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ABSTRACT: A photocatalytic activity ultrafiltration membrane (UFM) was prepared by the blending of a poly(vinylidene fluoride)
(PVDE) polymer with mesoporous titanium dioxide (M-TiO,) particles via the phase-inversion method. The microstructure of the
membrane and Ti element distribution were characterized by scanning electron microscopy and energy-dispersive X-ray spectroscopy.
Their properties were also determined by thermogravimetric analysis, differential scanning calorimetry, Fourier transform infrared
spectroscopy, tensile stress tests, contact angle tests, bovine serum albumin retention, water flux, and permeation flux. When the M-
TiO, concentration reached 1 wt %, the thermal stability, mechanical properties, hydrophilicity, flux, and antifouling performance of
the M-TiO,/PVDF UEM were improved to an optimal value with the M-TiO, particles successfully entrapped and evenly distributed
throughout the PVDF polymer matrix. Compared with the P25-modified PVDF UFM (1 wt %), the M-TiO,-modified PVDF UFM
(I wt %) exhibited better photocatalytic activity and wonderful stability in the UV photocatalytic degradation of the organic dye

Rhodamine B. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43427.
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INTRODUCTION

Because of the attractive thermal stability and chemical and
mechanical resistances,'™ poly(vinylidene fluoride) (PVDF)
membranes are widely used in filtration processes.”® However,
because of the hydrophobic nature of the PVDF material, PVDF
membranes are prone to contamination by organic impurities
during water and wastewater treatment; this leads to increased
filtration resistance, a sharp decline in the membrane permea-
tion flux,” and heavy membrane fouling.'® Frequent cleaning
increases the cost and causes secondary environmental pollu-
tion. Hence, hydrophilic modification is necessary to solve the
membrane-fouling problem.

The use of titanium dioxide (TiO,) materials in the hydrophilic
modification of PVDF membranes has received considerable
attention because of their high chemical stability, nontoxicity,
and long-lasting hydrophilic effect.'""™® Cao et al.'' compared
the performances of neat PVDF membrane and PVDF compos-
ite membranes with nanosized TiO, particles of different sizes
and showed that the smaller TiO, nanoparticles could more
remarkably improve the antifouling properties of the PVDF
membranes. Yu et al'’ reported that the TiO, particles

© 2016 Wiley Periodicals, Inc.
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improved the membrane strength and thermal stability of
PVDF-TiO, composite ultrafiltration membranes (UFMs). In
particular, the hydrophilicity and permeability increased dra-
matically as the amount of TiO, increased, whereas the reten-
tion properties of the UFM were nearly unchanged. Rahimpour
et al.” prepared PVDF/sulfonated poly(ether sulfone) blend
membranes modified with TiO, nanoparticles. The experimental
results demonstrated that the antifouling properties of the
membranes were improved through changes in the character of
the membrane surface from hydrophobic to hydrophilic after
the addition of TiO, in the casting solution. Yuliwati and
Ismail'* reported that PVDF/LiCl/TiO, membranes with loaded
TiO, nanoparticles possessed enhanced membrane hydrophilic-
ity. The maximum flux increased from 27.07 to 82.50 L m *
h™', and the rejection of refinery wastewater was increased
from 70.56 to 98.83%, respectively, at a 1.95 wt % TiO, concen-
tration. Safarpour et al.'>'® reported that the blended PVDF
membrane containing a 0.05 wt % rGO/TiO, nanocomposite
with a GO to TiO, ratio of 70:30 showed improved permeabil-
ity and antifouling performance. Because of the high hydrophi-
licity of the rGO/TiO, nanocomposite, the rGO/TiO,/PVDF
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membranes were more hydrophilic and had higher pure water
flux and flux recovery ratio values than the bare PVDE Song
et al'” reported that the addition of TiO, nanoparticles
improved the hydrophilicity of the PVDF membrane and
increased the rejection of the pepsin testing molecule. Wang
et al.'® broke the trade-off effect by the atomic layer deposition
of TiO, onto PVDF membranes, with TiCl, and water as pre-
cursors. The deposition of TiO, enhanced the hydrophilicity
and fouling resistance of the PVDF membranes; this was
more evident at higher atomic layer deposition cycle numbers.
These efforts demonstrate that the addition of nanosized TiO,
fillers increases the membrane hydrophilicity and antifouling
performance.

