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a b s t r a c t

In this study, the effect of embedding-titanium dioxide (TiO2) nano particles(NPs) into the mem-
brane matrix was studied using PVDF polymer and hydroxyl-functionalized PVDF (PVDF-OH) 
polymer as the polymer matrix for MMM synthesis via doping method and in-situ particle embed-
ment method. The TiO2 NPs size and its distribution into the membrane matrix were affected by the 
surface properties and the fabrication method of MMM. The improve TiO2 NPs distribution through 
in-situ particle embedment method and with the use of PVDF-OH polymer was due to the weak 
hydrophobic/hydrophilic interactions between TiO2 NPs and polymer solution. The permeate flux of 
MMMs was greatly enhanced with slight pore enlargement as well as the increasing of membrane 
hydrophilicity. However, the membrane pore enlargement does not scarify the MB rejection capa-
bility of MMMs as the presence of TiO2 NPs created a strong electrostatic repulsion between MB 
ions and the surface of TiO2 NPs, thus promising a great fouling mitigation effect. PVDF-OH/TiO2 
MMM fabricated through in-situ particle embedment method demonstrated the greatest permeate 
flux (20.22 ± 1.81 L/m2 h) and MB rejection (99.45 ± 0.10%) with better antifouling properties due to 
larger effective surface area of TiO2 NPs in membrane matrix.

Keywords:  Mixed-matrix membrane; Surface properties; Fabrication method; Wastewater treatment; 
Membrane fouling

1. Introduction

The existence of dyes in water body has raised great 
attention due to their toxicology, carcinogenicity, and aes-
thetic effects [1]. The presence of dyes in water body will 
displease aesthetically and affect the nature of water, pre-
vent light penetration, and subsequently reduce the pho-
tosynthetic activity in water [2]. Textile industry is one of 
the main contributors discharging the dyes into the envi-
ronment. Methylene blue (MB) is extensively used in textile 
finishing [3].Numerous technologies have been applied for 

dyes removal from industrial effluent including adsorption 
[4,5], biodegradation [6,7], flocculation [8], and coagulation 
[9,10]. However, due to its non-biodegradability, biodegra-
dation is inefficient to remove dyes from wastewater [11]. 
The sludge generation and disposal are the major draw 
backs raised from flocculation and coagulation processes 
[12]. Whereas, activated carbon, the most commonly used 
adsorbent in adsorption process is costly in terms of manu-
facturing and regeneration [13]. 

Based on several advantages including superior and 
constant quality of treated water, simple control or oper-
ation, energy saving, and environmentally-friendly out-
comes, membrane technology has adopted for textile 
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industry wastewater treatment [14–16]. However, hydro-
phobic nature is the most critical limitation of membrane 
in its dignified application as a valuable means of dyes 
removal as they exhibited susceptibility towards inherent 
problem of membrane fouling. Recent advances in combin-
ing nano technology and membrane technology has greatly 
expanded the avenues of membrane modification by intro-
ducing nano particles (NPs) into the membrane matrix 
for the fabrication of mixed-matrix membrane (MMM) to 
functionalize the membrane and concurrently enhancing its 
hydrophilicity, permeability, and fouling-resistance [17–19]. 
Good chemical stability, antibacterial property, and unique 
large surface-to-volume ratio of titanium dioxide (TiO2) 
NPs make it an outstanding hydrophilic filler to be incorpo-
rated into membrane matrix [20,21].

Among the methods used to deposit the NPs into mem-
brane material, the addition of NPs during dope prepara-
tion is considered as one of the most convenient methods 
to create the impact [22,23]. However, high surface energy 
of NPs often results in agglomeration due to poor mixing 
or shearing of the polymer solution as well as low stability 
of the colloid; leading to low functional surface area and 
defective of membrane pore morphology along with high 
surface roughness, which is a conspicuous drawback for 
applications. To increase homogeneous dispersity, reduce 
agglomeration, and improve stability of TiO2 NPs, our pre-
vious studies were carried out to develop novel in-situ par-
ticle embedment method for MMM fabrication where the 
pore forming and TiO2 embedding processes could be car-
ried out during coagulation precipitation simultaneously 
[24,25].

