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Polyethersulfone (PES) and monomer methacrylic acid (MAA) were chosen to synthesize the grafted polymer
PES-g-PMAA by simultaneous γ-ray irradiation in homogenous phase. Membranes prepared from pristine PES
and PES-g-PMAA with diﬀerent degrees of grafting (DGs), have been obtained. The kinetics of grafting reaction
and the DG values were studied through sulphur elemental analysis. The morphology study of the membranes
showed formation of sponge-like structure in the sub-layer of membrane, along with grafting PMAA onto the PES
chains. By ultraﬁltration experiments, a regular pH-dependent permeability and thermal-dependent permeability of PES-g-PMAA membranes was demonstrated through introduction of PMAA onto the PES which reduced the water ﬂux of the membranes. The pH-dependent permeability could be attributed to pH-sensitive
reconﬁguration of PMAA molecule chains on the surface of membrane pore, while thermal-dependent permeability might be caused by better thermal-sensibility of PMAA chains inside the membrane.

1. Introduction
Polyethersulfone (PES) has been proved to be a material with outstanding properties including chemical, mechanical and thermal stability, mainly due to the molecular structure of an ether group, sulfonyl
group and phenylene group [1]. Therefore, it is widely used for preparing microﬁltration (MF) and ultraﬁltration (UF) membranes [2]. On
the other hand, in order to enhance permeability and separation performance of PES membranes, studies on stimuli-responsive membrane
have been carried out in recent years [3,4]. Among these diﬀerent
stimuli-responsive (or called “intelligent”) membranes, pH sensitive
modiﬁcation is one of the most powerful techniques due to the enhancement of permeability and separations electivity [5]. Some immobilized functional polyelectrolytes groups like poly (acrylic acid) and
Polycysteine, have been grafted on to the membranes or the materials
of original membranes to ﬁnally obtain a pH sensitive membrane [5].
Studies on preparation of pH-sensitive PES membranes have been
carried out and diﬀerent methods have been applied [6–9]. Huijuan Li
et al. prepared pH-sensitive PES hollow ﬁber membrane by blending a
terpolymer of poly(N-isopropylacrylamide-co-methacrylic acid-co-methyl methacrylate)[P(NIPAAm-MAA-MMA)] via dry–wet spinning
technique based on a liquid–liquid phase separation, whose result
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showed a pH value eﬀect at pH value varying between 7.0 and 10.0
[10]. Meanwhile, Q. Shi et al. grafted methacrylic acid (MAA) onto the
polyethersulfone (PES) by using benzoyl peroxide (BPO) as chemical
initiator, and then polymerization was carried out in a heterogeneous
polymer-monomer reaction system by using water as the reaction
medium. The crucial parameters aﬀecting the reaction of grafting were
analyzed, and the grafted-product was analyzed by FTIR and 13C NMR.
The permeability of the membranes cast from the grafted polymers
displayed repeating pH dependence [11].
Actually, γ-ray radiation induced graft polymerization is a well-established polymeric method material modiﬁcation to achieve a pHsensitive membrane. B. Deng et al. grafted acrylic acid and methacrylic
acid respectively onto the PES powder using γ-ray irradiation induced
graft polymerization, and the result showed that water ﬂux changed at
diﬀerent pH value conditions [12,13].
However, Bo Deng et al. also mentioned that the solubility of PES-gPMAA powder grafted through heterogeneous phase was poor, especially for copolymers of high DGs in some normal organic solvents like
N, N-Dimethylformamide (DMF), N, N- Dimethylacetamide (DMAc), Nmethyl-2-pyrrolidone (NMP) etc. [12]. He analyzed possible reasons of
this problem. It is possible that the contact surface between the
monomer and polymer substrate is restricted in a heterogeneous
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system, resulting in an uneven distribution of the grafted site and a
potential cross linking among the molecular chains. In order to overcome these conspicuous problems, grafting reaction in homogeneous
systems has been tried. Polymeric material PES and monomer MAA
were dissolved together in an organic solvent to form a homogenous
phase system. By doing this, PES polymer chains could be stretched
more easily while the activated chemical sites induced from the γ-ray
irradiation could be distributed on the chains more evenly.
In the present work, we developed an innovative approach for
synthesis of PES-g-PMAA in a homogenous system induced by γ-ray
irradiation. Copolymerization was carried out in an organic solvent.
The eﬀect of MAA monomer concentration on the degree of grafting
(DG) was reviewed to study grafting dynamics of this reaction system.
Afterwards, PES-g-PMAA with diﬀerent DGs was cast into ultraﬁltration
membranes via the phase inversion process. Grafted intelligent functional groups PMAA endowed PES membranes superior pH-responsive
and more salient thermal-responsive properties besides improving the
hydrophilicity of PES membranes.

