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ABSTRACT: Using poly(vinyl alcohol) (PVA) with highly hydrophilic properties as membrane material and poly(ethylene glycol)
(PEG) as an additive, we prepared PVA/tetraethoxysilane (TEOS) ultrafiltration (UF) membranes with good antifouling properties by
a sol-gel method. The PVA/TEOS UF membranes were characterized by X-ray diffraction patterns, Fourier transform infrared spec-
troscopy, scanning electron microscopy, and static contact angle of measurement of water. The hybridization of TEOS to PVA for pre-
paring the PVA/TEOS UF membranes achieved the required permeation performance and good antifouling behaviors. The
morphology and permeation performance of the PVA/TEOS membranes varied with the different TEOS loadings and PEG contents.
The pure water fluxes (Jy) increased and the rejections (Rs) decreased with increasing TEOS loading and PEG content. The PVA/
TEOS UF membrane with a PVA/TEOS/PEG/H,O composition mass ratio of 10/3/4/83 in the dope solution had a Jy, of 66.5 L m™>
h™! and an R of 60.3% when we filtered it with 300 ppm of bovine serum albumin aqueous solution at an operational pressure dif-
ference of 0.1 MPa. In addition, the filtration and backwashing experiment proved that the PVA/TEOS membranes possessed good

long-term antifouling abilities. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 40664074, 2013
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INTRODUCTION

Ultrafiltration (UF) membranes have been widely used in many
industrial separation processes, including wastewater treatment,
reverse osmosis pretreatment, and the separation of solutes in
chemical, pharmaceutical, and beverage industries.'™ However,
one major problem for the application of UF membranes is
fouling, which results in decreases in the flux and separation
abilities of the membrane.* Research on the reduction of mem-
brane fouling and the preparation of antifouling membranes
has gained increasing attention in recent years. The hydrophilic-
ity of the membrane plays important role in membrane separa-
tion processes, especially for the antifouling properties. Lots of
modifications to UF membranes with high antifouling proper-
ties have been studied through physical and chemical methods,
mostly on the endowment of a hydrophobic membrane with
hydrophilic properties,™ blending,” or grafting with hydrophilic
monomers.>” The use of hydrophilic materials, that is, poly(vi-
nyl alcohol) (PVA), to modify the hydrophobic membrane sur-
face is a very interesting way to improve the hydrophilicity of
the membrane and the antifouling properties. Recently, a
unique class of thin-film nanofibrous composite UF membranes
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based on the coating of a PVA hydrogel barrier layer on a nano-
fibrous layer were demonstrated; these membranes exhibited a
high flux, high rejection (R), and good antifouling properties;
however, electrospinning or electrospraying techniques were
used, and it was also difficult to ensure a homogeneous thinner
barrier layer.'®™"?

Another effective approach to reducing fouling is the use of
hydrophilic polymers to prepare UF membranes, which exhibit
a greater fouling resistance to protein than hydrophobic mem-
branes.'»'* PVA, with its highly hydrophilic characteristics,
good film-forming properties, and outstanding biocompatibility,
is an excellent membrane material for the preparation of a
hydrophilic membrane.'>'® Although considerable studies of
PVA material have been done for reverse osmosis, pervapora-
tion, and nanofiltration membranes,'” > studies on the prepa-
ration of PVA UF membranes are relatively rare.*"** The
chemical constitution and solubility of PVA infer the disadvan-
tages of easier degradation and elimination after use; this has
been a barrier for its application in the UF field. Many studies
have been attempted to improve the stability and the mechani-
cal properties of PVA membranes by chemical crosslinking,'®*’
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heat treatment,” grafting,®* interfacial polymerization,”>*® and

