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Energy-saving, responsive membranes with sharp
selectivity assembled from micellar nanofibers of
amphiphilic block copolymers†

Xueping Yao, Zhaogen Wang, Zhiming Yang and Yong Wang*

Membrane technology contributes significantly in a large number of energy- and environment-related

fields in a clean and efficient way. It remains a challenge to develop advanced membranes with

simultaneous high flux and sharp selectivity. Such membranes require a thin selective layer, high porosity,

and strong hydrophilicity. A promising strategy to fabricate such membranes is to build an integral

selective layer of nanofibers on a macroporous support. We report an extremely simple method to

produce uniform nanofibers with diameters of <30 nm by directly dissolving block copolymers of

polystyrene-block-poly(4-pyridine) (PS-b-P4VP) with long, glassy PS blocks in a polar solvent. The fibers

were cylindrical micelles with PS cores covered by P4VP coronae, formed through a heating-enabled

micellization process. We deposited the fibers on the surface of macroporous supports by vacuum

filtration to fabricate composite membranes. The gaps between the fibers served as mesh pores, with

effective sizes down to several nanometers. Distinct from other types of nanofibers, the micellar fibers

had a P4VP-covered surface, which not only enhanced the adhesion between fibers, but also endowed

the membrane with a stimuli-responsive function. The fiber layers could be made very thin, with a

thickness of �270 nm or even thinner, but were mechanically stable and exhibited a water flux as high as

940 L m�2 h�1 bar�1 at �100% rejection to bovine serum albumin. The fiber membrane displays an

energy-saving characteristic as it provides high flux under low pressures compared with commercial

ultrafiltration (UF) membranes. For example, it produces a flux over 10 times larger than that of

commercial UF membranes. The membranes are promising for the removal of particulate contaminants

fromwaterasdemonstratedby their excellent concentration capability for 5nmgoldcolloidalnanoparticles.
In a diverse range of energy- and environment-related elds,
including fuel cells, Li-ion cells, H2 production and separation,
CO2 capture, wastewater treatment, seawater desalination, etc.,
membrane technology is playing an increasingly important role
because of its capability for separating species at the molecular
level in an efficient and clean way. The separation process using
a porous membrane is mainly driven by pressure to generate
permeation through the membrane. In order to maximize the
energy efficiency of membrane separation, signicant efforts
have been made to produce high ux membranes which
operate under low pressures and consume less energy. Pore
morphology, pore size and size distribution, as well as the
surface properties of the pore walls of a membrane material
determine its separation performance, as most membrane
processes are based on a size-sieving mechanism of the
membrane pores. The interaction between the solutes to be
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separated and the pore walls also contributes to the membrane
separation performance. An ideal membrane should have large
porosity and narrow pore size distribution to ensure both high
production capacity (ux) and sharp size-sieving property
(retention).1–3 However, most membranes currently used in
industry are prepared through a phase separation process and
possess ill-dened pore morphologies, resulting in a severe
compromise in ux and retention.4 Therefore, continuous
efforts have been made to develop membranes with both high
ux and retention by breaking the compromise in ux and
retention.5–7 One promising strategy is to use densely stacked
nanobers as the size-selective layer deposited on a macro-
porous supporting layer.

In this ber-comprising membrane conguration, gaps
between neighboring bers dene the pores in the selective
layer, and the pore sizes are dictated by the ber diameters as
well as the thickness of the assembled ber layer. One distinct
advantage of the brous selective layer is that a continuous layer
composed of interconnected nanobers can be obtained with a
very thin thickness, giving rise to high ux with no signicant
loss of selectivity. The principle of the formation of a selective
This journal is ª The Royal Society of Chemistry 2013
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layer of nanobers on a macroporous substrate is straightfor-
ward. Nanobers are easily deposited on the surface of macro-
porous substrates as their micrometer-long length allows them
to bridge onto, rather than leak into, the substrate pores, while
their nanometer-scale diameter determines that the sizes of the
gaps between bers are correspondingly in the nanometer
range. There is a general trend that thinner ber diameters and
thicker ber layers lead to membranes with a smaller effective
pore size in the selective layer. Therefore, the nanobers need to
be as small and uniform as possible in diameter to obtain small
pore sizes with narrow pore size distributions as well as larger
porosity in the selective layer. Smaller ber diameters also
contribute to the enhancement of the adhesion force among the
bers and toward the surfaces of substrates. The mechanical
stability of the composite membrane is ensured by the robust
substrate.

