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ABSTRACT

Incorporation of nanoparticles in membranes has recently been reported to lead to enhance-
ment of the membrane performance for various applications. In this study, ZnO nanoparti-
cles were synthesized via sol-gel method using zinc acetate and oxalic acid as starting
materials. However, the influence of additive, in this case ethylene glycol (EG), on the size
of ZnO nanoparticles produced was investigated. All diffraction peaks of XRD patterns
indicated the wurtzite structure and the hexagonal phase of ZnO nanoparticles. Uniform
spherical particle sizes with lower sizes and reduced agglomeration were observed when
EG was used under the same experimental conditions. The particle size was found in the
range of 20-30 nm when EG was used as compared to those without EG, which was
between 50-60 nm. Dispersion property of the ZnO NPs was further verified by zetasizer
analysis. Subsequent incorporation of the smaller size ZnO nanoparticles in membranes has
shown improvement in the characteristics and performance of the membranes. Membranes
incorporated with ZnO showed improved hydrophilicity and enhancement of membrane
performance in terms of permeability, porosity, and rejection ability.
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1. Introduction

Recent reports showed that the use of nanoparti-
cles (NPs) is increasing in various industrial applica-
tions such as medical, biomedical, pharmacy, etc. This

*Corresponding author.

was mainly due to the outstanding characteristics of
NPs which attract great attention. NPs can be defined
as particles or crystallites with nanoscale dimensions.
The reduced size of NPs may lead to higher efficiency
due to the availability of higher surface area. When
the particles have been produced in such small sizes,
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their reactivity changed significantly. For example,
metallic NPs can easily donate their electrons to the
surrounding compounds to form radicals by reducing
agents or when these NPs are exposed to the external
energy source such as UV light. The excellent physical
and chemical properties of NPs could be summarized
in terms of catalytic, antibacterial, mechanical, elec-
tronic, optical, magnetic, etc. [1]. Several kinds of NPs
have been widely applied such as titanium dioxide
(TiOy), silicon dioxide (SiO,), silver (Ag), polyaniline
(PANI), zinc oxide (ZnO), and so forth [2].

The use of NPs in development of membranes has
been increasing recently. A number of studies have
reported on the incorporation of NPs in membranes
and subsequent applications, for example, in water
and wastewater treatment [3-5]. All these studies
reported the significant enhancement membrane per-
formance in terms of antifouling and antibacterial
properties [6,7]. Recent work has reported on the
membrane modification using ZnO NPs. Due to its
special properties, ZnO NPs has great ability to
increase membrane permeability, mechanical proper-
ties, hydrophilicity, fouling resistance, and selectivity
[8]. Blending zinc oxide (ZnO) NPs into PSF mem-
branes has been reported to improve the membrane
properties in reducing fouling by oleic acid, improved
thermal stability, and permeability [9].

Functionalization of NPs has been reported to be
able to enhance the NPs effectiveness. Functionaliza-
tion could be defined as surface coating or capping
which assists in regulating the properties of NPs in
terms of stability, solubility, and targeting characteris-
tics. The synthesis process parameters play an impor-
tant role in producing fine quality of NPs. For
instance, the molar ratio, pH of reactants, and capping
agents will affect the size of ZnO NPs [10]. Besides,
the doping activity onto the NPs would give impacts
on the properties of NPs [11]. The effect of solvents on
the synthesis of nanosize zinc oxide and its properties
were also investigated [12]. The polymer adsorption
such as polyvinyl alcohol and polyethylene glycol by
NPs also improved the stability of NPs against
agglomerations [13].

