and produced small pores with
pore sizes of 12.3 nm at the swelling temperature of 50 °Cwith a
swelling duration of 10 h. In contrast, if ethanol is used as the
swelling agent, both PEO and P2VP blocks will be strongly
swollen, and larger pores with a size of 23.4 nm were obtained
with the identical swelling temperature and duration.49

Incorporating additives into the domains of the minority
block of BCPs can further extend the pore sizes as a result of
enlarged volumes of minority microdomains. Homopolymers
identical to the minority block of BCPs but with smaller
molecular weights are commonly used for this purpose on

Figure 3. Pore geometries of PS-b-PVP films prepared by selective
swelling in ethanol: (a) bicontinuous pores,21 (b) standing pores,31 (c)
sleeping pores,57 and (d) gyroidal pores.33 All images have the same
magnification, and the scale bar corresponding to 500 nm is shown in
(d). The insets show the corresponding schematic structure of BCP
films before swelling treatment. PS and PVP domains are highlighted in
blue and red, respectively. Reproduced with permission from ref 57.
Copyright 2014 Royal Society of Chemistry.
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account of their good compatibility with BCPs. For instance,
when soaking blended films of PS-b-P2VP and P2VP
homopolymers in ethanol, both the dissolution of P2VP
homopolymers and the selective swelling of the P2VP blocks
contribute to the formation of pores.32 As a result, one can
flexibly tune the pore sizes in a wider range by changing the
dosages of P2VP homopolymers as well as the swelling
parameters. Small molecules capable of bonding with minority
blocks via noncovalent interactions, e.g., hydrogen bonds, are
another type of additive. For example, we incorporated PDP into
PS-b-P4VP to prepare supramacromolecular films via hydrogen
bonding between PDP and P4VP blocks. By soaking the
supramacromolecular films in ethanol, we generated pores from
two different mechanisms.32 Brief exposure to ethanol at room
temperature led to the extraction of PDP, producing very small
pores corresponding to the volumes occupied by PDP; further
treatment in hot ethanol enlarged the formed pores because of
the effect of selective swelling of the P4VP microdomains.

■ FEATURES OF SELECTIVE SWELLING-INDUCED
PORE GENERATION

The ability of selective swelling to produce porous structures by
simply soaking BCPs in specific solvents renders it distinguished
features differing greatly from other pore-making techniques.
First, selective swelling is entirely a physical process without the
involvement of any chemical reactions. The minority blocks are
swollen by solvents rather than etched away from BCPs; thus no
mass loss occurs, suggesting the nondestructive nature of this
pore-making process. Meanwhile, the porous structure
produced by this physical, nondestructive process is reversible
and can be reverted to the original nonporous state under certain
conditions if necessary. For instance, in BCP films of PS-b-P2VP,
simple exposure to P2VP-selective (hot ethanol) or PS-selective
solvents (cyclohexane) enabled the reversible switch between a
highly porous state and a nonporous state of films for dozens of
times.27 This is impossible for other pore-making methods such
as NIPS or selective etching. Second, the minority blocks, which
are typically hydrophilic polymers containing polarized groups,
migrate and collapse onto the surface and pore walls in the
course of selective swelling, resulting in inherently functional
surfaces. Therefore, thus-produced membranes are gaining
inherent hydrophilicity, fouling resistance, stimuli-responsive-
ness, and the possibility of further functionalization by using the
surface-enriched minority blocks as intermediates. For example,
employing P2VP chains as the minority block endowed the
membranes with “smart” responsiveness to pH variations as a
result of the weak polyelectrolyte nature of P2VP,21 while the
PEO minority blocks provided a strong water affinity and
consequently excellent fouling resistance to the membranes.62

Moreover, this functionalization process is accomplished

spontaneously along with the pores generation without any
requirement of pretreatment or postmodification. Finally, the
solvent used in the swelling course is expected to be directly
recycled for unlimited times because of the nondestructive
nature of this swelling process and nothing in the BCPs left over
in the swelling bath after swelling, which is highly desired
considering the aspects of upscaling and real-world applications.
Moreover, given the extreme simplicity, the swelling strategy is
expected to be applicable to the preparation of membranes in
different configurations including not only flat-sheet membranes
but also hollow-fiber membranes.

