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ABSTRACT

A series of temperature-sensitive poly-N-isopropyl acrylamide-co-polyethylene glycol
methyl methacrylates (NPGs) containing different mass ratios of N-isopropyl acrylamide
and poly(ethylene glycol) methacrylate (PEGMA) were synthesized successfully. Each of the
NPGs were blended with poly(vinylidene fluoride) to prepare ultrafiltration membranes
which have temperature sensitivity and higher hydrophilicity. Both the properties were
found to be dependent on the synthesis reaction conditions of NPGs. The morphologies of
the membranes were characterized by scanning electron microscopy. With PEGMA content
increasing in NPGs, the structures of pure membrane and blended membranes changed
from typical asymmetric morphology with short finger-like pores to macrovoid. With the
temperature or PEGMA content increasing, the water fluxes of both increased obviously.
For example, when the PEGMA content was the highest, the water flux of the blended
membrane increased up to 3.2 times compared with pure membrane at 55˚C. Bovine serum
albumin (67 kDa), polyethylene glycol (50 kDa), polyethylene glycol (20 kDa), and rejection
measurements of the blended membrane (e.g. M3) were conducted in this work. The
rejection of the same membrane to different molecular weight substances changed greatly
with temperature changing from 10˚C to 60˚C, which made it possible to separate
substances by controlling temperature.

Keywords: Temperature-sensitive membrane; Poly(vinylidene fluoride); Blend modified;
Ultrafiltration

1. Introduction

In recent years, ultrafiltration membranes have
been paid more and more attention because they can
effectively remove bacteria, viruses, and organic mac-
romolecules, and have a series of advantages, such as
high separation efficiency, high degree of automation,
low energy consumption, and no secondary pollution
[1]. However, most commercial ultrafiltration

membranes are made from hydrophobic polymers,
such as polyethersulfone (PES), polysulfone (PS),
polypropylene (PP), and PVDF [2]. PVDF has received
great attention as a membrane material due to its
outstanding properties, such as high mechanical
strength, thermal stability, chemical resistance, and
high hydrophobicity compared with other
commercialized polymeric materials. So far, PVDF has
gained popularity in industries and academia as a
suitable membrane material for membrane distillation
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[3] and pervaporation [4,5]. PVDF membranes have
been extensively applied in ultrafiltration for general
separation purposes [6–9]. But, the PVDF is a very
hydrophobic material with low surface energy,
resulting in low water flux after contamination
deposition, and so the biggest limitation of
membranes is the continuous declination of flow
through the membrane due to fouling [10]. Therefore,
to improving the hydrophilic properties of the PVDF
is particularly important. Furthermore, due to the
membrane pore size constraints, it can only separate
substances of a specific molecular weight. The
separation of two or more different molecular weight
substances often requires the aperture of several
different filtration membranes with multiple filters,
which makes the separation process more complicated
and the cost higher [11]. However, stimuli-responsive
membranes that can change their permeation or
separation properties have been the focus of research
for the last few decades [12–14]. The membrane pore
size and distribution can rely on environmental
change, so as to achieve the separation of different
molecular weight substances. Temperature is the most
widely used stimulus in environmental responsive
polymer systems. The change of temperature is not
only relatively easy to control, but also easily
applicable [15]. The common characteristic of tempera-
ture-sensitive polymers is the presence of hydrophobic
groups, such as methyl, ethyl, and propyl groups. Of
the many temperature-sensitive monomers containing
hydrophobic groups, N-isopropyl acrylamide (NIP-
AAm) is probably the most extensively used monomer
[16]. Copolymerization of NIPAAm with different
types of monomers results in copolymers with
temperature-sensitive property. In water, the copoly-
mer containing the monomer NIPAAm is hydrophilic
and exists in a random coil below the lower critical
solution temperature (LCST). Above the LCST,
however, the copolymer becomes hydrophobic and
changes its conformation from a random coil to a
globule, and then aggregates due to the hydrophobic
interaction among the isopropyl groups [17–19].

