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ABSTRACT: A major factor limiting the use of ultrafiltration (UF) membrane in water treatment process is the membrane fouling by
natural organic matter such as humic acid (HA). In this work, neat PVDF and PVDF/TiO, mixed-matrix membranes were prepared
and compared in terms of their antifouling properties. Two commercial types of TiO, namely PC-20 and P25 were embedded to pre-
pare the mixed matrix membranes via in situ colloidal precipitation method. The contact angles for the mixed-matrix membranes
were slightly reduced while the zeta potential was increased (more negatively charged) compared with the neat membrane. Filtration
of HA with the presence of Ca*" demonstrated that mixed-matrix membrane could significantly mitigate the fouling tendency com-
pared with the neat membrane with flux ratio (J/J,) of 0.65, 0.70, and 0.82 for neat PVDF membrane, PVDF/TiO, mixed-matrix
membrane embedded with P25 and PC-20, respectively. PC-20 with higher anatase polymorphs exhibited better antifouling properties

due to its hydrophilicity nature. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polyvinylidene fluoride (PVDF) is one of the most extensively
applied membrane materials in the industry. However, PVDF UF
membrane with its relatively hydrophobic nature limits its appli-
cation in water separation process as they exhibit lower permea-
tion flux due to the high surface tension between water and the
membrane surface and more susceptible to fouling. Fouling
caused by natural organic matter (NOM) is a major obstacle for
efficient use of ultrafiltration (UF) membranes in the water puri-
fication process. Fouling could greatly reduces the permeate flux
and increasing the operational pressure, which leads to a higher
operational cost, and a short membrane lifespan. Several studies
had demonstrated that humic acid (HA), which is an important
forebonding of trihalomethane and haloacetic acids, has a major
influence on membrane fouling in the application for water
treatment."”” HA exists ubiquitously in the aquatic environment
which primarily results from the microbiological degradation of
surrounding vegetation and animal decay that enter surface water
through rain water run-off from the surrounding land.” Humic
acid are thought to be the complex aromatic macromolecules
owing to the presence of both aromatic and aliphatic substances
with three main functional groups: carboxylic acids (COOH),
phenolic alcohols (OH), and methoxy carbonyls (C=0).*
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The effects of solution chemistry that plays an important role
on HA fouling were broadly investigated in several membrane
processes.””” The charge and configurations of HA macromole-
cules is extensively affected by its solution chemistry, which
could alter the structure and hydraulic resistance of the foulant
deposit layer. Wang et al., Hong et al. studied the effect of solu-
tion chemistry on membrane fouling in the treatment of water
solutions containing HA. The results showed that the CaCl, or
MgCl, salts could readily form complexes with the functional
groups of humic macromolecules, increase the electrostatic
shielding among the charged HA molecules and change the
charge of both humic substances and membrane surface thus
caused more severe fouling.>®

A variation in membrane properties such as pore size, surface
charge and hydrophilicity might affect the physic-chemical
interactions of membrane and its solution.” In the previous
study, Kabsch-Korbutowicz et al. investigated the deterioration
of permeate flux during the UF of HA and found that hydro-
phobic UF membranes were more susceptible to HA fouling
than hydrophilic UF membranes.” This finding was in line with
the work of Lee et al.'"” who found that the hydrophilic regener-
ated cellulose membranes has superior antifouling property
compared to the hydrophobic polyethersulfone membranes.
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Recently, the combination of TiO, nanoparticles (NPs) with
membrane filtration has been widely reported for its antifouling
properties.">'* In addition to hydrophilic characters, mem-
branes which possessed a negative charge on the top selective
layer were also found extra useful in lowering fouling propen-
sity.'? Kwak et al. reported that the deposition of TiO, NPs into
hand-cast polyamide composite membrane had made an
obvious difference in both hydrophilicity and flux."* Among the
technical innovations used to incorporate TiO, NPs into the
membrane polymeric matrix, addition of TiO, NPs during
coagulation precipitation is considered as one of the most con-
venient methods to create the impact on membrane
hydrophilicity.

Because of the complex chemical and physical interactions
(fouling) in the UF process for water solutions containing HA,
a more systematic investigation of these interacting aspects is
needed. The main objective of this article is to evaluate the
effects of membrane surface chemistry on membrane fouling via
NPs modification.

