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Poly(vinyl chloride) and poly(ether sulfone)-g-poly(ether glycol) methyl
ether methacrylate blend membranes with improved ultrafiltration
performance and fouling resistance

Shuhong Jiang, Jun Wang, Jun Wu, Yinchuan Chen
College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China
Correspondence to: J. Wang (E - mail: wangj@dhu.edu.cn)

ABSTRACT: To enhance the permeability, hydrophilicity, and antifouling properties of poly(vinyl chloride) (PVC) membranes, in this
study, poly(ether glycol) methyl ether methacrylate (PEGMA) was grafted onto poly(ether sulfone) (PES) to first synthesize PES-g-
PEGMA. Then, PES-g-PEGMA was blended with PVC (with blend ratios of PVC/PES-g-PEGMA that varied from 10 : 0 to 7 : 3)
through the non-solvent-induced phase separation method to fabricate PVC/PES-¢g-PEGMA blend membranes. Shear viscosity and
Fourier transform infrared—attenuated total reflection experiments showed that PVC/PES-g-PEGMA was a partially compatible system
and that it was more compatible than a PVC/PES blending system. The contact angle, equilibrium water content, and X-ray photo-
electron spectroscopy measurements confirmed that the PVC/PES-g-PEGMA blend membranes had a stronger hydrophilicity than the
pure PVC membranes. Additionally, the results of this experiment also show that the PVC/PES-g-PEGMA blend membranes exhibited
a higher permeability and superior antifouling properties than the pure PVC membranes, and the optimum blend ratio of the PVC/

PES-g-PEGMA blend membranes was 7 : 3. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41726.
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INTRODUCTION

Water pollution is becoming a serious environmental issue that
impacts the survival of mankind. Consequently, more stringent
regulations and the extensive treatment of wastewater are
becoming increasingly important. One of the latest trends in
wastewater treatment is the application of membrane separation
technologies, which have been gradually applied in industry.'™
A common characteristic of wastewater is a high quantity of
complicated components, such as proteins, polysaccharides, and
dissolved organic matter.>” These components tend to result in
serious fouling of hydrophobic membranes, but for hydrophilic
membranes, the fouling is weaker. Membrane fouling sharply
decreases the water flux and increases the frequency of back-
washing, so the lifetime of membranes is impaired. This not
only seriously hinders the working efficiency of the membranes
but also results in rising costs. Therefore, the membranes used
in wastewater treatment should be hydrophilic and have a low
cost. Additionally, they should also possess a high water flux
and separation efficiency. However, current commercial mem-
branes usually possess a strong hydrophobicity, so research into
and the development of highly hydrophilic, highly permeable,
and cost-effective membranes is needed.®’

© 2014 Wiley Periodicals, Inc.
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Poly(vinyl chloride) (PVC), as the second largest composite resin
in industry, has the advantages of abrasion resistance, acid and
alkali resistance, chemical performance stabilization, innocuous
nature, and low cost. Therefore, it has been widely used in tradi-
tional membrane technology processes, such as water/wastewater
treatment, reverse osmosis pretreatment, and separation, and in
the textile, chemical, and biochemical industries. However, PVC
membranes are inclined to be fouled because of their strong
hydrophobicity, so the use of PVC as a membrane material is still
greatly limited. To improve PVC membrane’s antifouling proper-
ties through the enhancement of the surface hydrophilicity, many
techniques have been used to modify PVC membranes; these
include coating,"> polymer blending,'*™” plasma treatment,'®
and surface grafting.'*' Among these methods, polymer blend-
ing is valuable because it is the least expensive, the most conven-
ient in operation, and the most versatile way of achieving
materials with new, desirable properties.”> Some researchers have
investigated blending systems in which PVC is combined with
other polymers. For example, Peng and Sui'® reported the per-
formance of PVC blended with poly(vinyl butyral), and the
results show that the water flux and hydrophilicity of the blend
membranes were much better than that of pure PVC membranes.
Mei et al.'® proposed the interfacial hydrolysis of polyacrylonitrile

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41726
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between PVC and SiO, to improve the hydrophilicity and perme-
ability of PVC/polyacrylonitrile/SiO, composite hollow-fiber
membranes. The results indicate that both the water permeation
and antifouling performance were improved, whereas the
mechanical strength was maintained at a high level.