Extended from the development of in-situ particle 
embedment method for membrane fabrication [24,25], 
effort was devoted to further enhance the TiO2 NPs dis-
persion in membrane matrix by overcoming the high sur-
face tension between TiO2 NPs and the polymer matrix via 
hydroxylizing the polyvinylidene fluoride (PVDF) poly-
mer through Fenton reaction [26]. It was shown that, the 
hydroxyl-functionalized PVDF (PVDF-OH) matrix could 
minimize the high surface tension between the hydrophilic 
TiO2 NPs and hydrophobic polymer matrix, therefore 
promotes well distribution of TiO2 NPs in MMM matrix. 
Although both doping method and in-situ particle embed-
ment innovation in MMM production have been devel-
oped to incorporate TiO2 NPs into the membrane polymer 
matrix; and PVDF-OH polymer was employed to further 
enhance the TiO2 NPs dispersion in membrane matrix, 
to the best of our knowledge, no research work has been 
conducted in studying the effect surface properties and 
fabrication method of MMM towards its performance. It 
is an urgent need that this aspect should be explored to 
significantly contribute towards the feasible application of 
MMM. The aim of this work is to study the surface proper-
ties and fabrication method of mixed-matrix membrane for 
textile industry wastewater treatment.

2. Materials and methods

2.1. Materials

PVDF (Solvay, Shanghai) and N-N-dimethylacetamide 
(DMAc) (Merck, Germany) were used to fabricate the 

polymeric membrane. TiO2 nano powder purchased from 
Aldach, Poland was used as the hydrophilic filler incorpo-
rated into the membrane matrix. Fenton’s reagents used 
to functionalize the PVDF polymer consisted of ethanol 
(C2H5OH) (HmbG® Chemicals, Germany), iron (II) sulphate 
heptahydrate (FeSO4·7H2O) (R & M Chemicals, UK), hydro-
gen peroxide (H2O2) (Bendosen, Norway), and sulphuric 
acid (H2SO4) (Avantor Performance Materials, USA). Meth-
ylene Blue (MB) (Merck, Germany) was used to prepare the 
feed solution for membrane performance study. Sodium 
dodecyl sulphate (SDS) (Aldrich Chemical Company Inc., 
USA) was dissolved in MB model solution as binding agent 
under vigorous stirring.

2.2.  Synthesis of hydroxyl-functionalized PVDF (PVDF-OH) 
polymer

PVDF-OH polymer was synthesized via Fenton’s reac-
tion in which 18 g PVDF, 2.502 g FeSO4·7H2O, 0.738 g H2O2, 
90 mL C2H5OH, and 90 mL distilled water were reacted in 
a flask controlled at 50ºC using water bath for 1 h [26]. The 
resulted PVDF-OH polymer was filtered and washed with 
excess H2SO4 and water to remove the Fe3+ salt adsorbed 
onto the polymer. PVDF-OH polymer was then dried over-
night in an oven at 70°C. The mechanism of hydroxylation 
was shown in equations below:

Fe2+ + H2O2 → Fe3+ + HO· + OH– (1)

Fe3+ + H2O2 → Fe2+ + HOO. + H+ (2)

The resulted hydroxyl group from Fenton’s reaction will 
eventually bind to PVDF polymer as presented in Fig. 1. 

2.3. Preparation of stable colloid suspension

TiO2 colloidal suspension that used as coagulation 
water bath for membrane fabrication was prepared via 
chemical and mechanical methods. Chemical method was 
first carried out, followed by the mechanical method as 
described in our previous studies [24,26–28]. 0.01 g of TiO2 
nanopowder was added into 1 L of distilled water. pH of 
the TiO2 colloidal suspension was adjusted by dropping 
HCl into the solution until it reached equilibrium at pH 4 
to achieve electrostatic stability (zeta potential > ± 30 mV) 
with 200 nm of average hydrodynamic cluster size in sus-
pension as reported in our previous studies [25,29]. The 
TiO2 colloidal suspension was continued with mechanical 
method by subjecting to 15 min of ultrasonic irradiation 
to further break the agglomerated TiO2 cluster. The col-
loidal stability was evaluated based on the zeta potential 

OH 
Fenton reaction 

H2O2 + FeSO4•7H2O 

PVDF polymer PVDF-OH polymer 

OH OH 

Fig. 1. Schematic diagram illustrating the process of PVDF poly-
mer hydroxyl-functionalization.
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and particle size distribution of TiO2 NPs using Malvern 
Zetasizer ZS3600 (Malvern Instrument, UK) on the basis 
of DLS theory and cumulant method.

2.4. Membrane fabrication

2.4.1. Doping method

The membrane polymer solution was prepared by dis-
solving 18 g of PVDF polymer or PVDF-OH polymer in 82 g 
of DMAc. 0.01 g of TiO2 nano powder was doped directly 
into the membrane polymer solution and the mixture was 
subjected to constant stirring of 250 rpm at 65°C for 4 h to 
form homogeneous solution. The homogeneous membrane 
polymer solution was then left overnight with stirring at 
40°C and kept in a centrifuge tube [24,25]. PVDF/TiO2 
MMM and PVDF-OH/TiO2 MMM were fabricated using a 
thin film applicator, Elcometer 4340 (Elcometer (Asia) Pte. 
Ltd., Singapore) on a flat glass plate at nominal thickness 
of 250 μm. The membrane casted on the glass plate was 
solidified by immediate immersing into coagulation water 
bath at room temperature (26°C) to avoid excessive surface 
evaporation [24,25]. 

