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ABSTRACT

In this study, the performance enhancement of polyvinylidene fluoride (PVDF) polymer as one of
the most hydrophobic membrane material, blended with zinc oxide (ZnO) and zinc oxide/reduced
graphene oxide (ZnO/rGO) was investigated. ZnO/rGO composites which acted as inorganic filler
were synthesized via a facile precipitation method using zinc nitrate (Zn(NO,),) as zinc precursor and
sodium hydroxide (NaOH) as reducing agent. The synthesized ZnO/rGO composites with various Zn
loadings were analyzed in terms of particles size and surface charge. The composites with highest sur-
face charge and smallest particles size were then selected for PVDF membrane fabrication. The mem-
branes were produced via immersion-precipitation method and they were characterized by water
permeation test, contact angle, morphology, bovine serum albumin (BSA) rejection, flux recovery and
antibacterial activity. Based on the findings, ZnO/rGO composites gave the most hydrophilic effect to
the PVDF membranes, resulted in 61% of permeation flux increment in comparison with neat PVDF
membranes. Simultaneously, the ZnO/rGO mixed matrix membranes (MMMSs) showed the highest
BSA rejection of 32% and flux recovery ratio of 48%, implying the improvement of the membranes’
fouling resistance. Besides, there was no release of Zn element in permeate of ZnO/rGO MMMs which
implied the strong bonding between ZnO/rGO composite with PVDF membranes. In addition, the
superior antibacterial property of ZnO/rGO MMMs showed great potential in biofouling mitigation.
Hence, the utilization of ZnO/rGO MMM s was highly recommended in various applications involving
fouling and biofouling issues.
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1. Introduction

The demand of ultrafiltration (UF) membrane in water
and wastewater treatment application has increased signifi-
cantly in recent years. Countries in Asia Pacific and Middle
East regions such as Malaysia, Australia, Qatar and Saudi
Arabia emerged as the key drivers in the UF membrane mar-
ket due to water stress issue and increasing environmental
awareness [1]. The UF membrane technology is favorable as
it produces high quality effluent with relatively low oper-
ating pressure in reclamation and recycling of municipal,
agriculture and industrial wastewater sector [2]. However, to
date, membrane fouling still remains one of the crucial issues
to be addressed in developing a more sustainable membrane
filtration system.

Continuous research has been carried out in mitigating
membrane fouling issue. Modifying surface properties of
membrane by blending with hydrophilic nanoparticles in
membrane fabrication process is one of the promising ways
to increase permeation flux while mitigating membrane
fouling propensity [3,4]. Previous studies have shown that
incorporation of nanoparticles such as titanium oxide (TiO,)
[5,6], silver (Ag) [7,8], zinc oxide (ZnO) [9,10] and aluminum
oxide (Al,O,) [11] into various polymeric membranes had
successfully improved permeation flux and rejection perfor-
mance of the membranes. Among the nanoparticles, ZnO is
getting greater attention in water treatment research due to
its lower synthesis cost, great photocatalytic activity under
natural sunlight and good antibacterial property [12,13].
Studies have shown that membrane surface charge [14], par-
ticle size distribution [12,13] and concentration of fillers [15]
are significant factors in determining mixed matrix mem-
branes (MMMs) structure, filtration performance and extent
of membrane fouling.

The benefits of zeta potential study of particles utiliza-
tion in the industry had been emphasized by Marsalek [16].
Membrane with highly negative surface charge would be
able to repel flocs which are negatively charged in nature.
Besides, smaller size nanoparticles with high area-to-volume
ratio are able to increase the hydrophilicity of membrane. In
a study done by Leo et al. [15], the addition of 2 wt% of ZnO
in polysulfone (PSF) polymer had successfully reduced the
membrane contact angle from 85° to 62°, and significantly
improved the performance of the MMMs. However, higher
amount of ZnO nanoparticles incorporated in polymeric
membrane would result in decrement of permeation flux due
toagglomeration of ZnO nanoparticles inside the membranes,
hindering the formation of bigger pores [14,15]. To improve
the stability of ZnO nanoparticles over agglomeration, the
nanoparticles were coated with various capping agents such
as sodium dodecyl sulfate, cetyltrimethylammonium bro-
mide [17] and polyvinylpyrrolidone (PVP) [18] which pro-
vide steric forces to keep the nanoparticles separated from
each other. In a membrane study by Chung et al. [13], the
addition of ethylene glycol functionalized ZnO nanoparticles
in PSF polymer had reduced ZnO nanoparticles size and pre-
vented agglomeration, hence enhancing the membrane per-
formance in terms of permeation flux, thermal stability and
humic acid rejection.