DG(%) =

δⅠs

2.3. Infrared spectroscopy
Completely dried and grounded pristine PES and PES-g-PMAA
powders were pressed into pellets with KBr. Samples of FT-IR spectra
were collected in Nicolet Avatar 370 FT-IR spectrometer by 32 scans at
a resolution of 4 cm−1.
2.4. Membranes preparation
Membranes were prepared by using phase inversion method under
the following procedure:
Pristine PES or PES-g-PMAA powder, PVP and NMP solvent were
mixed together with a ratio of 18:6:76. The mixtures were stirred at
60 °C for 3 days and then rested at room temperature for 2 days. After
that, solutions were cast onto a glass plate by using a 20 µm thick cast
knife and the obtained solutions were immersed in a water bath of 19 ℃
with the glass plate for several minutes until the formation of membranes and their separation from the glass plate. The membranes were
then rinsed with deionized water for 2 days to remove remaining solvent. The formed membranes were kept in fresh deionized water
changing every 6 h for further characterization.

2.1. Materials
PES in powder form (Viscosity = 0.49) was purchased from
Sandong Caihong Advanced Material Company (China). MAA,
Polyvinylpyrrolidone (PVP-K30), N, N-Dimethylformamide (DMF), Nmethyl pyrrolidone (NMP), and polyethylene glycols (PEG) with nominal molecular weights of 1, 6, 10, 20 and 35 kDa respectively were
purchased from Sinopharm Chemical Reagent Co. Ltd. Water puriﬁed
with a Milli-Q system from Millipore was used for all experiments. PES
should be rinsed with 40 °C deionized water to remove impurities before using and then dried in vacuum condition at 70 °C till constant
weight has been reached. Other materials mentioned above were used
without further puriﬁcation.

2.5. Contact angle measurements
Contact angle measurements of membranes were performed on an
Attension Theta System (KSV Instruments Ltd., Finland). About 5 μL
water drop was lowered onto the membrane surface with a needle tip.
Then, a magniﬁed image of the droplet was recognized by a digital
camera. Static contact angles were determined from these images with
calculation software. Contact angles were averaged data tested at four
diﬀerent points on every membrane.

2.2. Radiation induced graft polymerization

2.6. Morphology study

According to the proportion in Table 1, mixtures of PES and DMF
were put into 6 ﬂasks and stirred for 24 h under 60 °C to ensure complete dissolution of PES in DMF. Monomer MAA was added to the
mixture for the samples to cool down to the room temperature and then
stirred for about 3 h to get homogeneous solutions. After that, those
mixtures were transferred into glass tubes, bubbled with nitrogen gas
and sealed. Those samples at 60 °C were then subjected to Gamma irradiation process at room temperature, with absorbed dose of 17 kGy at
the rate of 1 kGy/h. To obtain a puriﬁed graft copolymer after irradiation, those processed mixtures were poured into water where the
PES-g-PMMA products would precipitate into solid state, and the precipitates were remained in stirring deionized water for 3 days. The
deionized water was replaced with new ones every 6 h to ensure
complete removal of homopolymer and organic solvents. Finally, the
precipitate was dried at 70 °C in vacuum till the weight is stabilized. DG
values of PES-g-PMAA were determined by sulphur elemental analysis.
The DGs of samples were calculated by Eq. (1):