2.4.2. In-situ particle embedment

In order to fabricate MMM through in-situ particle 
embedment method, TiO2 NPs were introduced to the 
membrane matrix by immersing the casted membrane into 
the coagulation bath with TiO2 colloidal suspension. The 
formulations of the fabricated membranes by both doping 
method and in-situ particle embedment method are sum-
marized in Table 1.

2.5 Membrane characterization

2.5.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of PVDF and PVDF-OH polymer were 
obtained to investigate the functional groups on the poly-
mer surface. The FTIR (Nicolet Nexus 670, USA) was 
equipped with an OMNI-sample attenuated total reflection 
(ATR) smart accessory and was coupled to a diamond crys-
tal operated at incidence angle of 45°. Each spectrum, which 
was recorded at the average of 32 scans was taken with a 
resolution of 4 cm–1 and was collected at operating wave 
number ranging from 4000 – 425 cm–1. The applied pressure 

was equal in all samples to avoid differences caused by the 
different penetrating depth.

2.5.2. Scanning electron microscope (SEM)

Top surface morphology and cross-sectional of the fab-
ricated MMM were observed using SEM, Zeiss Evo MA 10 
(Carl Zeiss Inc., Germany). For SEM observation, the mem-
brane sample was cut into appropriate size and mounted on 
the sample holder. 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 and 
to prevent the surface from being charged up. After gold 
sputtering, the membrane sample was examined under 
electron microscope at the potential of 10.0 kV.

2.5.3. Porosity and mean pore radius

Porosity (ε) and mean pore radius (rm) of the fabricated 
membranes were determine by gravimetric method as 
defined by Eq. (3) and Guerout-Elford-Ferry equation as 
depicted by Eq. (4), respectively. Prior the porosity analysis, 
the membrane was soaked in distilled water for a day. Fol-
lowing, the water droplets on the membrane surface were 
wiped with filter paper and the weight of the wet mem-
brane, Ww was weighed. Next, the membrane was dried in 
an oven at 60°C for a day and the weight of the dry mem-
brane, Wd was weighed. Thickness of the membrane was 
measured using micro thickness gauge, Mitutoyo 7327 
(Mitutoyo, Japan). 

ε
ρ

=
−( )
×( )

W W

V
w d
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where Ww and Wd are the weight of wet membrane (g) and 
dry membrane (g), respectively; ρw is the density of distilled 
water at room temperature (0.998 g/cm3), and V is the vol-
ume of the membrane. 
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where η is the viscosity of the water (Ns/m2), l is the thick-
ness of the membrane (m), Q is the volume of permeate per 
unit time (m3/s), A is the effective surface area of the mem-
brane (m2), and ∆P is the operating pressure of the mem-
brane (N/ m2).

Table 1 
Membrane nomenclatures and formulations for both doping method and in-situ particle embedment method

Membrane 
nomenclatures

PVDF/DMAc  
Ratio

PVDF-OH/DMAc 
Ratio

TiO2 Concentration  
(g/L)

Fabrication 
Method

M1 18/82 – – –
M2 18/82 – –
M3(a) 18/82 – 0.01 Doping
M3(b) – 18/82 0.01 Doping
M4(a) 18/82 – 0.01 In-situ particle embedment
M4(b) – 18/82 0.01 In-situ particle embedment
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2.5.4. Atomic force microscope (AFM)

AFM, model NTEGRA PRIMA (NT-MDT America INC, 
Arizona) was employed to analyze the membrane surface 
roughness. The measurement was carried out at atmo-
spheric pressure and the membrane was dried at room tem-
perature prior analysis. Approximately 1 cm2 of membrane 
sample was cut and affixed on top of the scanner tube. The 
membrane surface was then scanned with a laser beam 
reflected by the cantilever within a scanning area of 10 μm 
× 10 μm using the non-contact mode. Root mean square 
roughness (Rq) was recorded to indicate the membrane sur-
face roughness.

