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Hydroxyl functionalized PVDF-TiO, ultrafiltration membrane
and its antifouling properties
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ABSTRACT: In this study, polyvinylidene fluoride (PVDF) was hydroxylized via the Fenton reaction and was used as a polymer matrix
for mixed-matrix membrane synthesis. The chemical properties of hydroxylized PVDF (PVDF-OH) polymer and pristine PVDF poly-
mer were investigated by Fourier transform infrared spectroscopy (FTIR). Treatment of PVDF polymer with Fenton reagent led to
the emergence of the OH functionality. The field emission scanning electron microscope (FESEM) and energy dispersive X-ray (EDX)
analysis clearly indicated the improvement of titanium dioxide (TiO,) nanoparticles (NPs) distribution on the PVDF-OH/TiO,
mixed-matrix membrane (MMM) surface. The antifouling properties of the neat PVDF membrane, PVDEF/TiO, MMM and PVDE-
OH/TiO, MMM were investigated. The MMM with the embedded P25 TiO, was found to show better antifouling ability, with a con-
siderably higher irreversible flux recovery ratio after 6 h of UV irradiation. By hydroxylizing the PVDF matrix, the TiO, NP disper-
sion was improved. The PVDF-OH/TiO, MMM combined both the superior antifouling and UV-cleaning properties. © 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41844.
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INTRODUCTION

Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer
that has been used extensively in membrane fabrication because
of its excellent chemical resistance to aggressive reagents,' flexi-
bility, excellent thermal stability, UV stability, good mechanical
strength, and membrane forming properties compared to other
commercial polymers.”™® These properties make PVDF an ideal
membrane material for various wastewater treatment applica-
tions.>”® Unfortunately, the inherent hydrophobic nature of the
PVDF membrane often limits its application as the PVDF mem-
brane exhibits a lower permeation flux due to the high surface
tension between water and the membrane surface. A hydropho-
bic membrane is susceptible to severe fouling problems, a prop-
erty that has become a conspicuous drawback for the
application of these membranes in water treatment.

Recent advances in nanotechnology have greatly expanded the
avenues of membrane modification by introducing nanopar-
ticles (NPs) for functionalizing the membrane’™ to improve
the synergetic effects on water and wastewater treatment.’
Because of its unique large surface-to-volume ratio and strong
reactivity, nano-sized TiO, particles have emerged as a highly
promising material to be incorporated into the polymeric

© 2015 Wiley Periodicals, Inc.
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matrix as a hydrophilic filler.'>'* Bae and Tak,'> Yu et al,'® Li
et al,'”” and Rahimpour et al'” have demonstrated that the
mixed-matrix membrane (MMM) can provide the fouling-
resistance to the neat polymeric membrane by immobilizing the
TiO, NPs. In addition to this passive defouling mechanism, a
more dynamic fouling mitigation effect could also be achieved
by incorporating the photocatalytic NPs to create a membrane
with self-cleaning properties.

In our previous study, efforts were devoted to the preparation
of a mixed-matrix ultrafiltration (UF) membrane using a
method that involves simultaneous phase inversion and embed-
ding of particles.'® Although previous study had shown that the
TiO, dispersion and size were affected by the size of the TiO,
particles prepared in the coagulation bath, the high surface
energy between the NPs and the polymer matrix often resulted
in avoidable particle agglomeration. This particle agglomeration
led to a low functional surface area and high surface rough-
ness.'” Many studies have attempted to improve dispersion by
coating the TiO, with a low surface energy material or by add-
ing a dispersant. However, the coating process might impair the
TiO, photocatalytic behavior. A more feasible approach to the
synthesis of ultrafine and well dispersed TiO, NPs in a polymer
matrix is therefore desirable.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41844
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In this work, high surface tension between the NPs and the
polymer matrix were overcome by partially hydroxylizing the
PVDF polymer via the Fenton reaction. The Fenton reaction
was followed by the embedment of TiO, particles via simultane-
ous solvent exchange and phase inversion in a colloidal stable
suspension bath. The resulting OH functional group on the
PVDF-OH polymer matrix was expected to promote stronger
interactions with the fine NPs and PVDF-OH to improve the
distribution, lower surface roughness (low fouling) and promote
a higher reactive surface area (better UV-cleaning).

EXPERIMENTAL

Materials

UF flat sheet membranes were fabricated by dissolving PVDF
(TA6010/1001, Solvay Solexis, Shanghai) in N-N-dimethylaceta-
mide (DMAc) (Merck, Germany) [assay (GC, area %) > 99%]
solution and were cast at 200 pum thickness. The commercial
TiO, nanopowder was purchased from Sigma-Aldrich, St. Louis,
MO (trade name: P25; particle size ~ 21 nm). As reported by
the manufacturer, P25 contains approximately 75% anatase and
25% rutile. The NPs were used as received.