Scanning of the electron microscope (SEM) images of surface and
cross-section of membranes was carried out on a LEO1530vp SEM
(Germany), at a voltage of 10 kV and the current at 10 mA. To obtain
cross-section images, membranes were immersed in liquid nitrogen and
fractured. These samples were then attached on a carbon tape and
sputtered with gold. The images were ampliﬁed to 500 × to capture
cross-section images.
2.7. Ultraﬁltration experiments
Membranes’ casting from the pristine PES and PES-g-PMAA were
cut into an eﬀective area of 35.3 cm2, and then the ﬂux of the membranes was analyzed by Convergence Inspector-Poseidon (Convergence
Industry B. V. Holland). The membrane surface velocity was ﬁxed at
4 kg/h and the operating pressure was ﬁxed at 1 bar. Before testing,
membranes were kept in ﬂowing water at 1 bar for 10 min to eliminate
the bubbles in pipeline. Pure water ﬂux and solute ﬂux were tested
automatically by the ﬂow meter in the interior of the Convergence
Inspector. The rejection was calculated by Eq. (2):

Table 1
Quantity of materials used for synthesis of PES-g-PMAA.

1
2
3
4
5
6

MAA/g

DMF/g

Total/g

10
10
10
10
10
10

0.4
0.8
1.2
1.6
2
2.4

89.6
89.2
88.8
88.4
88
87.6

100
100
100
100
100
100

(1)

δsⅡ

are the mass fraction of sulphur in PES powder before
Where and
and after grafting copolymerization, respectively.

2. Experiment

PES/g

(δ Ⅰ − δ Ⅱ )
MPMMA
×100% = s Ⅱ s × 100%
MPES
δs

R = 1−

Cp
Cf

× 100%

(2)

Where, Cp and Cf are the concentrations of the probe solute in permeate
and feed, respectively and were determined from the total organic
carbon measured by using a TOC analyzer (Shimadzu TOC-5000A).
During pH-dependent permeability test of membranes, the test
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Fig. 2. FT-IR spectra of (A) pristine PES and PES-g-PMAA with DGs of (B) 3.7%, (C) 7.3%,
(D) 9.7%, (E) 11.8% and (F) 13.6%.

Fig. 1. Eﬀect of monomer concentration on DGs of PES-g-PMAA. Total dose irradiation
was 17KGy and reaction time was 15 h.

group, and also the peak at 1151 cm−1 was caused by symmetric
stretching. Aromatic skeletal vibrations at 1577 cm−1 and stretching
vibration at 1485 cm−1 could also be observed clearly, and these two
peaks were selected as the internal reference to compare PES-g-PMAA
of diﬀerent DGs. Obviously, new characteristic peaks at 1671 cm−1 can
be observed, which correspond to stretching vibration of carbonyl
group (C=O) in MAA molecule. More importantly, the absorbance at
1671 cm−1 was strengthened with increasing DGs, which indicated that
PMAA group was successfully grafted onto the PES chains, and the
percentage of PMAA grafted chains was increased with DGs of PES-gPMAA.

membrane should be immersed in aqueous solutions with certain pH
value for at least 12 h before the test.
During thermal-dependent permeability test of membranes, the test
membranes should be immersed in corresponding temperature for
20 min before the test. The resultant obtained from the temperature
experiments was normalized with the viscosity of water derived from
Newtonian viscosity formula with Eq. (3):

Ф=

ŋ·df
P

(3)

Where, Ф is ﬂux normalized with water viscosity, ŋ is viscosity of water
(which vary with the temperature), df is ﬂux and P is operating pressure
during the permeability test.

3.3. Contact angle measurements
PES-g-PMAA graft polymers were cast into membranes by phase
inversion method. The improvement of the hydrophilicity of membranes cast from dope containing PES-g-PMAA of diﬀerent DGs was
essential. An eﬀective method to evaluate this property was to measure
the contact angle of membranes. Fig. 3 shows corresponding relationship between DGs of PES-g-PMAA and the contact angle of membrane
cast obtained from these modiﬁed polymers. The contact angle of the
membrane cast obtained from the pristine PES dope was 89.4°. Then the
contact angle cast from PES-g-PMAA decreased persistently along with
the increase of DGs of PES-g-PMAA, until the DG of PES-g-PMAA
matched with 13.7% and the contact angle of membrane cast obtained
from this polymer reduced to 69.9°. This result illustrated considerable
improvement in hydrophilicity of membranes while increasing DGs of