In fact, the technique of degrading organic substances on the
membrane surface can also be used to reduce membrane foul-
ing. Several researchers have demonstrated that anatase TiO,
modified membranes exhibit an excellent photocatalytic activity
that degrades many organic substances under UV irradia-
tion.>™*! Zhang et al?! successfully prepared TiO,/Al,0; com-
posite membranes with photocatalytic capability from colloidal
titanium sols via the sol-gel technique. The removal efficiency
of the dye was markedly improved through a combination of
photocatalysis and membrane techniques. The degradation of
the dye helped enhance the composite membrane flux and pre-
vent membrane fouling. Madaeni and Ghaemi®* reported that
membrane surfaces coated with TiO, particles not only con-
ferred a photocatalytic property to the membrane but also
increased its hydrophilicity. Djafer et al®> reported that
titanium-based UFMs from commercial titanium hydrosol and
alumina supports exerted high photocatalytic effects on methyl-
ene blue and phenol. Athanasekou and coworkers®**> developed
composite TiO, photocatalytic y—alumina ultrafiltration tubular
through the
chemical-vapor layer-by-layer deposition of TiO,, and the mem-
branes were efficient in the photocatalytic degradation of methyl
orange when they were evaluated in an innovative continuous
flow reactor.

membranes and nanofiltration membranes

However, to the best of our knowledge, studies of the synthesis
of mesoporous titanium dioxide (M-TiO,) hybrid PVDF UFMs
and the distribution of M-TiO, particles on the membrane sur-
face and membrane cross surface of TiO,-modified PVDF
UFMs have rarely been conducted. Compared with conventional
nanosized TiO, materials, M-TiO, has excellent hydrophilicity
and exhibits a stable anatase phase and a distinctive highly
ordered mesostructure; these contribute to its photocatalytic
activity against organic pollutants. For one thing, an ordered
mesoporous structure with a high specific surface area provides
more photocatalytic reaction centers and active adsorption sites
because a high specific surface area indicates a high adsorptive
capacity and the active sites are usually located in the meso-
pores.”® For another thing, the anatase phase of TiO, has been
proven to have the highest photocatalytic activity compared
with amorphous, rutile, and brookite TiO,.>”*® Thus, M-TiO,
materials were used for PVDF UFM modification.

In this article, the synthesis of M-TiO, particles and the prepa-
ration of mesoporous titanium dioxide/poly(vinylidene fluoride)
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(P-MT) UFMs through the phase-inversion method are
reported. The physical properties and filtration performance of
the PVDF membranes was effectively improved with the addi-
tion of M-TiO, particles. The effects of the M-TiO, particles on
the morphology, mechanical properties, thermal stability, mem-
brane flux, hydrophilicity, and antifouling performance of the
membranes were discussed. The photocatalytic activities of the
P-MT membranes with different M-TiO, particle contents and
a comparison with a P25/poly(vinylidene fluoride) where P25 is
the degussa aeroxide TiO,, (P-P) membrane with the P-MT (1
wt %) were evaluated through the photodecomposition of the
rhodamine B (RhB) organic dye. The stability of P-MT before
and after UV-irradiation application is also discussed.

EXPERIMENTAL

Materials

The triblock copolymer Pluronic P123 (weight-average molecu-
lar weight =5800, EO20PO70EO20) was purchased from
Aldrich. PVDF used was obtained from Shanghai New Materials
Co., Ltd. (FR-904, intrinsic viscosity = 1.4-1.9 dL/g). P25 was
obtained from Guangzhou Hualisen Trade Co., Ltd. (Guangz-
hou, China). Tetrabutyl titanate [Ti(OC4Hy),], acetyl acetone
[CH,(COCH3),], hydrochloric acid (HCI), ethanol (EtOH),
RhB, polyvinylpyrrolidone (PVP; K30, weight-average molecular
weight = 25,000-40,000), dimethylformamide, and dimethylace-
tamide (DMAC) were procured from Sinopharm Chemical Rea-
gent Co., Ltd. Bovine serum albumin (BSA; weight-average
molecular weight = 67,000) was provided by Shuangxuan
Microorganism Substrate Plant in Beijing. All chemicals were
analytical grade and were used as received without further puri-
fication. Ultrapure water (18.2 MQ) was obtained from a Milli-
Q water system.

Synthesis of Highly Ordered Mesoporous Anatase

TiO, Particles

Highly ordered mesoporous anatase TiO, particles were synthe-
sized by a sol-gel method in an acidic medium, with triblock
copolymer P123 as a template. A typical procedure was as fol-
lows.*® P123 was dissolved in an ethanolic HCI solution (with a
small quantity of H,O added) and stirred for 1 h. Then,
CH,(COCH3;), was added to this solution under stirring for 20
min. Ti(OC4Hy), was added to the solution, and this mixture
was further stirred in a sealed bottle at room temperature.
The final molar ratio was Ti(OC4Hy),/P123/EtOH/HCI/CH,
(COCHj3),/H,0 = 1:0.01:12.86:0.79:0.01:4.89. After the mixture
was stirred for 24 h at a slow speed, the resulting sol solution
was transferred into an open Petri dish and gelled at room tem-
perature in air for 7 days. During the aging process, the relative
humidity was 70-75%. After aging, the as-made bulk samples
were treated at 90 °C for 24 h to consolidate the inorganic
network; they were then calcined in air at 400 °C for 3 h to
remove the template. Finally, the desired M-TiO, particles were
obtained.