The reported temperature-sensitive membranes
are generally microfiltration gating membranes
through grafting method [20–22]. Especially, the posi-
tive and negative gating membranes attracted more
attention of scientific researchers. Investigations were
systematically carried out on the relationships
between the grafting yield with the water flux, the
responsiveness coefficient, and the temperature-
responsive gating factor of pore size [23,24]. Li [23]
reported that when the grafting yield was smaller
than 2.81%, both the flux responsiveness coefficient
and the thermoresponsivity of the membrane pore

size increased with an increase in the grafting yield;
however, when the grafting yield was higher than
6.38%, both the flux responsiveness coefficient and
the thermoresponsivity of the membrane pore size
were always equal to 1; i.e. no gating characteristics
existed anymore. In recent years, there have been
several reports concerning temperature-sensitive
grafted ultrafiltration membranes in the literatures
[25–28]. The changes of water fluxes of the grafted
membranes with temperatures have become the focus
of the studies. But there are few reports concerning
the different rejections of the temperature-sensitive
ultrafiltration membranes to different molecular sub-
stances. However, on one hand, it is difficult to con-
trol the graft conditions and to achieve
industrialization, and on the other hand, the distribu-
tion of the graft polymer is not uniform. In contrast,
the distribution of polymers blended in the mem-
brane is uniform and the ratio of polymer/membrane
material is adjustable [29,30]. In this research, a series
of amphiphilic temperature-sensitive copolymers have
been synthesized and blended with PVDF to prepare
ultrafiltration membranes. The temperature sensitivity
and rejection to different molecular substances of
these membranes were systematically investigated.

2. Experimental

2.1. Materials

NIPAAm, (Aldrich); poly(ethylene glycol)
methacrylate (PEGMA, Aldrich); tert-butanol; Isopropyl
alcohol (IPA); 2,2’-Azobis(2-methyl propionitrile)
(AIBN); poly(vinylidene fluoride) (PVDF); N,N-
dimethylacetamide (DMAC); Bovine serum albumin
(BSA, Mw = 67 kDa); Polyethylene glycol (PEG, Mw = 50
kDa, Mw = 20 kDa); Bismuth(III) Subnitrate; Potassium
iodide; and Sodium acetate. BSA was purchased from
Aoboxing Biotechnology Limited Company. All other
reagents were analytic grades.

2.2. Polymerization

Copolymerization of NIPAAm with PEGMA was
carried out in tert-butanol. 2,2’-Azobis (2-methylpropi-
onitrile) (3% relative to monomers) was an initiator.
This solution was stirred at 20˚C under a nitrogen
atmosphere for 30min in order to remove the oxygen
thoroughly. After that, polymerization was conducted
at 88˚C for 6 h. Then, the unreacted monomer
precipitated was removed with n-hexane. Next, the
solvent was removed by distillation under reduced
pressure, and a pale yellow copolymer was obtained.
The above reaction scheme was as follows (see Fig. 1).
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Copolymer has been designed as an NPG followed
by numerical suffix indicating the mass ratio of the
monomers in the initial feed. For example, copolymers
prepared by taking 0.6:1, 1.2:1, 1.8:1, and 2.4:1 of
NIPAAm/PEGMA were designed as NPG-0.6,
NPG-1.2, NPG-1.8, and NPG-2.4, respectively.

To compare the temperature-sensitive performance
of NPG, a series of NPGs were prepared by changing
the mass ratios of the two monomers as shown in
Table 1.

2.3. NPG Characterization

The number average molecular weight (Mn) and
polydispersity index (Mw/Mn) of NPGs were
determined by gel permeation chromatography (GPC,
Waters 1515 Solvent Delivery System, Tokyo, Japan).
The chloroform was used as the eluent at a flow rate
of 1.0 mL/min and polystyrene as the calibration
standard. The number average (Mn) and weight
average (Mw) molecular weight of the obtained
copolymer (NPG-1.8) were 31.937 K and 78.712 K, with
a polydispersity index of 2.464, respectively. While,
the Mn of the other obtained copolymers (NPG-0.6,
NPG-1.2, and NPG-2.4) were 28.164 K, 31.057 K, and
39.483 K, the Mw were 64.848 K, 65.713 K, and 81.360 K,

with polydispersity index values of 2.333, 2.088, and
2.061, respectively.