■ PERFORMANCES OF BCP MEMBRANES PREPARED
BY SELECTIVE SWELLING

Designable geometries and tunable pores sizes as well as the
active pore walls suggest diverse applications of the selective
swelling-induced porous BCPs. The straightforward and
widespread application is for membrane separations, especially
for UF separations of colloids, viruses, and proteins from water
for purification purposes.

Composite Membranes. Our nanoporous BCPs can be
directly used as thick and free-standingmembranes. However, to
ensure a high permeance and goodmechanical stability as well as
to reduce the usage of the BCP raw materials, the nanoporous
BCPs are desired to be used as the selective layers of composite
membranes with macroporous substrates as the supporting
layers. One advantage of using this layered composite structure
is to enhance the mechanical strength with the support as thin
BCP layers are not robust enough for use in pressure-driven
filtrations. Another one lies in that it makes possible to design
thin BCP layers ensuring high selectivity at small consumption
of BCP raw materials via adjusting the coating parameters. By
use of different coating techniques, the BCP layers of the
prepared composite membranes varied in thickness from tens of
micrometers to several hundred nanometers along with
adjustable water permeance up to >2000 L/(bar m2 h).21,37,38

The pore size in the BCP layers can be easily tuned by changing
the swelling durations as expected, and the separation
performance was demonstrated by the 100% retention of BSA
under appropriate swelling conditions and the precise
discrimination of gold nanoparticles with different diameters.
How to develop the BCP coatings on the macroporous

substrates to form a defect-free layer becomes an important
topic especially when it is considered from the angle of upscaling
and real-world applications. Spin-coating was extensively
utilized to coat BCP solutions on macroporous substrates
prefilled with water to form the composite structures, followed
by selective swelling to cavitate the coated BCPs.29 Spin-coating
has been extensively used in the field of semiconductors to
prepare thin films over relatively large areas, e.g., at the wafer
scale. In addition, it is also able to produce sub-100 nm coating
layers on the water-prefilled porous substrates and is quite
popular in laboratories to prepare small-scale composite
membranes. However, considering that separation membranes
for industry applications are typically required to be
continuously manufactured on the scale of at least hundreds
of m2, there is little chance to use spin-coating for the mass
production of composite BCP membranes for real-world
applications.
With respect to develop scalable approaches, we explored the

direct coating technique to produce composite BCPmembranes
with large scales. PS-b-P2VP solutions were mechanically casted
on polyester nonwoven substrates, which were prefilled with

Figure 4. Tuning the pore sizes of BCP membranes by selective
swelling different phases in PS-b-P2VP-b-PEO: (a) swelling only the
PEO blocks by soaking in water at 50 °C for 10 h; (b) swelling both the
P2VP and PEO blocks by soaking in ethanol at 50 °C for 10 h.49
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water and placed onto the glass to prevent the leakage of BCP
solutions. After solvent evaporation by thermal treatment and
followed cavitation of BCP layers by ethanol swelling, composite
membranes with nanoporous BCP as selective layers tightly
adhered to nonwoven supports were produced (Figure 5).38

Here, nonwoven was a cheap supporting material promising
strong mechanical robustness and low flow resistance, and the
top BCP layers exhibited a thickness of ∼10 μm with
interconnected nanoporosities. Although this direct coating
method is difficult to develop coating layers thinner than 1 μm, it
also produced composite membranes with good permselectivity.
Changes in the swelling temperatures and durations modulated
both pore sizes and surface hydrophilicity of the BCP layers and
consequently the permselectivity of the membranes. By
increasing swelling duration from 15min to 12 h, the permeance
of themembrane swollen at 65 °C could be increased from∼100
to ∼850 L/(bar m2 h) with the retention to 15 nm gold
nanoparticles reduced from ∼93% to ∼54%.
In addition to directly coating BCP solutions on water-filled