Recently, functionalization of metal oxide on graphene
oxide (GO) shows promising outcome in increasing the

membrane hydrophilicity [6,7]. The abundance of oxygen
functional groups (epoxy and hydroxyl) in GO could act
as nucleation sites for the growth of metal oxide. Hence,
metal oxide could distribute evenly on GO and the over-
all effective surface area of metal oxide could be enhanced
[6,19]. Furthermore, GO is an excellent inorganic filler in
various polymeric membranes due to its high hydrophilic-
ity and negative surface charge [20,21]. The effect of ZnO
impregnated GO incorporated in the polyvinylidene fluo-
ride (PVDF) membranes was first investigated in this study.
The ZnO/rGO composites were expected to add values on
the PVDF membranes by increasing its hydrophilicity with
enhanced antibacterial property. The neat PVDF membranes,
ZnO MMMs and ZnO/rGO MMMs were characterized and
evaluated in terms of permeability, hydrophilicity, morphol-
ogy, leaching and antibacterial property. Besides, bovine
serum albumin (BSA) as model protein (major foulant in
biological wastewater) was used to evaluate the rejection and
antifouling ability of the membranes.

2. Experimental setup
2.1. Material

GO was synthesized using modified Hummers” method
[7]. Other chemicals used for synthesis of ZnO/rGO com-
posites were zinc nitrate (Zn(NO,), 98%, VWR, England),
sodium hydroxide (NaOH) and PVP, used as received with-
out further purification.

The PVDF membranes were made from Solef 6010
(Solvay, Belgium), purchased in powder form. N,N-
Dimethylacetamide  (DMAc, 299.5%, Sigma-Aldrich,
Germany) was used as solvent to dissolve the polymer. BSA
(Nacalai Tesque, Japan) was used to prepare feed solution
for membrane fouling performance test. Zinc oxide (ZnQO,
Sigma-Aldrich, Germany) nanoparticles with average parti-
cle size <100 nm and self-synthesized ZnO/rGO composites
were used as fillers for the membranes. Pure water used for
membrane filtration in this study was from Sartorius arium
pro ultrapure water system.

2.2. Synthesis of ZnO/rGO composites

Initially, 0.2 g GO powder was dispersed into 100 mL
absolute ethanol (99%) and stirred rigorously to achieve
homogenous condition followed by sonication for 30 min.
Different amount of Zn(NO,), (10, 30, 60 and 100 wt% of Zn
with respect to the amount of GO) with PVP was dissolved
and added slowly into the GO solution with rigorous stir-
ring for 1 h. Next, 0.20 M of NaOH as the reducing agent
was added slowly into the mixture of GO solution and stirred
continuously for 3 h. The precipitate formed was then soni-
cated for 15 min, washed with centrifugation for at least two
times with deionized water before drying, followed by calci-
nation at 400°C under continuous flow of nitrogen gas.

2.3. ZnO/rGO composites characterization

The crystallite size and crystal phase composition of syn-
thesized ZnO attached on GO were studied using a X-ray
diffractometer (XRD) with Cu Ka radiation (1.5406 A) for a
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scan range of 20°-80° in a 2 h scan (Bruker, D8 Advance AXS
XRD). Subsequently, the average crystallite size of the ZnO
was determined using the Debye-Scherrer equation.

The zeta potential of the composites and membranes
were determined using Zetasizer (Malvern, Nano ZS). The
composites in powder form were dispersed into water and
sonicated for 20 min before the analysis. Zeta potential of
ZnO powder was measured as a comparison with the ZnO/
rGO composites.

The morphology and distribution of ZnO on GO were
observed via ultrahigh resolution field-emission scan-
ning electron microscope (UHR-FESEM; Zeiss, Germany;
MERLIN) with energy dispersive X-ray spectrometer (EDX)
and transmission electron microscopy (TEM; Zeiss, Germany;
Libra-120). For TEM sample preparation, sample powder
were prepared by placing a drop of powder solution (ethanol
as solvent) onto a carbon-coated copper grid with 300 mesh
followed by drying in air before analysis.