Because of its favorable mechanical properties and thermooxida-
tive stability, poly(ether sulfone) (PES) is widely used in mem-
brane preparation for various applications. However, the
hydrophobicity and high price of PES limit its applications in
wastewater treatment. Consequently, many researchers have been
engaged in the improvement of the PES membrane hydrophilic-
ity by chemical methods or by blending with other materials,
such as polyvinylidene fluoride (PVDE), cellulose acetate phthal-
ate (CAP), and so on.”>"*® The method of the hydrophilic modi-
fication of PES that is most commonly reported in the literature
is grafting. In particular, the grafting of a hydrophilic monomer
onto hydrophobic polymers offers an effective approach for
improving the hydrophilicity of the parent polymer. For
instance, Shi et al?’ found that grafting methacrylic acid onto
PES using benzoyl peroxide (BPO) as a chemical initiator could
not only increase the hydrophilicity of PES membranes but also
endow the membranes with distinct pH sensitivity. Yune et al.*®
reported that in the use of photoinduced graft polymerization
with a recently developed high-throughput platform to graft
poly(ethylene glycol) methyl ether methacrylate (PEG) onto PES
membranes, the antifouling properties of the PEG-grafted PES
membranes were far better than those of commercial PES mem-
branes. However, in the grafting of poly(ether glycol) methyl
ether methacrylate (PEGMA) onto PES to synthesize PES-g-
PEGMA and then blends with PVC, research into the PVC/PES-
¢-PEGMA blending system has not yet been reported.

In this study, the hydrophilicity, permeability, and antifouling
properties of PVC membranes were investigated when they were
blended with PES-g-PEGMA. PVC/PES-g-PEGMA blend mem-
branes were prepared by the non-solvent-induced phase separa-
tion (NIPS) method. The objective of this study was to improve
the hydrophilicity, water flux, and antifouling performance of
PVC membranes for wastewater treatment. The effects of the
PES-¢-PEGMA concentration on the properties of the PVC
membranes were also investigated. To sufficiently demonstrate
the excellent performance of the PVC/PES-¢g-PEGMA blend
membranes, the compatibility, morphology, water flux, and
rejection of the PVC/PES-g-PEGMA blend membranes were
compared with those of PVC/PES blend membranes.

EXPERIMENTAL

Materials

PES in flake form [6020P, weight-average molecular weight
(M,,) =59,000] was provided by BASF Co. (Germany) and
dried at 100°C for 24 h before use. Poly(ether glycol) methyl
ether methacrylate (PEGMA) monomers [(PEG),sMA with a
number-average molecular weight of 300] was purchased from
Sigma-Aldrich Co. BPO and bovine serum albumin (BSA;
M,, = 67,000) were purchased from Sinopharm Chemical Rea-
gent (China). PVC was produced by the Chlor-Alkali Chemical
Co. (China). N,N-Dimethylacetamide (DMAC) was purchased
from Ling Feng Chemical Reagent Co. (China).

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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Instruments

The following method and instrumentation were used in this
study: a Fourier transform infrared (FTIR)-attenuated total
reflection (ATR) spectrometer (TENSOR37, Bruker, Germany),
rotating viscometer (DNJ-1, Jinghai, China), total organic car-
bon analyzer (TOC-VCPN, Shimadzu, Japan), contact angle
meter (SL200C, Solon, China), moisture analyzer (DHS-16A,
Qinghai, China), freeze dryer (Heto PowerDry LL 3000, Gene),
X-ray photoelectron spectroscopy (XPS; PHI), scanning electron
microscopy (SEM; JSM-5600LV, Japan), field emission scanning
electron microscopy (FESEM; S-4800, HITACHI, Japan), mate-
rial testing machine (H5K-S, United Kingdom), and filtration
cell (MSC300, China).

Synthesis of PES-g-PEGMA
The PES-¢g-PEGMA was synthesized as follows. First, 80 g of
PES flakes was introduced into a three-necked flask with
480 mL of deionized water, and then, a steady stream of nitro-
gen was injected into the mixture for 20 min to remove oxygen
before 0.5 wt % BPO was added. After 30 min of initiation,
320 mL of aqueous solution containing specific amounts of
PEGMA was added dropwise into the reaction vessel. The poly-
merization was carried out under a nitrogen atmosphere for
2 h, and the temperature was kept constant with a water bath
at 70°C for the entire duration of the reaction. The polymer
product was dipped in absolute ethyl alcohol for 24 h and then
washed sufficiently with hot water. The remaining grafted PES
flakes were collected and dried in an oven at 80°C until they
reached a constant weight. The graft yield (GY) was calculated
gravimetrically according to eq. (1):*”**°

GY = Wi—wi (1)

Wi

where Wy is the weight of grafted PES flakes (g) and W; is the
initial PES weight (g).