substrates, BCPs can also be deposited, in the form of
nanofibers, on the surface of macroporous substrates, thus
skipping tedious water filling treatment to the substrates. In a
recent work, we used electrospinning to prepare fabrics of PS-b-
P2VP nanofibers, which were peeled off from the electro-
spinning collector and placed on top of the macroporous
substrates.37 The nanofiber fabrics were then thermally treated
at a temperature slightly higher than Tg’s of both blocks, thus
transforming the porous fiber fabrics to continuous films with a
dense morphology. By subsequent ethanol swelling, homoge-
neous nanoporous BCP layers with interconnected porosity
tightly adhering to the macroporous substrates were achieved
(Figure 6). The thicknesses of the nanoporous layers could be
linearly tuned from ∼2 to ∼10 μm simply by extending the
durations of electrospinning from 0.5 to 2 h. The pore sizes
scattered in the range from ∼30 to ∼100 nm. In contrast,
conventional membranes of electrospun nanofibers exhibited
quite large pores with sizes of a few micrometers. The water
permeance of the membrane prepared with a spinning duration
of 0.5 h was as high as 6100 L/(m2 h bar) with an ∼78%
rejection rate to 22 nm silica nanospheres, which is ∼10−35
times higher than that of commercial membranes with similar
rejections. That is, the membranes produced by selective
swelling of BCP nanofibers presented tight selectivities in the

UF category but large permeances like microfiltration (MF)
membranes.
In addition to the preparation of nanoporous BCP

membranes in a direct way as discussed above, this selective
swelling strategy can also be performed on existing membranes
made from amphiphilic BCPs to upgrade their performances.
We used the NIPS process to prepare polysulfone-block-
poly(ethylene glycol) (PSF-b-PEG) membranes with a thin
skin layer and a fingerlike sublayer and subsequently soaked the
produced membranes in a mixture of ethanol and acetic acid to
produce mesopores in the skin layer and to enrich PEG blocks
on the surface by the mechanism of selective swelling-induced
pore generation, thus leading to upgraded permeability and
fouling resistance.63 Compared to conventional NIPS mem-
branes, coupling NIPS and selective swelling endows the
membranes unique features such as inherently hydrophilic
surfaces and enhanced water permeance.

Extra Functionalities. The ordered pore sizes and inherent
hydrophilicity endow the BCP membranes with good
permeability and sharp selectivity. Because of the presence of
the minority blocks on the pore walls, thus-obtained membranes
exhibit extra or additional functionalities or can be further
functionalized. For instance, smart membranes with responsive-
ness to environment stimuli are easily constructed by using
BCPs with a responsive minority block. As mentioned above, in
the presence of weak polyelectrolyte P2VP chains on the pore
walls of PS-b-P2VP membranes, the effective pore sizes are pH-
sensitive as a consequence of the conformation transformation
of P2VP chains in response to pHs. The smart regulation of
water permeances and selectivities of membranes can be
achieved by changing the environmental pHs.21,37 Similarly,
other types of smart membranes with responsiveness to
temperature, ions, and so on can also be designed via this
strategy.
The antifouling ability of membranes is particularly desired

for water-based separations because unexpected adsorption and
aggregation of foulants on membrane surfaces severely affect the
separation performances.64 Many studies have demonstrated
that PEO chains fixed on membrane surfaces can form a
hydration layer and resist the nonspecific adsorption of foreign
substances and thus render fouling resistance to membranes.65

Swelling PEO-containing BCPs could produce UF membranes

Figure 5. Schematic diagram of the fabrication process of the PS-b-
P2VP composite membranes on water-filled nonwoven substrates by
direct coating. Reproduced with permission from ref 38. Copyright
2017 Elsevier.

Figure 6. Schematic representation of the preparation of the PS-b-
P2VP UF membranes from BCP electrospun nanofibers by selective
swelling and their pH-dependent water permeability.37
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with the homogeneous coverage of PEO chains on surface in a
straightforward way without any tedious modification. We
prepared PS-b-PEO composite membranes by selective swelling
and examined their antifouling properties via dynamic
permeation tests of BSA protein. Their flux decline rate was
extremely low, and the flux recovery ratio could reach ∼100%,
revealing their excellent fouling resistance.66

The surface-enriched minority blocks are typically highly
reactive, and we can further functionalize the BCP membranes
via reactions to these surface-enriched blocks. Very recently, by
soaking poly(2-(dimethylamino)ethyl methacrylate)-block-pol-
ystyrene (PDMAEMA-b-PS) in the mixture of ethanol and 1,3-
propane sultone, we obtained zwitterionized UF membranes
because the PDMAEMA chains were in situ quaternized by 1,3-
propane sultone during the course of selective swelling-induced
pore generation. The membranes exhibited excellent protein-
repelling properties and flux recovery in the filtration of proteins
because of the presence of zwitterions on the surface.67

