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Surface segregation of amphiphilic copolymers in the phase inversion process has long been used to
improve membrane hydrophilicity. Typically, the copolymer is sparsely dosed into the casting solutions
as additives. Herein we substantially increase the dosages of amphiphilic copolymers, and obtain blend
ultrafiltration membranes with synergetically upgraded performances because of extra permeability-
enhancing effect of the copolymer in addition to the surface segregation effect. We blend amphiphilic
block copolymer, polysulfone-block-polyethylene glycol (PSf-b-PEG), with polysulfone base polymer at
various percentages up to 70%. There is no compatible issue between the PSf and PSf-b-PEG as they are
miscible at any blend ratio. Infrared spectroscopy and X-ray photoelectron spectroscopy confirm the
surface segregation of PEG blocks. Moreover, PSf-b-PEG evidently influences the phase separation pro-
cess by slowing down the precipitation rate of the polymer solutions, thus producing membranes with
thicker skin layers. Interestingly, increasing copolymer percentages result in more water-permeable PEG
microdomains in the blend membranes and consequently enhanced water permeance. The blend
membranes exhibit simultaneously upgraded permeance, hydrophilicity, fouling resistance, and also
performance stability. The highest permeance reaches nearly 400 L/(m2 h bar) at a copolymer percentage
of 40%, which is much higher than those of PSf membranes prepared in other works. By comparing with
PEG homopolymer, we identify that the superior performances are originated also from the additional
water permeability through PEG microdomains in addition to the effect of surface segregation of PSf-b-
PEG copolymers.

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

Polysulfone (PSf), as an engineering plastic with a glass tran-
sition temperature of nearly 200 °C, is one of the most extensively
used polymers for membrane separations because of its superior
thermal stability, mechanical robustness, chemical resistance, ex-
cellent processibility as well as convenience in tuning membrane
microstructures [1]. Typically, PSf is manufactured into ultra-
filtration (UF) membranes through the nonsolvent-induced phase
inversion (NIPS) and thus-produced PSf membranes are usually
used in aqueous circumstances including water treatment [2],
protein purification and fractionation [3], hemodialysis [4] and
reverse/forward osmosis (as the substrates for thin-film compo-
sites) [5]. However, as can be easily seen from the multiple aro-
matic rings and scarcity of polar groups in its molecule PSf is
strongly hydrophobic in nature. Membranes produced purely from
g).
neat PSf suffer from very limited permeability, poor fouling re-
sistance, and shortened lifetimes [6]. Consequently, polar additives
are frequently introduced into the casting solutions in the pro-
duction of PSf membranes, or post modifications are used to im-
prove their hydrophilicity [7].

A number of physical or chemical approaches has been used to
enhance the hydrophilicity of PSf membranes [8], mainly including
adding inorganic nanofillers into membrane matrix [9,10], plasma
etching to generate polar groups on the surface [11] and directly
grafting some hydrophilic groups onto the membranes surface
[1,12–14]. Besides, using hydrophilic additives is most technically
and commercially feasible since most PSf membranes are prepared
by the NIPS process in which additives can be readily co-dissolved
into the casting solutions [15]. The extra advantage of hydrophilic
additives is improving the flux of water. It is believed that the pore
size in the selective layer, porosity, and pore interconnection will be
enlarged with the incorporation of hydrophilic additives into the
membranes as the subtle interactions among polymer, solvent, and
nonsolvent are changed with the presence of the additives [16].
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Water-soluble/dispersible polymeric additives, such as poly-
ethylene glycol (PEG) or polyethylene oxide (PEO) (PEG and PEO
share the same molecular backbone and thus close physico-
chemical properties but they have different end groups as they are
synthesized from different monomers) [17], polyvinylpyrrolidone
(PVP) [18], polybenzimidazole (PBI) [19], and polyaniline (PANI)
[20–22] are most frequently included into the recipes of PSf
membranes. In this regard, PEG is of particular interest because of
its strong hydration effect, biocompatibility, as well as easy avail-
ability with variable molecular weights [15,23–25]. Typically,
higher percentages of polymeric additives lead to membranes
with a stronger hydrophilicity and permeability. However, over-
dosed additives may not be compatible with the casting solutions
and ruin the phase inversion process as well as the membrane
performances. An even worse situation for these hydrophilic ad-
ditives, which are usually water-soluble, is that a large portion of
them will leach out during the phase inversion process and the
subsequent operations in aqueous circumstances, leading to de-
caying performances in terms of both hydrophilicity and perme-
ability [16,26].