Membrane Preparation

The phase-inversion method was used to fabricate the P-MT
composite UFMs. Polymer solutions were prepared by the addi-
tion of M-TiO, particles into a solvent containing PVDE, PVP,
and DMAC under stirring at 60 °C until we obtained an
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Table I. Compositions of the Casting Solutions

M-TiOo
(wt %; by
PVDF DMAC M-TiOz PVP weight of

Membrane  (wt %) (wt %) (wt %) (wt %) PVDF)
P-MT-0 20 76 0 4 0
P-MT-1 20 75.9 0.1 4 0.5
P-MT-2 20 75.8 0.2 4 1
P-MT-3 20 75.4 0.6 4 3
P-MT-4 20 75 1 4 5

optimal particle dispersion. The casting dopes were then kept in
a vacuum oven at 60 °C to remove air bubbles.

Different M-TiO, particle concentrations (0, 0.5, 1, 3, and 5 wt
%, by weight of PVDF) of the polymer dopes were prepared.
These were was denoted as P-MT-0, P-MT-1, P-MT-2, P-MT-
3, and P-MT-4, respectively. The compositions of the polymer
solutions are illustrated in Table I. The polymer solutions were
cast uniformly onto a glass substrate via a self-made hand-cast-
ing knife and were then immersed in a deionized water bath
after exposure to air. The flesh wet flat membranes were washed
thoroughly with deionized water to remove residual solvent
until they were used as samples for characterization. The thick-
ness of the wet sample membranes was kept at 250 um.*

P-P with 1 wt % P25 particles was also prepared according to
the previous steps.

Membrane Characterization

Analysis Apparatus. The M-TiO, particles were observed with
an X-ray diffractometer (X’Pert PRO MRD, PaNalytical, The
Netherlands) and transmission electron microscopy (TEM;
JEM-2100, JEOL, Japan). The N, adsorption—desorption iso-
therm was determined on a Micromeritics Tristar 3000 system
at 77 K. The sample was degassed in a vacuum at 180 °C before
the measurements. The surface area of M-TiO, was obtained by
the Brunauer—-Emmett—Teller method, and the pore size distri-
bution was estimated from the nitrogen-desorption branch of
the isotherm by the Barrett—Joyner—-Halenda model. The scan-
ning electron microscopy (SEM) morphologies and energy-
dispersive X-ray spectroscopy (EDX) analysis of the P-MT
UFM were observed with a Quanta 200 (FEI, The Netherlands).
The membrane surface roughness parameters were investigated
by a SPM-9500]3 contact-mode atomic force microscope (Shi-
madzu, Japan). The thermal stability was analyzed with an
SETSYS Evolution 16 thermogravimetric analyzer (Setaram,
France) under the condition of heating the samples from room
temperature to 800 °C at a rate of 10 °C/min under nitrogen
gas. Differential scanning calorimetry (DSC) of the P-MT was
performed with a Diamond DSC instrument (PerkinElmer).
Samples of 7 mg or less were heated from 30 to 250 °C at a
heating rate of 5 °C/min under a nitrogen atmosphere. The
mechanical stability of the wet membranes was measured with
an AGS-J (Shimadzu, Japan) universal tensile testing machine
under ambient conditions. Three samples were tested, and the
average value was recorded. Measurements were carried out at
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room temperature with a rate of pull of 2 mm/min. The contact
angle (0) was measured with a DSA100 instrument (Kruss, Ger-
many), each concentration of the P-MT was measured at five
different points, and the average of these values was used. The
Fourier transform infrared (FTIR) spectra of the membranes
were measured with a Nicolet 5700 spectrometer (Thermo Elec-
tron Corp.).

Flux, BSA Retention, and Ratio of Permeate Flux
Decline. The flux of the membranes was carried out with a 50-
mL, stirred (500 rpm), dead-end filtration instrument with a
membrane area of approximately 11.6 cm®. The wet membrane
was filtered with water for 40 min at 0.1 MPa to obtain a steady
flux. After that the BSA retention was measured with a 200 mg/L
BSA aqueous solution. The protein concentration in the solution
and the permeation was tested through a UV-2550 spectropho-
tometer at the maximum wavelength (nm) (Z,,.x) of 280 nm.

The water flux (J,) was determined with the following
equation.

_ Q
AXAT

where Q is the volume of water permeated (L), A is the effective
membrane area (m?), and AT is the sampling time (h).

T (1

The BSA retention (R%) was calculated by eq. (2):

C—C
R%= L2 x100% (2)
G

where Crand C, are the concentrations of BSA in the feed and
the permeate, respectively.

The ratio of the permeate flux decline (m%) was calculated as
follows:**

m9e=""T1 51000 (3)
Jo
where J, and J; are the initial permeate flux and the stable per-

meate flux of the BSA solution, respectively.