Furthermore, the mesoporous nature and easily function-
alized surfaces of the BCP membranes imply that they can be
used as porous supports to load metal nanocatalysts for
continuous flow catalytic reactions (Figure 7).68,69 We coated
PDMAEMA-b-PS on macroporous poly(vinylidene fluoride)
(PVDF) substrates to form composite membranes. The
following selective swelling generated pores and simultaneously
induced the surface migration of PDMAEMA chains. Thus-
produced membranes possessed three-dimensionally intercon-
nected pores with surfaces enriched with tertiary amines. By use
of these membranes as porous supports, gold nanoparticles
(AuNPs) were immobilized on them by in situ reduction of Au
precursors. The AuNP-immobilized BCP membranes were
employed as catalytic reactors for the reduction of 4-nitrophenol
(4-NP) to aminophenol in flowing aqueous solutions, and a
catalytic efficiency up to 100% was obtained. A high efficiency in
the catalytic degradation of organic dyes was also demonstrated.
By use of the porous BCP membranes as templates, different

structures copying the porosities of the templates can be
produced with the replicas delivering new functionalities
including sensors,34,70 drug delivery,27 supercapacitors,36,71

and antireflective coatings.35,25 However, as this Perspective is
focused on applications as separation membranes of the
nanoporous BCPs by selective swelling, we will not go into
details for applications beyond membrane separations. A
comprehensive discussion on the applications of thus-produced
nanoporous BCPs can be found elsewhere.72

■ TOWARD UPSCALING OF SELECTIVE
SWELLING-INDUCED PORE GENERATION

BCP Raw Materials. The constituent blocks of BCP raw
materials used to prepare UF membranes by the selective
swelling-induced pore generation strategy must exhibit a
sufficient contrast in solubility or polarity, allowing the choosing
of solvents capable of selectively swelling the minority blocks.
Moreover, the majority blocks, which constitute the matrix of
the membranes, should be mechanically strong enough to hold
the integral structure of the membranes after pore formation.
Today, reported BCP raw materials basically include BCPs with
PS as themajority block (PS-based BCPs) like PS-b-P2VP, PS-b-
P4VP, polystyrene-block-poly(methyl acrylate) (PS-b-
PMMA),19,33,73 and a few non-PS-based BCPs, such as PSF-b-
PEG and fluoroalkylated polynorbornene BCPs.30,25 BCPs
explored for selective swelling-induced pore generation have
been summarized in a recent report.72 Extensive attention have
been paid to PS-based BCPs in the research of BCP-based
membranes in the past years; however, PS-based BCP
membranes have fatal limits that prevent them from upscaling
and real-world applications. On the one hand, the synthesis of
PS-based BCPs calls for complex techniques of living radical
polymerization or anionic polymerization, and therefore their
costs are far beyond acceptance as a raw material for polymeric
membranes. PS-based BCPs, for example, PS-b-P2VP, PS-b-
P4VP, and PS-b-PEO, are currently commercially available on
the scale of grams at the price of several hundred USD per
gram.74 On the other hand, the PS-based polymers usually suffer
from poor mechanical robustness as PS is an amorphous
polymer with a Tg of ∼100 °C.75 PS-based BCPs are extensively
used in the lab to understand the selective swelling mechanism
and to demonstrate the feasibility to prepare UF membranes by
this selective swelling process; however, cheaply available and
mechanically strong BCPs are the top priority in the efforts
toward the upscaling of the selective swelling-induced pore
generation.
In this regard, recently developed BCP of PSF-b-PEG

(including also their triblock terpolymers) is considered as a
more suitable raw material than PS-based BCPs. PSF, as one of
the most extensively used engineering plastics with aTg of nearly
190 °C,76 exhibits much better mechanical, thermal, and
chemical stabilities than PS. PEG is chosen as the minority
block for its strong hydration ability and biocompatibility,77

which are highly desired in water-based separations. More
importantly, PSF and PEG can be easily bonded to form BCPs
with adjustable block ratios by various synthesis techniques.78,79