2.4. Membrane fabrication

The casting solutions were prepared by dissolving
18 wt% of PVDF powder into DMAc solvent. Upon complete
dissolution of PVDF powder, 0.4 wt% of ZnO nanoparticles
or ZnO/rGO composites were added into the casting solu-
tions and stirred continuously for 3 h to form homogeneous
solutions. After that, the casting solutions were sonicated for
1 h to remove the bubbles and left overnight for degas. The
membranes were casted on polyester non-woven fabric with
thickness of 0.2 mm using filmographe doctor blade (Braive
Instrument, Germany). Subsequently, the membranes were
immersed into coagulation bath in room temperature. The
membranes formed were immersed in water for 24 h for com-
pleted phase inversion.

2.5. Membrane characterization

The Fourier transform infrared (FTIR) spectra of the
membranes were obtained using FTIR spectrometer (Thermo
Scientific, USA; NICOLET 6700), ranging from 350 to 4,000 cm™.

The hydrophilicity of neat PVDF membranes and MMMs
were determined with sessile-drop method by using contact
angle meter (Kruss GmbH, Germany).

Atomic force microscopy (AFM) studies were conducted
to investigate the effect of ZnO and ZnO/rGO on membrane
surface roughness by the means of scanning probe micros-
copy (NT-MDT, NTEGRA Prima). Roughness parameters
were analyzed using Image Analysis P9 (NT-MDT) software.
The membrane surface and sectional structure were observed
using UHR-FESEM (Zeiss, MERLIN). EDX was used to con-
firm the presence of Zn element in the MMMs.

The membrane porosity, € was determined using gravi-
metric method as shown in Eq. (1):

e= VW2 1009 1
Alp, @

where W, (kg) is weight of wet membrane, W, (kg) is weight
of dried membrane, A (m?) is membrane area, [ (m) is mem-
brane thickness and p  (kg/m?®) is water density. Meanwhile,

pore size formed in the membranes, 7, was estimated using
Guerout-Elford-Ferry equation as shown in Eq. (2):
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where n (Pa s) is viscosity of water, Q (m?/s) is volume of
pure water collected as permeate and AP (Pa) is operational
pressure.

Filtration experiment was further performed to mea-
sure the release of zinc from MMMs. Pure water was filtered
through the ZnO MMMs and ZnO/rGO MMMs at 2 bar for
6 h. The permeate samples were analyzed by inductively
coupled plasma optical emission spectrometry (PerkinElmer,
Turkey; Optima 7000).

2.6. Membrane performance test

For pure water permeation test, each membrane was
pressurized for 30 min at 3 bar using pure water. After that,
all filtration experiments were carried out at 2 bar using a
stirred cell. Permeation flux was calculated with Eq. (3):

J=— 3)

where ] (L/m?h) is permeation flux, V (L) is volume of perme-
ate collected, A (m?) is membrane area and ¢ (h) is time taken
for filtration.

Membrane filtration was continued by replacing pure
water with 1,000 ppm BSA solution in the same filtration con-
dition. BSA rejection, R was calculated using Eq. (4):

C,-C

1=

R= 2 x100% 4)

0

where C; and C, are initial and final concentration of BSA,
respectively, in ppm.

Besides, permeation flux of BSA filtration was recorded
for 150 min for all the membranes. Subsequently, the mem-
branes were cleaned with pure water and BSA feed solution
was replaced with pure water again. The pure water flux
was remeasured in order to get flux recovery ratio (FRR) as
shown in Eq. (5):

J..

wy

FRR =

X 100% (5)

where | (L/m”h) is initial permeation flux of pure water and
J., (L/m* h) is permeation of pure water after BSA filtration.

2.7. Antibacterial test

In this study, Escherichia coli (Gram negative) was cho-
sen as a model biofoulant for the antibacterial test. Previous
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studies had proven that E. coli has higher resistance to
ZnO compared with Staphylococcus aureus (Gram posi-
tive) due to difference of membrane cell polarity [22,23].
The higher negative charge of E. coli hindered penetration
of hydrogen peroxide (a type of reactive oxygen species
[ROS] generated by ZnO) into the bacterial cell and subse-
quently destroyed the cellular components. Therefore, only
E. coli was tested in this study. First, the membranes were
placed on nutrient agar plates. Then, 10 uL of nutrient with
E. coli (20 x 107 CFU/mL) was dropped on each membrane.
Subsequently, they were incubated overnight at 37°C. The
growth of E. coli on membrane surface were observed using
UHR-FESEM.