Anhydrous ethanol (C,HsOH), hydrogen peroxide (H,O,), iron
(II) sulfate heptahydrate, (FeSO,+7H,0), and sulfuric acid
(H,SO,) were the Fenton reagents used to prepare hydroxyl-
functionalized PVDF polymer and were all supplied by Merck,
Germany. Synthetic humic acid (HA) with a molecular weight
range of 20,000-50,000 g/mol was obtained from Sigma-Aldrich
and used as the organic foulant during the experiment without
further purification. Sodium hydroxide, NaOH (Sigma-Aldrich,
USA) solution was used to improve the dissolution of HA in
water.

For the adsorption study, feed solutions were prepared by dis-
solving 20 mg of pre-weighed HA powder in 1 L of distilled
water. For the effect of HA fouling, feed solutions were pre-
pared by dissolving 10 mg of pre-weighed HA powder in 5 L of
distilled water. The solution pH was adjusted to pH 7 by the
addition of a small quantity of 0.1M NaOH with vigorous stir-
ring. Analytical grade anhydrous calcium chloride (CaCl,,
1 mM) (R & M Chemicals, UK) was added to adjust the total
ionic strength of the HA feed solution.

Synthesis of Hydroxyl-Functionalized PVDF Polymer
PVDF-OH polymer was synthesized by a Fenton reaction, in
which 18 g of PVDE 2.502 g of FeSO,7H,O (900 mmol),
0.738 g of H,0, (10.8 mol), 90 mL of C,HsOH and 90 mL of
deionized water were reacted for 1 h in a flask controlled at
50°C using a water bath. The resulting product was filtered and
washed thoroughly with excess sulfuric acid (H,SO,4) and water
to remove the Fe’! salt adsorbed on the polymer (Figure 1).
The polymer was then dried overnight in an oven at 70°C. The
mechanism of hydroxylation is shown below:

Fe’" + H,0, — Fe’* +HO* +OH" (1)
Fe’"+ H,0, — Fe’" +HOO- + H' (2)
Preparation of Stable TiO, Colloid Suspension

Chemical and mechanical methods were used to prepare the
TiO, colloidal suspension that was used as a coagulation bath

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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HO® / HOOe
HH =y

Figure 1. Mechanism of PVDF hydroxylation. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

for the membrane phase inversion. The chemical modification
was carried out first, followed by application of the mechanical
method as described in our previous report.'"®2° In brief, the
pH value of the TiO, suspension was adjusted until the pH
reached equilibrium at pH 4.0 to achieve electrostatic stability
(zeta potential > * 30 mV) with an average hydrodynamic clus-
ter size of 200 nm in suspension, as reported in our previous
study.”?! When the zeta potential value is less than —30 mV or
greater than +30 mV, particles in suspensions tend to repel
each other, and therefore, no agglomeration occurs. To further
break the agglomerated TiO, cluster, the TiO, suspension was
subjected to 15 min of ultrasonic irradiation. The colloidal sta-
bility was evaluated based on the zeta potential and particle size
distribution (apparent hydrodynamic size) of TiO, NPs using a
Malvern Zetasizer Nano NS90 (Malvern Instruments, United
Kingdom) on the basis of DLS theory and the cumulative
method. The measurements were carried out using a clear dis-
posable zeta cell at 25°C, with the TiO, refractive index (RI)
and absorption set at 2.500 and 0.10.°>*> Water was chosen as
the dispersant for the measurement with a viscosity of 0.8872
cP and a RI of 1.330. The reported values were taken from three
measurements of 15 runs and 20 runs for TiO, particle size dis-
tribution and zeta potential, respectively, to minimize analytical
error.

Membrane Formation and In Situ Particle Embedment

The membrane casting solutions were prepared by dissolving
pre-dried PVDF polymer or PVDF-OH polymer (24 h of oven
drying at 70°C) using DMAc in a 200 mL beaker. The composi-
tion of the PVDF/DMAc was maintained at a weight percentage
ratio of 18: 82.

The mixture was subjected to an initial constant stirring of
250 rpm at 65°C for 4 h to form a homogeneous solution. The
homogenous membrane polymer solution was then left over-
night with stirring at 40°C and then kept in a centrifuge tube.
The trapped air bubbles were removed by allowing the solution
to stand overnight. Solvent loss by evaporation was negligible
due to the high boiling point of DMAc of 164-166°C.

The polymer solution was cast using a thin film applicator (Elc-
ometer 4340, Elcometer (Asia) Pte.) on a flat glass plate
wrapped with non-woven polyester fabric (Holleytex 3329, Ahl-
strom) to form a film at a nominal thickness of 200 um. The
polyester fabric acts as a membrane support layer, providing
mechanical strength to the membrane for pressure resistance.
Thereafter, the nascent membrane on the glass plate was solidi-
fied by immediate immersion into a coagulation bath consists
of either distilled water or TiO, suspension at room tempera-
ture (26°C) to avoid excessive surface evaporation. The immer-
sion was left for a day to ensure complete solidification and

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41844
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removal of residual solvent from the membranes. The resulting
fabricated membrane was then recovered from the coagulation
bath after detaching the membrane from the glass plate, with
subsequent rinsing with distilled water and soaking in a bath of
fresh distilled water. Drying was done after dipping the mem-
brane in ethanol to avoid microbial growth.