organic—inorganic hybridization.””  Among these methods,
hybridization is of the greatest interest; a hybrid membrane
would promise to complement and optimize the properties of
organic and inorganic materials. Therefore, hybridization is a
good way to improve the chemical, mechanical, and thermal
properties of organic materials.”®** If PVA material is used to
prepare UF membranes, an important step is to improve its
poor wet strength and the permeation performance; this could
be solved by organic—inorganic hybridization to PVA. Inorganic
materials are embedded in the PVA matrix strongly through the
covalent bonds with the hydroxyl groups in PVA; this improves
the mechanical strength and depresses the water solubility of
the membrane. Meanwhile, the hybrid PVA membrane retains a
strong hydrophilicity; consequently, it shows the good antifoul-
ing properties. Jiang and Wang’®*' once prepared nanosized
silica/PVA composite UF membranes with a high mechanical
strength and good antifouling properties; in there experiment,
the ex situ generated silica was used to hybridize the PVA mate-
rial. However, the homogeneity of the SiO, particles in the PVA
matrix could not be assured because there were no strong cova-
lent bonds to form the crosslinking frameworks between the
PVA and SiO, particles. If the hybrid were prepared by PVA
and a metal alkoxide, such as tetraethoxysilane (TEOS), through
the sol-gel technique, which would involve the hydrolysis and
condensation of TEOS, crosslinking frameworks under mild
conditions and the homogeneous incorporation of minerals
into PVA membrane with the increased properties would be
formed.

In this study, PVA/TEOS UF membranes were prepared by the
sol-gel method. The characterization and properties of the mem-
branes, including the microstructure, morphology, permeation
performance, and antifouling properties, are fully discussed.

EXPERIMENTAL

Chemicals

PVA with a polymerization degree of 1750 £ 50 and an alcoholysis
degree of 98% was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Poly(ethylene glycol) (PEG) with a
molecular weight of 1000 was purchased from Pudong Gaonan
Chemical Plant (Shanghai, China). TEOS was obtained from
Waulian Chemical Plant (Shanghai, China); Hydrochloric acid (HCI,
36-38%) was purchased from Reagent Co., Ltd., of Juhua Group
Corp. (Quzhou, China). The sodium hydroxide (NaOH) was from
Xiaoshan Chemical Reagent Co., Ltd. (Hangzhou, China), and
anhydrous sodium sulfate (Na,SO,) was from Shisihewei Chemical
Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA; weight-
average molecular weight = 67,000) was purchased from Xueman
Biology Sci and Tech Co., Ltd. (Shanghai, China). The deionized
water was self-made in the laboratory. All chemicals were analytical
grade and were used as received without further purification.

Preparation of the PVA/TEOS UF Membranes

The PVA/TEOS UF membranes were prepared by the sol-gel
reaction of PVA and TEOS with the phase-inversion method.
First, 6.9 mL (0.3822 mol) of deionized water, 0.1 mL of hydro-
chloric acid (HCIl; 1 mol/L), and 20 mL (0.0899 mol) of TEOS
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Table I. Dope Composition for the Preparation of the PVA/TEOS
UF Membranes

PVA/PEG TEOS

(mass ratio, loading Thickness
Membrane no. wt %) (wt %) (um)?
M1 10/4 0 68
M2 10/4 1 55
M3 10/4 2 65
M4 10/4 3 67
M5 10/4 4 70
M6 10/1.33 3 —
M7 10/2.67 3 =
M8 10/5.33 3 —
M9 10/6.67 3 —

@The average thickness for calculating the mean pore size of the mem-
brane used in Table II.

were mixed and stirred continuously for 3 h at room tempera-
ture until a uniform and stable TEOS sol was obtained. Second,
prescribed amounts of PVA and PEG were solved in water at
95°C for 6 h to get a transparent solution. The TEOS sol was
then added to the PVA and PEG mixed aqueous solution with
constant stirring at room temperature for 1 h to get a homoge-
neous dope solution and was then degassed for 0.5 h. The dope
solution was coated uniformly on a glass plate; then, the glass
was immersed in a Na,SO,/KOH/H,O (saturated/75 g/1000
mL) coagulation bath for 0.5 h; thus, the PVA/TEOS UF mem-
brane with a thickness of about 50-80 um was prepared. After
taking out the membrane from the coagulation bath, we kept in
the water bath for 24 h and then transferred it to a 30 wt %
glycerol aqueous solution to prevent the collapse of the porous
membrane structure. The compositions of the PVA/TEOS dope
solutions are listed in Table I.