3. Results and discussion
3.1. ZnO/rGO composites characterization

3.1.1. Effect of ZnO loadings on physical properties
of ZnO/rGO composites

Fig. 1 presents the XRD patterns of ZnO/rGO composites
with various Zn(NQO,), concentration. The peaks as shown
in 20 values of 31.68°, 34.27°, 36.07°, 47.35°, 56.8°, 62.72°,
67.13°, 67.83° and 68.95° corresponded to the Miller index of
the reflecting planes for (100), (002), (101), (102), (110), (103),
(200), (112) and (201) (JCPDS card no. 36-1451). All the ZnO
formed are in polycrystalline nature with hexagonal wurtz-
ite structure. The disappearance of prominent peak of GO
around 10.89° was unavoidable due to thermal reduction
during heat treatment where formation and desorption of
water molecules from GO occurred [24]. Therefore, the GO
was partially reduced.

Referring to the XRD data in Fig. 1, the calculated crys-
tallite size of ZnO attached on GO nanosheets for 10, 30, 60
and 100 wt% of Zn were 11.68, 12.42, 13.31 and 16.34 nm,
respectively. The result showed that crystallite size grew
with the increasing of zinc precursor concentration. This was
in agreement with the observations reported by Zhao et al.
[25] and Malek et al. [26], where the nucleation and growth
rates of ZnO were relatively slow for lower concentration of
zinc. When the concentration of zinc increased, the super-
saturation condition increased and therefore increasing the
nucleation rate [27]. Furthermore, when the GO nanosheets
covered with high amount of ZnO, smaller size of ZnO crys-
tals would coalesce into larger particles via oriented attach-
ment mechanism where their side crystal planes would stick

Intensity (a.u.)

10wt% of Zn

25 30 35 40 45 50 55 60 65 70 7 80
2 Theta Scale

Fig. 1. X-ray diffraction (XRD) patterns of ZnO/rGO composites
for various loading of Zn.

to each other [25]. This was further proven by UHR-FESEM
findings in section 3.1.2 where higher concentration of zinc
precursor would lead to formation of larger size of ZnO and
tend to form plane structure.

Besides, the surface charge of ZnO/rGO composites
with various amount of Zn was measured at pH 7. The
zeta potential of pure ZnO was +9.98 mV, meanwhile the
zeta potential of ZnO/rGO composites for 10, 30, 60 and
100 wt% of Zn were -26.97, -17.13, -10.4 and -7.45 mV,
respectively. The zeta potential negativity of ZnO/rGO
composites was found to decrease with the increase of
ZnO content. This could be explained by the dominance of
ZnO surface charge when the GO surface area was covered
by higher amount of ZnO. GO nanosheets which served
as a decoration platform for ZnO had successfully tuned
the surface charge of these nanohybrids from positive to
negative. Surface charge did play a significant role in fou-
lant rejection in UF. A high negatively charged membrane
would be able to repel foulant which are normally nega-
tively charge in nature and hence increase the overall rejec-
tion during filtration process [28].

3.1.2. Particle distribution of ZnO on GO nanosheets

The surface morphology and distribution of ZnO in the
composites were characterized by UHR-FESEM and depicted
in Fig. 2 at magnification of 30,000x and 100,000x. At high
Zn concentration, the small particle of ZnO prone to embed
with each other and form larger particle size [25,26]. As
shown in Figs. 2(a) and (b), the GO nanosheets were highly
decorated with ZnO nanoparticles, resulting in the particles
sticking together and formed flakes. On the other hand, the
size of ZnO nanoparticles formed with 60 wt% (Figs. 2(c) and
(d)) and 30 wt% of Zn (Figs. 2(e) and (f)) were found rela-
tively large and scattered on the surface of GO nanosheets.
Interestingly, ZnO for 10 wt% of zinc were nicely and evenly
deposited on GO nanosheets as presented in Figs. 2(g) and (h).
This is because the abundance of oxygen functional groups
such as hydroxyl and epoxy in GO have provided active sites
for reaction and attachment of ZnO, resulted in uniform dis-
tribution of ZnO on GO. Moreover, with lower concentration
of Zn precursor, agglomeration of ZnO can be prevented.
Obviously, the size of ZnO nanoparticles at 10 wt% of Zn was
found to be smallest with uniform distribution.