TiO, particles were introduced onto the membrane matrix by
immersing the nascent PVDF or PVDFOH membrane on the
glass plate into the prepared 0.01 g/L TiO, colloidal suspension.
Because the membrane surface solidification and NP embed-
ment occur simultaneously, this NP incorporation method is an
in-situ approach.

Membrane Characterization

Fourier Transform Infrared (FTIR) Spectroscopy. Fourier
Transform Infrared (FTIR) spectra of the PVDF and PVDF-OH
polymer were obtained to investigate the functional groups on
the polymer surface. The FTIR (FTIR, Nicolet Nexus 670, USA)
was equipped with an OMNI-sample attenuated total reflection
(ATR) smart accessory and was coupled to a diamond crystal
operated at an incidence angle of 45°. Each of the spectra was
recorded as the average of 32 scans taken with a resolution of
4 cm™" and was collected at an operating wave number ranging
from 4000 to 425 cm™'. The pressure was equal in all samples
to avoid differences caused by the different penetrating depth.

Membrane Pore Size Distribution. Pore size of the membranes
was determined using gas flow/liquid displacement method via
Capillary Flow Porometer Porolux 1000 (CNG Instruments).
Membrane samples with diameter of 10 mm were characterized
using the “dry up-wet up” method. In this method, gas flow
was measured as a function of transmembrane pressure,
through wetted membrane with 1,1,2,3,3,3-haxafluoropropene
and the dried membrane. The pore size distribution was esti-
mated using PMI software.

FESEM and EDX Analysis. The surface morphology of the syn-
thesized PVDF/TiO, MMM and PVDF-OH/TiO, MMM was
probed using a field emission scanning electron microscope
(FESEM) (SUPRA 35 VP, Carl Zeiss Inc.). For the FESEM
observation, the initially
C,H5OH for a few seconds, dried with a filter paper to remove
the remaining C,HsOH on the membrane surface, and air
dried. A K 550 sputter coater was used to coat the outer surface
of the membrane samples with a thin layer of gold under vac-
uum to provide electrical conductivity and to prevent the sur-
face from being charged. The membranes were sputtered for 0.5
min with gold, and then the samples were examined under the
electron microscope at potential of 10.0 kV. Using the same
samples in the FESEM, the surface composition mapping and
dispersion quality of TiO, particles on the membrane surface
were examined using an Energy Dispersive X-ray (EDX) spec-
trometer (EDAX, USA).

membranes were immersed in

Atomic Force Microscopy (AFM) Analysis. Atomic Force
Microscopy (AFM), model XE-100 (Park Systems, USA), was
employed to analyze the surface morphology and the roughness
of the membranes. The measurement was carried out at atmos-
pheric pressure and the membranes were dried at room temper-
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ature prior to surface analysis. Approximately 1 cm’ of the
prepared membrane was cut and affixed on the top of the scan-
ner tube taped with carbon tape before being scanned to ensure
that the sample was totally flattened. The membrane surface
was then scanned with a laser beam reflected by the cantilever
within a scanning area of 10 yum X 10 um based on the non-
contact mode. The root mean square roughness (R;) was
recorded as the average of three measurements and was used as
the evaluation parameter to compare the roughness of the
membranes produced.

Adsorption Study

Adsorption of the HAs as model organic foulants and their
binding kinetics onto the PVDF and PVDF-OH polymer sur-
face was investigated using QCM-D. The polymers (with 5%
PVDF/PVDF-OH and 95% DMAc) were spin-coated on quartz
crystals (gold sensor) (14-mm diameter, ~ 0.3-mm thickness).
The tests were carried out in three steps: (i) deionized water
flow for 5 minutes, (ii) HA solution flow for 1 h and (iii)
deionized water flow for 1 h for hydraulic cleaning. Because the
voids and pores of the freshly polymer coated quartz crystal
(gold sensor) were filled during the experiment and gravely
affected the experimental result, a water pre-adsorption study
was first conducted using distilled water until a steady-state fre-
quency (Af) and energy dissipation (AD) were achieved to alle-
viate the impact of water adsorbed onto the film. During the
adsorption test, 20 mg/L of the HA model solution prepared
following the same procedure as mentioned in “Materials” sec-
tion at pH 7 was charged into the flow modules at a constant
cross-flow rate of 50.0 uL/min, and the weight changes were
recorded by the measurement chamber.

For a rigid adsorbed layer (i.e., negligible energy dissipation,
AD), changes in the frequency are primarily proportional to the
mass uptake or release at the sensor surface as described by the
Sauerbrey equation:**

2 2

- fo Am
AVPaHy

where Afis the change in frequency (Hz), Am is the change in

mass adsorbed (kg), fo is the resonant frequency (Hz) of the

crystal sensor, A is the piezoelectrically active crystal area (m?),

and p, and p, are the density (kg/m3) and shear modulus (Pa)
of quartz.