A solution to this leaching problem is to use amphiphilic co-
polymers containing both hydrophobic segments and hydrophilic
segments. The hydrophobic parts are believed to be anchored to
the membrane skeleton by chain entanglement and the hydro-
philic ones are forced to segregate on the pore walls in the phase
inversion process [27]. To this end, both graft and block copoly-
mers (BCPs) have been used and enhanced hydrophilicity have
been clearly evidenced in most cases although the improvement in
water permeance was frequently not observed. For the specific
case of PSf membranes discussed in the present work, in addition
to usages of PEG or PEO homopolymers as additives where the loss
of these additives are considered to be unavoidable [16], copoly-
mers of PSf and PEG are expected to promise stable improvement
of the membrane performances as the PSf components in the co-
polymer will be fully compatible and miscible with PSf homo-
polymers which are the base material for the membranes. Han-
cock et al. firstly used polysulfone-block-polyethylene oxide BCPs,
PSf-b-PEO, as additives to create blend semipermeable membranes
for medical purpose [28,29]. Several years later, Mayes and cow-
orkers synthesized graft copolymers of PSf and PEG, PSf-g-PEG,
and blended them into the PSf casting solutions to prepare PSf
membranes [1]. In both cases, the enhanced hydrophilicity and the
consequently improved resistance to protein adsorption were re-
markable. However, both groups did not investigate the separation
performances of the produced membranes. In addition, Zhu and
coworkers also observed clearly enhanced hydrophilicity of PSf
membranes by combining other PSf-based amphiphilic BCPs into
the casting solutions. However, the contribution of the combining
PSf copolymers on the membrane performances remained un-
elucidated as the role of PEG homopolymers used as co-additives
in their work cannot be excluded [30].

Interestingly, in previous works amphiphilic copolymers were
used “really” as additives or modifiers as they were dosed in the
casting solutions with small percentages, typically less than
20 wt% in the total polymer concentrations [1,28–30]. This is a
reasonable and practicable strategy if these copolymers are me-
chanically weak as materials, or poorly compatible with the base
polymers, or costly in price. The small dosages of copolymers may
still deliver the function to enhance the membrane hydrophilicity
as surface segregation does not require large amount of additives.
However, it remains open what will occur when the dosage of
copolymers is increased be comparable to that of the base polymer
given that affordable, mechanical strong copolymer is available. In
this situation, the copolymer is not only the additive in the com-
mon sense as it is also a major component of the produced
membranes which should be considered as blend membranes. The
copolymer blended in the membrane casting solutions with do-
sages comparable to that of the base polymer will significantly
influence the phase diagram of the solutions. Therefore, it may
offer us a new strategy to tune the membrane microstructures and
performances in addition to the well-studied effect of surface
segregation.

Considering that PSf-b-PEG BCPs can be conveniently synthe-
sized with good yields and this copolymer largely maintains the
good mechanical robustness of PSf homopolymers [1,28–30], in
the present work, we blend PSf-b-PEG BCPs with PSf homo-
polymer at various percentages up to 70% to prepare blend UF
membranes through the NIPS process. The surface segregation also
occurs, leading to enhanced surface hydrophilicity. Furthermore,
the heavily dosed BCPs substantially change the microstructures
and separation performances of the PSf membranes by forming
water-permeable PEG microdomains. As a consequence of the dual
effect of the blended BCPs, the permeance, hydrophilicity, fouling
resistance, and also the performance stability of the blend mem-
branes are synergistically improved. Specifically, the blend mem-
branes with 40% content of PSf-b-PEG exhibit a permeance up to
ten times higher than PSf membranes prepared using different
additives and also similar or even higher retentions. Surface seg-
regation of amphiphilic copolymers has long been evidenced to
enhance the membranes hydrophilicity and permeability. How-
ever, the present work reveals that another permeability-enhan-
cing effect of the amphiphilic copolymers (permeation through
water-permeable microdomains) concurs when the dosages of the
copolymer are comparable to that of the base membrane-forming
materials in addition to the effect of surface segregation. This new
role of amphiphilic copolymers has never been reported before
and it offers us new possibilities for the development of advanced
membranes with the assistance of amphiphilic copolymers.
2. Experimental