Membrane Porosity and Average Pore Size. The porosity was
determined by the dry—wet weight method.”® The porosity (&
%) of the membrane was measured with eq. (4)°":

W, —W;
o= ( 1 2)/pwater X100% (4)

(Wi=W2)/ pyater + W2/ Ppvir
where W is the weight of the wet membrane, W, is the weight
of the dry membrane, p,.., is the density of water at 25 °C
(kg/m3), and ppypr is the apparent density of the dry mem-
brane (kg/m’). Five samples were measured, and the average
value was taken.

According to the Guerout-Elford—Ferry equation, the average
pore size (r,; m) could be determined by the filtration velocity
method with the following equation®":

\/(2.9—1.758)X8111Qt
rm=
eAXAP

(5)

where 5 is the water viscosity at 25 °C, [ is the membrane
thickness (m), Q, is the quantity of the permeate water per unit
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time (m’/h), and AP is the operational cross-membrane pres-
sure drop.

Photocatalytic Activity Test

Photocatalytic activity tests of the P-MT and the P-P were per-
formed by the photodegradation of the RhB solution under UV
irradiation at room temperature in a darkroom. The UV source
was a 250-W, high-pressure Hg lamp (maximum emission =
365 nm). The lamp was placed 30 ¢cm above the RhB solution
and was kept cool by a Silex glass recirculating water jacket
(Pyrex).”® In a typical protocol, all types of composite mem-
branes were cut into a circular shape with a diameter of 45 mm
and were immersed into the RhB dye solution (80 mL, G, =2 X
107°M, pH 6.0, where C, is the initial concentration of RhB dye
solution) under stirring in the dark for 30 min, and then, the
reaction mixture was exposed to the UV light with continuous
magnetic stirring. The RhB solution (1 mL) was analyzed every
20 min with a UV-visible scanning spectrophotometer (UV-2550,
Shimadzu, Japan) at Ay, = 554 nm.

RESULTS AND DISCUSSION

Microstructure of the M-TiO, Particles

Figure 1 shows the X-ray diffraction (XRD) pattern of the TiO,
sample calcined at 400 °C for 3 h in air. Eight diffraction peaks
appeared and were indexed as the (101), (004), (200), (211),
(204), (220), (215), and (224) reflections of the anatase phase
(JCPDS No. 21-1272). These peaks indicated the formation of
TiO, nanocrystals after the calcination at 400 °C. The TEM
image of the TiO, sample (Figure 2) clearly showed uniform,
well-ordered hexagonal arrays in a large area and, thereby, con-
firmed the formation of highly ordered mesostructures. In addi-
tion, the pore size was estimated around 5.90 nm. The selected-
area electron diffraction pattern of the TiO, sample (inset of
Figure 2) showed a sequence of diffraction rings. This result
was consistent with the polycrystalline anatase structure (JCPDS
No. 21-1272) shown in the XRD pattern. This finding con-
firmed that the mesoporous walls consisted of crystalline TiO,
anatase nanoparticles. The N, adsorption—desorption isotherm
and the corresponding pore size distribution curve of the TiO,
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Figure 1. XRD pattern of the M-TiO, sample calcined at 400 °C for 3 h

in air.
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Figure 2. TEM image of the M-TiO, sample after calcination at 400 °C
for 3 h. The inset shows the corresponding selected-area electron diffrac-

tion pattern.

particles are shown in Figure 3. The isotherm (inset of Figure
3) could be classified as type IV; this was characteristic of meso-
porous materials according to the IUPAC nomenclature.”® The
narrow pore size distribution curve (Figure 3) indicated a high
degree of order on the mesoporous structures, and the esti-
mated pore size was 5.93 nm; this was in accordance with the
TEM analysis results. Meanwhile, the corresponding Brunauer—
Emmett-Teller surface area and total pore volume were
122.42 m*/g and 0.2779 cm’/g, respectively. These results dem-
onstrate that the obtained TiO, sample was in the crystalline
anatase phase and had an ordered mesoporous structure with a
high specific surface area, which was advantageous for the
adsorption of water and hydroxyl groups.*
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Figure 3. N, adsorption—desorption isotherm (inset) and Barrett—Joyner—
Halenda pore size distribution curve of the M-TiO, particles prepared at
400 °C for 3 h. dV/dD, dVolume/dDiameter; STP, standard temperature
and pressure; P/P, pressure for measuring point/the saturated vapor pres-
sure of nitrogen in liquid nitrogen.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43427



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

100pm

Figure 4. Surface morphology (SEM images, left side) and Ti distribution
(EDX mapping, right side) of the P-MT composite membranes (P-MT-1,
P-MT-2, P-MT-3, and P-MT-4).