The PEGMA content in the NPGs was calculated
by 1H NMR, which was carried out in an AVANCE
III spectrometer operating at 400MHz. Solvent for
nuclear magnetic resonance (NMR) spectroscopy was
tetrahydrofuran and the internal standard was
tetramethylsilane.

FTIR measurement was performed on a Thermo
Fisher IR200 infrared spectrometer with KBr pellets.

The LCSTs of the NPGs solutions were measured
with UV–vis spectrophotometer by monitoring the
turbidity of the NPGs solutions as a function of
temperature at 500 nm reported in the literature [31].
The LCST values were determined at 50% transmit-
tance [32]. The LCSTs of the NPGs solutions were at a

Fig. 1. The synthesis route of the P (NIPAAm-co-PEGMA) copolymer.

Table 1
Details of feed composition for copolymers prepared using
IPA [3%(w/w)] as initiator and tert-butanol as solvent

Copolymer NIPAAm PEGMA

NPG-0.6 0.6 1
NPG-1.2 1.2 1
NPG-1.8 1.8 1
NPG-2.4 2.4 1
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temperature at 50% light transmittance. 1 g of the
NPGs was added to a proper amount of deionized
water to obtain 2 wt.% solutions.

2.4. Membrane preparation

Membranes were prepared by casting solution
method. For this, PVDF, IPA, and NPG copolymers
were dissolved in DMAC with stirring at 78˚C and the
solutions were allowed to stand overnight to release
the bubbles. The solution was cast on a clean glass
plate, and then it was immersed immediately into a
bath of water at constant temperature of 25˚C. The
obtained membrane was removed from the bath after
complete separation and saved in deionized water.
The composition of the casting solution is listed in
Table 2.

2.5. Membrane characterization

2.5.1. SEM

Morphologies of prepared membranes were
observed by SEM (S-4700, Hitachi Limited, Japan).

2.5.2. DSC

The thermal and crystal behaviors of membranes
were determined using Differential Scanning Calorim-
eter (DSC) (PyrisDiamond, Perkin–Elmer, US). Each
sample was heated from 25.00˚C to 180.00˚C at
10.00˚C/min, held for 1min at 180.00˚C, and then
cooled from 180.00˚C to 25.00˚C at 10.00˚C/min in a
nitrogen atmosphere.

2.5.3. Membrane hydrophilicity

Water contact angles (CA) were measured with an
anglemeter (OCA-20 contact angle system, Beijing

Jinshengxin Instruments, Inc., China) at 25˚C. The
deionized water was dropped on the sample surface
at five different sites. Each of the measured values
from three independent membranes were taken as
their water contact angles.

2.5.4. Water flux and rejection

The ultrafilter cup (MSC300) with temperature
control equipment was used to measure the
membranes’ performance under a pressure of 0.1MPa.
The effective membrane area was 35 cm2. The pure
water flux was measured three times, and the water
temperature was changed from 10˚C to 60˚C. Pure
water flux (Jwi) was calculated by the following equa-
tion (Eq. 1).

Jwi ¼ V=At (1)

where V is the volume of permeated water (L), A is
the effective membrane area (m2), and t is the ultrafil-
tration time (h).

BSA rejection measurement was conducted at
0.1MPa with 1.0 g/L BSA solution. The concentrations
of protein in the feed and permeate solutions were
measured immediately after collection using an UV–
vis spectrophotometer (UV-7504C, China) at 280 nm.
The rejection of membrane, R, can be defined as
follows:

R ð%Þ ¼ ð1� Cp=CfÞ � 100 (2)

where Cp represents permeate concentration and Cf

represents feed concentration.
The PEG 50 kDa and PEG 20 kDa rejection

measurements were tested at 510 nm with Dragendoff
reagent as chromogenic agent.

3. Results and discussion

3.1. NPGs characterization

3.1.1. FTIR analysis

Fig. 2 shows the FTIR spectra of the monomers
NIPAAm and PEGMA, and the copolymer NPGs,
respectively.