2.1. Materials

PSf (P3500 LCD, average molecular weight 22000 Da) supplied
by Solvay, was used as the base polymer in the membrane casting
solutions. Reagent grade N-methyl-2-pyrrolidone (NMP) was used
as the solvent to dissolve the polymers without further purifica-
tion. Reagent grade PEG homopolymer (average molecular weight
400 Da) or PSf-b-PEG BCP (the weight ratio of PEG blocks in the
copolymer is 49%) were used as the blend components in casting
solutions. Deionized water (conductivity: 8.20 μs/cm, Wahaha)
was used as the main nonsolvent in the coagulation bath. Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich.

2.2. Preparation of PSf/PSf-b-PEG and PSf/PEG blend membranes

The casting solutions of 16% in weight were prepared by dis-
solving PSf and PSF-b-PEG in NMP at desired proportions (BCP
percentages ranging from none to 70% in the total amount of
polymers) under mechanical stirring at 70 °C for 4 h. The casting
solutions were kept for at least 48 h at 70 °C in vacuum oven to
remove air bubbles. After removal of the air bubbles, the liquid
dope was cast onto a glass plate with a casting knife to obtain a
casting film of 250 μm thick, then coagulated in deionized water at
room temperature. The obtained PSf/PSf-b-PEG membrane was
thoroughly washed with water to remove the residual NMP. The
method of preparing PSf/PEG membranes is the same as the PSf/
PSf-b-PEG membranes, by replacing PSf-b-PEG block polymer with
PEG homopolymer.



Fig. 1. FTIR-ATR spectra of membranes prepared from pure PSf and from the blend
of PSf and PSf-b-PEG.
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2.3. Characterization

The Fourier transformation infrared attenuated total reflection
(FTIR-ATR) spectra of membrane samples were obtained from
dried membrane samples (Nicolet 8700 FTIR spectrometer) in the
range of 4000–400 cm�1. A contact angle goniometer (Dropmeter
A-100, Maist) was applied to obtain the water contact angle. For
each sample, at least 3 sites were tested and the average water
contact angle was acquired. Scanning electron microscopy (SEM)
investigations on samples sputter-coated with Au/Pd alloy were
performed with a field emission SEM (Hitachi S4800) operated at
5 kV. Cross-sectional specimens were prepared by fracturing in
liquid nitrogen. X-ray photoelectron spectroscopy (XPS) was per-
formed with an ESCALAB 250 XPS system (Thermo Scientific)
using a monochromatic Al Kα X-ray source. To compensate the
surface charge effects, all binding energies in the spectra were
referenced to the C 1 s neutral peak at 285.0 eV.

2.4. Filtration and separation tests

Water flux as well as retention of BSA was determined using a
stirred filtration cell (Amicon Model 8010, Millipore). For water
flux tests, membrane compaction was carried out at 0.1 MPa for
typically about 15 min to obtain a constant water flux, then water
flux was measured at the same pressure. For retention tests, BSA
were dissolved in deionized water at concentrations of 0.5 g/L.
Retention rates for BSA were determined by measuring the con-
centrations of BSA in solution using a UV�vis spectrometer (Na-
noDROP 2000C, Thermo Scientific). For this purpose, we evaluated
the relative intensities of the characteristic BSA peak at 280 nm.
The water flux and the pure water permeability (PWP) were cal-
culated using the following equations:
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where J1 represents the water flux (L/(m2 h)), V (L) is the volume of
the pure water penetrating through the membrane, A is the ef-
fective membrane area (m2), t is the operation time (h). The solute
rejections of UF membranes were calculated by the following
equations:
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where Cp and Cf are the BSA concentrations (g/L) in the permeate
and the feed solutions, respectively.