Morphology Study

P-MT was prepared by the phase-inversion method. The top
surface and cross-sectional SEM images of the P-MT are shown
in Figures 4 and 5, respectively. The same membrane cross sec-
tions are exhibited (Figure 5) with similar relatively thick skin
layers, inner fingerlike porous—surface structures, and sponge—
wall porous structures. In addition, all of the membranes
appeared to have typical asymmetric morphologies. The inner
fingerlike pores linked by sponge walls consisted of large num-
bers of micropores for the fingerlike pores to communicate
with each other.”” As shown in Table II, with increasing concen-
tration of M-TiO, in the modified membranes, the value of
membrane porosity, average pore size, and BSA retention had a
slight floating trend. These results confirmed that the addition
of M-TiO, with a concentration below 5 wt % had no apparent
influence on the integral membrane structure. The SEM images
in Figures 4 and 5 also showed that the M-TiO, particles, which
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were detected by EDX analysis, were uniformly distributed on
and nearby the membrane surface and in the membrane inner
pore structure. However, we observed that more and larger par-
ticle aggregations took place with the increasing M-TiO, con-
centration from 3 to 5 wt %.

EDX analysis was carried out to investigate the distribution of
M-TiO, particles on the top surfaces and cross sections of the
membranes with different M-TiO, concentrations. The experi-
mental values of the Ti content on the top surface of the P-MT
are shown in Table III. With the addition of M-TiO, from 0.5
to 5 wt %, the experimental values of Ti on the top surface
(0.17, 0.28, 0.76, and 1.40 wt %, respectively) increased gradu-
ally. The EDX images of titanium mapping corresponding to
the SEM results are shown in Figures 4 and 5 (right side).

Figure 5. Cross-sectional morphology (SEM images, left side) and Ti dis-
tribution (EDX mapping, right side) of the P-MT composite membranes
(P-MT-1, P-MT-2, P-MT-3, and P-MT-4).
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Table II. Porosity Ratio, Average Pore Size, and BSA Retention of the
P-MT UF Membranes

Average

pore size BSA
Membrane Porosity (%) (1078m) retention (%)
P-MT-0 71.5+0.3 85+x0.2 94.7
P-MT-1 68.7+0.1 84=+01 95.1
P-MT-2 69.8+0.2 83+0.3 94.8
P-MT-3 68.8+0.3 86=+0.2 94.5
P-MT-4 676+0.4 89+0.3 93.6

When the concentrations of added M-TiO, were 0.5 and 1 wt
% (P-MT-1 and P-MT-2), the Ti elements were uniformly dis-
tributed throughout the top surface and pore walls in the cross
section, and no Ti aggregation observed. This result could be
explained by the penetration of the M-TiO, particles into the
hybrid membrane and their subsequent uniform distribution.
Meanwhile, as the M-TiO, concentration in the membrane
increased, the growth of Ti scanning spots was also observed on
P-MT-3 and P-MT-4. These results were consistent with the
related elemental Ti content data on the top surface, as given in
Table III. However, when the added amount of M-TiO,
increased from 3 to 5 wt %, the distribution of Ti was heteroge-
neous, and an increasing number of large Ti spots were
observed both on the top surface and in the cross section of the
EDX mapping. These results could be explained by the aggrega-
tion of the M-TiO, particles and was consistent with the SEM
results, as given in Figures 4 and 5 (left side).

The three-dimensional atomic force microscopy (AFM) surface
results of P-MT-0, P-MT-1, P-MT-2, P-MT-3, and P-MT-4
are shown in Figure 6. The surface roughness parameters of
these membranes over 4.0 X 4.0 pum’ areas are presented in
Table III. As the M-TiO, concentration in the casting solution
increased, all of the roughness parameters [the arithmetic mean
roughness (R,), the 10-point mean roughness (R,), the square
average roughness (R,,), and the average height (R,)] of the
composite membranes decreased to a valley at 1 wt % M-TiO,
and then slightly increased. Thus, the surface roughness of the
membranes was clearly affected by the addition of M-TiO, par-
ticles in the casting solution, and P-MT-2 (which had a 1 wt %
M-TiO, content) possessed smoother surface and denser skin.

Thermal Stability

The thermogravimetric analysis (TGA) and DSC thermal analy-
sis results of the P-MT are illustrated in Figure 7 and Table IV.
The decomposition temperature (T, defined as the temperature
at 3% weight loss) and weight residue at 700 °C of the mem-
branes increased with increasing M-TiO, concentration. These
results show that the M-TiO, particles were successfully incor-
porated in the membrane and illustrated the good compatibility
of the M-TiO, particles in the PVDF polymer matrix. Further-
more, the residual mass after decomposition depended on the
amount of the inorganic component. As the M-TiO, content
increased, more heat was absorbed by the M-TiO, particles in
the membranes during heating, and more interaction was
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increased between the PVDF chains and M-TiO, surface groups.
Because of the good thermal transmission properties, the M-
TiO, particles might have strongly hindered the volatility of the
decomposed products obtained from pyrolysis and limited the
continuous decomposition of the PVDF content.'