Inorganic nanobers, polymeric nanobers, and carbon
nanobers have been used to construct membranes with or
without substrate membranes by the direct deposition
method. Ichinose and co-workers fabricated membranes with
extremely high ux by ltrating nanostrands of a variety of
metal hydroxides with ultrane diameter or their mixtures
with proteins.8,9 Recently, the electrospinning technique has
been extensively used to produce nanobers from solutions of
a large variety of polymers, and webs of these randomly
interwoven electrospun nanobers have been used directly as
particulate-removing lters, showing good microltration
performances.10 Alternatively, Yu et al.11 produced carbona-
ceous nanobers from a hydrothermal carbonization process
using Te nanowires as templates, and demonstrated that the
membranes of carbonaceous nanobers had excellent size-
sieving properties toward mixtures of nanoparticles with sizes
ranging from tens to hundreds of nanometers. The above-
mentioned membranes of nanobers typically give a ux
signicantly larger than that of membranes produced by the
phase separation process, and exhibit great potential for
practical applications. However, they still suffer from severe
drawbacks intrinsic to the ber-forming methods themselves.
For example, electrospun nanobers have wide distributions
in ber diameter, and it is difficult to produce nanobers with
diameters less than 100 nm by electrospinning,12 therefore,
membranes made from electrospun nanobers typically have
large pores with diameters in the range of tens of nanometers
to several hundred nanometers, and can only be used for
microltration. Nanobers of metal hydroxides are generally
unstable in acidic environments, signicantly limiting their
practical application. Furthermore, the release of some nano-
bers from the deposited layer to the bulk solution may also
occur in some cases, as these bers are held together simply by
physical interweaving and the van der Waals forces between
bers in close contact, which not only deteriorates the sepa-
ration performance of the membrane during long-term oper-
ation but also contaminates the separation liquid. This
problem may be eliminated if there are active groups on the
surface of nanobers which enhance the adhesion force
between the bers via strong interactions between the active
groups or a post-crosslinking process of the active groups. A
This journal is ª The Royal Society of Chemistry 2013
variety of strategies have been developed to produce nano-
bers of different polymeric materials, among which electro-
spinning, template synthesis,13 molecular self-assembly,14 and
hydrolysis of cellulose15 are the most frequently used. Each of
these approaches has intrinsic disadvantages, for example,
poor control of the ber morphology (i.e. wide distribution of
the ber diameter16) and tedious and time-consuming prepa-
ration processes. Therefore, it still remains a challenge to
produce polymeric nanobers with uniform diameters through
a convenient and effective method.

In this work, we rst demonstrate a very effective and
simple method of producing uniform polymeric nanobers by
directly dissolving amphiphilic block copolymers (BCPs) poly-
styrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) in polar
solvents, i.e. acetic acid, at elevated temperatures. The nano-
bers were formed through a heating-enabled micellization
mechanism and they were actually cylindrical micelles with
the hydrophobic PS blocks as the core and the relatively
hydrophilic P4VP blocks as the corona covering the surface.
The BCP micellar nanobers were highly uniform in diameter,
which was less than 30 nm. The BCP nanobers were ltrated
on macroporous supporting membranes to obtain composite
membranes with the deposited nanobers as the selective
layer. This micellar ber membrane was clearly distinct from
brous membranes of other types. Firstly, the small ber
diameter as low as <30 nm makes it possible to achieve a
smaller effective pore size. Secondly, these bers were covered
by weak polyelectrolyte-natured P4VP chains, which render the
membrane with stimuli-responsive properties together with a
high reactivity for further functionalization, e.g. quaterniza-
tion.17 Last but not least, the P4VP chains on ber surface are
sticky and they act as glue to bond individual bers with each
other, enhancing the stability of the membrane aer drying.
Filtration experiments revealed that membranes of the BCP
micellar nanobers exhibited high ux while maintaining a
sharp selectivity toward nanoparticles with similar sizes, and
the ux was pH-dependent, showing an intrinsic stimuli-
responsive function.
Experimental
Materials

Block copolymers of PS and P4VP with different molecular
weights were purchased from Polymer Source Inc., Canada, and
were used as received. The molecular weight of each block and
the polydispersity index (PDI) of these BCPs are given in Table 1.
Ethanol and acetic acid with purity higher than 99.5% were
obtained from local suppliers and were used without further
purication. Polyethersulfone (PES) microltration membranes
with a nominal pore diameter of 0.2 mm (Tianjin Jinteng
Instrument Co. Ltd) were used as supporting membranes.
Bovine serum albumin (BSA) with a purity of >97% was
purchased from GMCorporation. Monodispersed gold colloidal
nanoparticles with a diameter of 5 nm were purchased from
British Biocell International, and gold particles with particle
sizes in the range of 5–30 nm were obtained from Shanghai
Huzheng Nanotechnology Co. Ltd.
J. Mater. Chem. A, 2013, 1, 7100–7110 | 7101
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Table 1 Molecular weights and PDIs of BCPs used in this work, the preparation conditions for the formation of fibers by the heating-enabledmicellization process, and
the corresponding fiber diameters

BCPs code MPS
w MP4VP

w PDI
P4VP volume
fraction (%) Preparation conditions Diameter (nm)

PS35.5k-b-P4VP3.6k 35 500 3600 1.10 9.21 110 �C, AA 30
PS35.5k-b-P4VP4.4k 35 500 4400 1.09 11.03 110 �C, AA 37
PS12k-b-P4VP1.7k 12 000 1700 1.09 12.41 70 �C, 4 : 1 (w/w) EtOH–AA 27
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Preparation of micellar bers

PS-b-P4VP brousmicelles were prepared by a direct dissolution
process. 0.02 g of BCPs was rst dispersed in 10 g of acetic acid
or a 4 : 1 (w/w) mixture of ethanol and acetic acid. The mixture
was heated to the desired temperature, e.g. 70 �C, and kept at
this temperature for 10 h, leading to a homogeneous and stable
solution. The resultant solution was then diluted 50 times with
ethanol and used as the stock solution for the following char-
acterizations and applications.
Preparation of membranes from BCP micellar solutions by
ltration

The micelles in the solution formed a deposited layer on the
surface of the substratemembraneby vacuumltration.One piece
ofPESsubstratemembranewithadiameter of 2.5 cmwasxed ina
glass vacuumlterholder (type16306, SartoriusAG) connected toa
suction ltration ask. 1.5, 2, 3, 4.5, or 6 g of the BCP stock solu-
tions were separately ltered through the PES substrate
membranes under a reduced pressure of 3 kPa. Following the
ltrationof themicellar solution, ethanolwasltrated through the
membrane three times (2 mL each time) to wash away the acetic
acid contained in themicellar solution. The compositemembrane
was then removed from the ltrating device andwas ready for use.
Characterizations