2.5. Antifouling tests

The antifouling property of the membrane was determined
using the reported procedure [31]. Briefly, after filtration of the
feed BSA solution, the membrane was washed with deionized
water for about 0.5 h, then the water flux of cleaned membranes J2
(L/(m2 h)) was measured again. Finally, the membrane antifouling
property was determined by calculating flux recovery ratio (FRR)
using the following equation:
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3. Results and discussions

3.1. Preferential segregation of PSf-b-PEG on the membrane surfaces

We co-dissolved PSf homopolymers and PSf-b-PEG BCPs in
NMP with various BCP content ranging from none to 70% to pre-
pare the casting solutions for the blend membranes. We found
that the two polymer components were miscible at random
blending ratios and no macrophase separation can be observed in
any of the blend solutions investigated in this work. The stable
blend solutions should be attributed to the high compatibility of
the PSf homopolymer and the PSf-based BCPs and the high com-
patibility between A polymer and AB block copolymer has long
been confirmed by differential scanning calorimetry (DSC) analysis
[32]. Specifically for the blend systems of PSf and PSf-b-PEG, the
PSf block in BCPs can be solubilized in the PSf homopoymers while
the other block is thus stabilized in the solution because of its
covalent junction to the PSf block.

To confirm the presence of PSf-b-PEG in blend membranes, we
compared the chemical compositions of blend membranes and
neat PSf membranes by the FTIR in the ATR mode. Fig. 1 exhibits
the IR spectra of the membranes prepared from neat PSf and from
blended PSf/PSf-b-PEG with the BCP content of 50%. All peaks
emerging in the neat PSf membrane are also present in the blend
membranes. Importantly, there apparently appear two new peaks
in the spectrum of the blend membrane. The peaks centering
around 946 cm�1 and 2864 cm�1 are originated from the ether
groups (C–O–C) and C–H stretching, respectively, which are char-
acteristic peaks of PEG [12,33]. Therefore, the incorporation of PEG
components in the blend membranes is clearly evidenced.

As the detection depth of IR is around 0.5–5 μm [34], it mainly
provides information of the membrane bulk. Therefore, to obtain
the information near the very top surface of the membrane, we
used X-ray photoelectron spectroscopy (XPS) to analyze blend
membranes with different BCP percentages as XPS is believed to
detect the material surface with a depth of around 5–10 nm [35].
As S element exists only in the PSf but not in PEG, blending PSf-b-
PEG with PSf reduces the O/S ratio and higher contents of BCP lead
to lower O/S ratio. The averaged O/S ratios of the blend mem-
branes can be easily obtained by considering the content of PSf in
the BCP and also the percentages of the BCP in the blend mem-
branes. The calculated O/S ratios are obtained based on the as-
sumption that the two polymer components are homogeneously



Table 1
The bulk and surface O/S ratios of membranes with various percentages of PSf-b-
PEG.

Sample Bulk Surface

Neat PSf membrane 4.00 8.47
Blend membrane with 40% PSf-b-PEG 5.91 9.69
Blend membrane with 70% PSf-b-PEG 11.56 12.6
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mixed throughout the entire thickness of the membranes. As given
in Table 1, the O/S ratio increases from 4.00 to 5.91 and 11.56 as
the BCP percentage is increased from none to 40% and 70%, re-
spectively, because of the dilution effect of the BCP to the content
of S in the blend membranes. In contrast, the O/S ratios on the
membrane surfaces can be directly obtained by comparing the
content of O and S as measured by XPS analysis. The O/S ratio on
the surface of the neat PSf membrane is 8.47, which is much higher
than the bulk value (4.00). Such an enrichment of O element on
the surface of the neat PSf membrane should be ascribed to the
oxygen-containing contaminants adsorbed on the sample surface
which is detectable in highly sensitive XPS analyses [36]. For the
blend membranes with 40% and 70% BCP percentages, the surface
O/S ratios increase to 9.69 and 12.60, respectively, evidently higher
than that of the neat PSf membrane. The increased surface O/S
ratios imply that the PEG chains preferentially segregate onto the
membrane surface.

