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-responsive asymmetric
polysulfone ultrafiltration membranes with
enhanced anti-fouling properties and performance
by incorporating poly(2-ethyl-2-oxazoline) additive

Ruizhang Xu, a Jiantao Wang,a DanDan Chen,a Feng Yang,a Jian Kang, *a

Ming Xiang,a Lu Lib and Xingyue Shengb

Inspired by the special pH value-responsive and strong hydrophilic ability of poly(2-ethyl-2-oxazoline)

(PEOX), in this study, asymmetric polysulfone (PSf) and PSf/PEOX ultrafiltration membranes were

prepared by a phase separation method, wherein different dosages of PEOX (0–3 wt%) were

incorporated into the PSf casting solution as polymeric additives. The effects of PEOX dosages on the

phase separation kinetics, chemical properties, morphology, hydrophilicity, porosity and performances

such as pure water flux (PWF), Bull Serum Albumin (BSA) rejection, pH value responsiveness and anti-

fouling property were investigated in detail. The hydrophilicity, pure water flux, BSA rejection and anti-

fouling property were improved significantly after the incorporation of PEOX. The PWF increased from

213.5 L m�2 h�1 to 419.8 L m�2 h�1 as the PEOX dosage increased from 0 to 1 wt%, meanwhile, the BSA

rejection increased to more than 98.4%. Viscosity and effective diffusion coefficient of PSf/PEOX solution

were studied to elucidate the role of PEOX in phase separation and morphology of the membrane.

Results showed that the incorporation of PEOX leads to the phase separation of casting solution by

making it more prone to instantaneous demixing, further determining the morphology and performances

of the membrane. Interestingly, the resulting membranes showed pH value-responsive properties,

whereby the water flux increased along with an increase in the pH value. This interesting feature of the

membranes broadens their application potential in many specific cases. The related filtration mechanism

has also been proposed.
1. Introduction

The phase separation process is a broadly utilized strategy for
the preparation of asymmetric ultraltration membranes.1 Over
the past few decades, such ultraltration membranes are widely
used in many elds for the removal of impurities, toxic and
harmful substances from water, and the manufacturing of
industrial and medical instruments (e.g. fruit juice concen-
trator, and hemodialysis machine).2 Many scientists have
carried out extensive research in this eld.3,4

The asymmetric ultraltrationmembrane formationmethod
and mechanism have been widely reported.5–9 In lab-scale,
a casting solution comprising of a polymer and a solvent (for
instance, a solution of PSf in DMF) is cast uniformly onto
a polyester lm or a glass plate substrate using a hand-casting
knife with a constant gap. Aer the casting solution is spread
ngineering, Polymer Research Institute of

e's Republic of China. E-mail: jiankang@
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gineering Co., Ltd., Chongqing, 401336,

9

uniformly onto the substrate, the substrate is subsequently
immersed into a non-solvent coagulation bath (generally,
distilled water). Then, because of the low miscibility between
the polymer phase and the non-solvent phase with the
concurrent high miscibility between the solvent and the non-
solvent, the thermodynamic instability leads to the occurrence
of liquid–liquid phase separation. In this process, the solvent in
the casting solution exchanges with the non-solvent across the
interface between them; precipitation of polymer phase starts
simultaneously. In detail, the high miscibility between the
solvent and non-solvent causes a diffusional stream of the two
liquids at some locations on the top surface and the sublayer of
the polymer phase, and the invasion of the non-solvent into the
polymer phase leads to the formation of nuclei of a polymer-
poor phase (low miscibility results in the repulsion of polymer
chains and water molecules). Upon continued diffusion, the
nuclei grow until the polymer concentration in the non-solvent
is too high and precipitation occurs, voids are formed and xed
in the process,10,11 and a porous asymmetric membrane with
a dense top surface and a porous sublayer is obtained in this
process.
This journal is © The Royal Society of Chemistry 2018
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The formation, the microstructure and the performance of
the nal ultraltration membrane are determined by the
exchange rate between the solvent and the non-solvent, which
can be controlled by changing many variables, such as the
composition of polymer solution, coagulant temperature and
additives.2,12,13 So, a membrane with satisfactory properties can
be obtained by carefully controlling the phase separation
conditions.14–16