The micellar solution diluted with ethanol was deposited on a
silicon substrate for scanning electron microscopy (SEM)
probing. SEM examinations were performed on a Hitachi S4800
eld emission SEM operated at 5 kV. The samples were sputter-
coated with a thin layer of gold–palladium alloy before SEM
observation. For energy-dispersive X-ray spectroscopy (EDX), an
Oxford INCA 350 energy dispersive X-ray microanalysis system
was used. Transmission electronmicroscopy (TEM) observations
were carried outwith a JEM-2100 TEMoperated at 200 kV. For the
TEM probing of BCP micelles, the diluted micellar solution was
deposited on a carbon-coated copper grid and air dried to evap-
orate the solvent. The deposited grid was then exposed to the
vapor of iodine at 50 �C for 3 h to stain the P4VP phase in the BCP
micelles. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an ESCALAB 250 XPS system (Thermo
Scientic) using a monochromatic Al Ka X-ray source.
Filtration experiments

The water ux and the retention of proteins and gold nano-
particles of the membranes were determined using a stirred
7102 | J. Mater. Chem. A, 2013, 1, 7100–7110
ltration cell (Amicon 8010, Millipore Co., Billerica, MA) under
0.02MPa pressure. In the backushing test, thebermembrane
was positioned in the ltration cell inverted, with the ber layer
side of themembrane as the permeating side. Back ushing was
carried out under a pressure of 0.03 MPa for 1 min. Long-term
ltration of pure water and BSA solutions was also carried out in
the ltration cell under a pressure of 0.02 MPa. For the protein
retention test, proteins were dissolved in phosphate buffers
(pH¼ 7.4) at a concentration of 0.5 g L�1. The concentrations of
the feeding solutions of gold nanoparticles were 50mg L�1 and 5
mg L�1 for the widely size distributed and the monodispersed
5 nm solutions, respectively. The concentrations of proteins and
gold nanoparticles in the permeate side were obtained by a
NanoDROP 2000C UV-vis spectrophotometer at wavelengths of
280 nm and 530 nm, respectively.
Results and discussion
Formation of micellar bers by heating-enabled micellization

Amphiphilic BCPs are comprised of two or more covalently
linked homopolymer chains with strong contrast in chain
polarity. They tend to phase separate at amicroscopic scale both
in the melt state and in selective solvents because of the
immiscibility of the constituent blocks.18 A large number of
well-dened morphologies, including spheres, bers, vesicles,
etc., can be produced by dispersing amphiphilic BCPs in
selective solvents.19 However, it is usually difficult to obtain one
type of morphology exclusively without the interference of
others at specic micellization conditions. For example, brous
and spherical micelles frequently coexist in conventional
micellization processes.20 Recently, we found that amphiphilic
block copolymers including PS-b-P4VP with the hydrophobic
block as the major component could be dissolved directly in
polar solvents, e.g. acetic acid, at elevated temperatures, form-
ing only uniform spherical micelles through a heating-enabled
micellization mechanism.21 However, spherical micelles could
only be obtained from BCPs with relatively long hydrophilic
block chains. Typically, the volume fraction of the hydrophilic
block needed to be higher than approximately 12%. In the
present work, we applied the heating-enabled micellization
process to highly asymmetric amphiphilic BCPs containing
around 12% of the hydrophilic block. We rst dispersed PS35.5k-
b-P4VP3.6k with a P4VP volume fraction of 9.21% into acetic acid
at 110 �C. Aer keeping the mixture unstirred at this tempera-
ture for several hours, we obtained a homogeneous solution
with a slightly milky color. This solution could be limitlessly
diluted by ethanol and no precipitates were observed. The
This journal is ª The Royal Society of Chemistry 2013
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diluted micellar solution was deposited on a silicon surface for
SEM examination. As shown in Fig. 1a, long and thin bers with
a curved shape were found on the substrate surface. These
bers had lengths varying from �1 to 5 mm and a narrow
distribution in ber diameter, with amean value of 30 nm (inset
in Fig. 1a), and closer examinations revealed that the bers
possessed a smooth surface. The uniform brous morphology
of the products was conrmed by TEM examination (Fig. 1b).
Moreover, PS35.5k-b-P4VP4.4k with a P4VP volume fraction of
11.03% also produced nanobers when directly dissolved in
acetic acid at 110 �C with the assistance of ultrasonication.
However, direct dissolution of PS12k-b-P4VP1.7k with the P4VP
volume fraction of 12.41% in acetic acid at 110 �C yielded
spheres rather than bers, suggesting a sensitive dependence of
the morphology on the volume fraction of the hydrophilic
blocks in the BCPs. Nevertheless, we mediated the interfacial
energy of the BCP–solvent system by using mixtures of solvents
and found that high quality nanobers could be obtained
by dissolving PS12k-b-P4VP1.7k in a mixture of 4 : 1 (w/w)
ethanol–acetic acid at 70 �C. As shown in Fig. 1c–f, both
PS35.5k-b-P4VP4.4k and PS12k-b-P4VP1.7k produced uniform
bers, with mean diameters of ca. 37 nm and 27 nm, respec-
tively. Therefore, the ber diameter can be tuned in a certain
range by changing the block lengths of both blocks.
Fig. 1 SEM (a, c and e) and TEM (b, d and f) images of nanofibers fabricated by
the heating-enabled micellization process from PS-b-P4VP with different molec-
ular weights: (a and b) PS35.5k-b-P4VP3.6k, (c and d) PS35.5k-b-P4VP4.4k, and (e and
f) PS12k-b-P4VP1.7k. Insets in (a), (c) and (e) are the profiles of diameter distribution
of the fibers prepared from the corresponding BCP. The TEM images were taken
on iodine-stained BCP fibers. (a, c and e) and (b, d and f) have the same
magnification.