2.5.5. Contact angle

The membrane wettability was characterized by contact 
angle of the membrane which was measured using contact 
angle meter, FM40Mk2 Easy Drop (Kruss GmbH, Germany) 
equipped with Drop Shape Analysis software. A droplet of 
deionized water (13 μL) was dropped onto the dry mem-
brane surface using a microsyringe at room temperature 
(21 ± 1°C). Immediately, a microscope with long work-
ing distance 6.5× objective was used to capture the micro 
graphs at high frequency (100 Pcs/s). 

2.5.6. Zeta potential

Membrane surface charge was measured using surface 
zeta potential cell, Malvern Zetasizer Nano ZS3600 (Mal-
vern Instrument Inc., UK) with 300–350 nm latex particles 
as tracer particles. The dry membrane was first cut into 
small coupons and dipped into 0.1 mM NaCl at pH 7. It was 
then affixed at the measurement cell. The measurement cell 
was then inserted into the cell area to undertake the mea-
surement. 

2.6. Membrane performance study

2.6.1. Permeate flux and rejection

A laboratory bench-scale dead-end membrane filtra-
tion unit was used to study the performance of the fab-
ricated membranes. The laboratory bench-scale dead-end 
membrane filtration unit mainly consists of a membrane 
dead-end filtration cell, Sterlitech HP 4750 (Sterlitech 
Corp., USA) with effective membrane surface area of 
14.6 cm2, nitrogen gas to exert pressure on membrane 
dead-end filtration cell, a stirrer to produce homogeneous 
model solution inside the membrane dead-end filtration 
cell throughout the membrane performance study, and 
a balance with data acquisition system to measure the 
weight of the permeate. 

The membrane performance study was performed 
by laying the membrane on top of the membrane holder 
in membrane dead-end filtration cell and tightening 
with a rubber O-ring. Permeate flux of the membrane 
was determined using Eq. (5) by filtering the ultra-pure 
(UP) water at different transmembrane pressure of 1 bar, 
3 bar, and 5 bar. Membrane permeability was obtained 
from the gradient of permeate flux against transmem-
brane pressure.

J
V
At

=  (5)

where J is the permeate flux (L/m2 h), V is the permeate vol-
ume (L), A is the membrane effective surface area (m2), and 
t is the time taken to collect the permeate (h).

The effectiveness of the fabricated membranes was 
evaluated by using 20 mg/L MB solution as model solu-
tion. 300 mL of MB solution was added into the membrane 
dead-end filtration cell. The membrane rejection was eval-
uated at constant pressure of 3 bar and at stirring speed of 
400 rpm to avoid concentration polarization. The concentra-
tion of model solution and permeate were determined by 
measuring its absorbance using UV-vis spectrophotometer 
at the wavelength of 662 nm. Membrane rejection towards 
MB solutes was calculated using Eq. (6).

R
C

C
p

f

% %( ) = −








 ×1 100  (6)

where R is the membrane rejection (%), Cp is the concentra-
tion of the permeate (mg/L), and Cf  is the concentration of 
model solution (mg/L).

2.6.2. Fouling study

Membrane fouling study was performed continuously 
for 4 h using 20 mg/L MB solution as model solution. Foul-
ing tendency of the membrane was assessed based on the 
normalized flux of the membrane throughout the mem-
brane fouling study as expressed in Eq. (7).

Normalized flux =
J
J

t

p

 (7)

where Jt is the permeate flux at time t (L/m2h) and Jp is the 
initial permeate flux (L/m2h). 

3. Results and discussion

3.1. Polymer characterization 

The FTIR spectra of PVDF polymer and PVDF-OH 
polymer were presented in Fig. 2. It was interesting to 
notice that PVDF-OH polymer was possessed a broad 

Fig. 2. FTIR spectra of PVDF polymer and PVDF-OH polymer.
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band around 3500–3000 cm–1 in FTIR spectra compared 
to PVDF polymer, corresponded to the hydroxyl func-
tional group which has been introduced to PVDF poly-
mer [30,31]. The presence of hydroxyl functional group on 
PVDF-OH polymer could increase the hydrophilicity of 
PVDF-OH membrane, which consequently increased the 
membrane permeate flux. 

3.2. Membrane characterization 

3.2.1. SEM

Top surface and cross-sectional SEM micro graphs of 
the fabricated membranes prepared from different formu-
lations are shown in Fig. 3. As depicted in Fig. 3a under 
5.00 k× magnification, larger and uneven pore structure 

  

  

  

  

(a)      (b) 

M3(a) 

M3(b) 

M4(a) 

M4(b) 

Fig. 3(a) Top surface and (b) cross-sectional SEM micro graphs of the membranes fabricated prepared from different formulations.
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was appeared on the surface of MMMs fabricated from dop-
ing method (M3(a) and M3(b)) while for the MMMs fabri-
cated from in-situ particle embedment method (M4(a) and 
M4(b)), smaller and cellular pore structure was observed. 
The experimental results indicated that membrane fabri-
cation method was the dominant factor contributed to the 
structural change of membrane morphology.