EXPERIMENT

Materials

PVDF (Solvay Pharmaceuticals) ultrafiltration membranes were
prepared by casting the PVDF in N-N-dimethylacetamide,
DMAc (Merck, Germany) (Assay (GC, area %) > 99%) solution
at 200 um thickness. Two different types of commercial tita-
nium dioxide, TiO, nanopowder were purchased from TitanPE
Technologies, China (trade name: PC-20; particle size of 20 nm)
and Sigma-Aldrich, St. Louis, MO (trade name: P25; particle
size ~ 21 nm). As reported by the manufacturer, PC-20 con-
tains about 85% anatase and 15% rutile, while P25 contains
about 75% anatase and 25% rutile. They were used as received.

Synthetic HA obtained from Sigma-Aldrich was used as the or-
ganic foulant during the experiment without further purifica-
tion. Sodium hydroxide, NaOH solution was used to improve
the dissolution of HA in water. Feed solutions were prepared by
dissolving a preweighed 10 mg of HA powder in 5 L of distilled
water. The solution pH was adjusted to pH 7 by addition of
small quantities of 0.1M NaOH. To study the effect of HA foul-
ing, the analytical grade inorganic salt (CaCl,) was used to
adjust the total ionic strength of the HA feed solution.

Preparation of Stable TiO, Suspension

Chemical and mechanical treatments were carried out to
enhance the TiO, colloidal stability in the coagulation bath as
described below.

Chemical Method. First, in order to increase the stability of
the TiO, particles in distilled water, the chemical modification
of the original TiO, nanopowder was carried by adjusting the
pH value of the TiO, suspension. Hydrochloride acid solution
(HCI) was added drop-wise and mechanically stirred until it
reaches equilibrium of pH 4.0 to achieve electrostatic stability
(zeta potential > +30 mV). The pH value of the TiO, suspen-
sions was measured using a pH meter (Eutech Instruments).

Mechanical Method. The TiO, cluster was further broken
down by subjecting the TiO, solution to 15 min ultrasonic
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irradiation using Telsonic ultrasonic horn (SG-24-500P, Telsonic
Ultrasonics). The frequency of the ultrasound was kept constant
at 18.4 kHz.

Membrane Formation and In Situ Particle Embedment

The membrane casting solutions were prepared by dissolving
predried PVDF (24 h oven dried at 70°C) using DMAc in a
200-mL beaker. Composition of the PVDF/solvent solutions was
kept constant at 18:82 in weight percentage.

To obtain complete dissolution and optimal dispersion of the
polymer solution, the mixture was subjected to an initial con-
stant stirring of 250 rpm at 65°C for 4 h to form a homogenous
solution. The homogenous membrane polymer solution was
then left overnight under stirring at 40°C and then kept in a
centrifuge tube. The trapped air bubbles were removed by
standing the solution overnight. Solvent loss by evaporation was
negligible due to the high boiling point of DMAc at 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 nonwoven polyester fabric (Holleytex 3329, Ahlstrom) to
form a film at nominal thickness of 200 um. The polyester fab-
ric acts as membrane support layer, providing mechanical
strength to the membrane for pressure resistant. Thereafter, the
nascent membrane on the glass plate was solidified by immer-
sion into a precipitation water (distilled water) bath immedi-
ately to avoid excessive surface evaporation. The immersion was
left for a day to ensure complete solidification and removal of
residual solvent from the membranes. The resulting fabricated
membrane was recovered from the coagulation bath after
detaching from the glass plate and subsequently rinsed with and
soaked in a bath of fresh distilled water. Drying was sequentially
done after dipping the membrane in ethanol to avoid microbial
growth.

To introduce TiO, particles on the membrane surface, the
casted nascent PVDF membrane on the glass plate was
immersed into 0.001 g/L TiO, colloidal suspension as prepared
by using the method stated in Section 2.2. Since the membrane
surface solidification and particle embedment occur simultane-
ously, this particle incorporation method is an in situ approach
to embed particles onto the membrane surface.

Membrane Characterization

SEM Analysis. Top surfaces morphology of the PVDF/TiO,
mixed matrix membranes was observed using a Field Emission
Scanning Electron Microscope (FESEM) (SUPRA 35 VP, Carl
Zesis). For FESEM observation, the membrane samples were cut
into appropriate size and mounted on the sample holders. K
550 sputter coater was used to coat the outer surface of the
membrane sample with a thin layer of gold under vacuum to
provide electrical conductivity. After gold/palladium sputtering,
the samples were examined under the electron microscope at
potentials of 10.0 kV. Using the same sample in SEM, the sur-
face composition analysis including quality of dispersion and
existence of TiO, particles on the membrane surface were car-
ried out using energy dispersive X-ray (EDX) (EDAX).