As shown in Figure 7, an endothermic melting peak of the
PVDF polymer at 163 °C appeared in all of the DSC curves.
With increasing concentration of M-TiO,, the glass-transition
temperature (Tg in Table IV) of all of the modified membrane
were significantly improved by more than 2 °C, and P-MT-2
had the best T, (155.44 °C) of all. The addition of inorganic fil-
ler in PVDF could induce nucleation and increase the crystallin-
ity of the polymer. The crystallinity of the composites affected
the process of heat absorption and heat release and then
affected the T, of the system. However, as the filler content
reached a certain amount, the aggregation of M-TiO, increased,
and the nucleation effect decreased. This phenomenon eventu-
ally led to a T, decrease. This result was consistent with the
results of the morphology study.

Thus, with increasing addition of M-TiO, particles in the PVDF
membranes, the decomposition of the PVDF composite was
delayed, and the T, and T, values of the P-MT were enhanced.
The composite PVDF membrane had the best composite ther-
mal stability when the concentration of M-TiO, was 1 wt %.

Mechanical Stability

In a compression system, excellent mechanical properties are
significant for the industrial membranes. Therefore, the tensile
strength and breaking elongation data of the PVDF composite
membranes were obtained. The results of the mechanical
strength test of the membranes are shown in Figure 8. When
the loading amount of M-TiO, particles increased from 0 to 5
wt %, the tensile strength of the membranes increased and
reached a peak (6.1 N) at 1 wt % M-TiO, and then decreased
with further increases in the M-TiO, concentration. This trend
was consistent with the trend of porosity variation shown in
Table II. Meanwhile, the breaking elongation kept a steady flat
when the M-TiO, amount increased from 0 to 1 wt % and then
decreased from 23.4 to 20.1% with the further increase in the
M-TiO, concentration. These results could be interpreted by the
uniform dispersion of the M-TiO, particles, the uniform poros-
ity, and the dense pore structure in the hybrid membranes (0.5
and 1 wt %); this served as the physical crosslinkage that bore

Table III. Ti Contents and AFM Parameters on the Surface of the P-MT
Composite Membranes

Ti (K) Surface roughness (4 x 4 ym?)

element

content
Membrane (wt %) Ry (hm) R, (hm) Rnps(m) R, (hm)
P-MT-0 = 3431 184.14 44.06 202.40
P-MT-1 017 27.05 11911 34.23 11214
P-MT-2 0.28 26.76 119.26 33.65 98.94
P-MT-3 0.76 27.39 121.16 34.59 110.66
P-MT-4 1.40 30.38 13532 37.77 113.83
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Figure 6. Three-dimensional AFM surface images of the P-MT composite membranes: (a) P-MT-0, (b) P-MT-1, (c) P-MT-2, (d) P-MT-3, and (e) P—
MT-4. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the stress of the load and improved the mechanical strength of
the membrane. However, excess M-TiO, (3 and 5 wt %) could
cause the particle aggregation and reduce their uniform disper-
sion in the polymeric membrane; this led to the formation of
defects, an increased average pore size (8.6 X 10 ® and 8.9 X
107* m), and stress convergence points in the membrane under
the loading force and thus weakened the mechanical stability.**
This explanation was supported by the SEM, EDX, and T,
results of the M-TiO, distribution, as shown in Figures 4 and 5
and Table IV.

Effect of the Addition of M-TiO, to the Membrane Flux and
Antifouling Performance

The influences of the M-TiO, concentration on the membrane
water flux were investigated through ultrafiltration experiments
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after compaction at 0.1 MPa for 40 min. As shown in Figure 9,
the lowest water flux (368 L m > h™!) was obtained for P-MT-
0. Compared with that of P-MT-0, the water flux of the M-
TiO, composite membranes increased, and all of the M-TiO,
composite membranes showed a high constant BSA retention
rate above 93% (Table II). This finding was attributed to the
membrane hydrophilicity, which was measured through 0. The
0 data of the P-MT are shown in Figure 9. Compared with that
of neat PVDF membrane, the ( data of the modified mem-
branes dramatically decreased; this indicated that the hydrophi-
licity of the membranes was effectively improved with the
addition of the M-TiO, particles. The stable mesostructures of
M-TiO, with high specific surface areas, which adsorbed water
and hydroxyl groups, could have been responsible for the
increase in the hydrophilicity.”>” With the further increase in
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Figure 7. TGA and DSC curves of the P-MT composite membranes: (a)
P-MT-0, (b) P-MT-1, (c) P-MT-2, (d) P-MT-3, and (¢) P-MT-4. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

M-TiO, (3 and 5 wt %), the decelerated decreasing trends of 0
and the water flux were attributed to the presence of more M-
TiO, particles and the increased occurrence of M-TiO, aggrega-
tion in the membrane matrix, respectively. The Ti content
(Table IIT) and EDX images of each modified membrane dis-
cussed in the Morphology Study section also confirmed this
trend.