Among the methods used to enhance the hydrophilic-
ity of membrane, the addition of hydrophilic additive into 
membrane polymer solution through doping method is 
generally considered as one of the most convenient meth-
ods to create the impact [22,23]. However, introducing of 
high surface energy TiO2 NPs through doping method 
caused the stretching effect during phase inversion pro-
cess, which induced NPs to aggregate and resulted poor 
NPs distribution in the membrane matrix and/or defec-
tive pore structure of the membrane. On the other hand, 
MMMs incorporated with TiO2 NPs through in-situ particle 
embedment method do not present any significance effect 
on membrane structure.

The morphological changes of membrane cross-sec-
tional structure could be related to the rate of solvent-non-
solvent inter-diffusion during the phase inversion process. 
PVDF-OH polymer with the presence of hydroxyl func-
tional group was having higher affinity to the water. This 
will promote higher solvent out flux and non-solvent influx 
[32,33]. Improved miscibility of membrane polymer solu-
tion with water momentously increased the polymer con-
centration at the interface due to higher solvent out flux. As 
a result, membrane with longer macro void was produced 
for MMMs fabricated from PVDF-OH polymer (as pre-
sented by M3(b) and M4(b)).

3.2.2. Porosity and mean pore radius 

Porosity and mean pore radius of the fabricated mem-
branes are tabulated in Table 2. Generally, there was no 
significant difference for the porosity of the fabricated 
membranes where the membrane porosity ranged from 
41.3 ± 1.11% to 48.6 ± 3.13%. However, the mean pore 
radius of the fabricated membranes was increased with 
the incorporation of TiO2 NPs into membrane matrix. The 
mean pore radius enlargement was owing to the increase 
of stress/tension between polymer and TiO2 NPs, resulted 
from the organic shrinkage that occurred during precipita-
tion process of wet-casting polymeric membrane, whereby 
both hydrophobic polymer and hydrophilic TiO2 NPs were 
tend to minimize their surface by shrinking. Consequently, 
membrane with bigger pores was formed [25].

In addition, the use of PVDF-OH polymer for mem-
brane fabrication had also contributed to the slight increase 
of membrane mean pore radius. PVDF-OH polymer would 
increase the exchange rate between solvent and non-sol-
vent during phase inversion process which consequently 
enhanced the instantaneous liquid-liquid demixing. The 
spinodal demixing process was likely devoted to an increase 
in membrane mean pore radius [34].

Whereas, pore size narrowing was noticed for MMMs 
fabricated from doping method compared to the MMMs 
fabricated from in-situ embedment method. Pore narrow-
ing effect was due to pore blocking of MMMs attributed to 
poor stability of TiO2 NPs in membrane polymer solution, 

which was the main drawback of doping method in mem-
brane modification. High surface tension between TiO2 NPs 
and the membrane matrix resulted in defective membrane 
pore structure might reduce the intrinsic membrane perme-
ability [35].

3.2.3. AFM

Fig. 4 shows the AFM three-dimensional micro graphs 
of membrane surfaces fabricated with different formula-
tions. In these micro graphs, the brightest area represents 
the highest point on the membrane surface, whereas the 
dark region indicates the valleys or membrane pores. In 
general, all membrane surfaces presented in Fig. 4 were not 
smooth. The surface roughness parameter of the membrane 
was expressed in terms of root mean square value of Z data 
(Rq), which is tabulated in Table 3. 

Table 3 shows that the surface roughness of the fabri-
cated membranes was greatly changed by the fabrication 
method and the properties of the polymer used. Gener-
ally, Rq value of PVDF-OH membranes was apparently 
lower than that of PVDF membranes. At equal TiO2 con-
centration and with the same fabrication method, better 
dispersion of TiO2 NPs within PVDF-OH polymer matrix 
reduced the surface roughness of PVDF-OH membranes 
due to lower surface energy between PVDF-OH polymer 
and TiO2 NPs. Smoother surface of PVDF-OH membranes 
with less degree of clustering and agglomeration was 
expected to have low fouling tendency [36,37]. On the 
other hand, the surface morphology was greatly changed 
by the clustering effect of TiO2 NPs assembled on mem-
brane through doping method in membrane fabrication. 
Whereas, membrane fabrication through in-situ particle 
embedment method could reduce the occurrence of TiO2 
NPs agglomeration and subsequently improved the sur-
face roughness of the membranes. It was postulated that 
the advantages of hydrophilic TiO2 NPs embedment could 
be realized when the particles were uniformly distributed 
within the polymeric matrix.