Itis worth noting that the ZnO nanoparticles have impreg-
nated not only on the surface of the composites, but also on
the inner layers of GO as shown in Fig. 3(a) for 10 wt% of
Zn. The embedment of ZnO nanoparticles in the inner layers
was able to prevent restacking of GO layers and maximize
the composites surface area. In addition, the impregnation
of ZnO in GO also prevented ZnO agglomeration problem
as GO provided a matrix for heterogeneous growth of ZnO.
Therefore, the overall surface area of the composites was
enhanced. The size and distribution of ZnO on GO were fur-
ther investigated by TEM as presented in Fig. 3(b). Similarly,
the findings showed that the ZnO nanoparticles were
distributed uniformly on GO nanosheets. The presence of
Zn element in the composite was further confirmed by EDX
mapping and spectra as shown in Figs. 3(c) and (d).

In next section, ZnO/rGO composite with 10 wt% of Zn
was selected for membrane fabrication due to its highest



16 W.C. Chong et al. / Desalination and Water Treatment 96 (2017) 12-21

negative surface charge, smallest ZnO nanoparticle size and
uniform distribution on GO nanosheets. The importance of
these factors toward membrane fouling mitigation has been
discussed in section 1.

3.2. Membranes characterization and performance testing
3.2.1. FTIR analysis of membranes

The interaction between PVDF and the inorganic fillers
(ZnO and ZnO/rGO) could be observed via FTIR spectra as
shown in Fig. 4. The typical peaks for PVDF could be seen
clearly in all the membranes. The peaks at 1,406 and 1,079 cm™
were associated with symmetrical stretching of CF, groups
[29,30] while the peak of 1,188 cm™ was caused by CF stretch-
ing vibration of CF, groups [9]. The peaks of 3,027 and 2,982
cm™ were due to non-symmetrical and symmetrical stretching
vibration of CH, groups [29]. Others typical peaks for PVDF
such as 890, 847, 495 and 462 cm™ were also found in all the
membranes [31,32]. For ZnO MMMs, little changes could be
identified on the spectra. However, no peaks were observed
at 430 cm™ due to Zn-O stretching mode and no absorption

Fig. 2. Distribution of ZnO on GO nanosheets for (a) and
(b) 100 wt%; (c) and (d) 60 wt% (e) and (f) 30 wt% and (g) and
(h) 10 wt% of Zn at magnification of 30,000x and 100,000x.

bands around 3,500 and 1,600 cm™ (assigned to -OH groups
of ZnO). Coincidently, this result was similar with previous
studies done by Hong and He [9] and Zhang et al. [29] who
also found weak interaction between ZnO and PVDEF. On the
other hand, FTIR spectra of ZnO/rGO MMMs showed good
interaction of ZnO/rGO composite with PVDEFE. The absorp-
tion band of 3,300 cm™ was assigned to -OH groups while
1,652 cm™! was attributed to skeletal vibrations of unoxidized
graphitic in ZnO/rGO composite [33]. The typical peaks of
PVDF became sharper and shifted when blending with ZnO/
rGO composite. For instance, the peak of 1,188 and 1,079 cm™
have shifted to 1,180 and 1,067 cm™, respectively.

3.2.2. Membrane permeability and hydrophilicity

Membrane contact angle is the measurement of mem-
branes” hydrophilicity. As presented in Fig. 5, the contact
angle of pure PVDF membrane was 80.97°. The addition of
ZnO nanoparticles and ZnO/rGO composite as inorganic fill-
ers had reduced the membrane contact angle to 79.47° and
68.63°, respectively. The reduced contact angle implied that

KV = 100 Mag = 75000 X

Fig. 3. (a) FESEM image of ZnO impregnated in GO at 100,000x
magnification, (b) TEM image, (c) EDX mapping and (d) EDX

spectra, of 10 wt% of Zn composite.