3. Results and discussion
3.1. Graft polymerization kinetics study
As shown in Fig. 1, DGs are increased with the rise of monomer
concentration below 2%. The largest DG of the PES-g-PMAA was approximately 13.7% where the monomer concentration was at 2% inversely reducing DGs of the product PES-g-PMAA. This phenomenon
could be explained by the conﬂict between graft polymerization and
homopolymerization during γ-ray irradiation. At the initial stage of the
reaction, the increase of monomer concentration led to more PMAA
grafting onto the PES chains; thus, the DGs increase within certain
concentration range of the monomer. But, along with further increase
of monomer concentration, homopolymerization became more important than graft polymerization, which resulted in a reduction of DGs.
Another “interesting” phenomenon in this homogenous phase was
that the homopolymerized product PMAA would be insoluble in organic
solvent after the reaction, and would precipitate from the homogeneous
phase. Through analysis of extracted PMAA and soluble PES-g-PMAA,
the conﬂict between graft polymerization and homopolymerization in
homogeneous phase could be studied further.
3.2. FT-IR spectroscopy of grafted powder
Eﬀective chemical grafting of MAA onto PES chains was conﬁrmed
by FT-IR spectra. Fig. 2 shows FT-IR spectra of pristine PES and PES-gPMAA with diﬀerent DGs. As observed in the earlier report, PMAA is a
water-soluble polymer; thus, the processed product was rinsed for
several times with ionized water to remove the homopolymeric product
PMAA [14,15]. Earlier report contained precise information about FTIR spectra of the pristine PES [16], the peaks at 1323 and 1300 cm−1
were corresponding to asymmetric stretching vibration of the sulfone

Fig. 3. Corresponding relationship between diﬀerent DGs of PES-g-PMAA and the contact
angle of respective membranes.
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Fig. 4. Cross-sectional SEM morphology of pristine PES membrane (a), PES-g-PMAA with DGs of 3.7% membrane (b), PES-g-PMMA with DGs of 9.7% membrane (c), and PES-g-PMMA
with DGs of 13.6% membrane (d).

PES-g-PMAA. Therefore, the grafting of PMAA onto PES chains by γ-ray
irradiation in homogenous phase was an eﬀective method to modify the
hydrophilicity of membrane.

thus, the required demixing time (the delay time) was controlled by
mutual diﬀusion rate between solvent and non-solvent (polymer).
During the process of demixing in sub-layer, the pristine PES/solvent
system displayed an instantaneous liquid-liquid demixing producing a
ﬁnger-like structure. In contrast, the PES-g-PMAA/solvent system was
thermodynamically stable, and the diﬀusion rate was relatively lower
than the pristine PES/solvent system. This delayed liquid-liquid demixing performance dominated the formation of sub-layer and resulted
in a formation of sponger-like structure. A higher level of DGs was more
favorable to form sponge-like structure and its swelling formed “big
holes”.

3.4. Morphology of pristine PES membranes and PES-g-PMAA membranes
Grafting of PMAA onto the PES chains also impacted the formation
of membrane. The parameters (Flory-Huggins parameter) of interaction
between graft copolymer and organic solvent, as well as graft copolymer and itself, were not similar to those of pristine PES. This aﬀected
the process of dry-wet phase separation as well as dynamics of phase
separation, which produced indiﬀerent membrane structures [17,18].
Fig. 4 shows cross-sectional SEM morphology of pristine PES membrane
and diﬀerent DGs of PES-g-PMAA membranes. All samples displayed an
asymmetric membrane due to the phase inverse method, which was
constituted by a relatively dense separation layer on the surface and
porous sub-layer in the entire cross-section of membrane. After the
ampliﬁcation, the diﬀerences between the pristine PES membrane and
PES-g-PMAA membrane of diﬀerent DGs could be clearly noticed.
Porous sub-layer of pristine PES membrane displayed a ﬁnger-like
structure. Then SEM morphology of PES-g-PMAA membrane with 3.7%
DG showed slight extension in the sub-layer section. Along with the
increase in DGs of PES-g-PMAA, this sub-layer section transformed from
ﬁnger-like structure to a sponge-like morphology structure. Similarly,
there were some “big holes” forming in the sponge-like structure, and
these “big holes” continuously swelled when the DG of the PES-g-PMAA
increased further to 13.6%.
These singular structures in morphology could probably be explained by grafting of PMAA onto the PES chains, which varied the
dynamics performance of membrane formation [19]. In the rapid demixing system, liquid-liquid demixing was observed in the sub-layer;