The preferential segregation of PEG chains on the membrane
surface suggests an improved surface hydrophilicity as PEG is
highly hydrophilic. We also tested the water contact angles (CAs)
of the membranes to reveal the change of surface hydrophilicity
with the incorporation of PSf-b-PEG. As shown in Fig. 2, there is a
slight decreasing trend in the change of CAs of the membrane
surfaces with the percentages of PSf-b-PEG and the CA decreases
from more than 70° to ca. 55° when the BCP percentages increases
from 0% to 70%, indicating that the hydrophilicity of the blend
membranes increase with dosing of PSf-b-PEG. We noticed that
CAs did not follow a perfect linear decreasing trend with the in-
crease of copolymer dosages. The fluctuation in WCAs occurs be-
cause CAs are the macroscopic representation of the surface
chemistry and roughness of the membrane which may not change
in the same direction with rising copolymer dosages. The de-
creasing degree of CAs is less pronounced compared to other
studies [19], however, it does not necessarily imply a weaker effect
in improving the membrane permeances, which will be discussed
later.
Fig. 2. Water contact angles of blend membranes with various BCP percentages.
3.2. Effect of BCP percentages on membrane microstructures and
performances

We then investigate the microstructures of the blend mem-
branes. As shown in Fig. 3, the membranes produced from differ-
ent percentages of PSf-b-PEG all exhibit an asymmetric structure
with a denser skin at top and a porous sublayer. The sublayers
have finger-like cavities as well as macrovoid structure. The for-
mation of such a structure can be attributed to the fact that NMP
have high mutual affinity to water which is used as the nonsolvent
during the phase inversion), which results in instantaneous de-
mixing of the casting solutions [37]. Moreover, it is also evident
that that the size of the finger-like pore enlarged with the increase
of the BCP percentage. In addition, the thickness of the top skin
layer also increases with the BCP percentages, which becomes
more pronounced when the BCP percentage is larger than 40%
(Fig. 3f–h). The changes in the membrane microstructure are
caused by the evolution of the subtle interactions among the
polymer/solvent/nonsolvent system initiated by the incorporation
of hydrophilic PEG components in the casting solution, thus
changing the precipitation rate of the polymers.

The cross sections of the blend membranes are predominantly
occupied by finger-like pores, suggesting that instantaneous de-
mixing is still the main precipitation mechanism for casting solu-
tions with various BCP percentages. However, the incorporation of
PSf-b-PEG, especially at higher percentages, reduces the difference
in chemical potentials between the casting solutions (PSf, PSf-b-
PEG, and NMP) and the precipitation bath (water) as PEG blocks
have a high affinity toward the nonsolvent, water. Consequently,
similar to adding minor amounts of solvent into the precipitation
bath [38], the precipitation rates of the blend solutions slow down
compared to casting solutions containing no PSf-b-PEG. In other
words, there is a tendency of transition from instantaneous de-
mixing to delayed demixing with increasing BCP percentages in the
casting solutions. For example, in the extreme case with the casting
solution containing only PSf-b-PEG BCP and no PSf homopolymer
the produced membranes are totally dense in which all the finger-
like pores and macrovoids are completely suppressed as a result of
the delayed demixing dominating the phase separation process. For
the casting solutions containing no more than 70% BCP, demixing
occurs in a somewhat retarded way, resulting in a relatively dense
and thick skin layer [37], and higher BCP percentages retard the
demixing to larger extents, thus producing thicker skin layers.
Thicker skin layers slows down the solvent exchange [39]. Pro-
longed solvent exchange through the skin formed when the casting
solution is immersed in water allows longer duration for the poly-
mer-lean phases to grow and coalesce, thus forming larger finger-
like pores [17,40]. That explains why the membranes with higher
BCP percentages have large pore sizes.