Characterizations of the Membrane

X-ray Diffraction (XRD) and Fourier Transform Infrared
(FTIR) Analysis. The XRD patterns of the PVA/TEOS mem-
branes were recorded on a X'Pert PRO X-ray diffractometer
(PANalytical, Holland) equipped with graphite monochromated
Cu Ka radiation (4= 0.154056 nm) operating at 40 mA and 40
kV from 5 to 60°.

The microstructure of the PVA/TEOS membrane was deter-
mined with an FTIR spectrometer equipped with attenuated
total reflection crystals (Nicolet 6700), with scanning in the

wave-number range of 4000-400 cm ™.

Hydrophilicity Measurement. The static contact angles of the
PVA/TEOS membranes were measured to quantify the change in
hydrophilicity through the sessile drop method with a contact
angle goniometer (JC2000D3, Shanghai Zhongchen Digital Equip-
ment Co., Ltd., China). An ultrapure water drop (2-uL sampling
for 10 s) was added by a microsyringe to a dry sample surface in an
ambient atmosphere and at ambient humidity, and then, the con-
tact angle was measured. The data represented an average of five
measurements performed at different positions on the sample.
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Figure 1. Schematic diagram for the UF experimental setup.

Porosity (g %) and Pore Size Measurements
The membrane ¢ is defined as the volume of the pores divided
by the total volume of the porous membrane. It can usually be
determined by the gravimetric method, depending on the
weight of the liquid (pure water here) contained in the mem-
brane pores.’>” To reduce the measurement errors, especially
for the weight of the wet membrane (w;), five wet parts and
the corresponding dry ones of the same sample were measured,
and the average value were obtained.

(w1 =w)/dy

&= X 100% 1
(w1 —w2)/dyy+ s/ dp ’ M

where w, is the weight of the dry membrane (g), respectively,
dyy is the pure water density (0.998 g cm ) and dp is the mem-
brane density (because the inorganic content in the membrane
matrix is very small, dp is approximate to that of PVA material,
namely, 1.290 g cm ™).

Mean pore radius [r,, (um)] is determined by the filtration
velocity method. According to Guerout-Elford—Ferry equa-
tion,™* r,, could be calculated as follows:

(2.9—1.75¢) X8nlQ

m= . 2
" eXAXAP 2)

where 7 is the water viscosity (8.9 X 10~* Pa s), I is the mem-
brane thickness (m), Q is the volume of the permeate water per
unit time (m® s!), A is the effective area of the membrane
(m?), and AP is the operational pressure difference (0.1 MPa).

Morphological Observation. The morphology of the PVA/
TEOS membrane was observed by scanning electron microscopy
(SEM; Hitachi S-4700, Japan). Before observing the cross-
sectional morphology of membrane, we first immersed the sam-
ple into liquid nitrogen for a few minutes and then broke and
deposited it onto a copper holder. All of the samples were
coated with gold in vacuo before observation.

Permeation Performance of the Membranes
The permeation flux (J) and R of the membrane were measured
through a UF experimental setup, as presented in Figure 1. The
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membrane was cut in a circle and installed in a cup-type ultra-
filter (self-made); then, the measurement pressure was adjusted
to the predetermined value through diaphragm pump. The
effective area of the membrane for UF experiment was 7.06
cm?®. All of the experiments were conducted at room tempera-
ture and under an operational pressure difference of 0.1 MPa.
The fresh membrane was prepressured at 0.1 MPa with pure
water for 1 h; then the pure water flux (Jy,) was measured.
Finally, R of the membrane with 300 ppm of BSA aqueous solu-
tion was measured. The BSA concentrations in the permeate
and the feed were determined by an ultraviolet-visible spectro-
photometer (Ultrospec 1100 Pro). J and R were defined as fol-
lows, respectively:

14

]:E' (3)
R= <1— g—i> X100% (4)

where Vis the permeation volume (L), A is the permeation area
(m?), tis the permeation time (s), and Cp and Cr are the BSA
concentrations in the permeate and the feed, respectively.