3.5. Water permeability performances of pristine PES membrane and
diﬀerent DGs of PMAA-g-PES membranes
Fig. 5 indicated water permeability test of membranes casting from
pristine PES and PES-g-PMAA with diﬀerent DGs. The result was different from the traditional understanding. After grafting PMAA onto the
PES, the water ﬂuxes of membranes reduced instead of increasing.
Furthermore, along with the increase in DGs of PES-g-PMMA, the water
ﬂuxes of corresponding membranes decreased.
Determining factors for water ﬂux were the pore size of membrane,
porosity on the top layer and so on. In this rapid demixing system, the
phase separation of the top layer is considered to be a solid-liquid demixing, which is diﬀerent from the sub-layer demixing system [20,21].
There are two diﬀerent types of pores on the surface and demonstrate a
bimodal pattern distribution. The “aggregate pore” is generated from
these interspaces among the polymeric aggregates, and the “network
pore” is formed from the interspaces among the polymeric chains [21].
It is well known that chain PMAA is relatively soft compared to PES
chains. Therefore, grafting PMAA onto the PES chains could probably
338
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Fig. 5. Water Flux data of pristine PES membrane and diﬀerent DGs of PES-g-PMAA
membranes.

Fig. 7. Reversible test of pH-dependent permeability by using membrane casting from
PES-g-PMAA with DG of 11.8%.

reduce interspaces among original PES chains. The pore size of “network pore” was shrunk constantly along with the augment DGs of
PMMA chains onto the PES chains, resulting in decrease of the water
ﬂuxes.

the results are shown in Fig. 7. Reversibility of permeability was veriﬁed by reiterating solution pH adjusting at 2.0 and 10.0 for several
times. The performances of permeability with pH values were repeated
after numerous tests. The results show that the recovery time of the
permeability back to the corresponding pH of the membrane was at
least of 12 h.

3.6. PH-dependent permeability of pristine PES membrane and diﬀerent
DGs of PES-g-PMAA membranes

3.7. Thermal-dependent permeability of pristine PES membrane and
diﬀerent DGs of PES-g-PMAA membranes

One purpose of this research was to produce pH-dependent PES-gPMAA membranes synthesized with simultaneous irradiation in
homogenous phase. Grafting of PMAA onto PES chains could produce a
pH-dependent property in the membrane [22]. PH-dependent ﬂux of
aqueous solution through PES-g-PMAA membrane was subsequently
investigated by ﬂux test experiments. The results are presented in
Fig. 6. The permeability of pristine PES membrane did not demonstrate
pH-dependent property. By comparison, the water ﬂux of the membrane cast from PES-g-PMAA with DG of 11.8% at pH 1 increased by
about 27% than that of the same membrane at pH 7. The result demonstrated that grafting PMAA onto PES chains produced membrane
pH-dependent property. The pore size of membrane cast from PES-gPMAA enlarged at low pH value, and shrunk at high pH value. The ratio
of the DGs of PES-g-PMAA greatly impacted pH-dependent property of
the ﬁnal membranes, and the higher DGs of PES-g-PMAA endowed the
corresponding membranes with a sharp pH-dependent permeability.
A reversible test of the membrane cast from PES-g-PMAA with
11.8% DG had been carried out to test pH-dependent permeability, and

PMAA chains are more ﬂexible and thermal-sensitive than PES
molecule chains [8]. During γ-ray irradiation, PMAA chains were not
considered as simply grafted onto the side chains, but also as the main
chains of PES molecule in this homogenous system. The formation of
segmented copolymer could endow the membrane a thermal-dependent
permeability. Fig. 8 shows thermal-dependent permeability of pristine
PES and diﬀerent DGs of PMAA-g-PES membranes. Flux normalized
with water viscosity of membrane cast from pristine PES remained
constant with the increase in temperature. In comparison, the ﬂux
normalized with water viscosity of membrane cast from PES-g-PMAA
increased swiftly with the rise in temperatures. The ﬂux at 55 °C of the
membrane cast from PES-g-PMAA with DG of 11.8% was 82.5% higher
than the ﬂux at 25 °C. The result demonstrated that grafting PMAA onto
the PES chains endowed thermal-dependent property to the membrane.
The pore size of membrane cast from PES-g-PMAA got enlarged along

Fig. 6. Corresponding relationship between pH value and water ﬂuxes of membranes
casting from pristine PES (solid squares), PES-g-PMAA with DG of 3.7% (solid circles),
7.3% (solid erect-triangles), 9.7% (solid reversal-triangles) and 11.8% (solid diamonds).