This journal is ª The Royal Society of Chemistry 2013
Considering that the bers can be well dispersed in polar
solvents including acetic acid and ethanol, we expected that the
surface of the bers was covered by the polar P4VP blocks while
the hydrophobic PS chains resided inside the bers. This core–
corona structure of the bers can be conrmed by TEM exam-
inations on the selectively stained samples. We stained the BCP
bers with iodine, which would be selectively enriched in the
P4VP phases. As clearly shown in Fig. 1d, the edges of the
iodine-stained PS35.5k-b-P4VP4.4k bers appeared darker
than the interior because of the enrichment of iodine in the
P4VP coronae.22 The staining effect for PS35.5k-b-P4VP3.6k and
PS12k-b-P4VP1.7k was not obvious as the molecular weights of
their P4VP blocks were small. Binding of iodine on BCP bers
was further conrmed by energy-dispersive X-ray spectroscopy.
The dark triangular particles that appear in Fig. 1b, d and f are
iodine crystals formed on the surface of the TEM copper grid
during the iodine staining process. XPS analysis was also
employed to investigate the enrichment of P4VP chains on the
surface of the bers. We prepared a thin lm of PS12k-b-P4VP1.7k
by drop-casting its solution in chloroform, which is a nearly
neutral solvent to both PS and P4VP chains, and it is expected
that PS will be enriched on the lm surface as PS has a lower
surface energy compared to P4VP and tends to segregate on the
air side.23,24 We compared the surface composition of the lm
prepared from the chloroform solution and the lm of the
nanobers also deposited on the surface of a silicon substrate.
As shown in Fig. 2, peaks originating from C, N, and O, centered
around 284.6 eV, 532.2 eV, and 399.4 eV, respectively, could be
discerned in the spectra of both lms. The presence of oxygen
should be attributed to water and carbon dioxide adsorbed on
the polymer surface.25,26 The atomic ratio of nitrogen to carbon
(N : C) increased from 1.60% for the lm cast from the solution
in chloroform to 2.58% for the lm of the deposited bers. This
signicant increase in the surface concentration of nitrogen
provided direct evidence that P4VP chains migrated to the
Fig. 2 XPS spectra of the film of PS12k-b-P4VP1.7k cast from a solution in chlo-
roform (a) and cylindrical micelles of PS12k-b-P4VP1.7k prepared in an ethanol–
acetic acid mixture (b). Inset shows the corresponding enlarged spectra detailing
the peak of N 1s.

J. Mater. Chem. A, 2013, 1, 7100–7110 | 7103
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surface of bers. Therefore, we can draw the conclusion that
these bers are actually cylindrical micelles with the hydro-
phobic PS block forming the core, surrounded by coronae
composed of polar P4VP blocks.

The formation of cylindrical micelles was due to the heating-
enabled micellization mechanism, as polar solvents, e.g. acetic
acid, not only solubilize the P4VP chains but also plasticize the
PS chains. At elevated temperatures, the interactions between
the solvent and both blocks were further enhanced and the
original glassy PS chains were highly mobile, energetically
favoring the formation of micelles. In contrast to the formation
of spherical micelles for the BCPs with longer P4VP chains,
heating BCPs with short P4VP chains in acetic acid yields
cylindrical micelles. This is because the solubility of the PS-b-
P4VP decreases with the reducing volume fraction of the P4VP
blocks, and more PS chains tend to pack into the micellar cores,
leading to an increase in the stretching degree of the PS chains.
Consequently, the micelles adopt a cylindrical morphology to
partially release the stretching of the PS chains, and to lower the
free energy of the BCP–solvent system. It has already been
observed in various amphiphilic BCP–solvent systems that
shorter lengths of the blocks soluble in the solvent led to
cylindrical micelles.27,28 Moreover, this evolution from spheres
to cylinders could also be achieved by using solvents with
weaker solubility toward the BCPs with higher P4VP volume
fractions, e.g. PS12k-b-P4VP1.7k, which produced spherical
micelles by direct dissolution in acetic acid at elevated
temperatures. With the addition of ethanol into acetic acid,
both the solubility of P4VP and the plasticization of PS became
worse, leading to the change of interfacial energy. As a conse-
quence, more BCP molecules aggregated into the micelle,
inducing the formation of cylindrical micelles. Such an evolu-
tion from spheres to cylinders caused by the solvent quality was
also observed in cosolvent micellization.29 It should be noted
that although BCP cylindrical micelles have been reported in
the literature, they were mainly prepared from BCPs with very
long soluble blocks, or with the insoluble blocks in the rubbery
state. For BCPs with short soluble blocks and long glassy,
insoluble blocks, cylindrical micelles can only be obtained in a
very narrow range in the phase diagram through a tedious
cosolvent method. Moreover, the obtained cylindrical micelles
were frequently “contaminated” by other morphologies, e.g.
spherical micelles.30 The heating-enabled micellization strategy
proposed in this study, which is a direct dissolution method, is
distinguished from other methods in terms of the convenience
of preparation and the purity of the products.
Preparation of functional membranes by ltration