Hence, the main objective of this study is to
investigate the influence of additive Ethylene glycol
(EG) towards the size of ZnO NPs. The purpose of
functionalization is to enhance the size reduction of
particles and also overcoming agglomerations prob-
lems. The properties of synthesized ZnO NPs would
be characterized by several techniques such as
Thermogravimetry-Differential Scanning Calorimetry
(TGA-DSC), X-ray diffraction (XRD), Transmission
Electron Microscopy (TEM), Field Emission Scanning
Electron Microscopy (FESEM), and Fourier Transform
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Infrared Spectroscopy (FTIR). Finally, the synthesized
ZnO NPs with functionalization was applied in
membrane fabrication and the performance of the
membrane was investigated.

2. Experimental
2.1. Materials

Zinc acetate dehydrate [Zn(CH;COO),-2H,0],
oxalic acid dehydrate [H,C,042H,0], absolute ethanol
(99%), and EG were analytical grade and purchased
from Merck. All chemicals were used for the synthesis
process without any further purification.

2.2. Synthesis of ZnO NPs

ZnO NPs were synthesized via sol-gel method
using zinc acetate dehydrate and oxalic acid dehy-
drate as starting materials [14]. Zinc acetate and oxalic
acid mixtures (Zac/Oxa) were prepared in ethanol
with molar concentrations ratio of 0.1:0.15 at Zac/Oxa
ratio of 40/60. The zinc acetate and oxalic acid were
dissolved in ethanol at 60 =5 and 50 + 5°C, respec-
tively, under reflux condition for 30 min. Meanwhile,
EG which acted as surfactant was added into zinc
acetate solution after 30 min of heating. The oxalic
acid solution was then added dropwise to the zinc
acetate solution. The mixture was then left under
vigorous magnetic stirring for 90 min to allow the
complete reaction in obtaining a gel-like zinc oxalate.
The operating pH of 2.0 £ 0.2 was obtained by initial
addition of oxalic acid to the mixture [10]. The result-
ing gel was dried at 60°C overnight in the oven to
form the precursors for the ZnO NPs and the ZnO
NPs were then taken to undergo calcination at
temperature of 400°C for 3 h.

2.3. Characterizations of ZnO NPs

2.3.1. Thermogravimetry-differential scanning
calorimetry

The thermal-decomposition behavior of the zinc
oxalate precursor was analyzed using TGA-DSC (STA
449F3, Jupiter, Netzsch, Germany). The temperature
was increased from 30 to 800°C at a heating rate of
10°C/min.

2.3.2. X-ray diffraction

The crystal phase composition and the crystallite
size of the ZnO NPs could be determined using XRD
(Bruker D8 Advance AXS X-ray diffractometer) with
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CuKa radiation (1.5406 A) in the 2h scan range of
20-80".
The average crystallite size of the ZnO was further

determined from the XRD patterns using the
Debye—-Scherer equation (Eq. (1)).
D = KA/ Bcos0 (1)

where K is the Scherer constant (K =0.89), k is the
X-ray wavelength, b is the peak width at half maxi-
mum, and & is the Bragg diffraction angle.

2.3.3. Fourier transform infrared spectroscopy

The FTIR spectra of the ZnO NPs were recorded
using the Thermo/Scientific, NICOLET 6700.

2.3.4. Transmission electron microscopy

The size of the ZnO NPs was investigated using a
transmission electron microscope (Philips CM200,
model JEOLJEM 2100).

2.3.5. Field emission scanning electron microscopy

The morphology and structure of the NPs were
investigated using high-resolution FESEM (SUPRA
55VP) with energy dispersive X-ray spectroscopy
(EDX) (Oxford EDX INCA Penta FETX3).

2.3.6. Zetasizer Analysis

The dispersion property of ZnO NPs were mea-
sured using the Zeta Sizer, model Nano-ZS, Malvern
instruments Inc. (UK). The dispersion of ZnO NPs
was checked by applying 0.1% w/v (weight of ZnO/
volume of water as solvent) under 30 min of sonica-
tion before the analysis. This is to ensure the equal
distribution of ZnO NPs in the solution.