In comparison with the monomers and NPGs, the
absorption bands associated with the PEGMA at
1,724 cm−1 (symmetrical C=O stretching), 1,636 cm−1

(C=C stretching), and 1,106 cm−1 (C–O stretching)
were presented in all of the NPGs samples, which is
similar to the data reported [33,34]. Compared with

Table 2
Details of composition and sample designation for
membranes prepared using casting solution method

Code PVDF (%) NPG (%) DMAC (%) IPA (%)

M0 10 0 87 3
M1(NPG-0.6) 9 1 87 3
M2(NPG-1.2) 9 1 87 3
M3(NPG-1.8) 9 1 87 3
M4(NPG-2.4) 9 1 87 3

The numerals within parentheses represent the samples prepared

using various NPG copolymers. The letter (NPG-0.6, i.e.) within

parentheses represents the copolymers blended in the membranes.
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the FTIR spectra of the monomers, the absorption
bands of NPGs at 1,645 and 1,548 cm−1 can be attrib-
uted, respectively, to the secondary amide C=O
stretching and N–H stretching of the amide (O=C–
NH) groups of the NIPAAm chain [35].

3.1.2. 1H NMR of copolymer (e.g. NPG-1.8)

1H NMR spectra were taken with a Bruker Avance
400 (400MHz) spectrometer in CDCl3. A typical 1H
NMR spectrum of the NPG-1.8 is shown in Fig. 3.

The results were as follows: 1H NMR (CDCl3, δ
ppm): 1.0–1.4 (d, 6H,–CH–(CH3)2), 1.5 (m, 3H, CH3–C–
C =O–), 3.5–3.7 (m, 4H, –O–CH2CH2–), and 3.9–4.1
(m, 1H, –CH–(CH3)2) [36]. The NPG-1.8 composition
was estimated by comparing the peak area of methane
protons (e) from NIPAAm with methylene protons (d)
from PEGMA in the same figure. The mass feed ratio
NIPAAm/PEGMA of the NPG-1.8 was determined by
comparing the intensity of the characteristic peak
signals e and d. Thus, the NIPAAm/PEGMA mass
ratio could be calculated as 1.84:1, which was
consistent with the target product designed.

3.1.3. Effect of monomer concentration on LCST

The cloud points of the NPGs in water were
estimated by means of transmittance measurements of
NPGs’ aqueous solutions. Fig. 4 shows transmittance vs.
temperature curves for all the NPGs with different con-
tents of monomers and the transmissions decreased
above the LCST obviously. It was because of chain col-
lapse and aggregation in solution, as has been estab-
lished for NPGs [37]. These data show that all the NPGs

had very sensitive and different transmittance changes
in a distinctly narrow temperature range. The LCST of
NPG-0.6, NPG-1.2, NPG-1.8, and NPG-2.4 were 43.9˚C,
54.0˚C, 46.8˚C, and 45.4˚C, respectively. With decreasing
content of PEGMA, the LCST of the copolymer solutions
first shifted to a higher temperature and then turned to
a lower one. The LCST of NPGs is attributed to a change
in the hydrophilic/hydrophobic balance of the polymers
with respect to the hydrophobic and H-bond interac-
tions of water molecules with the polymer chain. At low
temperature, strong H-bonding interactions between
polar groups and water lead to good solubility of the
polymer, which is opposed by the hydration of apolar
groups. The water surrounding the apolar groups is in a
low entropy state relative to free water, leading to an
entropic penalty. As the apolar surface area of the poly-
mer increases, this entropic penalty increases and the
LCST decreases [26]. In this work, the addition of PEG-
MA in NPGs made the polar of NPGs increase, so that
the LCST of NPGs increased. All the copolymers exhib-
ited higher LCSTs (43.0–54.0˚C) than poly(N-isopropyl
acrylamide) (nearly 32˚C) [38,39] in the water solution. It
indicates that the LCST of NPGs could be controlled
only by changing the feed ratio of the monomers at
copolymerization.