Considering that the micellar bers had a uniform and narrow
ber diameter and an active P4VP-covered surface, these bers
may serve as excellent building blocks for high-performance
membranes by assembling the bers to form the size-selective
layer. We ltrated micellar bers of PS12k-b-P4VP1.7k diluted
with ethanol through macroporous substrate membranes and
the bers were collected on the substrate surface as the
length of the bers was signicantly larger than the pore
7104 | J. Mater. Chem. A, 2013, 1, 7100–7110
diameter of the substrate membranes. Consequently, we
obtained composite membranes with the assembling ber
layers as the selective layers and the substrates underneath
as the supporting layers. Fig. 3 and S1 (ESI†) exhibit the
morphologies of the BCP bers deposited on the substrate
membranes aer ltration with different amounts of bers
dispersed in ethanol. At a very low amount of ltrated bers, for
example 1.0 mg cm�2, the initial macropores on the substrate
membrane with pore sizes in the range of several hundreds of
nanometers were almost completely maintained on the
membrane surface. However, as shown in the inset in Fig. 3a,
the micellar bers were found to be conformally adhered on the
solid skeleton (veins) between the macropores. Fibers could
also be discerned inside the surface pores, and we believe that
the bers penetrated to a certain depth inside the substrate
membranes. The bers dispersed in ethanol in two different
forms: one was separate, single bers and the other was webs of
entangled bers. At low concentrations, the bers were expected
to be distributed in the solution mainly as separate, single
bers. During ltration under pressure some of the bers were
directly adsorbed by the skeleton between macropores, and the
other bers passed through the pores as the bers were exible
and could bend themselves to go inside the pores. The bers
were very thin in diameter, possessing a large surface area, and
they have a strong affinity towards the pore walls of the
substrate membrane via electrostatic interaction and/or
hydrogen bonds. Therefore, the bers passing through the
topmost pores would also be quickly attracted by the walls of
pores near the membrane surface. We found that the liquid that
permeated through the substrate was clear and free of bers as
revealed by SEM examinations, which conrmed that the
micellar bers could only penetrate a very limited depth into the
substrate membrane.

Higher concentrations of bers dispersed in ethanol will
increase the chance of individual bers coming into contact
with neighboring ones, leading to the formation of three-
dimensionally interconnected webs of entangled bers. Upon
ltration on a substrate membrane, the webs were compacted
on the membrane surface in the direction of the z-axis, and
nally yielded a layer of stacked bers. As the webs were
composed of interconnected bers, it was difficult for them to
deform and penetrate into the membrane pores under
moderate pressure. As can be seen from Fig. 3b, most of the
macropores of the substrate membrane were covered by inter-
connected bers, i.e., the initial macropores were divided into
much smaller mesh pores by the deposited bers. However, as
the amount of ltrated bers was still low, 2.9 mg cm�2, some of
the macropores were not covered by the bers and the pores
between the bers in the macropores were far from uniform.
Further increasing the amount of ltrated bers to 5.9 mg cm�2

gave rise to the full coverage of all macropores on the substrate
membranes, but abnormally large pores were still present on
the surface of the ber layer. In addition, as the deposited ber
layer was very thin, the bers suspended on the macropores of
the substrate membrane were slightly dented due to the pres-
ence of the macropores underneath, resulting in an uneven
surface of the ber layer (Fig. 3c). Fig. 3d shows the surface
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a–e) The surface SEM images of fibers of PS12k-b-P4VP1.7k solutions with different amounts of fibers deposited on the surface of PES substrate
membranes, demonstrating the progressive coverage of the macropores on the substrate membranes by the deposited fibers: (a) 1.0, (b) 2.9, (c) 5.9, (d) 8.8, and (e)
58.5 mg cm�2. Inset in (a) is the magnified view of the surface of the sample with an amount of deposited fiber of 1.0 mg cm�2, showing the adhesion of fibers on
the solid skeleton between macropores of the substrate membranes. (f) The magnified view of the surface of the sample with the amount of deposited fiber of
58.5 mg cm�2. (g and h) Cross-sectional SEM images at different magnifications of the composite membrane shown in (e). (a)–(e) have the same magnification, and
the scale bar is shown in (e).

Fig. 4 The change of the thickness of the deposited fiber layers with the amount
of filtrated fibers. The SEM images in the bottom right and top left corners of the
figure are the cross-sectional SEM images of the layers formed with 58.5 mg cm�2