The membrane hydrophilicity is a well-known major factor,
which affects the surface-adsorption properties of the mem-
branes.”® The antifouling performance of the UFMs could be
evaluated with the ratio of the permeate flux decline. Figure 10
shows the initial and stable permeate fluxes and the ratio of the
permeate flux decline of P-MT during the filtration test of the

Table IV. TGA and DSC Analysis Data for the P-MT Composite Membranes

T T T T T T T T T T 10
0 1 2 .3 4 5
Concentration (wt%)

Figure 8. Tensile stress and strain at break of the P-MT composite mem-
branes (0, 0.5, 1, 3, and 5 wt %). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

BSA aqueous solution. As the amount of M-TiO, in the com-
posite membranes increased, both the initial and stable perme-
ate fluxes of the membranes effectively increased and reached a
peak at 1 wt % M-TiO, and then slightly decreased as the M-
TiO, concentration increased further. This trend was similar to
the results of water flux (Figure 9). The ratio of permeate flux
decline was calculated from the comparison of the initial per-
meate flux and the stable flux. As shown in Figure 10, the ratio
of permeate flux decline gradually decreased as the amount of
M-TiO, increased. It suggests that the antifouling performance
of the P-MT was better than that of P-MT-0. This result could
be attributed to the increased hydrophilicity and reduced sur-
face roughness (discussed in the Morphology Study section) of
the M-TiO, modified membranes.”® Meanwhile, the M-TiO,
composite membranes exhibited a more favorable antifouling
performance combined with the degradation of organic substan-
ces on the membrane surface.

Photocatalytic Activities of the P-MT Membranes

The photocatalytic activities of P-MT were monitored through
the photodegradation of an aqueous RhB solution under UV
irradiation (Figure 11). As shown in Figure 11, we observed
that the decrease phenomenon of RhB increased over time.
After stirring in the dark for 30 min (the time that it took for
the membranes to reach adsorption equilibrium in the RhB
solution), similarly, a low RhB decrease (ca. 8%) occurred in all
of the membranes; this could be attributed to the adsorption of
the dye onto the membrane surface. It also showed that the P—
MT-0 remained at adsorption equilibrium in the RhB solution
after it was stirred in the dark for 150 min. These findings

Membrane P-MT-0 P-MT-1 P-MT-2 P-MT-3 P-MT-4
Weight residue 23.95 33.34 33.79 34.93 35.53
at 700 °C (%)

T4 (°C) 341.38 354.06 354.84 357.21 359.23
Tq (°C) 152.63 154.77 155.44 155.41 155.23
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Figure 9. Water flux (0.1 MPa) and 0s of the P-MT composite mem-
branes (0, 0.5, 1, 3, and 5 wt %). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

demonstrate that the addition of M-TiO, particles did not
apparently affect the RhB adsorption of all of the membranes
and membrane structures of the top surface and cross section
for similar amounts of adsorbed RhB. After the UV-irradiation
process for 120 min, the concentration of RhB occurring on P—
MT-0 was reduced from 8 to 30%; this could be attributed to
the self-degradation of RhB. During the UV-irradiation process,
all of the P-MT clearly showed greater RhB degradation com-
pared with the virgin membrane; these values were 55% (P—
MT-1), 61% (P-MT-2), 62% (P-MT-3), and 65% (P-MT-4),
respectively. This phenomenon was due to the photocatalytic
degradation of the surface and near-surface M-TiO, particles in
the composite membranes and part of the self-degradation of
RhB. Compared with P-MT-0, P-MT showed better photocata-
lytic activities because of the photocatalytic activities of M-TiO,
on the membrane surface and near the surface. Meanwhile, the
photocatalytic activities gradually increased as the amount of
M-TiO, particles in the PVDF membranes increased, with P—
MT-4 exhibiting the best photocatalytic performance.

450 50
400 - —m—The Ratio of Permeate Flux Decline
—=e—Initial Permeate Flux 40 e
~ 3504 —a—Stable Permeate Flux §
= 2
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?} 300 4 " L 30 5—"
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Figure 10. Permeate flux (BSA aqueous solution) and ratio of permeate

flux decline of the P-MT composite membranes (0, 0.5, 1, 3, and 5 wt

%). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 11. Photocatalytic properties of the P-MT composite membranes
(RhB, C,=2.0 X 10 °M, pH 6.0) under UV irradiation with increasing
time. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

For comparison, the photocatalytic activities of P-P (1 wt %)
and P-MT (1 wt %) were also determined under identical con-
ditions (Figure 12). As shown in Figure 12(a), under irradiation
for 120 min, the RhB concentration decreased to 51.4 and
57.8% in the presence of P-P and P-MT, respectively. From the
plots of In(Cy/C) where C is the concentration of the RhB dye
solution under UV photocatalytic application versus the irradia-
tion time [Figure 12(b)], the corresponding UV photodegrada-
tion rate constants were 6.09 X 107> and 6.61 X 107> min~'
for the obtained P—P and P-MT, respectively. These results indi-
cate that both P-P and P-MT exhibited a high photocatalytic
activity. Furthermore, P-MT exhibited a better photocatalytic
performance than P-P.