Adding additives is a major method to modify the properties
of membranes in phase separation process. Additives affect the
structures and properties of membranes by enlarging or pre-
venting the formation of macrovoids, adjusting the pore inter-
connectivity, and/or changing the hydrophilicity of
membranes.6,17–21 In the early 1960s, research on additives was
mainly concerned with small molecular additives, such as an
organic salt.22 On one hand, the interaction forces between the
poly-molecular chains are changed by the organic salt. On the
other hand, during the phase separation process, organic salt
can dissociate from the polymer phase and facilitate the
formation of voids.13

Later on, it was found that the void structure of an ultral-
tration membrane could be altered to a large extent by changing
the molecular weight and the dosage of additives. Thus, poly-
mers were considered as the new kind of additives. Hydrophilic
additives such as poly(ethylene glycol) (PEG) or poly(vinyl pyr-
rolidone) (PVP) are the two most commonly used polymer
additives, which could play an important role in the process of
phase separation.2,23–26 However, the inuences of polymer
additives on the morphologies and structures of the resulting
membranes are different. The polymer additives can not only
induce the formation of macrovoids,2,25 but can also act as
macrovoid suppressors.6,20,21,24,26–28

Poly(2-ethyl-2-oxazoline) (PEOX) is a biodegradable (accept-
able degradation rate in use29) and water-soluble polymer with
pH- and temperature-responsive properties.30,31 In an aqueous
solution, PEOX has a LCST (lower critical solution temperature).
When the temperature is below its LCST, PEOX would hydrate
with water through hydrogen bonding, which could result in the
swelling of PEOX. So, when the temperature is low, PEOX has
a relatively large swelling ratio. Besides, in an aqueous solution,
when the pH value is low, the amide groups in PEOX are
ionized, leading to the possible aggregation of the PEOX
molecular chains via intermolecular hydrogen bonds. While the
pH value increases, the hydrogen ions dissociate from the
amide groups in PEOX, which can result in the breaking of
hydrogen bonds. Shrunken PEOX molecular chains will start to
expand and cause it to swell. That is to say, while the pH value is
high, PEOX has a relatively large swelling ratio.31

PEOX shows high hydrophilicity because it can combine
with water via plenty of hydrogen bonding, thus, water is the q

solvent for PEOX.32 The hydrophilic PEOX is thought to bemuch
better than PEG or PVP because of its high hygroscopicity. Its
N,N-dimethylacetamide (DMAc) group is considered as
a broadly compatible polymeric solvent or a compatibility agent
for many polymers.33 At the same time, PEOX is easy to dissolve
in DMF.
This journal is © The Royal Society of Chemistry 2018
Inspired by the interesting features of PEOX mentioned
above, the addition of PEOX as an additive into the PSf solution
might impart pH sensitive property to the permeation perfor-
mance of the resulting PSf membranes, which has never been
reported before and is of great importance in broadening the
applications of such membranes in many areas. Moreover, the
addition of PEOX is expected to improve the water permeability
and practical performance of the PSf asymmetric ultraltration
membrane. The high hydrophilicity of PEOX might not only
increase the hydrophilicity of the resulting PSf ultraltration
membrane but might also increase the compatibility between
the PSf casting solution and the coagulation bath (thereby,
increasing the thermodynamic instability of the casting solu-
tion in the phase separation process). On the one hand,
a hydrophilic membrane surface can prevent the adsorption of
foulants, suggesting a better anti-fouling property.34,35 On the
other hand, the phase separation mechanism may be more
prone to instantaneous demixing, which will induce more
macrovoid structures and thereby result in better water
permeability.36,37

Various combinations of PSf and PEOX dosages were adop-
ted in this research in order to study the inuence of PEOX on
the phase separation mechanism and on the practical perfor-
mance of the resulting ultraltration membranes.
2. Experimental section
2.1. Materials

PSf (Udel® P-3500, Solvay, China), average molecular weight of
22 000 g mol�1, was used as the base polymer in the casting
solution. N,N-Dimethylformamide (DMF) with analytical purity
of 99.5%, purchased from Aladdin (China), was used as the
solvent, and distilled water was used as the non-solvent. PEOX
(purchased from Alfa Aesar, China) with an average molecular
weight of 200 000 g mol�1 was used as the additive. Bull Serum
Albumin (BSA) used to perform rejection property and anti-
fouling property experiments was purchased from Aladdin
(China). Hydrochloric acid (AR) and sodium hydroxide (AR),
purchased from Aladdin (China), were used to adjust the pH
value of feed solutions.
2.2. Preparation of the membranes