Transmittance (%)

——NDE palel ——ZnO/GO

300 700 1100 1500 1900 2300 2700 3100 3500
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Fig. 4. FTIR spectra of neat PVDF membranes, ZnO MMMs and
ZnO/rGO MMMs.
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the oxygen functional groups of the inorganic fillers have
attracted the water molecule toward the membrane, prov-
ing that the hydrophilicity effect was dominant in the for-
mation of PVDF-ZnO MMMs and PVDF-ZnO/rGO MMMs
[5,34]. Similarly to previous studies, the permeation flux
of pure water obtained in this study was correlated with
hydrophilicity improvement of the membranes. The pure
water flux of ZnO MMMs and ZnO/rGO MMMs increased
by 40% and 61%, respectively, compared with neat PVDF
membranes. The increment of ZnO/rGO MMMSs’ perme-
ability in this study was comparatively higher than others
PVDF MMMs which incorporated with metal oxide such
as TiO, [35,36], Ag [37] and SiO, [38]. Besides, the higher
permeation flux of ZnO/rGO MMMs was also attributed
to the formation of bigger pore size during phase inversion
process. Based on the findings in Fig. 6, the neat membrane
pore size increased from 25 to 28 nm and 31 nm, with the
addition of ZnO nanoparticles and ZnO/rGO composites,
respectively. As ZnO/rGO are highly hydrophilic, the addi-
tion of these composites had enhanced the mass transfer
between the solvent (DMAc) and non-solvent (water) during
the phase inversion process, resulting in bigger membrane
pore size [39]. Meanwhile, the neat PVDF membranes poros-
ity increased from 34% to 69% and 73% with the addition
of ZnO and ZnO/rGO, respectively. The surface and inner
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Fig. 5. Pure water flux and contact angle of neat PVDF
membranes, ZnO MMMs and ZnO/rGO MMMs.
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Fig. 6. Pore size and porosity of neat PVDF membranes, ZnO
MMMs and ZnO/rGO MMMs.

structure of the membranes were observed via FESEM and
would be further discussed.

3.2.3. Membrane morphology

Figs. 7(a)-(c) show the three-dimensional surface mor-
phology of membranes at a scan size of 5 um x 5 um. The
roughness parameters such as average roughness (S ), root
mean square roughness (S ) and average height of five high-
est peaks and five lowest valleys (S) of the membranes are
indicated in Fig. 7(d). The overall membrane surface rough-
ness increased with addition of ZnO nanoparticles but
decreased with incorporation of ZnO/rGO composites. The
rougher membrane surface of ZnO MMMSs may cause by
agglomeration of ZnO nanoparticles in the polymer solu-
tion. According to Wenzel model, surface roughness would
affect membrane’s water wettability. Hydrophilic surface will
become more hydrophilic when surface roughness increases
[40]. This theory support the result where the contact angle
dropped (section 3.2.2) when the surface roughness of PVDF
membranes increased. Coincidently, this was similar with
a study done by Jafarzadeh et al. [41] where incorporation
of ZnO increased the membrane surface roughness. On the
other hand, ZnO nanoparticles were distributed uniformly
on GO nanosheets and therefore reduced agglomeration
problem in the polymer solution. As a result, the height dif-
ference of peaks and valleys on ZnO/rGO MMMs surface
was greatly reduced. As GO contains abundance amount of
oxygen functional groups, the hydrophilicity of ZnO/rGO
composites became dominant and resulted in contact angle
decrement. Generally, smooth surface topography could pre-
vent the deposition of foulant on membrane surface. Hence,
the antifouling ability of ZnO/rGO MMMs improved tremen-
dously when tested with BSA solution (section 3.3).

FESEM images of top surface and cross-sectional view of
membranes are presented in Fig. 8. As shown in Figs. 8(a),
(c) and (e), the pore size observed on neat PVDF membrane
was tiny and could hardly be seen. Meanwhile, the pore
size observed on ZnO and ZnO/rGO membrane surface
were generally bigger and pore density were higher. For
cross-sectional view, the neat PVDF membrane without any
pore forming agent like PVP exhibited short finger-like struc-
ture with mainly sponge substrates. This indicated slower
phase inversion happened during immersion-precipitation
process due to the hydrophobic nature of PVDF polymer
[42]. With addition of ZnO or ZnO/rGO into the PVDF poly-
mer solution, the casting solutions became hydrophilic. The
oxygen functional groups had introduced greater amount of
non-solvent into the PVDF casting solutions, induced faster
solvent and non-solvent interdiffusion velocity and therefore
accelerated the phase inversion process. As a result, longer
finger-like structures are observed in Figs. 8(d) and (f) for
MMMs. In comparison, Fig. 8(f) (ZnO/rGO MMMs) gives the
longest and biggest pore structure and eventually resulted in
higher membrane porosity.