Pore Size Distribution. Pore size of the membranes was deter-
mined using gas flow/liquid displacement method via Capillary
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Figure 1. Schematic diagram of cross-flow recirculation membrane filtration rig.

Flow Porometer Porolux 1000 (Benelux Scientific, Germany).
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, initially
through wetting of membrane with 1,1,2,3,3,3-haxafluoropro-
pene followed by dry flow of gas through the membrane. The
pore size distribution was estimated using PMI software.

TgA. The thermal stability and degradation of PVDEF/TiO,
mixed matrix membranes was examined by Thermal Gravita-
tional Analysis (Perkin Elmer, USA) performed by a means of
TGA 7 Thermogravimetric Analyzer. Aluminum open pans
were used as sample holders. A membrane sample was placed
on a pan by means of a plastic syringe in order to keep the
sample mass and shape as uniform as possible. The sample
mass weighing approximately 5-7 mg was used. Degradation
temperatures were determined by heating the membrane sam-
ple using pure oxygen under ambient pressure at a heating
rate of 20°C/min for the temperature range of 30-850°C and
observing regions of significant weight loss. The TiO, concen-
tration on membrane surface was estimated from the residual
weight.

Surface Tension (Wettability) Measurement. The membrane
wettability is characterized by static contact angle method
based on sessile drop technique using a DropMeter A-100
contact angle system (Rame-Hart Instrument). The membrane
sample was stuck onto a glass slide using double-sided tape to
ensure its top surface was upward and flat. A droplet (~13
HL) of deionized water was dropped onto the dry membrane
surface using a microsyringe at room temperature (21 =
1°C). Immediately, a microscope with long working distance
6.5 x objectives was used to capture micrographs at high fre-
quency (100 Pcs/s). The reported contact angles were average
values from the measurements taken at 10 different locations
on the membrane surface, as a measure to minimize random
error.

Streaming Potential. The surface properties of the membranes
were examined using streaming potential device. The streaming
potential was evaluated using a devise constructed from two
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Plexiglas chambers with Ag/Ag/Cl electrodes inserted at each
end. Data were obtained using 10 mM NaCl at pH 7.0, with the
fluid flow across the membrane surface. The apparent zeta
potential (&) was evaluated from the slope using the Helmholtz-
Smoluchowski equation

Ao\ dE

&= nix, z (1)
&8y ) dAP

where A is the solution conductivity, 7 is the absolute viscosity

of medium, ¢ is the permittivity of vacuum, and ¢, is the

dielectric constant of the medium.

As streaming potential is linearly dependent on the applied
pressure differential, it allows apparent zeta potential to be eval-
uated directly from eq. (1). Several studies have shown that eq.
(1) provides useful information on the charge characteristics of
membranes even though the Helmholtz-Smoluchowski equation
neglects the effects of surface conductance and overlapping dou-
ble layers. All results in this study were reported in terms of
apparent zeta potential data as calculated from eq. (1).

Crossflow Filtration

Figure 1 displays the schematic diagram of the experimental set
up for crossflow filtration. The rig mainly consist of a mem-
brane cross-flow filtration cell, feed reservoir (HA tank and
clean water tank), peristaltic pump, flow meter for measuring
flow rate, balance for measuring filtrate flow with data acquisi-
tion system, pressure gauge to show the equilibrium pressure
and to evaluate the membrane performance under different
pressure. All produced flat sheet membranes were cut into the
disc shape and laid on top of the membrane holder in a
designed stainless steel circular membrane test cell with a diam-
eter of 5.1 cm (effective membrane filtration area of 20.43 cm?
excluding the area cover by the O-ring) and tightened by a
rubber O-ring.

Before the experiment was carried out, the membrane was com-
pressed using distilled water at constant pressure of 1.0 bar for
1 h and left for a day. During the experiment, the synthetic HA
solution was charged into a 3 L feed tank and recirculated at a
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constant cross-flow rate per unit projection membrane area of
0.04 L/min using the peristaltic pump (Hydra-Cell, Wanner
International). Filtration pressure was generated using a peri-
staltic pump and controlled by a needle valve at 0.5 bar while
the permeate side was opened to the atmosphere. The retentate
was returned to the feed tank (HA tank) to minimize the
changes of feed concentration. Fresh feed solution was added
every 2 h in order to maintain constant concentration. Permeate
flux was measured every 1 min by weight differences obtained
online from the analytical balance.