Asymmetric PSf membranes were prepared by a phase separa-
tion method. Different amounts of PEOX were added into the
PSf/DMF matrix (the weight ratio of PSf in the cast solution was
constant at 18 wt%) and dissolved at room temperature with
magnetic stirring for at least 24 h to ensure that all PSf and
PEOX were dissolved in DMF. The prepared solutions were
poured into injectors and then kept them sealed and undis-
turbed overnight to eliminate air bubbles in solutions.

The casting solution was cast uniformly on a polyester lm
substrate by a hand-casting knife with a 250 mm knife gap.
Then, the cast was immersed into a non-solvent (distilled water)
bath immediately to complete the phase separation; the process
needs to be done quickly because the moisture in the air can
also lead to the phase separation process. Aer the casting
RSC Adv., 2018, 8, 41270–41279 | 41271
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Table 1 The compositions of the casting solutions

Membranes PEOX (wt%) DMF (wt%) PSf (wt%)

M-0 0 82 18
M-0.5 0.5 81.5 18
M-1 1.0 81 18
M-2 2.0 80 18
M-3 3.0 79 18
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solution was immersed into the non-solvent (distilled water)
bath, an exchange between the solvent (DMF) and the non-
solvent (distilled water) was induced. The coagulation bath
temperature (CBT) of 25 �C was selected in our experiments.

When the phase separation process was done, the residual
DMF in membranes was removed by transferring the
membranes into another container with fresh distilled water,
and then the membranes were kept in fridge at 4 �C and tested
aer 24 h. An overview of the compositions of different casting
solutions is reported in Table 1. In this study, all the samples
were named as M-X, where X corresponds to the amount of
PEOX.
2.3. Characterization of the membranes

2.3.1. Solution viscosity measurements. Viscosities of the
PSf solution and PSf/PEOX solutions were measured using
a rotational viscometer (Model NDJ-1, Shanghai balance
instruments factory, China) at a constant temperature of 25 �C.

2.3.2. Phase separation kinetics. An optical microscope
(ECLIPSE LV100N POL, Nikon, Japan) with a digital camera
(MC56, MICROSHOT, Singapore) was used to investigate the
phase separation kinetics during the membrane precipitation
process.38–40

In this experiment, a drop of PSf solution, around 10 mL, was
placed on a glass slide and covered with a hydrophilic coverslip
as fast as possible to prevent any phase separation of PSf solu-
tion in air. The sample was moved to the optical microscope;
the magnication was set at 50�. A drop of distilled water was
added to the edge of the coverslip, and phase separation
occurred when the water came into contact with the PSf solu-
tion. The forward velocity of the moving boundary was
measured by the optical microscope; images were taken every
5 s. The formula for phase separation kinetics was as shown
below:

X ¼ 2(Det)
1/2 (1)

where, De is the diffusion factor (mm2 s�1), X is the phase
separation distance (mm), and t is the coagulation time (s).

In this research, the kinetics of membrane formation was
studied. The thermodynamic and rheological variation of the
PSf solution affected by the addition of PEOX has been
discussed.

2.3.3. Scanning electron microscopy (SEM). The morphol-
ogies of top surface and cross-section of PSf membranes were
observed with a HITACHI S-4800 SEM (Japan). In order to survey
the morphology of cross-section fraction, membranes were
41272 | RSC Adv., 2018, 8, 41270–41279
fractured in liquid nitrogen, and the fracture surfaces were
carefully protected. Top surface samples and cross-section
samples were coated with thin lm of gold by sputtering
before testing.

2.3.4. Chemical structure characterization. Fourier trans-
form infrared spectroscopy (FTIR) (Nicolet iS 50 FT-IR, Thermo
Fisher Scientic, USA) was adopted to determine the chemical
structure of the PSf UF membrane and PSf/PEOX UF
membranes by using the ATR (attenuated total reectance)
method. The top surface of samples was tested in our experi-
ments. Transmittance spectra ranged from 650 to 4000 cm�1.