Typically, PSF blocks terminated with chlorine atoms can be

Figure 7. PDMAEMA-b-PS membranes prepared by selective swelling used as porous supports to load metal nanocatalysts for continuous flow
catalytic reactions: (a) the schematic diagram for preparing the AuNP-immobilized BCP membranes and the continuous flow catalysis of 4-NP; (b)
the surface SEM image and digital image (inset) of the AuNP-immobilized BCPmembranes prepared with the HAuCl4 concentration of 0.5 mgmL−1.
Reproduced with permission from ref 68. Copyright 2019 Royal Society of Chemistry.
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synthesized by the condensation polymerization of bisphenol A
and 4,4′-dichlorodiphenyl sulfone; then its reaction with
methoxypoly(ethylene glycol)s gives BCP of PSF-b-PEG, the
chemical formula of which is shown in Figure 8a. Currently, in

our pilot plant, we can synthesize BCPs of PSF and PEG with a
capacity of∼80 kg per batch in a reactor with a volume of 600 L
(Figure 8a). The cost of thus-synthesized BCPs is down to
approximately $200/kg, which is acceptable for many
applications in the purification and separation of high-value-
added products, e.g., medicines and proteins. This synthesis cost
is expected to be further reduced to be closer to commonly used
polymers like PSF and PVDF for membranes if the BCPs can be
synthesized in even larger scales.
For the subsequent membrane preparation from the raw

materials of PSF-b-PEG, choosing an appropriate solvent as the
swelling agent is the key to initiate the selective swelling-induced
pore generation on account of the high Tg of the PSF matrix.
Ethanol is the commonly used swelling agent for PS-based
BCPs. However, when it comes to the PSF-b-PEG, swelling tests
indicate that ethanol does not work well to induce the pores
generation in PSF-b-PEG films despite it being a good solvent to
PEG blocks. This is due to the negligible affinity of ethanol for
the stiff PSF matrix, which severely restricts the plastic
deformation of PSF during the swelling process. In principle,
an appropriate swelling agent should have good affinity for the

minority blocks so as to sufficiently swell the dispersed phases
and have moderate affinity for the majority blocks enabling the
plastic deformation of the matrix phases. However, it is difficult
for a single solvent to meet the demand for suitably swelling
PSF-b-PEG. The strategy of employing solvent pairs is then
proposed to address this issue, and it proves to be effective for
creating high porosity in PSF-b-PEG films by using solvent pairs
composed of ethanol and acetone as the swelling agent,30 where
ethanol is a PEG-selective solvent while acetone is a PSF-
selective solvent. Solvent pairs of two solvents with contrastive
polarity could to be a better option for those BCPs not
applicable in single-solvent swelling. The basic principles for
formulating the solvent pair should follow the protocols below:
(1) the solvent pair includes a minority-block-selective solvent
and a majority-block-selective solvent, which should be
compatible with each other; (2) the minority-selective solvent
should have a very strong affinity for the minority block and
negligible or weak affinity for the majority block; and (3) the
majority-block-selective solvent should have a moderate affinity
for majority block. Importantly, according to the different
selectivities of the two components in the solvent pair, adjusting
their relative ratios can tune the affinity between the solvents and
the BCP, thus affecting the swelling degrees and consequently
the membrane structures and performances under controlled
conditions of swelling temperature and durations.
Exposing thin films of PSF-b-PEG (∼200 nm) coated on

substrates to an ethanol/acetone solvent pair with 20% (v/v)
acetone at 70 °C for 1 h produced interconnected nanopores
with a high porosity over 50% (Figure 8a). Because of the
enrichment of PEG blocks on the film surface during swelling,
thus-produced films possessed inherent hydrophilicity (Figure
8a). This swelling strategy in solvent pairs can be directly applied
to produce nanoporous PSF-b-PEG bulk materials including
thick films and hollow fibers. Flat sheets of PSF-b-PEG with
dimensions of∼10 cm × 10 cm and a thickness of∼60 μmwere
soaked in a n-hexanol/acetone solvent pair with acetone of 20%
at 60 °C for 6 h. After the treatment, three-dimensionally
interconnected nanopores were formed throughout the entire
films without the presence of dense skin layers that are
frequently formed in many pore-forming processes. The
transparent films became milky white in color. The structural
integrity and strength of the films were well maintained though
the films were wrinkled in appearance (Figure 8b) due to the
volume expansion of the bulk film in the pore-forming process.30