and 14.6 mg cm�2 of filtrated fibers, respectively.
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morphology of a substrate membrane with 8.8 mg cm�2 of l-
trated bers. By comparing Fig. 3c and d, we found that the
ltration of more bers would reduce the defect pores as well as
the degree of surface unevenness of the ber layer. An amount
of 58.5 mg cm�2 of ltrated bers was enough to produce a
composite membrane with a uniform and smooth surface ber
layer (Fig. 3e). Closer SEM examination, as shown in Fig. 3f,
revealed that the surface was composed of densely entangled
bers. Gaps between the entangled bers on the surface were in
the range of �10 to 35 nm, which implied an even smaller
effective pore size of the ber layer in ltrations. The cross-
section of the composite membrane clearly shows a two-layered
structure with a very thin and dense layer on top of a macro-
porous layer (Fig. 3g and h). The top ber layer was homoge-
neously deposited on the surface of the substrate membrane,
and the adhesion between the ber layer and the substrate
seemed to be tight, as no interfacial gaps or other defects could
be found between them. The enlarged view of the cross-section
of the ber layer shown in Fig. 3h demonstrates that the bers
were merged as an integrated, continuous phase in which small
pores were homogeneously distributed and boundaries between
individual bers could not be found. Moreover, the ber layer
had a uniform thickness which could be tuned by changing the
amount of the ltrated bers. For example, the thickness of the
ber layer increased from �210 nm for a ltrated ber amount
of 14.6 mg cm�2 (top-le inset in Fig. 4 and S2b†) to�850 nm for
a deposited ber amount of 58.5 mg cm�2 (bottom-right in Fig. 4
and S2a†). As shown in Fig. 4, there was a linear increase in the
thickness of the ber layers with the continuous increase of the
amount of ltrated bers, which also implied that the amount
of bers leaking into the substrate membrane or the pre-formed
ber layer was negligible.
This journal is ª The Royal Society of Chemistry 2013
We note that the adhesion both between bers and between
the ber layer and the substrate membrane was surprisingly
strong. The ber-deposited membranes retained their struc-
tural integrity when immersed and shaken in water, and
release of individual bers from the deposited ber layer was
not observed. We tested the composite membrane with ultra-
sonication at 100 W for 10 min with a frequency of 40 kHz,
and neither cracks on the surface of the top layer nor
detachment of the ber layer from the substrate membrane
occurred. The strong adhesion should be mainly attributed the
P4VP layer covering the surface of the bers. In water and
J. Mater. Chem. A, 2013, 1, 7100–7110 | 7105
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Fig. 5 The change of pure water flux and rejection to BSA of the micellar
fibers-deposited membranes with the amount of deposited PS12k-b-P4VP1.7k
micellar fibers.
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many other liquids, P4VP chains swell and take on an
extended conformation. Neighboring bers are “bonded”
together by the entangling of extended P4VP chains where the
gel-like P4VP coronae on the cylindrical surface act as sticky
glue.31 The gluing effect of the P4VP layer becomes more
signicant when the bers have a very thin diameter which
show a strong tendency for aggregation. Similarly, the sticky
bers adhere tightly to the surface of the substrate membrane,
and the thin and exible nature of the ber facilitates the
conformal touch and adhesion on the uneven surface of the
substrate membrane. Moreover, the hydrogen bonds between
bers which are covered by nitrogen-containing P4VP chains
and between P4VP chains and the oxygen-containing PES
substrate membranes enhance the adhesion of bers to other
bers and to the substrate.32 Furthermore, the electrostatic
attractions between the ber and the substrate may also
contribute to their strong adhesion. Because of the strong
adhesion, the ber membranes can withstand back ushing
for the regeneration of fouled membranes. We found that the
membrane with a deposited amount of bers of 29.3 mg cm�2

maintained its 100% rejection to BSA aer back ushing at
0.03 MPa for 1 min.
Liquid permeability of the micellar bers-deposited
membranes

We then investigated the liquid permeability of the composite
membranes deposited with different amounts of micellar bers
of PS12k-b-P4VP1.7k. The pristine, undeposited substrate
membrane had a very large pure water ux (PWF) (13 368 L m�2

h�1 bar�1) and a negligible rejection to BSA, the model protein
with a molecular weight of 67 000 Da and dynamic diameter of
6.8 nm,33 as it had a pore size as large as �220 nm. Aer
deposition of the micellar bers which established a thin layer
for size-sieving, the effective pore size of the composite
membranes was drastically changed, leading to a correspond-
ing change in ux and rejection. As shown in Fig. 5, the
membrane with a deposited amount of bers of 14.6 mg cm�2

showed a PWF of 3119 L m�2 h�1 bar�1, which was almost 23%
of that of the original PES substrate membrane. This water ux
was quite high, especially when we consider that the BSA
rejection of this composite membrane increased remarkably to
�75% from almost zero for the original substrate membrane.
One may consider that the adsorption of proteins on the surface
of the ber layer may contribute to the high rejection. We
measured the adsorption capacity of BSA on the composite
membrane by dynamic ltration adsorption experiments,34 and
found that it was 60.9 mg cm�2 in 12 h at 25 �C, which was
negligible relative to the observed rejection. Therefore, the
rejection of BSA by the composite membrane was exclusively
based on the size discrimination of the pores in the ber layer.
Increasing the amount of deposited micellar bers to 19.5 mg
cm�2 gave rise to an even higher rejection of �98% and a
decreased PWF of �942 L m�2 h�1 bar�1. Further increase in
the amount of deposited bers led to a continuous reduction in
ux, but the rejection to BSA remained at almost �100% aer
the amount of deposited bers exceeded 29.3 mg cm�2. Clearly,
7106 | J. Mater. Chem. A, 2013, 1, 7100–7110
the reduction of water ux and increase in rejection did not
correlate linearly with the amount of deposited bers. This can
be understood by the Hagen–Poiseuille equation:35

QHP ¼ p(d/2)4Dp/8mL (1)