To confirm the successful polymerization of PEGMA onto PES,
the PES-g-PEGMA was studied by FTIR-ATR spectroscopy
(TENSOR37, Bruker, Germany).

Compatibility Study of the Blending System
The compatibility of the blending system was estimated by shear
viscosity and FTIR-ATR measurements.

The shear viscosities of the solutions with different blend ratios
of PVC/PES-g-PEGMA and PVC/PES were measured in a rotat-
ing viscometer (DNJ-1, Jinghai, China). The measurements were
performed at room temperature and at a constant shear rate.

FTIR-ATR spectroscopy was used as one way to estimate the
compatibility of the PVC/PES-¢-PEGMA and PVC/PES blending
systems. The casting polymer solutions were prepared by the
dissolution of the polymers in DMAC at various PVC/PES-g-
PEGMA and PVC/PES blend ratios. The samples were placed in
the sample holder, and all of the spectra were recorded across
the wave-number range 4000650 cm ™' by the accumulation of
32 scans at a resolution of 2 cm ™ .

Preparation of the Blend Membranes

Flat-sheet porous PVC/PES-g-PEGMA (GY =5.4%) and PVC/
PES membranes were prepared by the NIPS method. Certain

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41726
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ratios of blending systems were dissolved in DMAC with a poly-
mer concentration of 15% (w/w) and stirred at 80°C for
approximately 7 h to form a homogeneous solution. The casting
solution was filtered and then evacuated to remove any undis-
solved residuals and air bubbles. The homogeneous solution
was then cast on a glass plate and immediately immersed in a
deionized water bath maintained at room temperature. The film
was peeled off and leached overnight in water to completely
remove any traces of solvent. Then, the film was kept in a 50 wt
% glycerol aqueous solution for 24 h to prevent the collapse of
the porous structure. The wet membranes were directly used for
permeability and fouling resistance measurements after the
remaining diluents were extracted by thorough washing with
deionized water. The dry membranes were freeze-dried (Heto
PowerDry LL 3000, Gene) and stored for testing.

Characterization of the Blend Membranes

Microscopic Observation. The cross section and surface mor-
phologies of the blend membranes were observed by SEM
(JSM-5600LV, Japan) and FESEM (S-4800, Hitachi, Japan). The
membranes were frozen in liquid nitrogen, broken, and sput-
tered with gold before SEM analysis.

Permeability and Rejection of the Blend Membranes. The
membrane permeability properties were tested in an ultrafiltra-
tion (UF) laboratory unit at a pressure of 0.10 MPa and room
temperature. The system consisted of a filtration cell (MSC300,
China) with a volume capacity of 300 mL and a filter area of
37.37 cm”. The feed side of the system was pressed by air.

After the membrane was fixed, the stirred cell and solution reser-
voir were fed with distilled water. Each membrane was initially
pressurized until there was no further variation in the permeate
flux for 300 min at 0.10 MPa before use. The water flux was cal-
culated by the measurement of the filter time at a fixed volume
under a constant transmembrane pressure. The water flux (],,1; L
m~2h™ 1) was calculated with the following eq. (2):

14
]Wl_Aj‘ (2)

where V] A, and t represent the volume of permeated water (L),
the membrane filtering area (m?*), and the permeation time (h),
respectively.

The same unit was fed with a 1.0 mg/mL BSA (molecular
weight = 67,000) solution for the rejection experiment at a stirring
speed of 300 rpm and room temperature. Then, the protein con-
centrations (mg/L) of both the feed (Cy) and permeate solution
(C,) were determined with a total organic carbon analyzer (TOC-
VCPN, Shimadzu, Japan) at an operating pressure of 0.1 MPa for
2 h. The BSA rejection (R) was calculated with following equation:
rR=9"% %100 (3)
Cr
Hydrophilicity of the Blending System. The hydrophilicity of
the membrane was evaluated on the basis of surface contact
angle, equilibrium water content (EWC), and XPS analysis of
the membranes.