2.4. Membrane application
2.4.1. Membrane fabrication

The synthesized ZnO NPs were applied in mem-
brane fabrication via wet phase inversion technique.
ZnO NPs were incorporated during the preparation of
polysulfone (PSF) casting solution. The casting solu-
tion was prepared by dissolving 16% of PSF pellets
into 1-methyl-2-pyrrolidinone (NMP) in a water bath
with average temperature of 75°C under continuous
stirring condition for about 5h. ZnO NPs were
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sonicated for better dispersion before mixing in the
homogeneous PSF casting solution. The membranes
were casted wusing Filmographe Doctor Blade
360099003 (Braive Instrument, Germany) with thick-
ness of 0.2 mm. The fabricated membranes were then
kept with UP water for storage.

2.4.2. Membrane characterization

2.4.2.1. Membrane permeability. The permeability of
membrane was determined by measuring the pure
water fluxes using a stirred cell (Sterlitech HP4750).
The pure water flux was calculated using the
following equation:

J=V/St @

where | is the water flux (L m2hY); Vis the perme-
ate volume (L); S is the effective membrane area (m?);
t is the operation time (h™'). Graph of water fluxes
against pressures was plotted and the permeability
was determined based on the gradient of the linear
line.

2.4.2.2. Surface hydrophilicity study. The angle between
water and membrane surface was measured with con-
tact angle meter, Model Kruss GmbH, Germany with
Drop Shape Analysis software. Based on the differ-
ences of the contact angle values for each membrane,
the membrane surface hydrophilicity was compared.

2.4.2.3. Membrane porosity. The overall porosity (¢) was
determined using gravimetric method, as defined in
the following equation:

w1 — W2
S At dy @
where w; is the wet membrane weight, w, is the
dried membrane weight, A(m® is the area of the
membrane, t is the thickness, and d,, is the water den-
sity (998 kg/m®). The pore size of membranes was
calculated using the porosity data and Guerout-
Elford-Ferry equation (Eq. (4)).

(2.9 — 1.75¢)841Q

ex Ax AP @

Tm =

where 5 is the water viscosity (8.9 x 10™*Pas), Q is
the volume of permeated pure water per unit time
(m®/s), and AP is the operational pressure (MPa).
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2.4.24. Morphological study. The surfaces and cross-
sectional structures of the unmodified and modified

membranes were obtained using scanning electron
microscope (SEM, Gemini SUPRA 55VP-ZEISS).

2.4.2.5. Rejection study. Humic acid solution of 10 ppm
was used to test the rejection of membranes. The
permeate fluxes and rejections of humic acid can thus
be determined. The rejection was determined using
the following equation:

R =1-C,/C; 5)

where C,, is the permeate solution concentration and
C¢ is the feed solution concentration.

3. Results and discussion
3.1. Thermogravimetry analysis of ZnO NPs (TGA-DSC)

The thermal characteristics of ZnO and ZnO-EG
precursors were investigated by applying TGA and
the DSC methods. Fig. 1 exhibits the heating profile
and weight losses of ZnO and ZnO-EG throughout
the calcination process. Generally, the weight loss
shown in TGA-DSC spectrum was attributed to the
reactions between zinc acetate and oxalic acid. The
equations below stated several decomposition stages
of the starting materials in different temperature
range in order to obtain the final product of pure
ZnO.

Zn(CH;C00), - 2H,0 + H,C,0,4 - 2H,0 2 ZnC, 0,

- 2H,0 + 2CH;COOH + 2H,0 ®)
CH;COOH + C,HsOH 5 CH;COOC,Hs + H,0 @)
ZnC,04 - 2H,0 5" 7nC,0, + 2H,0 ®)
ZnC>0, " 2" 700 + CO + CO, ©)