where QHP is the volume ux of water, d is the pore diameter, Dp
is the pressure drop through the membrane, m is the water
viscosity, and L is the effective thickness of the ber layer (the
resistance from the substrate membrane was neglected as the
pores in the substrate were very large compared to the pores in
the ber layer).With ever-increasing amount of deposited bers,
the effective thickness of the ber layer, L, kept increasing.
However, the effective pore size, d, in the ber layer rst
decreased then remained almost unchanged with the increasing
amount of deposited bers. Therefore, we observed a quick
increase in rejection which soon levelled off with the increasing
amount of deposited bers. The change in d and L contributed
synergistically to the water ux. Consequently, the water ux
decreased very quickly for a low to moderate amount of depos-
ited bers because both d and L�1 decreased simultaneously,
and continued to decrease slowly at higher amounts of deposited
bers, as L�1 kept decreasing while d did not decrease any
further. Compared to commercial UF membranes, the micellar
ber-deposited membranes displayed a pronounced energy-
saving feature as they produce a large ux under a low opera-
tional pressure. Commercial UF membranes typically produce a
water ux in the range of�20 to 200 L m�2 h�1 bar�1, operating
in the pressure range of 0.1–1 MPa.4,36,37 In clear contrast, the
micellar ber-deposited membranes generate water ux from
�200 to over 3000 Lm�2 h�1 bar�1 depending on the thickness of
thedepositedber layer. As theyproduceover 10 times largerux
than the commercial UF membranes, the ber-deposited
membranes can be operated under very low pressure, for
example, 0.02 MPa, and still give a water ux comparable to that
of commercial UF membranes. The synergetic high ux and
good rejection of the composite membranes should be mainly
attributed to the ultrathin and highly porous nature of the ber
This journal is ª The Royal Society of Chemistry 2013
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layer. Moreover, the hydrophilic surface of the micellar bers
also played an important role in contributing to the high ux of
the membranes. Long-term pure water ltration tests revealed
that the ber membranes show a good anti-compaction prop-
erty. We carried out long-term pure water ltration on
membranes with amounts of deposited bers of 29.3 mg cm�2

and 58.5 mg cm�2, respectively. As shown in Fig. S3,† the pure
water ux of the 29.3 mg cm�2 membrane decreased moderately
from �650 L m�2 h�1 bar�1 to �550 L m�2 h�1 bar�1 under the
operation pressure of 0.02 MPa in the initial 100 min and then
remained constant. However, the 58.5 mg cm�2 membrane
showed no noticeable drop in ux under long-term operation.
Such a good compaction resistance should be attributed to the
stable PS cores in the glassy state of the micellar bers and also
the high ux nature of the membranes which can operate under
low pressure. We carried out long-term BSA ltration for the
membrane with an amount of deposited bers of 58.5 mg cm�2.
As shown in Fig. S4,† the BSA ux deceased with ltration time
and the rate of decreasing ux decreased aer the initial 60 min
of ltration. Such a decreasing ux is caused by the BSA accu-
mulating on the surface of theber layer, which can be improved
by back ushing.

The stimuli-responsive behavior and pH-dependent water ux
of the composite membranes

As already discussed above, P4VP chains covered the surface of
the micellar bers. P4VP is a weak polyelectrolyte and changes
its chain conformation in response to the environmental pH.
Therefore, the composite membrane with a P4VP-covered size-
selective layer may show a pH-dependent water ux. Fig. 6
displays the change of water ux of the composite membrane
with the amount of deposited bers of 29.3 mg cm�2, rst with a
gradually rising pH from 2 to 11 and then with the pH
decreasing from 11 back to 2. There was a sharp increase of
water ux when the pH was increased from 2 to 5, which should
be attributed to the drastic conformation change of the P4VP
Fig. 6 Water flux of the composite membrane with the amount of deposited
fibers of 29.3 mg cm�2, first with pH rising from 2 to 11 by adding NaOH and then
decreasing from 11 back to 2 by adding HCl.

This journal is ª The Royal Society of Chemistry 2013
chains in the pH range around its pKa, 5.0� 0.3.38 Under low pH
conditions, for example pH ¼ 2, the pyridyl groups in the P4VP
chains were highly protonated and became positively charged.
Due to the electrostatic repulsion between the positively
charged pyridinium groups, the P4VP chain takes on an
extended conformation, decreasing the effective pore size in the
ber layer, leading to lowest water permeability. As the pH
increased from 2 to 5, the P4VP chains were deprotonated and
consequently took on a progressively more compact confor-
mation, giving rise to an increase in water ux. The water ux
remained almost unchanged with the pH increasing from 5 to 9,
as the P4VP chains were already fully deprotonated around
pH ¼ 5 and even higher pH would not further condense the
P4VP chains. The water ux decreased when pH continued
increasing from 9 to 11, which might be caused by ions, e.g. Na+

and OH�, adsorbed on the P4VP chains causing the P4VP
chains to become slightly charged as more NaOH was used to
obtain a high pH. The decreasing water ux at high pH condi-
tions was also observed in other membranes with a P4VP-
covered surface.39,40 We then measured the water ux of the
membrane as the pH value was progressively lowered from 11 to
2 by adding HCl, and observed the opposite trend in the change
of water ux, suggesting that changes of water ux with pH were
nearly completely reversible. At the pH values from 3 to 7, the
values of water ux in the return line were moderately lower
than their counterparts in the advancing line, which should also
be a consequence of higher ion concentrations causing addi-
tional expanding of P4VP chains when the pH was adjusted
back by adding HCl. Furthermore, aer measuring the ux in
aqueous solutions with the pH varying between 2 and 11 for
more than 15 times, the ux of the membrane returned almost
exactly to its original value, indicating the high mechanical
stability of the composite membrane and its robustness over a
wide range of pH.