The contact angles were measured with a contact angle meter
(SL200C, Solon, China) at room temperature. Five microliters
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of water were dropped on the top surface of a dry membrane
from a microsyringe with a stainless steel needle. The static con-
tact angle was obtained by measurement of the average value of
contact angles measured five times at different places on the
membrane sample.

The EWC is related to the porosity of a membrane but indicates
the hydrophilicity of a membrane. The membranes were swollen
at 20°C for 12 h, and the free liquid on the top and bottom
surfaces of the swollen membrane was padded dry with filter
paper before it was weighed. Then, the weights of the wet and
dry states of the membranes were measured with a moisture
analyzer (DHS-16A, Qinghai, China), and the EWC was calcu-
lated with the following equation:

Gwet -G,

EWC= 4 %100% (4)

'wet
In the previous formula, Ggry, and Gy, represent the weights of
the dry membrane and the swollen membrane in equilibrium
with water (g), respectively.

The chemical compositions of the blend membrane surfaces
were analyzed by XPS (PHI). The XPS experiments were carried
out on an rapid beam deflector (RBD)-upgraded PHI-5000C
ESCA system (PerkinElmer) with Mg Ko radiation [light quan-
tum (E) = 1253.6 eV]. The X-ray anode was operated at 250 W,
and the high voltage was kept at 14.0 kV with a detection angle
of 54°. The binding energies were calibrated with carbon as a
reference (Cls=284.6 eV). The degree of PES-¢g-PEGMA sur-
face enrichment (E) was calculated with eq. (5):!
Ama

E=
At

(5)

where A, is the atomic percentage of S on the blend mem-
brane surface measured by XPS and A,, is the theoretical value
of the S atomic percentage based on the total C, H, O, and S
elements.

The degree of PES-g-PEGMA near-surface coverage (C) was cal-
culated by the following equation:

Ama

C=
APES—g—PEGMA

X100% (6)
where Apgs-g-prgMma is the atomic percentage of S of the PES-g-
PEGMA material.

Tensile Strength and Elongation. The mechanical performance
of the membranes was evaluated with a materials testing
machine (H5K-S, United Kingdom) with a stretching rate of
20 mm/min at room temperature. Each specimen was cut into
a5 X 1 cm’” piece, and the testing of each sample was repeated
three times. The tensile extension and tensile strain at break
were then measured to investigate the effect of the modification
on the mechanical strength.

Fouling Resistance Measurement

The membrane-simulated crossflow, realized by constant
vigorous stirring in a dead-end filtration device connected with
an air compressor pump and solution reservoir, was designed to
characterize the filtration performance of the membranes. The
membrane was first precompacted at a transmembrane pressure

32,33
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Figure 1. FTTR-ATR spectra of PES, PEGMA, and PES-g-PEGMA.

of 0.1 MPa with distilled water until a steady-state flux was
observed. Then, the attenuation experiments were conducted
with a BSA solution from an aeration tank as the feed needed
to achieve quick and severe fouling on the membranes. The per-
meate flux of the BSA solution (J,,3) was also recorded at a con-
transmembrane pressure of 0.1 MPa and
temperature for 300 min. Afterward, the membrane was dis-

stant room
mounted from the cell, and the surface dirt was removed with a
brush and sufficiently rinsed with running water. Afterward, a
backwash was performed at a transmembrane pressure of 0.2
MPa for 15 min, and the after-cleaning pure water flux (J,,)
was measured in a similar way to that described earlier. The
flux recovery ratio (FRR) was determined by the following
equation:*>**¢

FRR=2"2 510006 (6)

wl
A higher FRR indicated preferable antifouling properties of the
UF membranes.

To analyze the fouling process in detail, several resistance ratios
were defined to describe the fouling resistance of the blend
membranes.

The total fouling ratio (R;), reversible fouling ratio (R,), and
irreversible fouling ratio (R;,) were determined by the following
equations:

Rt=1JW—B X100% (7)
wl
R,= Juz I o1 0004 (8)
wl
RFM}J X 100% 9)
wl

The ratio R, is the sum of R, and R;.