The distribution of ZnO/rGO composites throughout the
membranes was identified by EDX mapping as shown in
Fig. 9. The green dots shown in Figs. 9(a) and (c) are fluoride
(F) element contained in PVDF polymer while the blue dots
in Figs. 9(c) and (d) are Zn element of ZnO/rGO composite.
The blue dots are distributed evenly in both of the plan and
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Fig. 7. AFM three-dimensional surface morphology of (a) neat PVDF membrane, (b) ZnO MMMs, (c) ZnO/rGO MMMs and

(d) roughness parameters.

sectional view of membranes, indicating ZnO/rGO compos-
ites were well dispersed in the PVDF membranes.

3.3. Membrane filtration behavior

The antifouling property of membranes could be evaluated
by filtration with BSA solution. As PVDF membranes were
hydrophobic in nature, the initial and overall permeation flux
of neat PVDF membranes were always within a lower range
as illustrated in Fig. 10. The filtration rate declined steadily as
foulant deposited on the membrane surface. In contrast, pore
blockage by BSA occurred at the first 15 min in ZnO MMMs
and ZnO/rGO MMMs with larger pore size, resulting in rapid
drop of initial flux [28]. The subsequent gradual decline was
attributed to deposition of foulant on the membranes surface.

The average BSA filtration of neat PVDF membranes, ZnO
MMMs and ZnO/rGO MMMs are 12, 47 and 64 L/m?h, respec-
tively. As can be observed from the graph, the MMMs’ flux
always higher than neat PVDF membrane over the 210 min
pure water and BSA filtration. Moreover, the BSA rejection of
neat PVDF membranes, ZnO MMMs and ZnO/rGO MMMs
are 15%, 24% and 32%, respectively. Therefore, it could be con-
cluded that the PVDF membranes’ rejection and antifouling
property was successfully improved with addition of hydro-
philic ZnO and ZnO/rGO. Obviously, ZnO/rGO MMMs with
greatest hydrophilicity (lowest contact angle) gave the highest
BSA rejection and permeation flux over the filtration process.
The enhanced membrane hydrophilicity would be essential
in the formation of water boundary layer on the membrane
via hydrogen bond between the water molecules and oxygen
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Fig. 8. FESEM images of surface (5000 magnification) and
cross-sectional (500x magnification) morphology of (a) and
(b) neat PVDF membranes, (c¢) and (d) ZnO MMMs and (e)
and (f) ZnO/rGO MMMs.

Fig. 9. Mapping images of F and Zn element on (a) and (b) top
surface, and (c) and (d) sectional view of ZnO/rGO MMMs.

functional groups of the ZnO nanohybrids embedded in the
membranes, preventing the contact and adsorption of foulant
onto the membranes surface [20,43]. Besides, surface charge
of ZnO/rGO composites also contributed to the membrane’s
antifouling ability. The surface charge of neat PVDF mem-
branes, ZnO MMMs and ZnO/rGO MMMs was -18.9, +1.07
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Fig. 10. Flux decline of neat PVDF membranes, ZnO MMMs and
ZnO/rGO MMMs during BSA filtration.

and —29.7 mV, respectively. The high negative charge MMMs
tended to repel with BSA which was negatively charge at neu-
tral pH [44]. The antifouling property of the membranes could
be further explained with FRR. The FRR of all the membranes
were calculated and compared. In this study, the FRR value
of neat PVDF, ZnO and ZnO/rGO membrane was 17%, 30%
and 48%, respectively. Hence, this had proven that ZnO/rGO
blended membranes exhibited the greatest antifouling ability
as higher FRR value signified better antifouling property of
the membranes.