Fig. 5 shows the schematic of the behavior of
NPGs during heating and cooling, which explains
what has happened during the shrinking of the chain
backbone in Fig. 4. At lower temperature, each
copolymer chain in water exists as a random coil. The
heating makes the PNIPAAm chain backbone
insoluble in water so that it undergoes the coil-to-
globule transition, which has been reported in the lit-
erature [40]. In this process, the hydrophilic PEGMA
chains are forced to stay on the periphery of the glob-
ule to form a core-shell nanostructure, such as the one
schematically shown in Fig. 5. Thus, the polymer
solution had a higher light transmittance rate. As the
temperature increased, the hydrophobic property of
the NPGs enhanced. When the temperature was
higher than the LCST, the solvate shell of NPGs was
destroyed and the water molecules were discharged
from the solvation shell. As a result, phase transition
occurred and the copolymer solution became turbid.
When the temperature was lower than the LCST, the
solution became clear again. In conclusion, the phase
transition was reversible.

3.2. Membrane characterization

3.2.1. Compatibility of the blended membrane

The compatibility of the two different component
polymers in the blended membrane is examined from

Fig. 2. FTIR spectra of NIPAAm, PEGMA, and NPGs.
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their thermal behaviors. The thermal and crystal
behaviors of blended membranes were determined

using differential scanning calorimeter (DSC). If single
crystallization is observed for the blended membranes,
it indicates good compatibility of the blended mem-
branes, which has been reported in the literature
[41,42].

The DSC traces of the blended membranes are
given in Fig. 6. An exothermic peak corresponding to
the freezing of crystalline phase of NPG-1.8 was
observed at 103.0˚C (see Fig. 6(a)). The pure PVDF
membrane has the highest crystallization temperature.
The crystallization temperature of blended membranes
shifted to lower values on incorporation of different
NPGs as shown in Fig. 6(b). The pure PVDF
membrane (M0) was at 153.7˚C, while the blended
membranes (M1, M2, M3, and M4) were at 153.1˚C,
152.6˚C, 151.9˚C, and 151.3˚C, respectively. Single
crystallization is observed for the blended membranes
containing NPGs, indicating good compatibility of the
blended membrane. It can also be seen from Fig. 6(c)
that the crystallization temperature of the membranes
decreased with increase in NPGs’ concentration in the

Fig. 3. 1H NMR spectrum obtained for NPG-1.8 in CDCl3.

Fig. 4. Transmittance vs. temperature curves for 2.0 wt.%
NPGs aqueous solutions.
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blended membranes, though the effect is small. This is
because the crystallization temperature of NPGs is
lower after blending it with PVDF, and it is fully com-
patible with PVDF. Therefore, with the increase of its
content, the crystallization temperature of the
membrane decreases.

3.2.2. Morphologies of the pure and modified PVDF
membranes

The morphologies of the pure membrane (M0) and
modified membranes (M1–M4) were studied by SEM.
In Fig. 7, the cross-section of the membranes was
monitored at a magnification of 1,000× . After blending
by NPGs, the morphologies of the modified mem-
branes revealed an obvious change when Fig. 7(a)
(M0) is compared with Fig. 7(b)–(e). The cross-section
of M0 showed typical asymmetric morphology with
short finger-like pores linked by sponge structures. All
the blended membranes exhibited macrovoid forma-
tion in the cross-sections.

As many literature studies have shown, the pres-
ence of amphiphilic polymers will have an impact on
the process of phase separation and membrane final
morphology and structure. As reported by Kesting
[43], the presence of an amphiphilic polymer in the
casting solution can enhance the solvent–non-solvent
exchange by increasing the affinity of the casting
solution and water, therefore creating favorable condi-

tions for instantaneous liquid–liquid demixing and
forming short finger-like structures. Fig. 7 shows that
the temperature-sensitive polymers NPGs as amphi-
philic polymers affected on the membrane structure
when blended with PVDF, which is consistent with
the literature [44]. When the content of the monomer
in NPGs was increased, the membrane material had a
better affinity with non-solvent water, and the speed
of the phase separation was faster, and thus the
macrovoids formed easily [44,45].

3.2.3. Membrane hydrophilicity

Hydrophilic polymers were blended with the
hydrophobic PVDF membrane materials, leading to
increased hydrophilicity of the blended membranes.
The water contact angle is an important parameter in
measuring the surface hydrophilicity and wetting
properties. In general, the lower the contact angle, the
higher the hydrophilicity of the membrane surface. As
for as the blended method for membrane surface
modification, the polymerization conditions’ depen-
dence on the water contact angle was plotted to study
the effect of the monomer concentration on surface
hydrophilicity. The variation of the water dynamic
contact angle membranes blended with the NPGs with
different monomer ratios is shown in Fig. 8. The
contact angle of the pure PVDF membrane was about
84˚, which is comparable to the value obtained by

Fig. 5. The schematic of the behavior of NPGs during heating and cooling.