3.2.4. Contact angle

Membrane surface wettability in this study was deter-
mined using contact angle measurement. The static deion-
ized water contact angles of the fabricated membranes are 
shown in Fig. 5. In general, lower the contact angle, the 
more hydrophilic membrane will be. 

Table 2 
Porosity and mean pore radius of the fabricated membranes

Membranes Porosity (%) Mean pore radius (μm)

M1 44.0 ± 1.82 5.65 ± 0.16
M2 45.7 ± 1.14 6.21 ± 0.13
M3(a) 45.7 ± 1.47 6.56 ± 0.11
M3(b) 41.3 ± 1.11 8.08 ± 0.14
M4(a) 48.6 ± 3.13 7.91 ± 0.32
M4(b) 44.9 ± 1.27 9.22 ± 0.20
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Membrane surface wettability is governed by chemical 
composition as well as geometric structure of the mem-
brane surface [25]. It was found that the contact angles of 
neat membranes were lower than that of MMMs. Theoret-
ically, MMMs were expected to exhibit lower contact angle 
value due to the incorporation of hydrophilic TiO2 NPs into 
the membrane matrix and lower surface roughness parame-
ter. However, contact angle was not only affected by hydro-
philicity and surface roughness. It was also contributed 

by surface pore size, porosity, and pore size distribution. 
Higher porosity and larger mean pore radius of MMMs cre-
ate more air gaps between the polymer and water, where 
deionized water droplet was not able to directly in contact 
with the membrane surface, thus impaired the membrane 
surface wettability.

On the other hand, the contact angles of MMMs fabri-
cated from doping method were slightly higher than that of 
MMMs fabricated through in-situ particle embedment. This 

  
                              (a)                                                                 (b) 

 

  
                              (c)                                                                 (d) 

 

  
                              (e)                                                                 (f) 

Fig. 4. AFM three-dimensional micro graphs of membrane surface (a) M1 (b) M2 (c) M3(a) (d) M3(b) (e) M4(a) and (f) M4(b).



T.Y. Haan et al. / Desalination and Water Treatment 135 (2018) 303–313310

was attributed to the higher surface roughness of MMMs 
fabricated from doping method. This postulation was in 
good agreement with Rana and Matsuura [38] report who 
found that the contact angle values of membranes with 
higher surface roughness were higher compared to mem-
branes with lower surface roughness, even if both mem-
branes have the similar hydrophilicity.

Additionally, the contact angle was increased for the 
MMMs fabricated from PVDF-OH polymer compared to 
MMMs fabricated from PVDF polymer despite the mem-
brane fabrication method. This finding was unexpected as 
MMMs fabricated from PVDF-OH polymer were exhibited 
lower surface roughness parameter and porosity com-
pared to MMMs fabricated from PVDF polymer. The fur-
ther increase of contact angle for MMMs fabricated from 
PVDF-OH polymer was probably due to larger mean pore 
radius created which was the predominant factor that com-
pensate the membrane surface wettability where deionized 
droplet could not directly in contact with flat horizontal 
surface of PVDF-OH MMMs.

Membrane hydrophilicity/hydrophobicity is a com-
plicated phenomenon. Although deposition of TiO2 NPs 
into the membrane matrix, doping method, and the used 

of PVDF-OH polymer showed an increasing trend in con-
tact angle for the membranes, it does not mean that these 
approaches have reduced the membrane hydrophilicity. 
Ngang et al. [35] and Teow et al. [25] had reported that 
MMMs incorporated with TiO2 NPs were exhibiting higher 
permeate flux despite the increment in contact angle.

3.2.5. Zeta potential

In addition to hydrophilic character, membrane which 
possesses more negative charge on the top selective layer 
will also contribute in lowering the membrane fouling pro-
pensity. The zeta potential of the fabricated membranes at 
pH 7 is revealed in Fig. 6.

Although all membranes were negatively charged when 
dipping into 0.1 mM NaCl solution at pH 7 environment, 
the incorporation of TiO2 NPs into membrane matrix makes 
the surface more negative. The negative charge of the neat 
membranes was due to the presence of dipolar polarization 
(orientation polarization) effect inherent by PVDF polar 
molecules on the base polymer and thus the preferential 
adsorption of negative chloride ions from the solution [39]. 
On the other hand, the increasing net negative charge on 
MMMs compared to neat membranes was attributed to the 
presence of TiO2 NPs. The isolectric point (IEP) of TiO2 NPs 
was reported to be ~pH 6.3 [40], so for MMMs dipping into 
NaCl solution at pH 7, where the pH was greater than the 
IEP of TiO2 NPs, the membranes would be more negatively 
charged.