RESULTS AND DISCUSSIONS

Morphologies of PVDF/TiO, Mixed Matrix Membrane

Figure 2 shows the SEM top surface images of PVDEF/TiO,
mixed matrix membranes for membranes prepared using DMac
as solvent immersed into different type of commercial TiO, col-
loidal suspension containing 0.001 g/L TiO, NPs. It can be seen
from Figure 2 that connected pore structure appeared on the
surface of PVDF membrane using DMAc as solvent and the
type of commercial TiO, nanopowder used does not contribute
to the structural change of membrane morphology due to its
similar kinetic and thermodynamic environment during phase
inversion.

In this colloidal precipitation method, TiO, nanoparticles were
introduced into the whole membrane matrix during solvent
exchange process as reported in our previous works.'> This can
be proven by the cross-sectional SEM images as well as the
EDX line mapping in Figure 3. As apparent from the figure, the
titanium line scanning of both mixed matrix membrane shows
a uniform and similar distribution pattern which had proven
the embedment of TiO, NPs in the membrane matrix, indicat-
ing that the polymer is homogeneously embedded with the
TiO, NPs. However, the titanium signal recorded for membrane
prepared by 0.001 g/L PC-20 was much more uniform com-
pared to 0.001 g/L P25. Therefore, it can be ruled out that this
was caused by higher degree of aggregation of PC-20 during the
in situ precipitation process, produces membrane with poorer
particle size distribution.

Sizes of NPs distributed on the PVDF/TiO, mixed matrix mem-
brane surface were measured from the FESEM images using
Image] 1.43 u software at 10.00 kx magnification, and the results
are presented in Figure 4. Figure 4 shows that different type of
commercial TiO, nanopowder did play an important role in
changing the particle size distribution on the membrane surface.
Membranes using P25 as colloidal suspension produced smaller
surface particles compared with the systems using PC-20. This
phenomenon is probably due to the higher agglomeration tend-
ency of PC-20 compared to P25 which promote particle aggrega-
tion during the phase inversion. The increasing deposition of
TiO, particles on membrane surface will likely provide additional
hydrophilicity strength to the membrane, possibly increasing the
permeate water flux and its antifouling properties.

Pore Size Distribution

Pore size distributions of the neat and PVDF/TiO, mixed-ma-
trix membrane were shown in Figure 5. As can be seen from
Figure 5, all the membranes prepared had quite similar pore
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Figure 2. FESEM micrographs reveal detail of topography structure of
PVDF/TiO, mixed matrix membrane (a) neat (b) 0.001 g/L PC-20 (c)
0.001 g/L P25.

size distribution. The maximum number of pore, 7y, for the
neat and mixed-matrix membrane is around 0.05 um whereas
the pore size distribution was slightly wider for mixed-matrix
membrane prepared via in situ colloidal precipitation method.
By adding TiO, NPs into the membrane polymeric matrix, it
induced the bigger pores; this is probably due to the seeding
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Figure 3. The TiO, distribution pattern on PVDF/TiO, mixed matrix
membrane immersed in (a) 0.001 g/L PC-20 (b) 0.001 g/L P25. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

effect of fine NPs which induced the early vitrification of the
polymer. As a result bigger pores were produced. However, the
increase of membrane pore size of was not significant indicating
that colloidal precipitation method is an ideal method to pre-
pare membrane with minimum changes to its physical
properties.

TgA

The TGA analysis of PVDF/TiO, mixed matrix membrane with
TiO, concentration of 0.001 g/L before and after undergoes 6 h
of pure water flux filtration process was reported in Figure 6.
Neat PVDF membrane is almost fully decomposed when the
samples heated up to 850°C in oxygen atmosphere. Thus, tita-
nium was the main component of the residual of PVDF/TiO,
mixed matrix membranes. According to the TGA results in Fig-
ure 6, after thermal decomposition at 850°C, the residual weight
percent of titanium particles in membrane prepared before and
after 6 h of membrane filtration process for both 0.001 g/L of
P25 and PC 20 TiO, were almost the same ranging from 3 to 4
wt %. These results indicated that the high stability of TiO,
NPs on PVDF matrix was obtained due to the hydrogen
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Figure 4. TiO, particle size distribution on the PVDF/TiO, mixed matrix
membrane. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

bonding between fluoride of PVDF and the partially hydroxyl-
ised TiO, surface.”