Af = 3)

Changes in the energy dissipation factor (AD) are related pri-
marily to the viscoelasticity (softness). The softness, in turn, is
often related to structural changes of the film adhering at the
sensor surface. For viscoelastic layers that exhibit high energy
dissipation (AD), the vibrations amplify the shear acoustic wave
such that Afis not directly proportional to Am. A viscoelectric
model was used to fit the Af and AD data simultaneously to
determine the density (p;), thickness (d;), shear elastic modulus
(1), and viscosity (n;) of the adsorbed layer.zs_27 All adsorption
study experiments were performed at 25°C.

The adsorption study of the HA model solution was continued
for 1 h. Hydraulic cleaning was then conducted, and the poly-
mer was washed in the same cross-flow manner with pure dis-
tilled water across the polymer surface continuously for another

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41844
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Figure 2. Schematic diagram of membrane cross-flow filtration rig. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

1 h to remove loosely bonded HA, which determined the
reversible fouling recovery.

Membrane Performance Evaluation

A laboratory bench scale cross-flow recirculation unit was used to
study the permeation flux, antifouling, defouling and UV-
cleaning properties of the neat PVDF membrane, PVDF/TiO,
MMM and PVDF-OH/TiO, MMM. The schematic diagram of
the experimental set-up for the cross-flow permeation unit is dis-
played in Figure 2. The rig consists mainly of a membrane cross-
flow filtration cell, feed reservoir (HA tank and clean water tank),
peristaltic pump, flow meter for measuring flow rate, balance
with data acquisition system for measuring filtrate flow, pressure
gauge to show the equilibrium pressure, and Philip UV-A light
(Actinic BLTL-K 40 W/10-R), which emits long wave UV-A radi-
ation in the 350—-400 nm range to provide near-UV radiation. An
intensity meter (Sglux, sensor monitor 5.0) was used to measure
the UV light intensity. The produced flat sheet membrane was cut
into a rectangular shape, laid on top of the membrane holder in a
custom-designed transparent rectangular membrane test cell with
a size of 7.5 cm X 9.6 cm (effective membrane filtration area of
72.0 cm?, excluding the area covered by the O-ring) and was
tightened by a rubber O-ring.

The experiment in this study included five successive steps
using the same system but different experimental conditions.
Fresh polymeric membranes were first compacted using pure
distilled water at a constant pressure of 0.5 bar for 4 h until a
steady-state flux was achieved. Fresh distilled water was then re-
circulated at a constant cross-flow rate per unit projection area
of 0.04 L/min using the peristaltic pump (Hydra-Cell, Wanner
International).

The pure water flux (PWF) was determined every minute based
on weight differences measured directly by the electronic bal-
ance connected to a data acquisition system (AND Super
Hybrid Sensor, Model: Fx-3000i, A & D Company, Limited)
over the permeation time.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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where F is the PWF (L/m*h), V is the permeate volume (L), A
is the membrane effective surface area (m?®), and t is the perme-
ation time (h).

The fouling experiment was performed for 12 h using 2 mg/L
HA with 1 mM CaCl, as a model solution to simulate the
organic matter in natural waters at ambient temperature (25°C)
and at pH 7, according to the previously outlined procedure
(“Materials” section). Fresh HA solution was added every 2 h to
maintain a constant concentration.

The fouling tendency of the membranes was evaluated based on
the relative flux reduction (RFR) which indicates the fouling
propensity of the membrane. The RFR was calculated as
follows:

_Jp

]_> X 100% (5)

RFR(%) = (1
w1

where Jp is the solution permeate flux (L/m>-h) and Jyy; is the
initial PWF (L/m?-h). Generally, the lower the RFR value, the
better the antifouling properties of the membrane. Fouling can
be quantified by the resistance to the flux due to pore blocking
or the formation of a gel layer on the membrane surface.

After the HA solution was continuously filtered for 12 h,
hydraulic cleaning was introduced in the cross-flow manner
using distilled water for another 4 h to determine the flux
recovery of the membranes. The flux recovery ratio (FRR) can
be calculated from the water flux after hydraulic cleaning

FRR(%) = <@> X 100% (6)
Jwi
where Jy, is the PWF after washing (L/m*h) and Jy; is the ini-
tial PWF (L/m*h). Generally, a higher FRR (approaching unity)
indicates better defouling properties of the membrane.

The photocatalytic degradation of HA was carried out by
directly illuminating the corresponding fouled membrane for
3 h with a 40 W UVA lamp, Actinic BL TL/TL-D/T5 (Philips,
Germany) with a light intensity at the membrane surface of
1.53 mW/cm® without water flow to activate the self-cleaning
properties of the embedded TiO, NPs on the MMM surface.
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Figure 3. FTIR spectra of the neat PVDF polymer and PVDF-OH poly-
mer. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Next, the water permeability test was conducted for 4 h, and
the flux of the membrane was measured again. The same pro-
cess was repeated twice to determine the UV irradiation time
and the degree of HA degradation. For comparison purposes,
this series of tests was also performed on the neat PVDF mem-
brane as a control.