2.3.5. Porosity measurements. A dry-wet weight method
was adopted to measure the membrane porosity. The
membranes were taken out of the distilled water bath and the
supercial water was mopped by a high-pressure air knife.
Then, the wet membranes were weighed and marked as wet
weights (Ww). Aer that, membranes were rst dried in an air-
circulating oven at 60 �C for 24 h and then dried in a vacuum
oven at 80 �C for the subsequent 24 h. Then, the membranes
were weighed and marked as dry weights (Wd). The porosity of
membrane was calculated using the following equation:

P ð%Þ ¼ Ww �Wd

rw � S � d
� 100 (2)

where, P (%) is the porosity of membrane, Ww (g) andWd (g) are
the sample's wet weight and dry weight, respectively. rw (g
cm�3) is the density of pure water at the testing temperature, S
(cm2) is the area of the membrane while d (cm) is the thickness
of the membrane in the wet state. To ensure data accuracy and
repeatability, minimum three tests were performed for each
membrane and the average was calculated.

2.3.6. Contact angle (CA) tests. The contact angles (CA) of
the membranes were tested on a contact angle instrument
(K100; KRÜSS; Germany). The membranes were dried in an air-
circulating oven at 60 �C for 24 h before testing. Next, a water
droplet of 4 mL was placed on the top surface of eachmembrane.
Then, the contact angle of the droplet with the surface of the
membrane was measured. Five repeated trials were carried out
for each sample.

2.3.7. Pure water ux (PWF) and rejection measurements.
The PWF measurement was carried out on a at membrane
ltration experimental instrument (FlowMen0021-HP, FMT,
China); distilled water was fed at a transmembrane pressure of
0.25 MPa at 25 � 0.1 �C. The effective testing area of the
membrane was 120 cm2. The PWF was calculated using the
following equation:41

PWF ¼ V

S � t
(3)

where, PWF (L m�2 h�1) is the pure water ux, V (L) is the
permeate volume, S (m2) is the membrane area, and t (h) is the
sampling time. To ensure data accuracy and repeatability, at
least three valid tests were performed for each membrane.

The rejection property of a membrane was tested with
a 200 mg L�1 BSA solution (in 0.1 M phosphate-buffer solution
(PBS), pH ¼ 7.0), and the solution was fed at a transmembrane
pressure of 0.25 MPa at 25 � 0.1 �C. Distilled water was ltered
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The viscosities and effective diffusion coefficients of PSf solutions with various PEOX dosages. (a) Viscosities of PEOX solutions; (b)
effective diffusion coefficients of PEOX solutions.

Fig. 2 ATR-FTIR spectra of the membranes.
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through the membranes before the rejection testing, until the
ux was stable. The BSA concentrations before and aer testing
were determined by an ultraviolet-visible spectrophotometer
(TU-1900; Beijing Purkinje General Instrument Co., Ltd; China).
The absorbance at the wavelength of 205 nm was read to esti-
mate the BSA concentration. The rejection rates were calculated
according to the following equation:

R ¼ 1� Ca

Cb

(4)

where, R (%) is the rejection rate, Ca is the concentration of BSA
aer testing, and Cb is the concentration of BSA before testing.
In the permeation tests, the water ow was set constant at 7.0
L min�1. The rejection rate was obtained when the water ux
was stable; the rejection results reected the initial rejection for
each membrane.

2.3.8. Anti-fouling test. The anti-fouling property of PSf
ultraltration membranes was tested in our research. BSA was
selected as the model foulant. A 1000 mg L�1 BSA solution (in
0.1 M PBS, pH ¼ 7.0) was used as the feed solution at
This journal is © The Royal Society of Chemistry 2018
a transmembrane pressure of 0.25MPa at 25� 0.1 �C. The water
ow was set as 7.0 L min�1. The ux of the membrane was
recorded.

The anti-fouling property was quantitatively analyzed, and
the total ux decline ratio (DRt) and ux recovery ratio (FRR)
were calculated as follows:

DRt ¼ f1 � fD

f1
� 100% (5)

FRR ¼ f2

f1
� 100% (6)

where, f1 is the initial water ux of each sample, fD is the ux of
each sample aer testing with the foulant feed solutions for 1 h,
f2 is the recovery water ux.
3. Results and discussions
3.1. Kinetic study

The membrane-forming process includes the shrinking and
merging of the polymer phase. The morphology of the
membranes is controlled and affected by the rate of the dem-
ixing process, which is divided into two forms: instantaneous
demixing and delayed demixing.