Different membrane fabrication method possesses dif-
ferent extent of increment in membrane surface charge for 
MMMs incorporated with the same TiO2 concentration. Fig. 
6 depicts that MMMs fabricated through in-situ particle 
embedment presented slightly higher zeta potential value 
compared to MMMs fabricated from doping method. This 
could be due to fairly well TiO2 NPs distribution on MMMs-
surface fabricated through in-situ particle embedment. The 
lesser degree of TiO2 NPs clustering in MMMs prepared 
using in-situ particle embedment increased the effective 
surface area of TiO2 NPs which consequently increased the 
negative charge of the membrane.

3.3. Membrane performance study

3.3.1. Permeate flux and rejection

Table 4 summarizes the performance of the fabricated 
membranes in terms of permeate flux and MB rejection. 
Both reported permeate flux and MB rejection values were 
corresponded to the average of three replications with the 
membrane tested was randomly chosen among the inde-
pendent sheets.

Comparing the permeate flux for all membranes, 
MMMs permeate flux was improved by embedding TiO2 
NPs into the membrane matrix, even though there was an 
increment in terms of contact angle for MMMs, confirming 
the effect of TiO2 NPs on membrane permeate flux enhance-
ment. This result was coincides with the findings of Luo et 
al. [41] who demonstrated that the permeate flux and reten-
tion of TiO2 composite membrane were increased greatly 
from 70.2 L/ m2 h to 102.9 L/m2 h and from 21.9% to 34.5%, 
respectively as compared to neat UF polyether sulfone 

Table 3 
Root mean square value for the membrane surface

Membranes Rq (nm)

M1 39.436
M2 37.869
M3(a) 32.815
M3(b) 35.196
M4(a) 33.330
M4(b) 30.365

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

Fig. 5. Static deionized water contact angle of the fabricated 
membranes with different formulations.
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membrane for polyethylene glycol-5000 separation. The 
enhanced permeate flux of MMMs upon integration of TiO2 
NPs was due to higher affinity of TiO2 NPs towards water 
[42]. Hydroxyl group on TiO2 NPs surface will attract more 
water molecules to pass through the membrane pores [43].

On the other hand, PVDF-OH membranes were appar-
ently gave higher permeate flux than that of PVDF mem-
branes. Hydroxyl functional group credited by PVDF-OH 
polymer in PVDF-OH membranes caused partial hydroly-
sis on the membrane surface and help to reduce the hydro-
phobic adsorption between the MB ions and membrane 
surface, thus enhanced the membrane permeate flux. It 
was also proposed that the better TiO2 NPs dispersion in 
PVDF-OH MMMs and through in-situ particle embedment 
method offered larger effective surface area for NPs, which 
increased the number of adsorption sites for water mole-
cules on the membrane surface as reported in our previous 
study [26]. Water molecules were attracted into PVDF-OH 
MMMs matrix and promoted to penetrate through. Where 
as, high aggregation tendency of TiO2 NPs in MMMs fabri-
cated through doping method might block the membrane 
pores during immersion precipitation and reduced the 
membrane permeate flux. Another plausible reason for 
the permeate flux enhancement as shown by MMMs fabri-

cated using PVDF-OH polymer and through in-situ particle 
embedment method was denoted to the increasing of mean 
pore radius attributed to the nano gap between TiO2 NPs 
and the polymer matrix as reported in Table 2 [25].

Besides the permeate flux, removal efficiency of MB 
was found to be affected by the presence of TiO2 NPs in the 
membrane matrix. Table 4 demonstrated that MMMs have 
increased the membrane permeate flux without scarifying 
the MB rejection capability, suggesting the incorporation 
of hydrophilic TiO2 NPs had promised a great fouling mit-
igation effect. The increasing negative charge on MMMs 
surface attributed to the presence of TiO2 NPs created a 
strong electrostatic repulsion between MB ions and the 
surface of TiO2 NPs. Therefore, in addition to hydrophilic 
character, MMMs with the incorporation of TiO2 NPs have 
provided additional advantage in enhancing the mem-
brane rejection.

3.3.2. Fouling study

The flux data resulted from successive filtration are 
illustrated in Fig. 7 in terms of normalized flux ratio (J/JO), 
which is the instantaneous flux over the initial flux. The 
membrane fouling tendency was clearly revealed by nor-
malized flux reduction of 53.7%, 48.89%, 46.75%, 41.11%, 
46.39%, and 38.61% for M1, M2, M3(a), M3(b), M4(a), and 
M4(b), respectively after 4 h of MB filtration.