The mechanical properties of the nanoporous PSF-based
membranes are much better than the PS-based BCPmembranes
(Figure 8a). Thus-produced PSF-b-PEGmembranes exhibited a
water permeance of ∼30 L/(m2 h bar) and a rejection rate of
∼90% for 22 nm silica nanospheres. We note that compared to
UFmembranes prepared by the NIPS process, the current water
permeance of BCP membranes prepared by selective swelling
PSF-b-PEG flat sheets is modest because of their symmetric
porosity and relatively large thickness. However, the permeance
is expected to improve by optimizing the membrane structures,
for example, by introducing asymmetric porosity or by
compositing thin layers of the nanoporous PSF-b-PEG down
to a few micrometers on macroporous substrates. Similarly,
nanoporous morphology can also be produced in hollow fibers
by swelling in the n-hexanol/acetone solvent pair (Figure 8c),
demonstrating the feasibility and efficiency of swelling PSF-b-
PEG in solvent pairs for the manufacturing of both flat-sheet and
hollow-fiber membranes.

Figure 8. (a) Surface morphology and characteristics of PSF-b-PEG
membranes produced by selective swelling-induced pore generation.
(b) Digital photo of the flat-sheet PSF-b-PEG membrane. (c) Digital
photo of the PSF-b-PEG hollow-fiber membrane (lower one) and the
corresponding hollow fiber before swelling treatment (upper one). (a,
b) Reproduced with permission from ref 30. Copyright 2017 Royal
Society of Chemistry.
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Typically, nanoporous thick films andmonoliths derived from
BCPs are prepared by etching away the labile components in the
BCPs.80−83 The filtration test confirms the pore interconnection
of the nanoporous thick films prepared by selective swelling. The
applicability of selective swelling to prepare nanoporous bulk
materials should be attributed to the adequate diffusion of the
swelling solvent throughout the entire BCP and the sufficiently
enhancedmobility of the BCP framework exposed to the solvent
pair. The porosity created by selective etching is due to the
removal of labile blocks. In contrast, the selective swelling is
featured as a nondestructive pore-generating method, and
nothing is removed from the BCP materials. Thus, the porosity
is based the expansion of the BCP framework, and consequently,
there is an evident volume expansion after swelling treatment
and the thick films exhibit a wrinkled morphology.
Processes. The methods discussed above to coat the BCP

layers on substrates are all based on BCP solutions, which
involve the extensive use of volatile organic solvents.
Considering that polymeric thin films can also be easily prepared
by melt processing which is a cleaner process and involves no
organic solvents, we explored the possibility to process BCP thin
films by melt extrusion. Self-supported flat-sheet films of PSF-b-
PEG with thickness down to several tens of micrometers were
easily processed in a twin-screw extruder, and pore formation
could be performed by subsequent swelling in the solvent pair of
n-hexanol and acetone. It should be noted that the common
course of swelling BCP films at elevated temperature (60 or 70
°C) requires several hours to achieve adequately porous
structures. Very recently, we discovered that microwave-
enhanced swelling successfully shortened this swelling process
from hours to seconds!84 Dense BCP films coated on various
substrates were soaked in selective solvents and then subjected
to microwave irradiation under moderate microwave powers.
Because of the fast heating of the solvent and great facilitation of
molecular motions by microwave, the course of swelling is
significantly accelerated, greatly improving the efficiency of
pore-making process. In addition to remarkably shortening the
pore-making process, microwave-enhanced swelling requires
much less energy input compared to swelling under conven-
tional heating. Very importantly, as microwave shortens the
selective swelling-induced pore generation to the time scale of
seconds, it is possible to synchronize the melting extrusion and
the swelling process, thus enabling the continuous manufactur-
ing of BCP membranes. By use of PSF-b-PEG as a low-cost raw
material, continuous manufacturing of BCP UF membranes is
expected to be possible by melt extrusion to produce dense flat-
sheet films followed by microwave-enhanced selective swelling
to generate pores in the films as shown in Figure 9. This
continuous process coupling film extruding and pore making is
essential for the upscaling and real-world applications of the
selective swelling process. It should be noted that in addition to

flat-sheet UF membranes this continuous process is also
applicable to the production of hollow-fiber UF membranes.
Table 1 compares the difference in starting materials,