The water ux increased by about three times when the pH
changed from 2 to 5, which seemed low compared to other
works, where an increase of about 10 times was observed.41

However, the increase of water ux was remarkable if we
consider that in the present work the BCP contained a very
short P4VP block with only 16 vinyl pyridine repeating
units. In other works reporting a higher increase of water
ux, poly(vinyl pyridine) chains typically with several hundreds
of repeating units were used. Because the short P4VP chains
were homogeneously present on the ber surface and they
were narrowly dispersed in chain length, they collectively
contributed to a signicant ux change when the pH crossed
the pKa point of P4VP.42 Moreover, it is necessary to note
that the stimuli-responsive property of our micellar ber
membranes is inherent, which means it is obtained simulta-
neously in the membrane formation process and no post
modication of the existing membranes is needed.
Compared to extensively reported methods for producing
stimuli-responsive membranes where a tedious post modi-
cation was applied to preformed membranes,43,44 the forma-
tion of pH-dependent membranes by ltrating micellar bers
on substrate membranes is distinctive in terms of convenience
and controllability.
J. Mater. Chem. A, 2013, 1, 7100–7110 | 7107
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Applications of the composite membranes in the separation
of nanoparticles

As demonstrated in the ltration of pure water and protein
solutions, the composite membranes showed a tunable size-
sieving performance by changing the amount of deposited
micellar bers. In this section, we further explored the appli-
cations of the composite membranes in the concentration and
separation of gold nanoparticles. We found that the composite
membrane with a deposited amount of bers of 58.5 mg cm�2

could completely reject monodisperse gold nanoparticles with a
particle size of 5 nm. As shown in Fig. 7a, the feed solution
containing 5 nm gold particles showed a moderate character-
istic peak around 530 nm in the UV-vis spectrum, and the peak
was intensied in the retentate. In contrast, the peak in the
ltrate disappeared, implying a nearly 100% rejection of the
membrane to the 5 nm gold particles. The pictures in inset of
Fig. 7a show that the pink color of the feed solution became
colorless in the ltrate solution while the pink color of the
retentate was darker, which is a direct demonstration of the
rejection of the gold particles by the membrane. In other words,
the composite membrane was very efficient in the concentration
of gold colloidal nanoparticles.

Moreover, thanks to the relatively uniform pores in the ber
layer, the composite membranes were able to fractionate
mixtures of nanoparticles with similar sizes. We used a
composite membrane deposited with 14.6 mg cm�2 of micellar
bers to separate a colloidal solution of gold nanoparticles.
Fig. 7 (a) UV-vis spectra of the feed, retentate, and filtrate of monodisperse gold
deposited amount of fibers of 58.5 mg cm�2. (b) UV-vis spectra of the feed, retent
14.6 mg cm�2 treating a colloidal solution of gold particles with a wide size distributi
solution and the permeate through the membrane with a deposited amount of fib
solutions displaying different darkness of the pink color because of the variation o
sponding bar charts of the size distribution of the gold particles.

7108 | J. Mater. Chem. A, 2013, 1, 7100–7110
As shown by the TEM images in Fig. 7c, the feed solution con-
tained gold nanoparticles with a wide size distribution in the
range of �3 to 20 nm. However, the ltrate through the
composite membrane was colorless, and TEM examinations
revealed that only small gold nanoparticles with sizes ranging
from 3–7 nm were present in Fig. 7d. The UV-vis spectrum as
well as the color appearance of the feed, retentate, and the
ltrate conrmed that bigger gold particles were enriched in the
retentate and were absent in the ltrate. Note that the absence
of an adsorption peak in the UV-vis spectrum of the ltrate did
not necessarily imply that the ltrate was free of any gold
particles. Small gold particles with sizes lower than 7 nm passed
through the membrane pores and stayed in the ltrate. But they
did not give a characteristic adsorption peak because of their
very weak plasmonic effect. Additionally, because the size-
selective ber layer was very thin, the composite membrane
showed a very large ux under a driving pressure as low as 0.02
MPa in the separation of the mixture of gold nanoparticles, or
even further, the separation could be carried out without any
external pressure and the gold particles with sizes smaller than
5 nm could be fractionated from bigger ones simply by the
gravity of the solution. In contrast, commercialized ultraltra-
tion membranes typically require a driving pressure larger than
0.2 MPa to produce a reasonable ux. Therefore, our ber
membranes are very energy-saving as they can be operated at
very low pressures and consume much less energy to generate
the driving pressure.
particles with a diameter of 5 nm separated by a composite membrane with a
ate, and filtrate of a composite membrane with a deposited amount of fibers of
on. (c and d) TEM images of the wide size distributed gold particles in the feeding
ers of 14.6 mg cm�2, respectively. Insets in (a) and (b) are the pictures of the three
f the concentration of the gold particles, and insets in (c) and (d) are the corre-

This journal is ª The Royal Society of Chemistry 2013
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Conclusions

Energy-saving membranes with sharp selectivity and stimuli-
responsive surfaces were produced by assembling ultrane
micellar nanobers of block copolymers on macroporous
substrates. We rst reported an extremely simple approach to
produce high-quality nanobers by directly dissolving highly
asymmetric amphiphilic block copolymers of PS-b-P4VP in polar
solvents at elevated temperatures through a heating-enabled
micellization mechanism. The micellar bers possessed a core–
corona structure with the polar P4VP chains covering the
hydrophobic PS cores. The diameters of the micellar bers were
typically lower than 30 nm. The bers were up to 5 mm in length
and consequently had a very high aspect ratio. We then ltrated
the nanobers on the surface of macroporous substrate
membranes, yielding a porous layer of assembled bers. Actu-
ally, we obtained composite membranes with the bers as the
size-selective layer supported on the substrate membrane. The
thickness of the ber layer was tunable simply by changing the
amount of the deposited bers, and a homogenous selective-
layer could be tuned as thin as�210 nm. Thanks to the ultrathin
and porous nature of the ber layer, the ber membranes were
much more energy-saving than commercialized membranes as
they provided high ux under low operation pressures. More-
over, because of the presence of P4VP chains on theber surface,
the membrane possessed an inherent pH-dependent water ux,
and an outstanding resistance to protein adsorption. We
demonstrated that the composite membranes were highly
effective in the concentration of nanoparticles and in the frac-
tionation of mixed particles with similar sizes.
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