The irreversible flux recovery ratio [IFRR (UV)] from two
cycles of photocatalytic degradation (3 h per cycle) was
obtained by calculating the ratio of water permeability after UV
irradiation to water permeability before irradiation:

Jws—Jw2

IFRR(UV) (%) = < ) X 100% (7)

w2
where Jyy; is the recovery water flux after irradiation with 6 h of
UV light (L/m*h) and Jy, is the PWF after washing with dis-
tilled water (L/m%h) without UV light.

RESULTS AND DISCUSSION

Chemical Modification of PVDF

The FTIR spectra of the PVDF and PVDF-OH polymer are
shown in Figure 3. As depicted in Figure 3, a strong characteris-
tic peak for the PVDF-OH polymer FTIR spectra that corre-
sponds to the O—H stretching was observed in a broad band
around 3500-3000 cm™'. The presence of the higher O—H
stretching absorbance of the PVDF-OH polymer means that the
PVDF-OH polymer could primarily give higher hydrophilicity
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to the PVDF-OH membrane and is therefore expected to have
a higher water flux.

Adsorption Study on the Pristine PVDF and PVDF-OH
Membranes

To prove that the PVDF-OH polymer with more hydroxyl
groups has better antifouling properties, a QCM-D adsorption
study of 20 mg/L HA solution on the neat PVDF membrane
and PVDF-OH membrane was carried out. Figure 4 clearly
reveals that the frequency change (Af) of the PVDF-OH mem-
brane related primarily to the change in mass adsorbed (Am)
was lower than the frequency change of the neat PVDF mem-
brane. In other words, the rate and extent of membrane fouling
of the PVDF membrane are higher than the rate and extent of
membrane fouling of the PVDF-OH membrane. The thickness
of the fouled PVDF-OH membrane is more readily reduced
compared to the PVDF membrane.

The change in energy dissipation (AD) is defined as the loss of
energy per oscillation period divided by the total energy stored
in the system that is related to the film viscoelastic property
(softness). With more foulant adhering on the PVDF membrane
film, the structure of the film will change from rigid to a thicker
and softer adsorbed layer, thus dampening the oscillation of the
sensor. The damping of the oscillation of the sensor is revealed
by exhibiting a high AD. Upon cleaning with pure water, the
PVDF-OH membrane exhibited a lower AD value compared to
the unchanged AD value of the neat membrane. The lower AD
means that the adsorbed layer becomes more rigid, indicating
that the water-coupled elongated HA layer could be removed
easily from the PVDF-OH just by hydraulic cleaning.

Physical Properties of the PVDF/TiO, MMM

Figure 5 shows the FESEM top surface images and EDX map-
ping of the PVDF/TiO, MMM and PVDF-OH/TiO, MMM
prepared using DMAc as a solvent and immersed in 0.01 g/L
P25 colloid suspension. As shown in the images, the PVDF-
OH/TiO, MMM was more favorable for producing smaller sur-
face particles compared to the system using the pristine PVDF
polymer. The EDX analysis was applied to further confirm the
distribution of TiO, NPs on the top surface of the PVDF/TiO,
MMM and PVDF-OH/TiO, MMM. The EDX mapping analysis
demonstrated that the PVDF-OH/TiO, MMM has a fairly good
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Figure 4. Dissipation change (AD) and frequency change (Af) of (a) neat PVDF membrane and (b) neat PVDF-OH membrane during three cycles of
cross-flow process: deionized water flow for 5 minutes, HA solution flow for 1 h, deionized water flow of hydraulic cleaning for 1 h. Casting solution
composition: PVDF/DMAc = 5: 95. Operation conditions during the experiment: [HA] =20 mg/L; [Ca®*]=1 mM (as CaCl,); pH 7.0; temper-
ature = 25 * 1°C; constant cross-flow rate = 50.0 pL/min. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. FESEM micrographs and EDX top surface mapping of the (a) PVDF/TiO, MMM and (b) PVDF-OH/TiO, MMM fabricated using DMAc as a sol-
vent by immersing in a 0.01 g/L P25 TiO, coagulation bath. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. AFM three-dimensional surface micrographs of the (a) neat PVDF membrane, (b) PVDF/TiO, MMM and (¢) PVDF-OH/TiO, MMM. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Surface Parameters for the Neat PVDF Membrane, PVDF/TiO,
MMM, and PVDF-OH/TiO, MMM Fabricated Using DMAc as a Solvent
Immersed in 0.01 g/L of TiO, Colloid Suspension

Membrane Rq (hm) Surface area ratio (%)
PVDF 20.7 18

PVDF/TiO2 107.4 151

PVDF-OH/TiO2 36.1 4.5

Note: The root mean square value of Z data (Rg) is the standard deviation
of the Z values within the given area.

particle distribution on the membrane surface compared to the
PVDF/TiO, MMM. The lesser degree of TiO, clustering for the
PVDF-OH/TiO, MMM is most likely attributed to the relatively
lower surface tension between the particles and the hydrophi-
lized membrane matrix contributed by the hydroxyl group.