RESULTS AND DISCUSSION

FTIR-ATR Analysis of PES-g-PEGMA
To verify that the PEGMA monomer was grafted onto PES
chains with benzoyl peroxide (BPO) as an initiator in the aque-
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ous solution, PES flakes before and after modification were ana-
lyzed by FTIR-ATR spectroscopy. Figure 1 shows the respective
IR spectra of PES, PEGMA, and PES-¢-PEGMA. In a compari-
son of the IR spectra of the pure PES flakes and PEGMA, three
new and significant absorbance bands at 2875, 1716, and
942 cm~' were clear be seen in the IR spectra of PES-g-
PEGMA. These bands were ascribed to the methyl (—CHj3), car-
bonyl (C=0), and ether (C—O—C) bond groups of PEGMA,
respectively; this indicated the successful grafting of PEGMA
onto PES.*”*®

Compatibility of the PVC/PES-g-PEGMA Blend Membranes
The viscosity of the casting solutions can reveal the compatibility
of blending systems. If the curve of the viscosity—constitution of
the blending system is linear, the polymers are fully miscible. If
the curve of the viscosity—constitution is nonlinear, the polymers
are partial miscible. If the curve of the viscosity—constitution is
an S segment, the polymers are fully immiscible.”>*’

The viscosity—constitution curves of the PVC/PES-g-PEGMA
and PVC/PES blending systems are shown in Figure 2, respec-
tively. The curves of the viscosity—constitution of the PVC/PES-
¢-PEGMA and PVC/PES blending systems were both nonlinear,
so the two blending systems were partial miscible. Additionally,
the curve of the viscosity-constitution of the PVC/PES-g-
PEGMA blending system tended to be more linear than that of
PVC/PES system. This result indicates that the compatibility of
the PVC/PES-¢g-PEGMA system was better than that of PVC/
PES system. This may have been due to the interaction between
the —PEGMA group and the element Cl.

The structures of the PVC/PES-g-PEGMA and PVC/PES mem-
branes with blend ratios varying from 10 : 0 to 0 : 10 were
studied by FTIR spectroscopy. Figure 3 shows the respective
FTIR-ATR spectra for the top surface of membranes with dif-
ferent PVC/PES-¢g-PEGMA and PVC/PES ratios. In the FTIR
spectrum of the pure PVC membrane, the absorbance at
2905 cm™~ ! corresponded to the stretching vibration peaks of
C—H, the CH, deformation mode at 1426 and 1328 cm™ ', and
the C—Cl stretching mode at 830 cm™'. In a comparison of the
IR spectra of these membranes, with increasing PES-g-PEGMA
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Figure 2. Shear viscosity of the PVC/PES-¢g-PEGMA and PVC/PES blend-
ing systems with different ratios.
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Figure 3. FTIR-ATR spectra of different amounts of the (a) PVC/PES-g-PEGMA and (b) PVC/PES membranes.

and PES content in the blending system, the deformation vibra-
tion peak at 2905 cm ™' of pure PVC membrane shifted to a
higher frequency direction. These shifts were expected to be due
to the antisymmetric C—H stretching vibration peaks at
3097 cm™ " of PES and to have a large impact on the symmetric
C—H stretching of PVC at 2905 cm™". In addition to the shifts,
when PVC was blended with PES-g-PEGMA, the C—H stretch-
ing of PVC at 2905 cm ™' was observed to decrease in intensity;
this was attributed to the strong interaction between the sym-
metric C—H stretching of PVC at 2905 cm™' and the methyl
(—CHj) stretching of PES-g-PEGMA at 2875 cm™'. The CH, of
PVC at 1426 and 1328 cm™ ' were observed to have decreased
in intensity as PES-¢-PEGMA interacted with PVC. This con-
firmed the interaction between them. However, these trends
were not obvious for the PVC/PES blending system. In addi-
tion, as with the PVC/PES-¢g-PEGMA blending system, the peak
of PVC at 1328 cm™ ' assigned to CH, shifted to the lower fre-
quency direction because of the effect of hydrogen-bond forma-
tion between CH, and C—O—C on the stretching vibration
peaks.* ™

As stated previously, these phenomena divulged that the PVC/
PES-g-PEGMA blending system was partially compatible.*> Fur-
thermore, we concluded from the results that the interaction
between the PVC and PES-¢-PEGMA blending system was
much stronger than that of the PVC and PES blending system
and that PES-g-PEGMA exhibited better compatibility with
PVC than with PES.

Membrane Structure and Morphology
The cross section and surface morphologies of the membranes
were observed with SEM and FESEM, respectively.