These results were attributed to the addition of the M-TiO, par-
ticles; this had a great effect on the photocatalytic activities of the
PVDF membranes. As expected, first, the stable ordered meso-
structures of the M-TiO, particles with a high specific surface
area (122.42 m?/g) offered plentiful active adsorption sites and
photocatalytic reaction centers, many water molecules and
hydroxyls were absorbed on M-TiO, (catalyst) and reacted with
photoinduced holes, and more hydroxyl radicals (*OH) (strong
oxidant) were generated within the mesopores.”**® Moreover, the
diffusion distance of *OH formed inside the mesopores on M-
TiO, was 1.3-2.4 nm; this was smaller than the pore diameter of
M-TiO,. This suggested that *OH formed inside the pore scarcely
diffused out of the pores.*’ Therefore, the existence of such *OH
formed inside the mesopores was beneficial for the enhancement
of the photocatalytic activity. Then, the crystalline anatase phase
showed a better photocatalytic activity than the pure amorphous,
rutile, and brookite phases of TiO,.””>*® Furthermore, membrane
pollution mainly occurred on the membrane surface layer during
the ultrafiltration process, and the surface and near-surface M-
TiO, embedded in the composite membranes effectively degraded
the pollution on the membrane surface layer under UV irradia-
tion. Therefore, the mesoporous anatase TiO, materials chosen
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for PVDF membrane modification effectively enhanced the pho-
tocatalytic properties against the organic dye RhB.

To verify the stability of the PVDF membranes before and after
UV-irradiation application, P-MT-0 and P-MT-2 were irradi-
ated under UV for 2 h and marked as P-MT-0/UV and P-MT-
2/UV, respectively. The FTIR spectra of P-MT-0, P-MT-0/UV,
P-MT-2, P-MT-2/UV, and M-TiO, are shown in Figure 13; the
M-TiO, had three characteristic peaks, broad bands below
1000 cm ™' assignable to the Ti—O—Ti crystal vibrations, and
peaks at 1632 and 3447 cm ™' assignable to the blending vibra-
tions of adsorbed water molecules and stretching vibrations
from the hydroxyl groups, respectively. These peaks were not
found in the P-MT-2 spectra with the small addition of M-
TiO, in the PVDF matrix. The characteristic peaks of PVDF at
3700-3300, 1631, 1403, 1188, and 881 cm ! were assigned to
—OH stretching, H—O—H bending, C—H deformation, C—F
stretching, and the amorphous phase of PVDE In a comparison
of P-MT-0 and P-MT-2 before and after UV irradiation, the IR
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Figure 12. (a) Residual C/C, of an RhB dye solution (Cy=2 X 107°M,
pH 6.0) under UV photodegradation by P-P (PVDF UF membrane with
1 wt % P25 particles) and P-MT (PVDF UF membrane with 1 wt % M-
TiO, particles) and (b) corresponding plots of In(Cy/C) versus the irradia-
tion time showing the fitting results from the pseudo-first-order reaction.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 13. FTIR spectra of P-MT-0 (neat PVDF membrane), P-MT-0/
UV, P-MT-2 (1 wt % M-TiO,), P-MT-2/UV, and M-TiO,. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

characteristic peak of PVDF was found to have no visible
change. It showed that UV irradiation did not affect
the chemical-bond properties of PVDE, and P-MT-2 had won-
derful chemical stability when used under UV photocatalytic
application.

In this way, P-MT could be applied in the treatment of
untreated wastewater from industrial or agricultural processes
and containing organic pollutants, such as organic dyes, phe-
nols, and pesticides.

CONCLUSIONS

P-MT composite UFMs with photocatalytic activity were syn-
thesized with the phase-inversion method. The Ti elemental dis-
tribution, membrane morphology, membrane performance, and
photocatalytic activity of the modified PVDF membranes with
different M-TiO, contents were determined. As the amount of
M-TiO, in composite membranes was increased, the thermal
stability, hydrophilicity, antifouling performance, and photoca-
talytic activity of the composite membranes gradually improved.
The M-TiO, particles showed no apparent effects on the inte-
gral membrane structure at a high constant BSA retention.
When the M-TiO, concentration reached 1 wt %, the mem-
brane surface roughness, mechanical properties, water flux, and
permeate flux of the modified membranes reached an optimal
value because of the uniform distribution of the M-TiO, par-
ticles on the membrane surface and inner pore structure and
the interactions between the M-TiO, particles and the PVDF
polymer. Moreover, P-MT has good chemical stability under
UV photocatalytic applications, and P-MT exhibited better pho-
tocatalytic performance than the P-P membrane. Thus, the
excellent characterization and uniform dispersion of the M-
TiO, particles is important in the synthesis process of P-MT
composite membranes, and this can effectively promote the per-
formance of the modified membranes.
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