AFM was employed to further analyze the surface morphology
and the roughness of the neat PVDF membrane, PVDF/TiO,
MMM and PVDF-OH/TiO, MMM. Figure 6 shows three-
dimensional AFM images of membrane surfaces at a scan size
of 10 yum X 10 um. In these images, the brightest area repre-
sents the highest point of the membrane surface, and the dark
regions indicate the valleys or membrane pores. For the PVDF/
TiO, MMM, the surface morphology was greatly changed by
the clustering effect of TiO, NPs assembled on the PVDF mem-
brane, whereas the PVDF-OH/TiO, MMM shows a surface
roughness quite similar to that of the pristine membrane.

The surface roughness parameters of the membranes, expressed
in terms of the root mean square of the Z data (R,) and the
surface area ratio (%), were calculated using the XE Image
Processing Program Version 1.7.6, and the results are presented
in Table I. Table I shows that the roughness parameters of the
PVDF-OH/TiO, MMM were apparently lower than the rough-
ness parameters of the PVDF/TiO, MMM and closer to those
of the neat PVDF membrane. At equal TiO, concentrations, the
better dispersion of TiO, within the PVDF-OH polymer matrix
gave a higher number of surface TiO, clusters (particles) com-
pared to the PVDF polymer matrix. In addition, the coarser
membrane traps impurities from water to reduce the surface
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Figure 7. The pore size distribution of membranes.
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Figure 8. Effect of the hydroxyl-functionalized P25 MMM on antifouling
potential during five cycles of the cross-flow filtration process: PWF for
4 h, HA solution filtration for 12 h, hydraulic cleaning PWF for 4 h,
water flux for 4 h after 3 h of UV irradiation and water flux for 4 h after
a 2nd round of 3 h UV irradiation. Operation conditions during the
experiment: [HA] =2 mg/L; [Ca®] =1 mM (as CaCl,); pH 7.0; temper-
ature = 25 * 1°C; cross-flow velocity =4.0 L/h, operating pressure = 0.5

bar; light intensity = 1.53 mW/cm®. (a) hydraulic cleaning, (b) hydraulic
cleaning after 3 h of UV irradiation, [c] hydraulic cleaning after another
subsequent 3 h of UV irradiation. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

energy much more easily. Therefore, the smoother surface of
the PVDF-OH/TiO, MMM with less surface roughness is
expected to have a low fouling tendency.

Figure 7 shows that the produced membranes have pore size
distribution that could be classified into two categories. In over-
all, the hydroxylated PVDF membranes have narrower pore size
distribution compared to the neat PVDF membrane. However,
these membranes have similar average pore size around 0.06
um. It is important to note that, neither membranes showed
significant pore size changes upon addition of P25 NPs via in-
situ colloidal precipitation method.'®

Antifouling and UV-Cleaning Potential of the Membrane

Antifouling Properties of the Membranes (RFR). To determine
the performance of the PVDF-OH/TiO, MMM, a series of cyclic
filtration tests on the antifouling, defouling and UV-cleaning
properties was conducted, and the flux data for these successive
filtrations are illustrated in Figure 8 and Table II. The flux data
are presented in terms of normalized flux (J/Jo), which is the
instantaneous flux over the initial water flux. The discontinuity of
each curve was due to the intermittent operation carried out
throughout the experiment. For PWF filtration, the normalized
fluxes were relatively constant subsequent to 4 h of operation.
Considering that groundwater frequently has a hardness (mainly
calcium and magnesium) above 300 mg/L as CaCO3,*® calcium
was added to the feed solution to explore its effects on fouling
behavior. Although HA molecules alone could not be effectively
adsorbed onto the TiO, particles or onto the membrane matrix at
pH 7.0, the presence of calcium ions in the solution significantly
enhanced the HA adsorption onto the surface of Ti0,.2**° With
the presence of the divalent cation (Ca*") in the HA solution, the
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Table II. The Water Flux Recovery and Cleaning Property of the Neat PVDF Membrane, PVDF/TiO, MMM, and PVDF-OH/TiO, MMM Fabricated

Using DMAc as Solvent Immersed in 0.01 g/L TiO, Colloid Suspension

Membrane TiO» concentration (g/L) Contact angle (°) Rejection (%) RFR FRR IFRR (UV)
PVDF = 669+11 97.92+0.63 24.24 82.03 0.10
PVDF/TiO2 0.010 752+0.5 98.73+0.19 36.07 61.89 16.56
PVDF-OH/TiO2 0.010 74.4+0.7 95.83+1.59 15.24 87.32 11.15

HA molecules became a coiled and spherical cohesive mass.*®?"

This effect is due to the electrostatic shielding of the HA carboxyl
functional groups® and consequently results in a decrease of the
electrostatic repulsion between HA molecules to form bigger mol-
ecules due to coagulation and particle precipitation.’®** Yuan and
Zdyney™ reported that the reaggregation of HA due to Ca®" pre-
cipitation changed the apparent molecular distribution of HA,
i.e.,, the portion of HA with molecular weight greater than 300 kD
increased from only 1% for the fresh solution to 9% for the solu-
tion in the presence of 1 mM CaCl,. Such an adsorbed layer
caused a sharp drop in the flux, even in the first few minutes of
operation.