Fig. 8. Corresponding relationship between temperature and water ﬂux of membrane cast
from the pristine PES (solid squares), PES-g-PMAA with DG of 3.7% (solid circles), 7.3%
(solid erect-triangles), 9.7% (solid reversal-triangles) and 11.8% (solid diamonds).
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membranes, which could stimulate evolution of pore size during the
changes in temperature [23,24]. The results are shown in Fig. 10. It
could be deduced that the MWCO tended to increase with rise in temperature of the solute for a given composition. So we concluded that the
selection of membrane prepared from PES-g-PMAA at a low temperature was preferable than that at a high temperature. In addition, the
rejection curve could also be employed to estimate membrane pore size
as a larger MWCO is believed to correspond to a larger pore size. So, the
result showed a trend of large pore size (corresponding to a low rejection) formation at high solute temperature, and a trend of small pore
size (corresponding to a high rejection) formation at low solute temperature. This result coincided with the thermal-dependent permeability test.
3.8. Possible interpretations of pH- and thermal-dependent permeability
mechanism

Fig. 9. Reversible test of thermal-dependent permeability by using membrane cast from
PES-g-PMAA with DG of 11.8%.

The dependence of permeability through PES-g-PMAA membranes
on solution pH and temperature might be due to reconﬁguration of
PMAA molecule chains. Moreover, PMAA chains might not just be
grafted onto the side of PES chains, but also the main chains of PES like
the following reaction:

with the rise in temperature. The ratio of the DGs in PES-g-PMAA also
greatly impacted the thermal-dependent property of membranes and,
PES-g-PMAA of higher DGs endowed a high thermal-dependent permeability performance to the corresponding membranes.

PMAA is a weak polyacid having acid dissociation constant (pKa) at
5.5 [25]. When the environmental pH value was more than 5.5, PMAA
chains tended to extend because of the strong electrostatic repulsion
between intra-chain segments. Therefore, when PMAA chains grafted
on the pore surface came in contact with diﬀerent pH solute, diﬀerent
conﬁgurations of the PMAA resulted in a variety of the membrane pore
size [26,27] as in Fig. 11.
On the other hand, PMAA chains are more ﬂexible and elastic than
PES chains; thus, thermal-sensibility of the PMAA chains was preferable
to that of PES chains. Therefore, PMAA chains grafted inside the
membrane could not contact the solute but was acceptable to receive
heat by “heat conduction eﬀect”. While a certain amount of pressure is
applicable to membrane during the permeability at high temperature,
better thermal sensibilities of PMAA chains bring a stronger shrink than
PES molecule chains, which resulted in an expansion of the pore size.

A reversible test of the membrane cast from PES-g-PMAA with
11.8% DG had been carried out on its thermal-dependent permeability,
and the results are shown in Fig. 9. Reversibility of permeability performance was reiterated by adjusting the solution temperature at 25 °C
and 50 °C for several times, and the result shows that the recovery time
of permeability was 20 min, which was relatively shorter in comparison
with pH-dependent one.
In order to further conﬁrm the thermal-dependent permeability and
the variation of pore size with the temperature of modiﬁed membranes,
rejection of diﬀerent solutes in membrane cast from PES-g-PMAA with
DG of 11.8% was tested. The molecular weight cutoﬀ (MWCO) is a part
of the most important speciﬁcations to describe retention capabilities of

4. Conclusion
In the present work, PMAA was successfully grafted onto PES chains
by simultaneous irradiation in homogenous phase method. Graft polymerization kinetics was investigated and the grafted product was analyzed by FT-IR. Synthesized PES-g-PMAA was then cast into membranes
through phase inverse method. Then, the contact angle and the ﬁltration property of membrane cast from PES-g-PMAA with diﬀerent DGs
were tested. The results showed that grafting PMAA onto PES increased
hydrophilicity of PES membranes and the high DGs of PMAA reduced
water ﬂux. Morphology of MF membranes were studied and the grafted
PMAA onto PES chains tended to form a sponge-like structures in the
sub-layer of the membrane. Finally, pH and thermal-dependent permeability of PES-g-PMAA membranes was focused and repeatedly
tested. Due to the pH-sensitive property of PMAA chains adhering to the
pore surface, membranes cast from PES-g-PMAA exhibited reversible
pH-dependent permeability performance. Compared with the water
ﬂux of the pristine PES membranes which did not demonstrate obvious