Antifouling Properties of the Membranes

The flux recovery ratio (R,) was used to evaluate the antifouling
properties of the PVA/TEOS UF membranes. The membrane
was first prepressured for 1 h with pure water at 0.1 MPa, and
the pure water flux (Jy,;) was measured. Then, 1000 ppm of the
BSA aqueous solution was used to permeate through the mem-
brane for 1 h. Afterward, the membrane was backwashed by
pure water for 1 h, and then, the pure water flux (Jy») was
measured. The same membrane was filtered with the BSA aque-
ous solution and backwashed with water again, and the pure
water fluxes (Jys and Jyy) were measured in this cycle. R, of

membrane was calculated as follows:
(R,)nﬂ:]ﬂXlOO% (5)
Jwi

where n=2, 3, and 4 and J; and Jy,, are the water flux for
the fresh and cleaned membranes, respectively.
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RESULTS AND DISCUSSION

XRD Analysis

XRD analysis was performed to examine the crystallinity of the
PVA/TEOS membranes. It is well known that the PVA polymer
exhibits a semicrystalline structure with a large peak at about
20°.>>%° Figure 2 shows the XRD patterns of the PVA/TEOS
membranes with different TEOS loadings. As shown in Figure
2, one peak appeared around a 26 of 20° for the PVA/TEOS
membranes, and the peak intensity decreased gradually with
increasing TEOS loading. This indicated that the PVA/TEOS
membranes became more amorphous with the introduction of
TEOS; that is, the crystallinity of the membrane decreased. This
was due to the occurrence of a crosslinking reaction between
the hydroxyl groups of PVA and the silanol groups of the TEOS
sol, which formed the Si—O—C bonds between the linear poly-
ethylene segments.””*® As a result, the formation of a crystalline
region between the PVA chains was restrained.

FTIR Spectra

The FTIR spectra of the PVA/TEOS membranes with different
TEOS loadings are shown in Figure 3. The major vibration
bands (Si—O—C at 1090 cm ™! and Si—OH at 950 cm ™ ') asso-
ciated with the hydrolysis and condensation of TEOS™ and the
crosslinking reaction between TEOS and PVA were observed, as
shown in Figure 3. Similar to the FTIR spectrum of PVA, the
peak ranging from 3650 to 3000 cm~' for the PVA/TEOS
hybrid membrane mainly corresponded to the hydroxyl groups.
Its intensity decreased marginally after the introduction of
TEOS into PVA; this indicated the decline of hydroxyl groups
because of the crosslinking reaction between PVA and TEOS.

An important absorption peak in the PVA material was verified
at a wave number of 1141 cm ™ '; its intensity was influenced by
the crystalline portion of the polymeric chains, and it was used
to assess the crystallinity of PVA.*>*" The absorbance ratio of a
functional group (C—O) to a reference peak was calculated to
analyze the structural changes of PVA quantitatively or half-
quantitatively. The introduction of Si—OH and Si—O—Si

Intensity

0 10 20 30 40 50 60
26 (°)
Figure 2. XRD patterns of the PVA/TEOS membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. FTIR spectra of the PVA/TEOS membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

groups through the hydrolysis and condensation reactions of
TEOS modified the initial semicrystalline structure of PVA. The
peak at 1141 cm ™' for PVA was crystallinity-sensitive, whereas
the peak at 1420 cm ' was quite stable, so the height of these
two peaks (hy420 and hy41) could be used to calculate the crys-
tallinity (X) of PVA as follows:*>*?

hiaao b.

X(%)=ax (6)

h1141

where a and b are constants, where a = 102.6 and b = 63.6.

The crystallinities for M1, M3, M4, and M5 membranes calcu-
lated from eq. (6) were 39.81, 39.78, 39.53, and 38.07, respec-
tively. Therefore, the calculated crystallinities of the PVA/TEOS
membranes decreased with increasing TEOS loading; this corre-
sponded with the analysis results from their XRD patterns.