Generally, MMMs were found to have more fouling 
resistance compared to neat membranes. Different foul-
ing behaviour could be attributed to the different surface 
properties of the membranes. MMMs with the incorpora-
tion of hydrophilic TiO2 NPs into the membrane matrix 
had reduced the fouling propensity of the membrane due 
to higher affinity of TiO2 to water. As reported in the lit-
erature, the anti-fouling activity of MMMs was attributed 
to the water shielding effect of the hydrophilic –OH group 
on TiO2 NPs surface [44,45]. Despite the membrane hydro-
philicity that has been improved by incorporating TiO2 
NPs, lower surface roughness parameter of MMMs also 
led to poorer fouling properties compared to the neat mem-
branes. Cao et al. [36] found that the membrane roughness 
was the most influential factor on membrane anti-fouling 
capability under the same operating conditions. Coarser 
neat membranes were much easy to absorb MB ions from 
water compared to smoother MMMs surface with lower 
surface roughness and surface energy. Subsequent accumu-
lation of MB ions on neat membrane surface resulted in a 
diminishing of effective membrane pore size [46], leading 
to further physical retention, and causing an increase in 
hydraulic resistance[47]. 

On the other hand, the membrane fouling propensity 
was greatly reduced in PVDF-OH MMM system where the 
membranes were fabricated from PVDF-OH polymer. The 
improvement of the membranes’ anti-fouling potential was 
primarily resulted from smoother surface layer and higher 
membrane surface charge attributed by the enhancement 
of TiO2 NPs distribution in membrane matrix where the 
hydrophobic adsorption between MB ions and the mem-
brane surface was momentously diminished. Whereas, TiO2 
clustering effect resulted from MMMs fabricated through 
doping method provides extra hydraulic resistance had 
slightly compensating the hydrophilic nature of TiO2 NPs 

Fig. 6. Zeta potential of the fabricated membranes with different 
formulations.

Table 4 
Permeate flux and MB rejection of the fabricated membranes 
with different formulations

Membranes Permeate flux (L/m2 h) Rejection (%)

M1 9.66 ± 1.47 98.75 ± 0.14
M2 12.41 ± 2.81 98.94 ± 0.28
M3(a) 13.03 ± 0.57 99.41 ± 0.07
M3(b) 16.43 ± 3.47 99.46 ± 0.05
M4(a) 19.89 ± 0.89 99.47 ± 0.05
M4(b) 20.22 ± 1.81 99.45 ± 0.10
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deposited on MMMs. It was suggested that the advantages 
of NPs embedment can only be realized when the particles 
were uniformly distributed within the polymeric matrix.

4. Conclusion

As a summary, the effect of embedding TiO2 NPs into 
the membrane matrix using PVDF polymer and PVDF-OH 
polymer via Fenton reaction as the polymer matrix for 
MMM synthesis via doping method and in-situ particle 
embedment method was developed in this study. Surface 
properties and fabrication method had greatly affected 
the formation of MMM. Membranes fabricated using 
PVDF-OH polymer and through in-situ particle embed-
ment method was found to have better TiO2 NPs particle 
distribution compared to the membranes fabricated using 
PVDF polymer and through doping method. The enhance-
ment of TiO2 NPs particle distribution was contributed by 
lower surface energy between PVDF-OH polymer and TiO2 
NPs; and in-situ particle embedment method which could 
minimize the surface tension between hydrophilic TiO2 NPs 
and hydrophobic polymer matrix.

Generally, the permeate flux of MMMs was improved 
as compared to the neat membrane. It was mainly due to 
slight pore enlargement, higher membrane porosity as 
well as the increasing of membrane hydrophilicity with 
the embedment of TiO2 NPs into the membrane matrix. 
However, the membrane pore enlargement does not scar-
ify the MB rejection capability of MMMs attributed to the 
presence of TiO2 NPs created a strong electrostatic repulsion 
between MB ions and the surface of TiO2 NPs deposited 
on the membrane surface, thus promising a great fouling 
mitigation effect. Smoother surface of PVDF-OH MMM 
fabricated through in-situ particle embedment with less 
degree of clustering and higher membrane surface charge 
was demonstrated the greatest permeate flux (20.22 ± 1.81 
L/m2  h) and MB rejection (99.45 ± 0.10%) with better anti 
fouling properties due to larger effective surface area of 
TiO2 NPs in membrane matrix. By having better anti foul-
ing property, the frequency of membrane cleaning and 
membrane replacement can be greatly reduced. This would 

eventually save the operation cost of membrane filtration 
process and can be contribute as an effort to solve the draw-
back of membrane technology.
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