F. Shen et al. / Desalination and Water Treatment 54 (2015) 1507–1518 1513



Chang for a similar membrane [46]. It can be seen
that the contact angle decreased with the increased
content of PEGMA in NPGs: the contact angle

dropped to 63˚ after 180 s for the highest content
of PEGMA. The contact angle decreased to 70˚ for
NPG-2.4, 69˚ for NPG-1.8, and 66˚ for NPG-1.2 after
180 s. This reason might be due to the increasing
amount of ethyl oxide side groups in the PEGMA
polymer chain in the membrane [47]. The decrease of
contact angle was obvious, which is especially true for
the monomer PEGMA, indicating a switch from a
hydrophobic surface to a hydrophilic surface blended
with NPGs.

3.2.4. Temperature-dependent pure water flux through
the blended UF membranes

The effect of temperature on the water flux of the
blended membranes is shown in Fig. 9. The water flux
of pure membrane increased slightly with rising tem-
perature, while the blended membranes increased
obviously. Meanwhile, M1 had the highest value and
M4 had the lowest. It is clear that the water fluxes of
the blended membranes depend little on the tempera-
ture when the temperature is lower than 40˚C. How-
ever, when the temperature rose higher than 45˚C, the
flux of the water increased significantly near the LCST
of the NPGs. Take M1 for example; the flux of water
at 55˚C is almost four times higher than that at 25˚C.
The change of NPGs on the surface of the membranes
at different temperatures is schematically depicted in
Fig. 10. At lower temperature, each copolymer chain
in water exists as a random coil. When the tempera-
ture was higher than LCST, it underwent the coil-to-
globule change which caused an increase in pore
sizes, and which further increased the water flux of
membranes.

In addition, it can be seen from Fig. 9 that all the
blended membranes exhibited higher water fluxes
than the pure PVDF membrane at the same tempera-
ture. At last, the water fluxes of membranes M0–M4

also increased with the content of PEGMA in NPGs.
Especially after 35 ˚C, the water fluxes increased sig-
nificantly with PEGMA monomer increase in NPGs.
For example, the water fluxes of M1–M4 were 1006.0 L
m−2 h−1, 661.2 Lm−2 h−1, 622.1 Lm−2 h−1, and 544.4 L
m−2 h−1 at 55˚C, while M0 was 315.8 Lm−2 h−1. The
values of water fluxes increased 3.2 times, 2.1 times,
1.9 times, and 1.7 times compared with M0. The
increase of water fluxes is probably due to the
macrovoids of M1 and M2 which to the decrease of
resistance of their support layer and the increase of
the water flux. This result is in confirmation with the
morphologies of the pure and modified PVDF
membranes as shown in Fig. 7. Meanwhile, the hydro-
philicity of membranes have some influence to a

Fig. 6. DSC curves of NPG-1.8 (a) membranes M0–M4 and
(b) membranes with different proportions of NPG-1.8 (c).
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certain extent as shown in Fig. 8. It shows that the
blended membranes had a good performance of
temperature sensitivity.

The membranes M1 and M2 showed higher
temperature-dependent pure water fluxes compared
to the membranes M3 and M4, but their mechanical
strengths were poor. So, the membranes M3 and M4

were selected for further study.

3.2.5. Comparison of rejection of the temperature-sensitive
membranes (M3, M4) with different substances

The relationship between the different molecular
weight substances and the rejection property of M3

was investigated with 1.0 g/L BSA, PEG (50 kDa) and
PEG (20 kDa) at 0.1MPa. The relationship between the
rejection of the membrane with BSA 67 kDa, PEG
50 kDa, and PEG 20 kDa at different temperatures is

Fig. 7. SEM images of the cross-section membranes M0–M4; (a) M0, (b) M1, (c) M2, (d) M3, and (e). M4 (the right side was
the top skin layer of membranes).

Fig. 8. Effect of PEGMA content in NPGs on the water
contact angle.