The initial water flux (J,) for the neat PVDF, PVDF/TiO, and
PVDF-OH/TiO, membranes are 37.4, 37.7, and 25.0 L/hr.m?
respectively. The flux data showed that hydroxylation of PVDF
did narrow down the pores as supported by previous pore size
data which cause certain degree of flux declination. The rejec-
tion of the membrane seems decreased slightly for PVDF-OH/
TiO, membrane in despite of its smaller pore size as shown in
Table II. It is important to note that the pore size of the mem-
brane is relatively large (60 nm) compared to the isolate HA, in
this case the buildup of cake layer do help to enhance the rejec-
tion of the membranes. Upon membrane hydroxylation, the HA
deposition on the membrane surface was reduced which
resulted in poorer observed rejection.

The HA fouling tendency was revealed clearly by the consider-
able flux decline in Figure 8 with RFR values of 24.24%,
36.07%, and 15.24% for the neat PVDF membrane, PVDF/TiO,
MMM and PVDF-OH/TiO, MMM, respectively, after 12 h of
HA filtration (the end of HA fouling). Visual observation
revealed that the membrane surface was covered with a thin
dark brown deposit layer (gel formation) at the end of the fil-
tration, confirming the existence of the fouling layer. The cross-
sectional images (Figure 9) of the membranes (PVDE PVDEF/
TiO,, and PVDF-OH/TiO,) shows that the the neat PVDF
membrane has the thickest foulant layer followed by the PVDEF/
TiO, and PVDF-OH/TiO,. This phenomenon proved that
membrane hydrophilization could indeed minimize the fouling
tendency of HA. This observation was also in accordance to the
previous observation that explain why PVDF-OH/TiO, had
poorer HA rejection because of its thinner layer.

The membrane fouling phenomenon could be influenced by
hydrodynamic conditions, such as permeation drag and back
transport, and chemical interaction between foulants and mem-
branes.’* To relate the hydrophilicity to the antifouling prop-
erty, the membranes were tested under similar hydrodynamic
conditions. Hence, the different fouling behavior could be
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attributed to the different physiochemical properties of the
membranes due to NPs entrapment. Theoretically, the incorpo-
ration of hydrophilic TiO, into the PVDF membrane matrix
could reduce the fouling propensity of the membrane®>~” due
to the higher affinity of TiO, toward water. As reported in the
literature, the antifouling properties of TiO, NPs were attrib-
uted to the water-shielding effect by the hydrophilic hydroxyl
groups on the membrane surface.”>”® However, the PVDF/TiO,
MMM, which exhibited a high surface roughness problem,
superseded the hydrophilicity effect of the membrane and even-
tually led to an increase in fouling tendency (higher RFR) com-
pared with the neat PVDF membrane. As can be seen from
Table II, even though the PVDF-OH/TiO, membrane has lower
contact angle compared to PVDEF/TiO, membrane, however,
both MMM membranes show higher contact angle compared to
the neat membrane. This observation showed that surface
roughness did play an important role in lowering the surface
energy thus increasing the contact angle. Cao et al.’ found that
the membrane roughness was the most influential factor on the
membrane antifouling capability under the same operating con-
ditions. Coarser membranes can much more easily absorb fou-
lants from water in the valleys of the membrane compared to

5,40-42
smoother membrane surfaces.

In the PVDF-OH/TiO, MMM system, in which the particle dis-
tribution was enhanced, the HA fouling propensity of the mem-
brane was greatly reduced, as shown by the lower RFR value
compared to the neat PVDF membrane and unmodified PVDF/
TiO, MMM. This finding shows that the fine and uniformly
distributed NP membrane with lower surface roughness and
higher surface energy was responsible for its antifouling proper-
ties. This finding was in line with the work of Cao et al. (2006),
who claimed that compared to the rutile TiO, NPs (average
diameter ~ 30 nm), anatase TiO, NPs with a smaller diameter
(~10 nm) are reported to have better antifouling properties.

Hydraulic Cleaning Properties of Membranes (FRR). Mem-
brane fouling can be reversible or irreversible. Reversible fouling
in this study resulted from the loose attachment of HA on the
membrane surface, which could be removed by simple hydraulic
cleaning. In contrast, irreversible fouling was caused by the strong
adsorption of HA molecules onto the surface or the entrapment
of HA molecules in pores which cannot be removed by hydraulic
cleaning. In this case, membrane cleaning was studied by scouring
the membrane surface with pure distilled water. Cleaning was per-
formed by recirculating pure water at 0.04 L/min for 4 h. As
shown in Figure 8, a significant increment in flux was found after
the membrane was washed with pure distilled water. The permea-
tion flux recovery was expressed in terms of the FRR. The water
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flux can be recovered up to 82.03%, 61.89% and 87.32% for the
neat PVDF membrane, PVDF/TiO, MMM and PVDF-OH/TiO,
MMM, respectively. This observation indicated that the flux
decline caused by HA was mostly reversible, most likely due to the
surface reversible deposition that could be improved significantly
using hydraulic force.