Contact Angle

Surface tensions of membranes were determined by contact
angle measurement. Hydrophilicity is the commonly used term
in measuring water-solid surface interaction as a result of sur-
face tension equilibrium (Young’s Equation).The lower the con-
tact angle, the more hydrophilic membrane will be. Contact
angle is governed by the chemical composition as well as geo-
metric structures of the surfaces. It was reported that water con-
tact angle playing an important role in changing the permeation
flux and fouling behavior of the membrane.'®"”

The contact angles of the neat PVDF membrane and PVDF/
TiO, mixed-matrix membrane prepared by PC-20 and P25 are
shown in Figure 7. As depicted in Figure 7, the contact angle
for PVDF membrane was reduced slightly with the incorpora-
tion of TiO, NPs via in situ colloidal precipitation method.
This was mainly due to the TiO, NPs that were deposited on
the PVDF/TiO, mixed-matrix membrane consisted of hydroxyl
group which increased the membrane hydrophilicity."® This
phenomenon had also been reported by many researchers, such

25
’\\

o~ . - = —Neat

S —— FC 20,0001 gL
5{ XY 0 F25,0.001 gL
10 -
5
[ & S

0 002 004 006 008 01 012 014 016 018 02
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Figure 5. Pore size distribution of the PVDF/TiO, mixed-matrix mem-
brane and neat membrane.
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Figure 6. TGA thermograms of neat and PVDF/TiO, mixed matrix mem-
brane before and after 6 h of membrane filtration process.

as Bae & Tak (2005) and Rahimpour et al. (2008) who found
that the membrane surface contact angle decreased with the
increased of entrapped TiO, concentration.'®*

In our study, less reduction of contact angle for PVDF/TiO,
mixed-matrix membrane prepared by P25 compared with PC-
20 has been observed, shows that PC-20 is relatively more
hydrophilic than P25. Therefore, it was postulated that the
hydrophilicity of PC-20 embedment could be relatively more
significant compared with P25. This is most likely due to the
different degree of crystallinity for each commercial TiO, nano-
powders. The TiO, with anatase crystal structure has been
reported by many researchers to have good characteristic in
hydrophilicity.

Streaming Potential
Figure 8 shows the zeta potentials of the neat membrane and
PVDF/TiO, mixed-matrix membrane prepared at pH 7.0 and

70

« B |

Contaot Angle
2
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61

Neat Mixed matrix Miexd matrix
Type of Membrane

Figure 7. Contact angle of neat PVDF membrane and PVDF/TiO, mixed-
matrix membranes. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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under the environment of 10 mM NaCl. The neat membrane
and PVDF/TiO, mixed-matrix membranes obviously showed
different electrokinetic properties at the same pH value.
Although both membranes were negatively charged under 10>
M NaCl solution environment, the zeta potential of the PVDEF/
TiO, mixed-matrix membrane was having higher value. The
apparent zeta potential of the neat membrane and PVDF/TiO,
mixed-matrix membrane prepared with PC-20 and P25 at con-
centration of 0.001 g/L were —8.505, —10.43, and —10.30 mV
respectively. The negative charge of the neat membrane is due
to the presence of dipolar polarization (orientation polarization)
effect inherent by PVDF polar molecules on the base polymer
and the preferential adsorption of negative chloride ions from
the solution.”!

Generally, the amphoteric behavior of mineral oxides is due to
protonation and deprotonation of hydroxyl groups on the mate-
rial surface.’? The adsorption model of H,O-TiO, in a stream
atmosphere has been ascribed by Marrison (1980) who showed
that the inequivalent adsorption of H" and OH™ on the TiO,
could takes place with OH™ being adsorbed by the titanium
cation and H" is adsorbed by the oxygen anion.'>*’ The
adsorption of H" and OH™ on the TiO, surface might not be
equivalent and depends on the pH of the solution,'* in which
the surface net charge density and the surface potential of the
membrane could be changed accordingly:

In acidic medium, (Ti-OH) +H;0" < Ti-OHY + H,0

()
+OH < Ti—OH +H,0
(3)

surface

In acidic medium, (Ti-OH)

surface

Equation (2) leads to a net positive charge on the surface of
TiO, NPs due to the adsorbed OH™ reacting with the H' in
the solution; while eq. (3) leads to the net negative charge of
TiO, NPs due to the adsorbed H' reacting with the OH™ in
the solution. The IEP of the TiO, NPs was reported to be ~pH

Streaming Potential (mV)
&

-12
Neat Mixed matrix

brme(PC20)  Mixed mat
(25)

Type of Membrane
Figure 8. Effect of TiO, embedment on streaming potential with 1 mM
CaCl, solution at pH 7.0. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 9. Effect of embedded TiO, on membrane fouling process. Opera-
tion conditions during the experiment: [HA] = 2 mg/L; [Ca*"] =1 mM
(as CaCly); pH 7.0; temperature = 25 * 1°C; crossflow velocity = 4.0 L/
h, operating pressure = 0.5 bar.

6.3,>* so for NaCl solution at pH 7.0, which is greater than the
IEP, the membrane would be negatively charged. The absolute
value of the zeta potential for PVDF/TiO, mixed-matrix mem-
branes is almost constant for both PC-20 and P25TiO, NPs.
This is because, with the same concentration of TiO,, the pres-
ence of counter-ions or charge density in the diffuse layer is
almost the same, and thus results in similar value of streaming
potential.

Streaming potential could provide useful information on HA
fouling mechanism on membrane surface. Negatively charged
TiO, particles on membrane surface demonstrate a strong abil-
ity to repeal HA from its aqueous solution. At pH 7, both HA
and TiO, particles possess negatively charged surface which cre-
ates a strong electrostatic repulsion between HA and surface of
TiO,. Therefore, no significant absorption of HA on membrane
surface was observed. The experimental results of HA absorp-
tion by Li et al. agrees with our postulation. According to Li
et al,, it was clear that the coverage of HA on the TiO, catalyst
surface is obviously pH-dependent as the TiO, particles demon-
strated a strong ability to adsorb HA on TiO, particles a low
pH condition (pH < 3), but at pH 7 onwards, the absorption
of HA become very difficult.'* Therefore, increasing of mem-
brane surface negative charge with the introduction of TiO,
NPs is able to withstand fouling caused by adsorption.

Effects of TiO, Embedment on Membrane Fouling

The common salts, which can be easily found in a variety of
wastewaters, including monovalent ions (Na', Cl7), divalent
hardness cations (Ca*™, Mg”), and divalent anions (SOi’).8 As
reported by Wang et al., in the treatment of water solution con-
taining HA, HA macromolecules was more readily form com-
plexes with monovalent ions and change both humic substances
and membrane surface charge which cause more severe fouling.®
On the other hand, Srisurichan et al. claimed that at low pH,
the dissociation of HA is lower and the available carboxyl func-
tional groups for Ca®" are limited; thus, the complexation
decreases. Their results show that the amount of coagulate was
highest at pH 7 and decreased with decreasing pH.*> This work
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was further proved by Hong and Elimelech® which showed the
similar trend. In this work, we carried out the fouling test based
on 1 mM CaCl, salt and solution pH of 7.

The performance of PVDF/TiO, mixed-matrix membrane on
the HA fouling behavior are presented in Figure 9. The initial
water fluxes for neat PVDF membrane, PVDF/TiO, mixed-ma-
trix membrane embedded with PC-20 and P25 are 51.55, 53.03,
and 53.32 L/m” h respectively showing that the mixed matrix
membrane are relatively more hydrophilic. The observed flux
increased upon integration of TiO, NPs can be explained by
two possible reasons. During the exchange of TiO, NPs into the
membrane surface, the PVDF membrane is exposed in the low
pH HCI, in which the acid has been found to cause partial hy-
drolysis on the membrane surface and increase hydrophilicity,
and hence increased the permeate water flux.”® The other expla-
nation may involve the water uptake characteristics of TiO, par-
ticles,”” which are considered to be further contributions to the
increase of permeate water flux.

Referring to Figure 9, for PVDF/TiO, mixed-matrix membrane
with PC-20, the permeate flux was observed to be greater than
PVDEF/TiO, mixed-matrix membrane with P25, suggesting that
PC-20 is more hydrophilic (higher anatase content) and had
therefore promises a better HA fouling mitigation effect. This
finding was in line with the work of Cao et al.*® who claimed
that, compared with the rutile TiO, NPs (average diameter ~30
nm), anatase TiO, NPs with a smaller diameter (~10 nm) are
reported to have a better antifouling effect on the membrane
prepared.