3.4. Leaching analysis

Leaching test was performed to examine the reliabil-
ity of the MMMs to use for long-term filtration. When the
amount of fillers embedded in the MMMs reduced, the per-
formance of membranes would drop accordingly. Besides,
the leaching of metal oxide into the water would give nega-
tive impact to the environment especially aquatic life [45]. The
stability of inorganic fillers in the MMMSs was investigated
by examining the release of Zn element in permeate during
the 6 h filtration. The release of Zn element from ZnO MMMs
was 7, 3 and 2 ppb for the first 3 h and no further leaching
afterwards. On the other hand, no Zn element was detected in
permeate of ZnO/rGO MMMs during the 6 h filtration. This
finding could be supported by the result from FTIR in sec-
tion 3.2.1 where the interaction between ZnO and PVDF was
weak. Hence, the tendency of ZnO to leach from the mem-
brane surface was higher. Similar leaching was observed by
Li et al. [46] for PVDF MMMs embedded with in situ forma-
tion of Ag nanoparticles. Meanwhile, the presence of oxygen
functional groups (hydroxyl, epoxide, carbonyl and carboxyl)
in ZnO/rGO composites have formed strong interaction with
PVDF molecular chains. The hydrogen bonds formed between
C-F bond of PVDF and oxygen functional groups of ZnO/rGO
composite had enhanced their interfacial interaction, there-
fore, no leaching of composites was detected in the permeate.

3.5. Antibacterial activity of membranes

The images in Fig. 11 show that ZnO and ZnO/rGO
MMMs exhibited good antibacterial ability toward E. coli. The
neat PVDF membranes did not show any bacteria resistance as
its surface was covered by growth of dense E. coli (Fig. 11(a)).
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Fig. 11. FESEM images (5,000x magnification) of bacteria grew on surface of (a) neat PVDF membrane, (b) ZnO MMMs and
(c) ZnO/rGO MMMs.

Typically, a dense layer of biofilm would form on PVDF mem-
branes surface during filtration process due to the hydropho-
bic instinct of PVDEF, promoted adherent of non-polar solute
and bacteria [46]. On the other hand, only a few colonies of
E. coli were observed on ZnO MMMs surface (Fig. 11(b)).
Interestingly, ZnO/rGO MMMs showed impressive outcome
with only a few E. coli were noticed on the membrane sur-
face (Fig. 11(c)). The antibacterial activity test had proven
that ZnO/rGO MMMs possessed excellent antibacterial effect
against E. coli. The rapid electron transfer between ZnO and
GO in the composite and adsorption of surface oxygen by GO
have resulted in formation of higher amount of ROS which
were dominant in destroying bacteria cell membranes [47].
However, the antibacterial mechanism of ZnO under dark
condition is currently under a huge debate. Prasanna and
Vijayaraghavan [48] found that ROS was significantly pro-
duced from ZnO even in dark condition; therefore, ROS was
proposed as the dominant mechanism. However, a recent
study done by Joe et al. [49] revealed that bacterial cells were
mainly being destroyed by local dissolution of ZnO, releasing
Zn* jons into the bacterial cytoplasm. Therefore, more stud-
ies should be performed on the investigation of antibacterial
mechanism of ZnO/rGO composites under dark condition.

4. Conclusion

Properties of PVDF membrane as one of the most widely
used membranes in the industry was enhanced by blending
with ZnO nanoparticles and ZnO/rGO composites. ZnO/rGO
composites gave the highest hydrophilic effect to the PVDF
membranes. Hence, the permeation flux was increased due to
the formation of bigger finger-like microvoids during phase
inversion process. The higher BSA rejection and FRR of ZnO/
rGO MMMs proved that the rejection and antifouling ability
of the modified membranes was enhanced. There was no Zn
element detected in permeate of ZnO/rGO MMMs, implied
the strong interaction between ZnO/rGO composites and
PVDF membranes. Therefore, the ZnO/rGO MMMs exhibited
high potential in industrial membrane applications. In addi-
tion, the excellent antibacterial property of ZnO/rGO MMMs
showed great potential in controlling membrane biofouling,
hence it is highly recommended to be utilized in biological
treated wastewater filtration process. In brief, the incorpora-
tion of ZnO/rGO composites in PVDF membranes had exhib-
ited high potential in various industrial applications due to

its enhancement in terms of hydrophilicity, permeability,
antifouling ability and antibacterial property.
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