During instantaneous demixing process, due to the high
exchange rate of solvent and non-solvent, precipitation of the
polymer phase completes instantly which results in the forma-
tion of a thick membrane with macrovoids and loose top
surface. Low concentration of the polymer phase in the sublayer
gives the non-solvent enough time to form nuclei and grow, and
the macrovoids are therefore formed.

In the process of delayed demixing, nucleation and precipi-
tation occur slowly, and there is enough time for the polymer
phase to shrink and merge. The shrinking and merging of the
polymer phase lead to a high polymer concentration at the top
surface and in the sublayer, resulting in a dense top surface and
thin membranes. Besides, in the delayed demixing process, free
growth of limited nuclei is prevented, as is the merging of
nuclei. So, the number of nuclei is large; however, they are
distributed in the polymer lm and lead to a less porous
RSC Adv., 2018, 8, 41270–41279 | 41273
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Fig. 3 The cross-sectional morphologies of the PSf/PEOXmembranes with different PEOX dosages. (a) M-0; (b) M-0.5; (c) M-1; (d) M-2; (e) M-3.
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structure with microvoids. Consequently, delayed demixing is
the reverse of instantaneous demixing, oen resulting in
thinner and denser membranes.10,14,42

The addition of polymer additive into the PSf casting solu-
tionmay change the phase separation rate. In order to reveal the
effect of PEOX on the phase separation kinetics of PSf solution,
Fig. 4 The top surface morphologies of the PSf/PEOX membranes with

41274 | RSC Adv., 2018, 8, 41270–41279
the viscosities and effective diffusion coefficients of the PSf
casting solutions were tested. The results are shown in Fig. 1.
The results reveal that the addition of PEOX increases the
viscosity of PSf solution. In general, the increasing viscosity of
the casting solution always makes the phase separation kinetics
more prone to delayed demixing. However, the effective
different PEOX dosages. (a) M-0; (b) M-0.5; (c) M-1; (d) M-2; (e) M-3.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The porosities of PSf/PEOX membranes with different PEOX
dosages.

Fig. 6 The contact angles (CA) of PSf/PEOXmembranes with different
PEOX dosages.
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diffusion coefficient test shows an opposite result. The addition
of PEOX drastically increases the diffusion rate during phase
separation. This may be due to the high hydrophilicity of PEOX,
which can improve the thermodynamic instability of the casting
solution. Thus, the exchange rate between the solvent and non-
solvent can be accelerated efficiently during the phase separa-
tion process.36 The above results suggest that the phase sepa-
ration process is more prone to instantaneous demixing.

3.2. Characterization of the membranes

ATR-FTIR has been adopted to determine the chemical struc-
tures of the polysulfone membranes. The results are shown in
Fig. 2. Bands at 1242 cm�1, 1487 cm�1 (aromatic ring breathing
in the PSf chain43) and 1584 cm�1 are characteristics of the
polysulfone chain.44 The identical absorption peaks of the
primary amide groups (on the PEOX molecular chain) at
1637 cm�1 indicated that PEOX exists in all the PSf/PEOX
membranes. The peak height of 1637 cm�1 increases along
with the increased dosage of PEOX, indicating that more PEOX
exists in the polymer matrix with the increase in PEOX dosage.

3.3. Morphological study

The structure and morphology of the asymmetric PSf/PEOX
membranes affected by various PEOX dosages were explored
by an SEM method.

SEM cross-sectional images of the PSf membranes with
different PEOX dosages are depicted in Fig. 3. The incorpora-
tion of PEOX increases the thickness of the PSf membrane and
induces the formation of macrovoids. The SEM images of the
cross-section suggest that the presence of PEOX makes the
phase separation process more prone to instantaneous demix-
ing. The results are in agreement with the effective diffusion
coefficient results in Fig. 1.

Fig. 4 shows the SEM images of the top surfaces of different
membranes prepared with different PEOX dosages. It reveals
that in a unit area of the membrane surface, both the visible
number and the size of pores decrease with the increasing PEOX
dosage. When the PEOX dosage is 3.0 wt% (M-3), the pores are
too small to be recognized.