Fig. 1(a) demonstrated the heating profile of zinc
oxalate dehydrate without any additives. It could be
observed that there were two endothermic peaks
according to the DSC curves and with obvious weight
loss stages based on TGA curves. The first peak
indicated the evaporation of ethanol and water, while
the second peak showed the decomposition of zinc
oxalate. For instance, the weight loss below 100°C
exhibited 4% of ethanol removal while the water
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Fig. 1. TGA-DSC spectra: (a) Zinc oxalate without

additives and (b) Zinc oxalate with EG.

removal occurred below 190°C was approximately
17%. The significant weight loss of 31% at about
360—400°C represented the complete conversion of zinc
oxalate into pure zinc oxide. On the other hand, in
Fig. 1(b), the heating profile of zinc oxalate with EG as
additive displayed that there were more endothermic
peaks when compared with Fig. 1(a). This could be
explained that there was an additional stage of EG
decomposition in between 100-200°C [15] while other
peaks were similarly as per reported in Fig. 1(a). The
weight losses for several stages such as ethanol evap-
oration, EG removal, water removal, and decomposi-
tion of zinc oxalate were approximately 16, 15, 7, and
22%, respectively.

On both TGA-DSC curves, it was observed that
the final calcination temperature for the complete
reactions fell on 400°C. It was a significant indicator,
whereby no further reactions would occur beyond this
temperature. The addition of EG as surfactant did not
cause any significant effects on the calcination
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temperature for the conversion of zinc oxalate to zinc
oxide. Hence, the optimal calcination temperature for
zinc oxalate precursors was at 400°C.

3.2. XRD analysis

The purity of synthesized ZnO NPs was investi-
gated by performing XRD analysis. XRD analysis can
be utilized to evaluate peak broadening with crystal-
lite size and lattice strain. Crystallite size is performed
by measuring the broadening of a particular XRD
peak in a diffraction pattern associated with a particu-
lar planar reflection from within the crystal unit cell.
The Bragg width contribution from crystallite size is
inversely proportional to the crystallite size. Thus, the
peak broadening indicates smaller crystallite size.
Fig. 2 demonstrated the XRD pattern of the ZnO NPs
where all the peaks indicate hexagonal wurtzite
structure of ZnO (lattice parameters, a = b = 3.249 A,
c=5206 A). Table 1 below showed the diffraction
data agree well with the JCPDS card for ZnO (JCPDS
36-1451) with all (20) peaks at 31.73 (100), 34.35
(002), 3624 (101), 4753 (102), 56.60 (110), 62.80
(103),6790 (112), and 68.98 (20 1). From the data, it
was observed that ZnO-EG show peaks broadening
which signified smaller crystallite size when compared
to ZnO with much higher and narrow peaks. Thus,
the addition of EG in the synthesis of ZnO would help
in the size reduction of ZnO NPs.

3.3. Fourier transform infrared spectroscopy

FTIR analysis was performed in Fig. 3 to study all
the functional groups present between the zinc oxa-
late, zinc oxide, and zinc oxide functionalized with
EG. The wave number at 3,300-3,500 cm ! indicates
the presence of O-H groups from water and ethanol.
The strong C=O stretching peak around 1,600 cm™"
and the C-O moiety around 1,300 cm™ ! were detect-

XRD
12000
10000
)
3 s LAJL A A A
>
-‘E 6000
£ ==No additive
= 4000
2000
o
10 20 30 40 50 60 70 80

20 (degree)

Fig. 2. XRD analysis for ZnO and ZnO-EG.
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able. The presence of a peak at 820 cm™' indicates that
there is C-H groups coming from the precursors of
ZnO synthesis. The most recognized peak of ZnO
bond falls on wave number of 490-500 cm™". This was
the last peak which illustrated the existence of final
element after the calcination process. All the hydroxyl
and carbonyl groups of zinc oxalate were completely
removed after the calcination. The FTIR spectra for
both ZnO with and without EG indicates that there is
no significant effect on the presence of EG towards the
purity of ZnO as there is not much difference between
the curves.