Fig. 10. Rejection curves of membranes prepared from PES-g-PMAA with DG of 11.8% at
25 ℃ (solid squares), 35 ℃ (solid circles), 45 ℃ (solid erect-triangles) and 55 ℃(solid
reversal-triangles).

340

Journal of Membrane Science 543 (2017) 335–341

K. Fan et al.

Acknowledgement
This work was ﬁnancially supported by the National Natural
Foundation of China (NSFC, No. 11375252, 20776147and 11105090).
References
[1] B. Van der Bruggen, Chemical modiﬁcation of polyethersulfone nanoﬁltration
membranes: a review, J. Appl. Polym. Sci. 114 (2009) 630–642.
[2] N. Nady, M.C.R. Franssen, H. Zuilhof, M.S.M. Eldin, R. Boom, K. Schroën,
Modiﬁcation methods for poly(arylsulfone) membranes: a mini-review focusing on
surface modiﬁcation, Desalination 275 (2011) 1–9.
[3] M. Ulbricht, Advanced functional polymer membranes, Polymer 47 (2006)
2217–2262.
[4] C. Zhao, J. Xue, F. Ran, S. Sun, Modiﬁcation of polyethersulfone membranes – A
review of methods, Progress. Mater. Sci. 58 (2013) 76–150.
[5] C. Zhao, S. Nie, M. Tang, S. Sun, Polymeric pH-sensitive membranes—a review,
Prog. Polym. Sci. 36 (2011) 1499–1520.
[6] C. Cheng, L. Ma, D. Wu, J. Ren, W. Zhao, J. Xue, S. Sun, C. Zhao, Remarkable pHsensitivity and anti-fouling property of terpolymer blended polyethersulfone hollow
ﬁber membranes, J. Membr. Sci. 378 (2011) 369–381.
[7] J. Carlos Mierzwa, C.D. Vecitis, J. Carvalho, V. Arieta, M. Verlage, Anion dopant
eﬀects on the structure and performance of polyethersulfone membranes, J. Membr.
Sci. 421–422 (2012) 91–102.
[8] H. Li, J. Liao, T. Xiang, R. Wang, D. Wang, S. Sun, C. Zhao, Preparation and
characterization of pH- and thermo-sensitive polyethersulfone hollow ﬁber membranes modiﬁed with P(NIPAAm-MAA-MMA) terpolymer, Desalination 309 (2013)
1–10.
[9] Z. Yi, L.-P. Zhu, Y.-F. Zhao, Z.-B. Wang, B.-K. Zhu, Y.-Y. Xu, Eﬀects of coagulant pH
and ion strength on the dehydration and self-assembly of poly(N, N-dimethylamino2-ethyl methacrylate) chains in the preparation of stimuli-responsive polyethersulfone blend membranes, J. Membr. Sci. 463 (2014) 49–57.
[10] W. Zou, Y. Huang, J. Luo, J. Liu, C. Zhao, Poly (methyl methacrylate–acrylic
acid–vinyl pyrrolidone) terpolymer modiﬁed polyethersulfone hollow ﬁber membrane with pH sensitivity and protein antifouling property, J. Membr. Sci. 358
(2010) 76–84.
[11] Q. Shi, Y. Su, X. Ning, W. Chen, J. Peng, Z. Jiang, Graft polymerization of methacrylic acid onto polyethersulfone for potential pH-responsive membrane materials, J. Membr. Sci. 347 (2010) 62–68.
[12] B. Deng, J. Li, Z. Hou, S. Yao, L. Shi, G. Liang, K. Sheng, Microﬁltration membranes
prepared from polyethersulfone powder grafted with acrylic acid by simultaneous
irradiation and their pH dependence, Radiat. Phys. Chem. 77 (2008) 898–906.
[13] B. Deng, X. Yang, L. Xie, J. Li, Z. Hou, S. Yao, G. Liang, K. Sheng, Q. Huang,
Microﬁltration membranes with pH dependent property prepared from poly(methacrylic acid) grafted polyethersulfone powder, J. Membr. Sci. 330 (2009)
363–368.
[14] E.H.I.J. Brandrup, E.A. Grulke, Polymer Handbook, 4th ed., Wiley and Sons, 2003.