Hydrophilicity and ¢ Values of the Membranes

The surface hydrophilicity could affect the J values and antifoul-
ing properties of the membranes, and it is generally evaluated
by the measurement of the water contact angle on the mem-
brane surface. A smaller water contact angle indicates a stronger
hydrophilicity of the membrane surface.** The water contact
angles of the PVA/TEOS membranes with different TEOS load-
ings are shown in Figure 4. As shown in Figure 4, the surface
hydrophilicity of PVA/TEOS membrane decreased first and then
increased with the TEOS loading. Although the amounts of
hydroxyl groups generated from TEOS hydrolysis were responsi-
ble for the increase in the surface hydrophilicity of the mem-
brane, the hydrophilicity would decrease if the consumption of
hydroxyl groups for the crosslinking reaction between PVA and
TEOS was higher than the generation of hydroxyl groups from
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Figure 4. Effect of the TEOS loading on the contact angle of the PVA/
TEOS membrane.

TEOS hydrolysis. On the contrary, the surface hydrophilicity of
the membranes were thus strengthened.

The & and the mean pore size values of the PVA/TEOS mem-
branes with different TEOS loadings are listed in Table II. With
increasing TEOS loading in the dope solution, both ¢ and r,, of
the PVA/TEOS membrane increased. After the addition of the
TEOS sol to the PVA aqueous solution, the crosslinking reaction
occurred; this resulted in the higher combining force between
SiO, and PVA and the possibly more compact structure during
the formation of membrane.”” However, the viscosity of the
dope solution was reduced after the addition of the TEOS sol
because of the water contained in the TEOS sol; therefore, the
diffusion rate of the solvents in the coagulation bath increased
during the precipitation process. This favored the formation of
the larger pores; thus, ¢ and the pore size of the membranes
increased.
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Table II. Pore Structure Parameters of the PVA/TEOS Membranes

Membrane no. & (%) Im (NM)
M1 68.92 9.1
M2 70.15 11.7
M3 74.37 12.5
M4 80.25 12.8
M5 82.63 171

Effect of the TEOS Loading in a Dope Solution on the
Morphology and Permeation Performance of the Membranes
Figure 5 shows the cross-sectional images of the PVA/TEOS
membranes with different TEOS loadings. The SEM images
indicated that the addition of the TEOS sol greatly influenced
the PVA membrane structures. For membranes without TEOS
or lower TEOS loadings, uniform and cellular-like pores formed
in the cross section of the membranes. However, with increasing
TEOS loading, a larger pore and a looser structure in the cross
section of the membranes were formed. This result was in
agreement with the pore structural analysis of the PVA/TEOS
membranes in Table II. The viscosity of the dope solution
decreased after the addition of the TEOS sol to the PVA solu-
tion; this favored an acceleration of the precipitation rate of the
dope solution in the coagulation bath with a tendency toward
the formation of large pores or macrovoids.*>*® Macrovoids
were initiated by the nucleation of the polymer-poor phase
beneath the skin layer, and its growth relied on the rate differ-
ence between the inflow rate of nonsolvent to the dope solution
and the outflow rate of the solvent to the coagulation bath. For
membranes with higher TEOS loadings (especially M5), the
TEOS sol enhanced the affinity between the dope solution and
the coagulant medium so that phase separation occurred easily
or the formation of the polymer-poor phase was faster. Thus
larger pores or macrovoids formed. These macrovoids not
only decreased R of the membranes but also weakened the

Figure 5. Cross-sectional images of the PVA/TEOS membranes with different TEOS loadings.
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Figure 6. Magnified cross-sectional SEM images of the PVA/TEOS membranes.

mechanical properties. Therefore, it was not appropriate for the
preparation of the PVA/TEOS UF membranes when the loading
amount of TEOS was more than 3 wt %. As mentioned previ-
ously, the crosslinking frameworks formed in the PVA/TEOS
membrane through Si—O—C covalent bonds and hydrogen
bonds between the PVA and SiO, particles; this resulted in the
homogeneous dispersal of SiO, particles in the PVA matrix.
Therefore, the mechanical strength and flexibility of the PVA/
TEOS membranes, especially those with low TEOS loadings,
were better than those of the PVA membrane.