3.4. Surface morphology (FESEM & TEM) & dispersion
property

The confirmation of NPs size and shape was
verified by performing surface morphology analysis
via FESEM and TEM. Fig. 4(a) and (b) showed the
actual particles size of synthesized ZnO and ZnO with
EG. It was observed that the size of ZnO NPs without
any additives exhibited larger size with agglomera-
tions, while the NPs with additives showed a better
distribution of particles with smaller size and reduced
agglomerations. The average particles size for ZnO
without additives was around 50 £5 and 25 +5nm
for ZnO with surfactant. Fig. 4(c) and (d) demon-
strated that all ZnO nanoparticle samples were spheri-
cally shaped. On the other hand, the dispersion
property was checked using zetasizer. It was proven
that the ZnO NPs in EG were well dispersed. Based
on Fig. 5 The Z-average value of ZnO NPs is
282.2 d.nm while 28.09 d.nm for ZnO-EG. This shows
that the ZnO-EG has better dispersion properties with-
out agglomeration problem as the particles size is
similar with TEM analysis in comparison with pure
ZnO, which shows higher Z-average value. The higher
the Z-average value indicated the agglomeration of
smaller particles into bigger particles. Therefore, it
signified that the particles were not distributed evenly.

3.5. Membrane application
3.5.1. Membrane performance

The performance of membrane was evaluated by
performing water permeability analysis, rejection
study, hydrophilicity study, and fouling study. In this
case, the fabricated membranes embedded with differ-
ent types of ZnO NPs were investigated and con-
firmed by applying several characterization methods.
The basic performance findings for three different
membranes [PSF, PSF-ZnO, and PSF-ZnO-EG] were
summarized in Fig. 6. The enhancement of membrane
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Table 1
Diffraction data of XRD
Peaks 100 002 101 102 110 103 112 201
ZnO 4,517 3,788 7,157 1,222 2,296 1,706 1,624 717
ZnO-EG 1,822 1,492 2,475 522 1,000 987 921 552
FTIR composite membranes exhibited highest permeability
200 when compared to the pure PSF and PSF-ZnO mem-
190 branes. Besides, the size of ZnO-EG NPs were smaller
o aakive i:ﬂ g than ZnO NPs, which resulted in higher reacting
160 £ surface area in membrane structure and well dis-
e ijg £  persed due to the reduced conglomerations problem.
Zn Oxalate 130 ;*5 Thus, it resulted in the reduction of the hydraulic
oo & resistance of water.
— 100 The mass transfer between the solvent and nonsol-
o vent phase was delayed during phase inversion pro-
4000 3500 3000 2500 2000 1500 1000 500 o  cess with highly viscous casting solution, which led to

Wavenumbers (cm-)

Fig. 3. FTIR analysis for zinc oxalate, ZnO, and ZnO-EG.

application was attributed to the unique properties of
ZnO NPs, which were uniformly dispersed in the
structure of PSF membranes.

The surface wettability study of the membranes
was equally important as an indicator of hydrophilic-
ity. Contact angle study was a measurement for
membrane wettability. The high value of contact angle
indicated higher hydrophobicity and vice versa. The
pure PSF exhibited highest contact angle of 69.7° and
the addition of ZnO and ZnO-EG had reduced the
contact angle to 53.3 and 43.1, respectively. The main
reason was ZnO NPs had higher affinity toward
water, which resulted in better surface hydrophilicity
[16]. Besides, the presence of EG as naturally hydro-
philic surfactant onto the ZnO NPs greatly enhanced
the hydrophilicity of the membranes. This was mainly
due to EG molecule establishing a strong affinity with
water molecules and the OH structure in EG
would form a hybrid with water molecules [17].
The incorporation of ZnO NPs has enhanced the
hydrophilicity of membranes as reported in several
previous studies [9,18].