The cross-sectional structures of the PVC/PES-¢g-PEGMA mem-
branes at different blend ratios are displayed in Figure 4. The
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four photos all show typical asymmetric structures, dense skin
layers, fingerlike porous sublayers, and spongelike bottom layers,
which were due to the NIPS method. Interestingly, the mem-
brane with a blend ratio of 9 : 1 tended to generate bigger fin-
gerlike and denser spongelike pores. This may have been the
result of the segregation of PES-¢g-PEGMA. With increasing
PES-g¢-PEGMA content, the apertures of the fingerlike structures
became larger, as shown in Figure 4(c,d). The spongelike

Figure 4. SEM cross-sectional images of the PVC/PES-g-PEGMA blending
system with blend ratios of (a) 10: 0, (b) 9:1, (c) 8:2,and (d) 7 : 3.
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Figure 5. SEM cross-sectional images of the PVC/PES blending system
with blend ratios of (a) 9: 1, (b) 8 : 2, and (c¢) 7 : 3.

morphology of the membrane surface layer became thinner. Fig-
ure 5 shows the structures of the PVC/PES blend membranes.
The skin layers of the PVC/PES blend membranes were denser
than those of the PVC/PES-g-PEGMA blend membranes. This
may have been because of the introduction of the hydrophilic
PEGMA group in the PVC/PES-g-PEGMA blend membranes.
The structures of the cross section of the PVC/PES blend mem-
branes were also found to be more irregular than those of the
PVC/PES-¢g-PEGMA blending system, as shown in Figures 4 and
5; this also implied that the PVC/PES-g-PEGMA blending sys-
tem had better compatibility. Meanwhile, the number and size
of pores on the membrane surfaces increased with increasing
PES-g-PEGMA in the PVC/PES-g-PEGMA blending system, as
shown in Figure 6.

Permeability and Rejection of the Blend Membranes

The effect of the blend ratio on the blend membrane perform-
ance was also investigated by pure water permeation and rejec-
tion. As shown in Table I, both the PVC/PES-g-PEGMA and
PVC/PES blend membranes revealed the same phenomenon in
which the pure water flux increased and the rejection decreased
with decreasing PVC content.

The variation in the trend of pure water flux was attributed to
the gradually larger fingerlike pores and thinner skin layers,
which were caused by the increases in the PES-g-PEGMA and
PES contents. The rejection relied more on the morphology of
the skin layer than on the structure of the cross section. A com-
parison of the two different types of blend membranes revealed
that the rejection and the pure water flux of the PVC/PES-g¢-
PEGMA blend membranes were both close to those of the PVC/
PES blend membranes. Table T also shows that all of the rejec-
tion values were higher than 80%; this indicated that the PVC/
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PES-g-PEGMA blending membranes were UF membranes that
could be used not only in membrane biological reactors for
wastewater treatment but also in pretreatment for the nanofil-
tration and reverse osmosis of drinking water, the concentration
of proteins, and microbial clarification in the food and pharma-
ceutical industries.

Hydrophilicity of the PVC/PES-g-PEGMA Membranes

Figure 7 presents the water contact angles and EWC of the fab-
ricated PVC filtration membranes with different PES-g-PEGMA
contents. The pure PVC membrane had the biggest water con-
tact angle of 70.29; this meant that it had the lowest hydrophi-
licity among the membranes. Furthermore, an increase in the
content of PES-¢g-PEGMA in the membrane surface resulted in
a decrease in the water contact angle. This meant that the
hydrophilicity of the PVC/PES-g-PEGMA blending membranes
was gradually enhanced. In addition, the EWC value increased
from 66.7 to 84.6%; this was due to the increase in hydrophilic-
ity and the number of pores in the membranes compared to the
pure PVC membrane.

The surface components of the blend membranes were charac-
terized by XPS analysis. Figure 8 illustrates four characteristic
XPS signals for C, O, Cl, and S of the blend membranes. Figure
9 displays the changes in the peaks of Ols and S2p3 with differ-
ent blend ratios. In Figure 9, it can be seen that the intensity of
the Ols and S2p3 peaks both increased with the addition of
PES-g-PEGMA. In addition, when the blend ratios were varied
from 9 : 1 to 7 : 3, the Ols binding energy in the XPS spectra
shifted from 537.6 to 538.6 eV. At the same time, the S2p3
binding energy increased slightly from 173.3 to 174.0 eV. This
may have been due to an increase in the PES-¢-PEGMA content
on the membrane surface.