manufacturing processes, the membrane products, and so on

of the NIPS process and selective swelling for the preparation of
UF membranes. NIPS involves multiple steps including
dissolving base polymers as well as additives (porogens,
hydrophilic modifiers, etc.) in organic solvents, debubbling
and filtration of the solution, casting films, phase inversion in the
coagulation bath, and water rinse to replace the organic solvents,
while selective swelling only consists of melt extrusion to
produce films and selective swelling to create pores, greatly
simplifying the manufacturing process. Solid BCP pellets are
directly subjected to melt extrusion without the involvement of
organic solvents or any additives. The swelling agents used in the
course of pores generation are fully recyclable and can be
directly reused. Therefore, no wastewater or side products are
generated in this selective swelling process. That is, compared to
traditional phase inversion processes, the selective swelling is a
greener process to produce UF membranes. Also importantly,
the NIPS process results in wet membranes in which water are
filled in the pores, and themembranes cannot be dried otherwise
the fine porous structures will collapse leading to the loss of
permeance. In addition, membranes in the wet state also cause
problems in the storage, packaging, and transportation as a
protective liquid containing sanitizers and humidifiers is
required to prevent the wet membranes from microbes and
drying-up. In contrast, the selective swelling directly produces
“dry”membranes as the evaporation of the solvent following the
swelling treatment is an essential step for the generation of the
pores. Consequently, there is no need for any protective liquids,
and thus-produced membranes can be distributed at a lower
cost. The merits of the melt extrusion followed by selective
swelling include well-defined porosities, clean processing, waste-
free, dry products, and so on are highly desired for the large-scale
manufacturing and applications of the BCP membranes.

■ OUTLOOK AND SUMMARY
Selective swelling-induced pore generation of BCPs is highly
efficient and flexible in producing well-defined porous structures
with pore sizes in the range of∼10−50 nm. It is a swelling-based
process to nondestructively generate pores in phase-separated
BCP films. It is distinguished from other pore-making methods
for its extreme simplicity, flexibility in modulating the pore

Figure 9. Schematic diagram of the manufacturing process of BCP flat-
sheet and hollow-fiber membranes by melt extrusion and microwave-
enhanced swelling.

Table 1. Comparison of the NIPS Process and Selective
Swelling for the Preparation of UF Membranes

items NIPS selective swelling

starting
materials

polymer solutions polymer solids

recipes matrix polymer + additives amphiphilic block
copolymers

pore-forming
mechanism

macrophase separation of
polymer solutions

microphase separation of
polymer solids

process precipitation of polymer
solutions in water + water
rinse

swelling of BCP solid films
in selective solvents +
drying

products wet membranes dry membranes
waste water copious wastewater no wastewater
pore size
distribution

wide narrow

surface hydrophobic or temporary
hydrophilicity

long-lasting hydrophilicity
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geometries, inherently active and functionalizable pore surfaces,
and so on. Nanoporous BCPs films prepared by this swelling
process have been demonstrated to function as UF membranes
that exhibit tunable permselectivity and inherent hydrophilicity
and fouling resistance. Also importantly, compared to the
conventional NIPS process, this swelling process is much less
involved with organic solvents and produces no wastewater, and
therefore, we believe it is a greener process to UF membranes.
Considering the unique advantages of this process, we put

considerable efforts, mainly including the exploration of low-
cost and mechanically strong BCP rawmaterials and continuous
manufacturing processes, to push the upscaling of this emerging
UF-membrane-preparing method. Important results have been
recently achieved: affordable, robust polysulfone-based BCPs
have been successfully synthesized at the scale of∼80 kg/batch;
the film-forming and the pore-making process can be
continuously operated by coupling twin-screw extruding and
microwave-enhanced swelling. However, themass production of
UF membranes by the selective swelling process requires more
efforts to tackle the remaining challenges:
Cheaper BCPs. BCPs of PSF and PEG have being presently

available at a cost of approximately $200−500/kg depending on
the synthesis scale. As the BCP is mostly coated onmacroporous
substrates to produce a thin selective layer, the cost of the BCP
only accounts for a small portion in the entire UF module. Such
a cost of BCPs is expected to be affordable in the production of
high-value-added products, e.g., biomedical. However, to extend
these BCP membranes to the field of water treatment which is
the biggest market for UF and is cost-sensitive, cheaper BCPs are
still in demand as the polymers for commonly used UF
membranes; for example, polysulfone and PVDF are typically
sold at the prices of approximately $10−50/kg. To this end, the
large-scale synthesis of other amphiphilic BCPs, especially those
using common membrane-forming polymers such as PVDF and
polyacrylonitrile (PAN) as the majority block, should be paid
more attention.
Curving Problem. As we discussed above, the BCP film will