Figure 6 shows the magnified cross-sectional SEM images of the
PVA/TEOS membranes with different TEOS loadings. As shown
in Figure 6, there were no aggregates of SiO, particles in the
PVA/TEOS membranes with low TEOS loadings; this meant
that SiO, was homogeneously dispersed in the PVA matrix.
However, some aggregates of SiO, particles were observed in
the membrane with a higher TEOS loading (M5), and the aver-
age size of the SiO, particles was less than 50 nm; these aggre-
gates formed the large pores or macrovoids around SiO,
particles and led to a structural defect in the membrane. The
presence of the SiO, particles was confirmed by energy-

5.0kV 14.5mm x2.00k SE(M)

dispersive X-ray analysis, as shown in Figure 6. As reported in
refs. 47 and 48, the size of SiO, particles with the same prepara-
tion method used in this study was about 7 nm, and the SiO,
agglomerate size was about 50 nm. Therefore, the PVA/TEOS
membranes with low TEOS loadings had the better pore struc-
ture; this was beneficial for the improvement of the permeation
properties of the membranes.

The external surface morphologies of the PVA membrane with
and without TEOS loadings are shown in Figure 7. The loaded
TEOS membrane (M4) presented an increase in the surface
pores compared with the PVA membrane (M1). The ratio of
the coagulant medium inflow to solvent outflow was of the
utmost importance to the structure of the external surface. If
the coagulant medium diffused into the dope solution before
the solvent in the dope solution desolvated into the coagulation
bath, the coagulant medium may have created pores in the
external surface of the membrane.”” The decrease in the viscos-
ity of the dope solution after the addition of the TEOS sol
resulted in a faster coagulant medium inflow to the dope solu-
tion. On the other hand, the crosslinking reaction between PVA
and TEOS restricted the outward diffusion of PVA, and these

. ¥
7w, 0%

20.0um

Figure 7. External surface morphologies of the M1 and M4 membranes.
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Figure 8. Effect of the TEOS loading in the dope solution on the permea-
tion performance of the PVA/TEOS membrane.

tended to form the thin top layer and porous external surface
of the membrane.

As mentioned previously, the structure of the PVA/TEOS mem-
brane was influenced greatly by the TEOS loading; this thereby
altered the permeation performance of the membranes. Figure 8
shows effect of the TEOS loading in the dope solution on the
permeation performance of the PVA/TEOS UF membranes. As
shown in Figure 8, with increasing TEOS loading, ]y increased,
whereas the BSA R decreased; this was in accordance with the
pore structure presented in Table II and the morphological anal-
ysis of the PVA/TEOS membranes.

Effect of the PEG Content on the Permeation Performance of
the Membranes

To control the membrane structure, the low-molecular-weight
component or the secondary polymer is frequently used as an
additive in membrane forming system, which offers a conven-
ient and effective way to develop membrane with high perform-
ances.”* PEG is often used as the additive and the pore-
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forming agent in dope solution. Not only does it affect the pre-
cipitation rate of dope solution, but also the pore size and ¢ of
membrane. The effect of PEG content in dope solution on the
cross-sectional morphologies of PVA/TEOS membranes is
shown in Figure 9. With increasing PEG content in the dope
solution, the uniform cellular-like structural changed into one
full of the larger pores or macrovoids, especially for the mem-
branes with higher PEG contents (M8 and M9). PEG in the
dope solution caused an enhancement in the precipitation
rate,">** and this improved the coagulant medium inflow to
hasten the phase separation for generating the pore in the cross
sections of the membranes. However, when excessive PEG was
used, the PEG molecules could aggregate and, as a consequence,
formed larger pores or macrovoids (M9). Nevertheless, after the
PVA/TEOS membrane was formed, PEG was separated out con-
tinuously from the membrane when it was soaked in deionized
water, thus, the pores in membrane formed sequentially.