Again, the recovery of the PVDF/TiO, MMM flux appeared to
have a lower FRR than the neat PVDF membrane. This observa-
tion further supports the suggestion that irregular surface
roughness promoted the adsorption of HA molecules that are
difficult to remove due to the zero shear near the surface. The
PVDF-OH/TiO, MMM was likely to shown an extraordinary
advantage for membrane defouling properties. This quality was
further enhanced by the uniform roughness of the membrane
surface due to the trapping of air in the cavities between the
drop and the hierarchical nodular structure of the membrane
surface (wetting resistance), which could easily repel the water
by rolling off the water with anchoring HA.*?

Self-Cleaning Ability of Intermittently UV-Irradiated Mem-
branes [IFRR (UV)]. Photocatalytic degradation of the
adsorbed HA was performed after physical cleaning by irradiat-
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Figure 9. Cross-sectional images of the HA fouling layer on different membranes (a) Neat PVDF membrane, (b) PVDF/TiO, MMM (c) PVDF-OH/
TiO, MMM.

20 um

ing the membrane surfaces twice (3 h each) with a UV-A lamp
at a light intensity of 1.53 mW/cm®.

After irradiating with UV light, the fouled membrane, which was
initially dark brown in color gradually changed to light brown
and almost yellow when photocatalytic oxidation was employed,
while the color of the fouled neat PVDF membrane remained the
same. Figure 8 shows that the filtration flux of the MMM was
effectively enhanced after UV irradiation. These results prove that
the effect of photocatalysis on the MMMs did provide additional
cleaning properties. During photocatalytic degradation, TiO, par-
ticles on the MMM surface interact with UV light to generate
electrons (e”) and holes (h™). The photogenerated holes trap
H,O0 or O, to yield H" and highly active HO radicals, which are
an effective oxidation agent for destroying HAs. Generally, HO-
attacks the HA molecule through hydroxyl addition or hydrogen
extraction. Meanwhile, dissolved oxygen (DO) in water can cap-
ture electrons and produce O, , which reacts with HA or HA
intermediates. DO can further form *OH by protonation, which
results in the degradation of HA.

IFRR (UV) values of 0.10, 16.56 and 11.15 were recorded for the
neat PVDF membrane, PVDF/TiO, MMM and PVDF-OH/TiO,
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MMM, respectively. Table II shows that the IFRR (UV) obviously
had an insignificant effect on the neat membrane, as the UV light
alone failed to degrade HA deposited on the membrane surface.
Because photocatalytic activity of the MMM is contributed by the
embedded TiO, NPs, it is reasonable to find that the PVDF-OH/
TiO, MMM also showed enhanced photocatalytic activity.

The flux changes from 37.7 to 25.6 L/h.m* and 25 to 22.5 L/
h.m®> for PVDE-TiO, and hydroxylated PVDF-OH/TiO,,
respectively. These results show that even though the overall
flux of PVDE-TiO, membrane is still higher due to the bigger
pore size, for long term operation, hydroxylated PVDF-OH/
TiO, has better antifouling properties. The amalgamation of
superior antifouling, defouling and UV-cleaning ability of the
PVDF-OH/TiO, MMM prepared using the in-situ colloidal pre-
cipitation method was therefore attractive for longer operational
lifetimes that could reduce its operating costs.

CONCLUSIONS

The fine and well-distributed TiO, dispersions with a low tendency
for aggregation on the membrane polymeric matrix were found to
have significant effects on the membrane antifouling and defouling
properties. The antifouling and defouling properties were attrib-
uted to their reduced surface roughness as well as to their increas-
ing surface energy. This finding was manifested through the
improved RFR and FRR values of the PVDF-OH/TiO, MMM
compared to the PVDF/TiO, MMM and neat membrane.

The ultimate advantage of incorporating TiO, NPs into the mem-
brane matrix for self-cleaning properties was evaluated by degrad-
ing the HA adsorbed on the membrane surface under mild UV
light irradiation. Photocatalytic oxidation was found to be an effec-
tive process for degrading permanently fouled HA by breaking the
hydrophobic and electrostatic interactions between HA and the
membrane and thus increase the membrane cleaning efficiency.
P25 TiO,, with mixed 25% rutile and 75% anatase crystallinity,
was proven to produce superior UV-cleaning properties towards
the PVDF/TiO, MMM. However, the photodegradation property
of the PVDF/TiO, MMM was complicated by its rough surface.
This problem can be solved by hydroxylizing the polymer matrix to
improve the TiO, dispersion. The PVDF-OH/TiO, MMM con-
taining the well-dispersed TiO, NPs with a large surface-to-volume
ratio was considered to be an attractive membrane that promises
significant amalgamation of the applications to antifouling, defoul-
ing and UV-cleaning (self-cleaning) capacity.
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