As the thickness of the skin layer plays an important role in
determining the permeability of the membranes, we have a closer
examination on the thickness of the skin layers and correlate it
with the membrane permeance. We measured the pure water flux
and BSA rejection of membranes with various BCP percentages. As
clearly shown in Fig. 4, the flux dramatically increases with BCP
percentages up to 40% and then decreases sharply with further
rising BCP percentages to 70%. The flux goes from 37 L/(m2 h bar)
for the neat PSf membrane without dosing of the BCP to ap-
proximately 400 L/(m2 h bar) for the blend membrane with 40%
BCP percentage, and drops back to about 54 L/(m2 h bar) at the
BCP percentage of 70%. In contrast to the significant changes of
permeance, the rejection to BSA of these membranes maintains at
a stable high level of around 96% regardless of the BCP
percentages.

Such changes of the permeances are the synergetic result of the
hydrophilicity and microstructure of the membranes induced by



Fig. 3. The cross-sectional SEM images of the blend membranes with various BCP percentages: (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, (f) 50%, (g) 60%, (h) 70%.

Fig. 4. Pure water permeability and BSA retention of the blend membranes with
various BCP percentages.

Fig. 5. The thickness of the skin layer of blend membranes with various BCP
percentages.
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the incorporation of PSf-b-PEG into the casting solutions. We first
discuss the effect of membrane microstructure. No pores can be
detected under SEM on the top surface of all the blend membranes
investigated here, which explains their high rejections to BSA.
Moreover, similar rejections also imply that their pore sizes and
porosities do not substantially change with BCP percentages, and
therefore, the thickness of the skin layers having similar porous
properties determines the permeance of the membranes. As
shown in Fig. 5, the thickness of the skin layers, which can be
easily determined from the SEM images as there are clear
boundaries between the dense layers and the macroporous sub-
layers of the membranes, maintains stable at �0.30 μm at the BCP
percentages up to 40%. The thickness starts to significantly
increase at BCP percentages higher than 40% and reaches to
�2.55 μm at the BCP percentages of 70%, which is nearly nine
times thicker than that of membranes with lower BCP percentages.
Thicker skin layers pose increasing flow resistance and conse-
quently lead to smaller permeances. Therefore, if we only consider
the change of thickness of the skin layers, the incorporation of PSf-
b-PEG has no or little influence on water permeance at low BCP
percentages (o40%) but this influence becomes significantly ne-
gative at BCP percentages larger than 40%. However, microphase
separation of macroscopically miscible blends of PSf/PSf-b-PEG



Table 2
Comparison of performances of the blend membrane prepared with 40% BCP
percentages with that of other membranes previously reported.

Additives PWP (L/(m2 h bar) BSA rejection
(%)

FRR (%) Ref

NPPCSa 115 94.0 74.0 [44]
PANIb 115 98.0 78.5 [21]
PBIc 178 68.7 93.5 [19]
TiO2 nanoparticles 31 93.0 68.0 [45]
PSF-b-PEG 396 96.0 85.0 This

study

a N-propylphosphonic chitosan.
b polyaniline nanoparticles.
c poly[2,2′-(m-phenylene)-5,5′-dibenzimidazole].
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will take place and form PEG microdomains dispersed in PSf ma-
trix because of the strong repulsion between PSf and PEG as re-
vealed by the large difference in the polar contribution in their
solubility parameters [41]. As it has been demonstrated that PEG
microdomains are permeable to water molecules because of the
high water affinity of PEG chains [42], the PEG microdomains are
expected to serve as additional transport paths for water mole-
cules and enhance water permeance. However, this effect of
transport paths is only valid for PEG microdomains connecting
pores in the skin layer as PEG microdomains completely enveloped
in the membrane skeleton will not allow accessibility of water
molecules. According to the phase diagram of block copolymers
[43], the sizes of the PEG microdomains will be progressively in-
creased and develop from spheres to cylinders with the increase of
the volume fractions of PEG blocks in the blend. At a PSf-b-PEG
percentage of 40% in the blend, the volume fraction of PEG can be
roughly estimated to be �20%, which produce a cylindrical mor-
phology of the PEG microdomains. Clearly, PEG microdomains
with larger sizes or high aspect ratios will have more chances to
connect membrane pores, therefore, membranes with higher PSf-
b-PEG percentages will produce more water-permeable PEG mi-
crodomains, and consequently exhibit increasing water perme-
ability. In addition, the increased surface hydrophilicity with rising
BCP percentages should also contribute to the enhanced the water
permeability but its contribution should be very limited as
membrane hydrophilicity is only slightly increased with BCP per-
centages as discussed in Fig. 2. The two competing effects of the
thickness of skin layer and the water permeability of PEG micro-
domains eventually lead to firstly increased and then dropped
water permeance with increasing BCP percentages and the max-
imal permeance is obtained at the BCP percentage of 40%.