The top surface (skin layer) of a PSf membrane is formed by
the imperfect merging of the PSf molecular chains.45,46 The
addition of PEOX may decrease the pore size on the top surface
because a more instantaneous demixing tendency suggests less
inadequate merging time for the PSf phase. So, a better rejec-
tion rate is expected.

3.4. Porosity and contact angle (CA)

For an ultraltration membrane, its porosity and hydrophilicity
are two crucial factors determining the membrane's perme-
ability and rejection property. In the following sections,
performances of PSf/PEOX membranes including porosity,
contact angle, pure water ux (PWF) and rejection property were
studied.

Porosity of the membranes (shown in Fig. 5) increases
gradually with the increasing PEOX dosage; the results are in
agreement with the SEM images. High porosity means low
This journal is © The Royal Society of Chemistry 2018
hydraulic resistance of a membrane, suggesting high hydraulic
permeability.

The contact angles (CA) of PSf/PEOX membranes with
different PEOX dosages are exhibited in Fig. 6. It can be seen
that the CA is around 78� for a pure PSf membrane, which
gradually decreases with the increase in PEOX dosages to
around 61� for a membrane with 3.0 wt% PEOX. This is mainly
because the dispersion of hydrophilic PEOX in the membrane
matrix leads to the decrease in CA.
3.5. Pure water ux (PWF) and rejection measurements

Pure water ux (PWF) and rejection property are the key prac-
tical performance parameters for any membrane.47 The PWF
and the rejection property have a trade-off in almost all kinds of
membranes; in general, a membrane with high PWF has a low
rejection, and vice versa. For an ultraltration membrane, its
RSC Adv., 2018, 8, 41270–41279 | 41275
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Fig. 8 pH value-responsive property of the resulting UF membranes.

Fig. 7 Effect of PEOX dosage on the permeability of PSf/PEOX
membranes.
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PWF and rejection rates are determined by the number and size
of pores on the top surface of the membrane, and the perme-
ation mechanism is based on size exclusion.19,48 The effects of
PEOX dosage on PWF and protein rejection are presented in
Fig. 7.

The PWF of a pure PSf membrane is 213.5 L m�2 h�1. When
the dosage of PEOX increases, PWF increases accordingly.
Particularly, the PWF can reach 419.8 L m�2 h�1 when the
dosage of PEOX is 1.0 wt%, around 197% higher than that of the
original PSf membrane. The BSA rejection by the resulting
membranes also increases with the increase in PEOX dosage,
and reaches more than 98.4% when the dosage of PEOX is
1.0 wt% and higher.

The results suggest that the practical performance of the
resulting ultraltration membrane is drastically improved.
According to the permeation mechanism, the rejection of BSA is
mainly affected by the pores' size, and the rejection mechanism
is affected by pore selection, i.e. smaller pores indicate better
rejection.19

Moreover, the improvement in PWF is not disproportionate
with the increase in CA. This correlation suggests that although
the top surface pores become small, the increase in number of
macrovoids and hydrogen bond interactions lead to the
improvement of PWF. However, porosity of the top surface pore
is hard to measure directly, but it can be tested indirectly via the
ux and rejection measurements. With the continued increase
in PEOX dosage, the PWF begins to decline, which may be
because of the shrinkage of the top surface pores.

Commonly, the addition of hydrophilic additive, such as
PEG, can double the water ux of the resulting membrane when
the dosage of PEG is around 10 wt%, while the BSA rejection will
decline.47 However, in our research, only a small dosage of
PEOX (1.0 wt%) can double the water ux of the membrane and
increase the BSA rejection.

In addition, the pH value-responsive property of the result-
ing UF membrane was tested. The permeabilities of PSf/PEOX
membranes were tested using feed solutions with various pH
41276 | RSC Adv., 2018, 8, 41270–41279
values ranging from 1.0–13.0. The uxes of the membranes are
shown in Fig. 8.

From Fig. 8, the pH value is observed to have little effect on
the permeation property of the pure PSf UF membrane. Inter-
estingly, the water uxes of the PSf/PEOX UF membranes varies
along with the change in pH value of the feed solution. When
the pH value is 1.0, the PSf/PEOX UF membranes show a low
water ux, which is similar to the water ux of a pure PSf UF
membrane. As the pH value increases, the water uxes of PSf/
PEOX UF membranes improve signicantly from around
200 L m�2 h�1 to 400 L m�2 h�1.