[15] L. Zhao, G.S. Irwan, T. Kondo, H. Kubota, Acetone-initiated photografting of methacrylic acid on low-density polyethylene ﬁlm in water solvent, Eur. Polym. J. 36
(2000) 1591–1595.
[16] J. Li, A. Oshima, T. Miura, M. Washio, Preparation of the crosslinked polyethersulfone ﬁlms by high-temperature electron-beam irradiation, Polym. Degrad.
Stab. 91 (2006) 2867–2873.
[17] C.A. Smolders, A.J. Reuvers, R.M. Boom, I.M. Wienk, Microstructures in phase-inversion membranes. Part 1. Formation of macrovoids, J. Membr. Sci. 73 (1992)
259–275.
[18] R.M. Boom, I.M. Wienk, T.V.D. Boomgaard, C.A. Smolders, Microstructures in phase
inversion membranes. Part 2. The role of a polymeric additive, J. Membr. Sci. 73
(1992) 277–292.
[19] H. Strathmann, K. Kock, The formation mechanism of phase inversion membranes,
Desalination 21 (1977) 241–255.
[20] T.D. Nguyen, K. Chan, T. Matsuura, S. Sourirajan, Viscoelastic and statistical
thermodynamic approach to the study of the structure of polymer ﬁlm casting solutions for making RO/UF membranes, Ind. Eng. Chem. Prod. Res. Dev. 24 (1985)
655–665.
[21] T.D. Nguyen, T. M., S. Sourirajan, Eﬀect of nonsolvent additives on the pore size
and the pore size distribution of aromatic polyamide ro membranes, Chem. Eng.
Commun. 54 (1987) 17–36.
[22] Y.M. Lee, K.S. Jin, Preparation of pH/temperature responsive polymer membrane
by plasma polymerization and its riboﬂavin permeation, Polymer 38 (1995)
1227–1232.
[23] L. Shen, L. Li, J. Chen, H. Hong, H. Yu, Z. Hou, H. Lin, X. Lu, Eﬀects of molecular
weight distribution (Md) on the performances of the polyethersulfone (PES) ultraﬁltration membranes, J. Membr. Sci. 490 (2015) 220–226.
[24] C. Zhou, Z. Hou, X. Lu, Z. Liu, X. Bian, L. Shi, L. Li, Eﬀect of polyethersulfone
molecular weight on structure and performance of ultraﬁltration membranes, Ind.
Eng. Chem. Res. 49 (2010) 9988–9997.
[25] J.W. Gooch, Poly(Methacrylic Acid), Springer, New York, 2011.
[26] Y. Ito, Visualization of critical pH-controlled gating of a porous membrane grafted
with polyelectrolyte brushes, J. Am. Chem. Soc. 119 (1997).
[27] R. Israels, D. Gersappe, M. Fasolka, V.A. Roberts, A.C. Balazs, pH-controlled gating
in polymer brushes, Macromolecules 27 (2002) 6679–6682.

Fig. 11. Simulation of pH- and thermal-dependent permeability mechanism of the
membrane cast from PES-g-PMAA.

changes, this water ﬂux of PES-g-PMAA showed a remarkable pH-dependent permeability. The greatest change of the water ﬂux at diﬀerent
pH could reach about 27%. On the other hand, PMAA chains were more
ﬂexible and thermal-sensitive than the PES molecule chains, membranes cast from PES-g-PMAA also exhibited better thermal-dependent
permeability. The membrane cast from PES-g-PMAA at high temperature (50 °C) showed more outstanding thermal-dependent permeability.
Possible interpretation was that pH-dependent permeability of PES-gPMAA membranes derived from the reconﬁguration of PMAA chains on
presents pore surfaces along with a variety of environmental pH values.
The thermal-dependent permeability derived from higher thermalsensibility of PMAA chains in the interior of PES-g-PMAA membranes,
deformed larger than PES chains along with variations in environmental temperature.

341