The fact of that membrane surface hydrophilicity increases
with BCP percentages implies that the blend membranes will ex-
hibit stronger fouling resistance. We tested the flux recovery ratio
(FRR) of the membranes after protein filtration. As shown in Fig. 6,
the FRR rises evidently from 71% to 79% and 85% when the BCP
percentage increases from none to 10% and 20%, respectively. Then
the FRR keeps stable around 85% with the BCP percentages further
increase to 50%. Such a change of FRRs with BCP percentages can
be readily understood as initially the increasing BCP percentages
progressively enhance the surface hydrophilicity of the mem-
branes which consequently adsorb gradually less proteins. There-
fore, the FRRs keep increasing with the BCP percentages not larger
than 20%. However, further increasing BCP percentages may not
substantially further reduce the protein adsorption, therefore, the
Fig. 6. Flux recovery ratio of blend membranes with different BCP percentages.
fouling resistance and consequently the FRRs level off.
As there are a large number of works reporting the modifica-

tion of PSf UF membranes using a diversity of additives, we
compare the performances of our blend membranes with 40% BCP
percentages with those of previous works. As listed in Table 2, the
rejection and FRR of our membrane is among the best while the
permeance is the highest, which is approximately 2–10 times
higher than that of others. In addition, the blend membranes also
show excellent pressure resistance. As shown in Fig. 7, the pure
water flux almost linearly increases with the trans-membrane
pressure in the range of 0.02–0.2 MPa. The result suggests that the
incorporation of PSf-b-PEG into the membrane does not weaken
the structure of membranes at all although finger-like pores in the
sublayer of the membrane is enlarged.

3.3. Comparison between PSf-b-PEG copolymer and PEG homo-
polymer in blend membranes

To understand the role of PSf-b-PEG in the casting solutions to
change the microstructure and performances of the PSf mem-
branes, we also prepared PSf membranes with PEG homopolymer
as the blend components and compared the two membranes, that
is, the PSf/PSf-b-PEG membrane and the PSf/PEG membrane, with
the same content (3.2 wt% in the entire casting solutions) of PEG
chains in the casting solutions. Both membranes exhibit similar
surface and cross-sectional morphology as examined by SEM
probing. We also investigated the permeation properties of both
membranes. As can be seen from Fig. 8, the initial sharp decline in
flux for both nascent membranes can be observed due to
Fig. 7. The pressure dependent pure water flux of the blend membrane with 40%
BCP percentages.



Fig. 8. The time-dependent pure water permeability of the PSf/PSf-b-PEG and PSf/
PEG membranes.

Fig. 9. The PEG percentage in membranes of PSf/PSf-b-PEG and PSf/PEG after im-
mersion in DI water for 24 h.

Y. Chen et al. / Journal of Membrane Science 505 (2016) 53–60 59
compaction, which is very common for polymeric membranes
[16,33] After around 15 min the flux becomes steady for the PSf/
PSf-b-PEG membranes and it remains almost constant thereafter.
However, in contrast, for the PSf/PEG membranes the flux keeps
declining for a much longer duration as long as 60 min, indicating
its worse compaction resistance. Moreover, the steady flux of the
PSf/PEG membranes is more than 50% lower than that of PSf/PSf-b-
PEG membranes, as also can be determined from Fig. 8. We note
that the PSf/PEG membrane either does not show a higher BSA
rejection (95%) than the PSf/PSf-b-PEG membrane (96%) although
it has a much lower permeance.