Figure 6. FESEM surface morphology images of the PVC/PES-g-PEGMA
blending system with blend ratios of (a) 10: 0, (b) 9: 1, (c) 8:2,and (d) 7: 3.
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Table I. Measurements of the Pure Water Flux and Rejection of the PVC/PES-g-PEGMA and PVC/PES Membranes with Different Blend Ratios

PVC/PES-g-PEGMA PVC/PES
Pure PVC 9:1 8:2 7:3 9:1 8:2 7:3
Pure water flux (Lm 2 h™?) 1.04 855.75 80.52 107.88 4527 84.02 122.01
Rejection (%) 92.53 91.42 87.82 86.85 91.66 86.75 83.14

The membrane surface chemical compositions are illustrated in
Table II. As shown clearly in Table II, the atomic percentages of
the O and S elements on the membrane surfaces increased with
increasing PES-g-PEGMA content in the membrane matrix.
This phenomenon occurred because the hydrophilic segments of
PES-¢-PEGMA spontaneously segregated on the membrane sur-
face when the casting film was immersed in the coagulant
bath.**® Additionally, with increasing PES-g-PEGMA content,
the Cl element percentages on the PVC/PES-g-PEGMA blend
membrane surfaces decreased from 24.78 to 16.70%; this indi-
cated that the PVC content of the membrane surface dropped
to some degree.

As shown in Table II, the values of E of the membranes
decreased from 2.87 to 1.39 when the blend ratio was changed
from 9 : 1 to 7 : 3. In contrast, the C values of the blend mem-
branes increased gradually with increasing PES-g-PEGMA con-
tent in the membrane matrix. These phenomena revealed that
the content of PES-g-PEGMA in the membrane surface was
higher than in the membrane matrix because of the interaction
between the hydrophilic groups and water molecules. This
resulted in enhanced hydrophilicity in the blend membrane.
This result was consistent with the measurements obtained for
the water contact angle and EWC, as implied in Figure 7.

Mechanical Properties of the PVC/PES-g-PEGMA Blend
Membranes

The mechanical properties of the PVC/PES-g-PEGMA blend
membranes (with blend ratios varying from 10 : 0 to 7 : 3) are
elucidated in Figure 10. Both the tensile strength and tensile
elongation of the PVC/PES-g-PEGMA blend membranes (with
blend ratios varying from 9 : 1 to 7 : 3) were lower than those
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Figure 7. Measurement of the contact angles and EWC of PVC/PES-g-
PEGMA blend membranes.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

41726 (7 of 10)

of the pure PVC membranes. In the case of PES-g-PEGMA,
there were more pores of larger size on the membrane; this led
to a decreasing trend in the tensile strength and elongation. In
addition, the partial compatibility of the blending system also
played a role in the decline of the mechanical properties.

Antifouling Properties

Membrane fouling is mainly caused by the adsorption and dep-
osition of proteins on the membrane surface and the entrap-
ment of proteins in the pores. Membrane fouling consists of
reversible and irreversible fouling. Reversible fouling allows
water flux recovery and can be removed by simple hydraulic
cleaning. Irreversible fouling is responsible for any observed
decrease in the flux of pure water before and after the filtration
of a BSA solution and is due to the strong adsorption of BSA
molecules on the surface or entrapment of BSA molecules in

pores.”>*

The change in FRR is shown in Figure 11. As shown in Figure
11, the water flux declined gradually and then reached a stable
value; this may have been because of the large pore diameters
and fingerlike structures of the PVC/PES-g-PEGMA membranes,
which tended to become plugged. With increasing content of
PES-g-PEGMA, the PVC/PES-g-PEGMA blend membrane had a
higher steady-state flux for overall long-term application, and as
a consequence of pore formation and hydrophilicity enhance-
ment, the flux increased significantly. Additionally, after back-
washing, the cleaned membranes were evaluated by the pure
water flux at steady state. This evaluation showed that the fluxes
did not recover to their original values because of irreversible
fouling on the membrane surface. Interestingly, all of the blend
membranes’ permeate flux values of BSA solution were lower
than the pure water flux for the increased feed concentration as
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Figure 8. XPS analysis results for the PVC/PES-g-PEGMA blend membranes.
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a result of the removal of the permeate and the increased
hydraulic resistance of the gel layer formed on the membrane
surface.