Figure 10 shows the external surface images of the PVA/TEOS
membranes with different PEG contents. With increasing PEG
content in the dope solution, more and larger pores formed on
the external surface of the membranes. The effect of PEG on
the formation of pores in the external surface was attributed to
the fact that water was a good solvent for PEG. As soon as the
dope solution was immersed in the coagulation bath, PEG near
the surface was dissolved in the coagulation bath; then the pores
were generated on the membrane outer surface. In addition,
PEG favored the phase separation of the dope solution in the
coagulation bath. This reduced the solvent outflow in the dope
solution and increased the coagulation medium inflow, and
more and larger pores thus formed on the external surface of
the membrane.

The effect of the PEG content on the permeation performance
of the PVA/TEOS membranes is shown in Figure 11. The per-
meation performance was greatly affected by the PEG content
in the dope solution. An increase in the PEG content appreci-
ably increased Jy of the membrane but decreased BSA R. The

Figure 9. Cross-sectional images of the PVA/TEOS membranes with different PEG contents.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39502

WILEYONLINELIBRARY.COM/APP

@WILEY M ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

CIENCE

ARTICLE

Figure 10. External surface images of the PVA/TEOS membranes with different PEG contents.
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Figure 11. Effect of the PEG content on the permeation performance of
the PVA/TEOS membrane.

results were consistent with the observations of the SEM images
shown in Figures 9 and 10; this suggested that the PEG addi-
tives played an important role in the formation of more pores
or even macrovoids in the cross section and on the outer sur-
face of the membrane.

Antifouling Properties

A hydrophilic membrane possesses a high surface tension and
has the ability to form hydrogen bonds with water, therefore, a
water layer exists between the membrane and the bulk solution.
The presence of this layer results in a reduced adhesion for fou-

lants and effectively improves the antifouling properties; this is
the main reason we chose PVA as a basic membrane material in
this study. To provide long-term antifouling behaviors to the
modified membranes, PVA and PVA/TEOS membranes were fil-
tered with BSA aqueous solution and backwashed with water,
and these cycle procedures were carried out three times. Table
III shows a comparison of the antifouling properties between
the PVA and PVA/TEOS UF membranes. After three cycles of
filtration and backwashing, the R,’s of the PVA and PVA/TEOS
membranes were both greater than 90%; this indicated that the
PVA and PVA/TEOS UF membranes exhibited minimal protein
adsorption potential and good long-term antifouling properties.
Moreover, R, of M4 was higher than that of M1; this suggested
that the PVA/TEOS membrane had better antifouling properties
than the PVA membrane. Compared with the PVA membrane,
the PVA/TEOS membranes still retained a strong hydrophilicity,
better mechanical strength, and lower water solubility; this
endowed them with excellent antifouling properties. Therefore,
the PVA/TEOS UF membranes had excellent cleanability and
are a powerful alternative for fouling mitigation in practical
applications.

CONCLUSIONS

Organic—inorganic PVA/TEOS hybrid UF membranes with a
high water flux and good antifouling properties were prepared
by the sol-gel method. The membrane was characterized by
FTIR spectroscopy, XRD, static contact angle measurement, and
SEM. The introduction of TEOS to PVA in preparing the PVA/

Table III. Comparison of the Antifouling Properties of the PVA and PVA/TEOS UF Membranes

Membrane no. Jwa L m™2h™h) Jwz (L m™2h™h) (Ri)21 Jws Lm™2h™h) (Ri)zi Jwa Lm™2h™?) (R an
M1 254 245 96.49 23.9 94.09 235 92.52
M4 66.5 65.6 98.63 64.4 96.84 63.1 94.89
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TEOS membranes made up for the poor intensity of the wet
PVA membrane, and it still retained the strong hydrophilicity;
this helped the membrane achieve the required performance in
the membrane with a controllable structure and antifouling
behaviors. The effects of the TEOS loading and PEG content in
the dope solution on the morphologies, i values, and BSA R
values of the PVA/TEOS membranes were investigated. J, of the
membrane increased with increasing TEOS loading and PEG
content, whereas BSA R declined. In addition, the filtration and
backwashing experiment showed that the PVA/TEOS UF mem-
brane had excellent long-term antifouling properties to protein.
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