Fig. 9. The relationship between the fluxes of pure water
and temperature for the membranes M0–M4.
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shown in Fig. 11. It shows that the rejection of M3

with different molecular weight substances decreased
as the temperature increased. It is clear that all the
rejection of M3 with different molecular weight sub-
stances depends little on the temperature; when the
temperature is lower than 30˚C. When the temperature
is higher than 45˚C, the rejection of M3 decreases,
while that of others decreased slightly. For example,
The rejection of M3 with BSA, PEG 50 (kDa) and PEG
(20 kDa) were 95.4%, 91.5%, 64.6% at 40˚C decreased
to 90.4%, 80.6%, 12.6% at 60˚C, respectively. The capa-
bility of the blended membranes can be used for the
proteins classification which will be next research
work. In a word, the separation of different substances
could be achieved by changing the temperature.

The effects of NIPAAm content in NPGs on rejec-
tion property of membranes were investigated with
1.0 g/L BSA and PEG (20 kDa) at 0.1MPa. Take M3

and M4 for example, the relationship between the
rejection of the membrane with different molecular
weight substances is shown in Fig. 12.

Fig. 12 (a) shows that the rejection of membranes
(M3 and M4) with PEG(20 kDa) decreased apparently
compared with M0 as the temperature increased. The

reduced value of M3 was maximum. Additionally, the
rejection of membranes (M3 and M4) remained con-
stant over 90% at 10˚C, which decreased to 12.6% and
66.7% at 60˚C, respectively. While, the rejection of
pure membrane M0 was 99.6% at 10˚C and 85.3% at
60˚C. The temperature-sensitive properties of mem-
branes caused the rejection change.

Fig. 10. The schematic of change of surface of temperature-sensitive membrane pores at different temperatures.

Fig. 11. Rejection of M3 with different molecular weights
(BSA 67 kDa, PEG 50 kDa, and PEG 20 kDa).

Fig. 12. Comparison of rejection of temperature-sensitive
membranes (M3 and M4) with different molecular weights
(a: PEG 20 kDa (12a) and b: BSA 67 kDa).
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Fig. 12(b) shows that the rejection changed was not
significant when the molecular weight was above 67
kDa for the membranes. For example, the rejection of
M3 with BSA was 97.0% at 20 ˚C which decreased to
90.4% at 60 ˚C. The results show that the greater the
molecular weight of the substances, the greater
the rejection for the same membranes. For example,
the rejection of M3 with PEG (20 kDa) was 93.9% at
20 ˚C and 12.6% at 60 ˚C, respectively. Therefore, the
separation of different substances could be achieved
by changing the temperature. It was because the
changes of the pores with different temperatures lead
to the change of rejection for different molecular
weight substances.

4. Conclusions

Temperature-sensitive NPGs have been synthe-
sized successfully from the two monomers NIPAAm
and PEGMA by solution method. The obtained NPGs
had different LCSTs by changing the mass ratios of
the two monomers. All the copolymers exhibited
higher LCSTs (44–53˚C) than poly(N-isopropyl
acrylamide) (near 32˚C) in the water solution. The
temperature-sensitive NPGs were added to the casting
solutions, that preparer membranes with different
temperature response performances. The addition of
NPGs influenced the membrane properties and
morphologies. The temperature-sensitivity of the
modified membranes could be regulated by control-
ling the monomer PEGMA content in NPGs. The
modified membranes had higher fluxes than pure
PVDF membrane, while the membranes blended by
NPG-0.6 and NPG-1.2 had 3.2 and 2.1 times higher
fluxes than pure PVDF membrane at 55˚C,
respectively. Further reducing the monomer PEGMA
content in NPGs, taking NPG-1.8 for example, the
water fluxes of the membrane had 1.9 times higher
flux than pure PVDF membrane at 55˚C. Importantly,
the NPGs had significant influences on the selectivity
(for PEG and protein). The rejection of the same
membrane with different molecular weight substances
(BSA, PEG 20 kDa) at different temperatures explained
that substance separation could be achieved by
changing the temperatures. The decrease of contact
angle showed that the modified membranes exhibited
better hydrophilicity than pure PVDF membrane.
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