The antifouling properties of the PVC/PES-g-PEGMA mem-
branes with different blend ratios were calculated and are sum-
marized in Table III. With increasing PES-g-PEGMA content,
the FRR values of the blend membranes increased and the R,
values decreased, but within the R, values, the R, values of the
blend membranes increased, and the R;, values decreased when
the blend ratio varied from 9 : 1 to 7 : 3. This result indicated
that the blend membranes had better antifouling properties
than the pure PVC membranes; this was due to the improve-
ment of the blend membrane hydrophilicity. So, we concluded
that membranes prepared with the addition of hydrophilic
modifiers had a higher resistance to fouling than those without
modifiers, and a greater content of PES-g-PEGMA produced
superior antifouling properties. The optimum blend ratio of the
PVC/PES-g-PEGMA blend membranes was 7 : 3.

CONCLUSIONS

PEGMA was grafted onto PES by a simple and effective method
with BPO as an initiator and was then blended with PVC with
the NIPS method to fabricate PVC/PES-g-PEGMA blend mem-
branes. The UF performance and fouling resistance of these

Table II. Experimental Values of the Membrane Surface Chemical
Composition, Degree of PVC/PES-¢g-PEGMA E, and C

PVC/PES- Cls O1s Cl2p3 S2p3

g-PEGMA (%) (%) (%) (%) E C (%)
10:0 7522 0 2478 O 0 0
9:1 7144 810 1935 110 287 2895
8:2 7042 1013 1730 215 227 56.14
7:3 69.48 1128 16.70 227 139 59.27
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membranes were investigated, and the following conclusions
were drawn:

1. The FTIR-ATR results revealed that the interaction between
the PVC and PES-¢g-PEGMA blending systems was much
stronger than that of PVC and PES blending systems. Both
the results of FTIR-ATR spectroscopy and shear viscosity
measurements showed that PES-¢g-PEGMA had better com-
patibility with PVC than did PES and that the PVC/PES-g-
PEGMA blending system was partially miscible.

2. SEM analysis of the PVC/PES-¢-PEGMA and PVC/PES
blend membranes revealed asymmetrical fingerlike struc-
tures. The wall of the fingerlike pore was spongelike. The
addition of PES-¢g-PEGMA or PES created larger apertures
in the fingerlike structures and thinner spongelike morphol-
ogies of the membrane surface layers. The results of FESEM
indicated that the surface pores of the blend membranes
became bigger and that the pore number increased as the
PES-g-PEGMA content was increased. Meanwhile, all of the
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Figure 10. Measurements of the tensile strength and tensile elongation of
the PVC/PES-g-PEGMA blend membranes.
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Figure 11. Flux behavior of the PVC/PES-g-PEGMA membranes with blend ratios of (a) 10 : 0, (b) 9 : 1, (¢) 8 : 2, and (d) 7 : 3. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

blend membranes showed higher fluxes than the pure PVC
membrane but exhibited lower rejection because of their
membrane structures and morphologies.

The hydrophilicity of the blend membranes was improved.
When PES-g-PEGMA was added to PVC, the contact angle
of the PVC membranes decreased, and the EWC increased
as a result of the larger pore size of the membranes com-
pared to that of the pure PVC membranes. The enrichment
of the PES-g-PEGMA segments on the membrane surface
was confirmed by XPS and led to enhanced hydrophilicity
in the PVC/PES-¢g-PEGMA blend membranes. The decline in
the tensile strength and elongation of the PVC/PES-g-

Table III. Antibiofouling Properties of the PVC/PES-g-PEGMA Mem-
branes with Different Blend Ratios

PVC/PES-g-PEGMA  FRR (%) R (%) Ry (%) Rir (%)
10:0 25.96 99.71 2567 74.04
9:1 40.81 7039 1120 5919
8:2 4911 6421 1332 50.89
7:3 59.52 5488 1440 4048
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PEGMA blend membranes (with blend ratios varying from
9:1 to 7 :3) was mainly caused by the macrovoids.

The fouling resistance measurements indicated that the
PVC/PES-g-PEGMA membranes (with blend ratios varying
from 9 : 1 to 7 : 3) had higher resistance than the pure PVC
membranes, and with increasing PES-g-PEGMA content, the
PVC/PES-g-PEGMA membranes exhibited superior antifoul-
ing properties. The optimum blend ratio of the PVC/PES-g-
PEGMA blend membranes was found to be 7 : 3.
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