exhibit a curving morphology after selective swelling because
this pore-making strategy is accompanied by a substantial
volume expansion. Curving becomes pronounced for thicker
BCP films. Although we do not observe curving hurting
membrane performances, curving may lead to a waved
morphology for flat-sheet membranes and bending for the
hollow-fiber membranes, which are not acceptable for
commercialized membranes. Moreover, curving may cause the
problem of detachment of the BCP layer from the substrate if the
membranes are in the configuration of layered composites.
Curving is expected to be diminished by reducing the thickness
of the BCP layer, which is also desired for the sake of increasing
the permeance.
As an emerging method, more efforts are required to further

improve the performance of the thus-prepared UF membranes.
For example, a very urgent need is to generate gradient porosity
in the BCP films to improve the permeance of the membrane at
no cost to selectivity and mechanical stability. One exciting
solution is to perform swelling in solvent mixtures with
progressively changed compositions which results in corre-
spondingly varying degree of swelling. Consequently, a gradient
structure with increasing pores from one side to another is
obtained.85 Also importantly, significant efforts should be paid
to develop a suitable annealing process to align the melt-
processed BCP films, e.g., thermal annealing coupled to the melt

processing, thus enabling the large-scale production of BCP
ultrafiltration membranes with ordered pores.
The pore sizes of the BCP membranes produced by the

selective swelling process are determined by the sizes of the
dispersed phases composed of the minority blocks in the BCP
matrix. Therefore, the pores can only be tuned approximately in
the range ∼10−50 nm. However, for some appealing
applications like polypeptides fractions and pharmaceutical
productions membranes with smaller pores are required. To
narrow the pores down to 5 nm or even 2 nm, BCPs having high
χ but lowmolecular weights are required as these BCPsmaintain
their capability to phase separate, thus forming well-defined
ultrasmall domains which can be subsequently converted to
correspondingly small pores upon selective swelling.
Also importantly, UF membranes prepared by the selective

swelling process are expected to play a better role than
conventional NIPS membranes. Here are two specific examples.
PSF UF membranes are extensively used in hemodialysis to
clean the blood of patients with renal failure. These membranes
are prepared by the NIPS process in which additives are used to
enhance the fouling resistance of the membrane. However, the
leaching out of these additives during operation may cause
serious safety issues. Our PSF-b-PEG membranes prepared by
selective swelling are expected to nicely solve this problem
because no additives are used in the selective swelling process
and the PEG blocks are covalently bonded to the PSF matrix,
which are enriched onto the membrane surface to enhance the
hydrophilicity during swelling but would never shed off to
contaminate the blood. Moreover, the PSF-b-PEG membranes
are also expected to work as an outstanding candidate for lithium
battery separators because of the strong thermal stability of PSF
and good affinity for lithium ions and wettability to electrolytes
of the PEG blocks. The investigations using these PSF-b-PEG
membranes in hemodialysis and lithium batteries are currently
ongoing in our group.
In summary, selective swelling is a unique pore-making

strategy developed one decade ago, capable of easily producing
nanoporous BCP membranes with well-defined pores and
inherently functional pore walls. Understandings and practices
on the pore-makingmechanism, regulation on the pore sizes and
geometries, and coupling the swelling process to the preparation
of composite membranes with the nanoporous BCPs as the
selective layers have been obtained. It is the right time to
consider the feasibility and possibility to upscale this selective
swelling process for the mass production of BCP UF
membranes. BCP raw materials and the manufacturing process
are the two major bottlenecks. To tackle the bottlenecks, we
have made extensive efforts, and exciting results have been
achieved very recently regarding the affordable, large-scale
synthesis of PSF-based BCPs and the continuous manufacturing
process based on melt extrusion and microwave-boosted
swelling. Very importantly, selective swelling is identified to be
a “greener” process compared to conventional processes based
on phase inversion of polymer solutions. Challenges remain and
more efforts are required to eventually upscale this emerging
membrane-making method; however, we believe these efforts
together with previous ones will be paid back in the future not so
far away.
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