The change in water ux of the membrane may be attributed
to the change in hydrogen bonding reactions between the PEOX
chains and water. When the pH value is low, the amide groups
in PEOX are ionized,30,31,49 and the PEOX molecular chains may
aggregate via intermolecular hydrogen bonds. So, the hydrogen
bonding between the PEOX chains and water becomes weak.
The smaller surface pore size causes the PSf/PEOX UF
membranes to have a similar water ux compared with that of
the pure PSf UF membrane. When the pH value increases, the
hydrogen bonding interaction between PEOX chains becomes
weak, and that between PEOX chains and water becomes
strong. As a result, the water uxes of PSf/PEOX UF membranes
increase because of the strong hydrogen bonding interactions
between the membranes and water.31 The pH value-responsive
property is found to be repeatable in our experiments.

This interesting pH-responsive behavior of the PSf/PEOX UF
membrane has not been reported before, which broadens the
application potential of the membrane in many specic cases.

3.6. Anti-fouling properties

BSA was selected as the model foulant to simulate the protein
foulants in this research; the anti-fouling results of the
membranes were shown in Fig. 9. The DRt and FRR values were
shown in Table 2. Aer 1 h of ltration, the ux of M-0 reduced
to around 71% of the initial ux. However, the ux of PSf/PEOX
membranes only reduced to around 84–87% of the initial ux.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07529h


Table 2 Anti-fouling properties of the membranes

M-0 M-1 M-2

DRt (%) 28.5 � 0.3 16.6 � 0.5 14.0 � 0.4
FRR (%) 92.4 94.8 97.4

Fig. 9 Flux decline behavior of neat PSf and PSf/PEOX membranes
during BSA filtration.
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In addition, the FRR of a PSf/PEOX membrane is better than
that of the neat PSf membrane.

Membrane fouling can be affected by back transport,
permeation drag and chemical interactions between the
membrane and the foulants.50 Since the test conditions for all
membranes were the same, the different results mean that the
interactions between the membranes and foulants became
weak. The incorporation of PEOX makes the resulting PSf/PEOX
UF membrane more hydrophilic than the pure PSf membrane.
Therefore, the adsorption between the membrane and the
foulants was reduced.

4. Conclusion

In this study, asymmetric polysulfone (PSf) and polysulfone/
poly(2-ethyl-2-oxazoline) (PSf/PEOX) membranes were
prepared by a phase separation method. PEOX was used at
different dosages (0 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%) as
the polymeric additive in the casting solution. The effects of
PEOX dosage on the phase separation kinetics, chemical
properties, morphology, hydrophilicity, porosity and perfor-
mances such as PWF, BSA rejection, pH value-responsiveness
and anti-fouling property of the membranes were investigated
in detail. The conclusions can be drawn as follows:

Results of the viscosities and effective diffusion coefficients
of PSf/PEOX solutions combined with the SEM morphology
observations revealed that, aer the addition of PEOX, the
casting solution showedmore thermodynamic instability, while
the resulting membrane became thicker with more macrovoids,
indicating that the incorporation of PEOX makes the phase
This journal is © The Royal Society of Chemistry 2018
separation process of the casting solution more prone to
instantaneous demixing.

Hydrophilicity, pure water ux, BSA rejection and anti-
fouling property of membranes have been improved signi-
cantly aer the incorporation of PEOX. The PWF increases to
419.8 L m�2 h�1 when the dosage of PEOX is 1.0 wt% from the
initial value of 213.5 L m�2 h�1 for the pure PSf membrane. BSA
rejection by the resulting membranes increases with the
increase in PEOX dosage, and reaches more than 98.4% when
the dosage of PEOX is 1.0 wt% and higher.

The resulting PSf/PEOX UF membranes show an interesting
pH value-responsive property, where the water ux changes
along with the change in pH value of the feed solution. When
the pH value of the feed solution is low, the water ux of the
membrane declines; however, while the pH value of the feed
solution increases, the water ux of the membrane improves
signicantly. This interesting feature of the membrane
broadens the application potential of the membrane in many
specic cases.
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