In addition to hydrophilic characters, PVDF/TiO, mixed-matrix
membranes which possessed more negative charge on the top
selective layer were also contribute in lowering fouling propen-
sity. With the embedment of TiO, NPs into PVDF membrane
polymeric matrix, it increased the zeta potential of the mem-
brane surface. Sufficient electrostatic repulsion appears between
highly charged PVDF/TiO, mixed-matrix membranes and HA
aggregates alleviated the fouling phenomenon.

The fouling behavior is expressed in term of flux reduction
based on flux ratio changes over time. One can see that with
the presence of CaCl, salt in HA solution, neat PVDF mem-
brane caused more severe fouling than PVDF/TiO, mixed-ma-
trix membranes. Membrane fouling could be influenced by
hydrodynamic conditions, such as permeation drag and back
transport, and chemical interaction between foulants and mem-
branes.” In order to relate the hydrophilicity with antifouling
properties, the membranes were tested under similar hydrody-
namic conditions and most important close to similar mem-
brane physical properties. The later property could not be
achieved by employing the conventional NPs embedment
method but it could be achieved via our proposed surface coag-
ulation method.

The result in Figure 9 clearly reveal the considerable flux
decline, with a J/J, of 0.65, 0.70, and 0.82 for neat PVDF
membrane, PVDF/TiO, mixed-matrix membrane embedded
with PC-20 and P25, respectively after 12 h of operation (the
end of each curve). These results suggest that the
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incorporation of TiO, into PVDF membrane had successfully
reduced the fouling propensity of the membrane towards HA.
The dark brown deposit layer could be obviously observed on
the neat membrane surface but to a less extent on the mixed
matrix membrane.

The severe fouling of neat PVDF membrane by HA macromole-
cules occurs because the organic substances are transported to
the membrane and accumulated near the membrane surface,
which causes an increase in hydraulic resistance.”>®?**' Since
HA contains negatively charged carboxyl groups, divalent cati-
ons such as, Ca®" acts like a binding agent between the mem-
brane surface and the negatively charged carboxyl groups of the
HA.*® As a result, the electrical repulsion between the mem-
brane surface and the HA molecules was weakened”® and
adsorption occurred.

On the other hand, HA macromolecules appear to be less
adsorbed onto the PVDF/TiO, mixed-matrix membrane as indi-
cated by the less fouling phenomenon. This finding indicates
that the hydrophilicity of PVDF membrane has been improved
remarkably with the introduction of TiO, NPs on membrane
surface via in situ colloidal precipitation method. The more
hydrophilic of PVDF/TiO, mixed-matrix membrane than that
the neat PVDF membrane is due to the higher affinity of TiO,
towards water. Therefore, hydrophobic adsorption between HA
macromolecules and PVDF/TiO, mixed-matrix membrane was
reduced. Water molecules were attracted into the membrane
matrix, forming a shielding layer to prevent fouling. These
results are in consistent with other researcher findings'®**?>7
who observed that the modified membrane with addition of
TiO, showed higher flux for sludge filtration than neat poly-
meric membrane.

CONCLUSIONS

The effect of TiO, embedment into PVDF membrane polymeric
matrix has been investigated for HA fouling phenomenon. The
contact angle for PVDF membrane was slightly reduced and the
surface zeta potential was increased with the incorporation of
TiO, NPs. The results demonstrated that the PVDF/TiO,
mixed-matrix membrane could be less prone to HA deposition
as it exhibited a higher degree of hydrophilicity compared with
neat PVDF membrane with the flux ratio for neat PVDF mem-
brane, PVDF/TiO, mixed-matrix membrane embedded with
PC-20 and P25 are 0.65, 0.70, and 0.82, respectively. PC-20
showed better antifouling properties compared to P25 due to its
higher anatase polymorph. These properties render the mem-
brane and HA with sufficient electrostatic repulsion and there-
fore enhanced the fouling mitigation. The effect of TiO, NPs on
membrane antifouling could be realized only if the membranes
were compared with the same basis (hydrodynamic and physical
properties) which can be realized using the proposed colloidal
precipitation method.
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