As mentioned above, the PEG homopolymer might move to the
coagulation bath during the phase inversion process and even will
be drained away when operated in water treatment. The purpose
to incorporation PSf-b-PEG rather than PEG homopolymer in the
casting solutions is to prepare membranes with long-lasting and
stable structure and surface chemistry as the BCP will not be
washed out. To investigate the possible washing out of PEG
homopolymer, we prepared a set of membranes blended with PEG
homopolymer and the contents of PEG in the casting solutions
were set to be equal to the contents of PEG blocks in the casting
solutions for the preparation of membranes blended with PSf-b-
PEG. The nascent membranes were separately immersed in deio-
nized water for one day and then we checked the relative content
of PEG chains in the membrane by IR analysis. The relative content
of PEG chains, either in the form of PEG homopolymer or PEG
blocks, can be obtained by comparing the intense of the IR peak at
946 cm–1 and the one at 1580 cm–1 (H946/H1580) as they are
characteristic peaks for PEG and PSF, respectively. It is expected
that higher content of PEG chains in casting solutions will lead to
correspondingly higher content of PEG in the formed membrane if
no leaching out occurs. As shown in Fig. 9, there is a significant
increase of H946/H1580 with the PEG content increasing from 0.8%
to 3.2% and to 5.6% for PSf/PSf-b-PEG membranes which corre-
spond to BCP percentages of 10%, 40%, and 70%, respectively.
However, for PSf/PEG membranes H946/H1580 maintains almost
steady when the PEG contents in the casting solutions increase by
four or seven folds, suggesting that the PEG homopolymers keep a
nearly constant content regardless their initial content in the
casting solutions. Moreover, the H946/H1580 values of the PSf/PSf-b-
PEG membranes are always much higher than that of the PSf/PEG
membranes with the same content of PEG chains in the casting
solutions. Both observations indicate that a significant portion of
the PEG homopolymers added into the casting solutions has been
washed during the membrane formation process and subsequent
usage in water because of the highly water solubility of PEG
homopolymers. However, in vivid contrast, as PSf-b-PEG macro-
molecules cannot be dissolved in water they will survive the phase
inversion process and be permanently locked in the membrane
skeleton and no leaking out in applications will occur for it, thus
rendering long-lasting improvement to the membrane perfor-
mances. Therefore, we conclude that the superior performances of
the blend membranes are originated from the amphiphilic nature
of PSf-b-PEG where the PEG blocks are permanently residing on
the pore walls through the anchoring effect of PSf blocks en-
tangled with the PSf base forming the membrane skeleton.
4. Conclusions

Amphiphilic PSf-b-PEG BCP is blended with PSf homopolymer
base material at dosages significantly higher than traditional uses
to prepare PSf UF membranes with upgraded performances by the
nonsolvent-induced phase separation technique. PSf homo-
polymer is miscible with PSf-b-PEG BCP at arbitrary blend ratio,
and the PEG blocks are preferentially segregated to membrane
surfaces as revealed by FTIR and XPS analysis. In addition to the
effect of surface segregation, heavily dosed amphiphilic PSf-b-PEG
BCPs influence membrane microstructures and performances by
forming water-permeable PEG microdomains. The BCP percentage
of 40% gives the highest permeance up to 400 L/(m2 h bar), which
is two to ten times higher than PSf UF membranes prepared in
other works. Moreover, the rejection and resistance to protein
fouling of that membrane are also excellent compared to that of
others. Parallel tests on membranes blended with PEG homo-
polymer and PSf-b-PEG BCP reveal that PEG homopolymer is
readily leached out in water during the membrane formation and
application whereas PSf-b-PEG BCP is permanently incorporated in
the membrane skeleton. Therefore, blend membranes with PSf-b-
PEG exhibit long-lasting and superior performances in multiple
aspects including permeance, selectivity, fouling resistance, etc.
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