In addition, hydrophilicity of membranes indicated
direct correlation on water permeability. Fig. 6(1) and
(ii) showed that the water permeability had increased
proportionately with the hydrophilicity of the mem-
branes when the membranes were incorporated with
ZnO-EG NPs. The water permeability rate improved
due to the enhancement in the interaction between the
hydrophilic ZnO-EG membrane and water molecules
[19]. Therefore, the naturally hydrophilic PSF-ZnO-EG

low porosity membranes [20]. According to this result,
the membranes with high porosity and smaller pore
size were produced in the presence of hydrophilic
ZnO-EG NPs. This was mainly due to the improved
hydrophilicity of PSF-ZnO-EG casting solution, which
assisted in the mass transfer during the phase inver-
sion process. Thus, it would form more porous mem-
brane structure. Moreover, the increment in pore size
could be attributed to the acceleration of exchange rate
between solvent and nonsolvent during phase inver-
sion [21]. The pore size could also be affected by the
nucleation process of ZnO as the heterogeneous nucle-
ation of ZnO would increase the crystallinity of the
NPs [22]. The pore size findings were further con-
firmed by the porosity data, which resulted in higher
porosity for membrane incorporated with ZnO and
ZnO-EG NPs.

Rejection study was performed by applying humic
acid solution. From the result, the rejection percentage
increase from 70 to 86% for membrane with ZnO and
ZnO-EG, while 88% for pure PSF. There was a decre-
ment of rejection percentage when the membrane was
incorporated with normal ZnO NPs without any
additives while a good improvement when the mem-
branes were embedded with functionalized ZnO NPs.
This was mainly due to the functionalized ZnO with
EG had better antifouling properties, which would
reduce the adsorption of organic pollutants within
membrane structure [8]. Thus, it contributed to the
retention of organic matter during the filtration pro-
cess. The improved hydrophilicity of the ZnO NPs
would enhance the fouling resistance of the mem-
branes. By establishing highly hydrophilic membrane
structure, the hydraulic resistance of membrane could
be reduced. This was probably due to higher affinity
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Fig. 4. ZnO Morphology: TEM images: (a) without additive, (b) with EG; FESEM images: (c) without additive, and
(d) with EG.
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Fig. 5. Zetasizer analysis: (i) ZnO and (ii) ZnO-EG.

of ZnO towards water, which reduced the hydropho- The structure for the three types of membrane is
bic adsorption between humic acid molecules and shown from the SEM images in Fig. 7. There was
ZnO-incorporated membranes [23]. no significant impact on the structure alterations
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Fig. 6. Membrane performance for Blank PSF, PSF-ZnO, PSF-ZnO-EG: (i) Contact angle, (ii) Permeability, (iii) Pore size,

(iv) Porosity, and (v) Humic acid rejection.

when the ZnO NPs were embedded in the mem-
brane. This indicated that the addition of ZnO NPs
did not affect the membrane cross sections. It was
observed that only a slight change in the pore size
which was similar to the pore size findings. All the
membrane structure exhibited a typical asymmetric
morphology with fingerlike pores linked by sponge
walls [24]. Therefore, it could be assumed that no
alterations occurred during the formation mechanism
of PSF membrane with ZnO and functionalized
ZnO NPs.

From all the aspects mentioned above, the mem-
branes fabrication with embedded ZnO NPs is highly
favorable for various kinds of filtration due to its

essential properties in terms of permeability, rejection
capability, and porosity. The improvement of mem-
brane performance was contributed by improved
hydrophilicity of ZnO and ZnO-EG NPs. The hydro-
philic nature of the PSF-ZnO-EG also enhanced the
water permeation rate, wettability of membrane
surface, and also improved fouling resistance toward
organic matter. The reduction size of functionalized
ZnO NPs had higher reacting surface area and well
dispersion in the structure [25]. The ZnO-EG
NPs decreased agglomerations problem and caused
less pores blockage in membrane structure. Hence,
the performance of membrane could be highly
improved.
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Fig. 7. SEM images: (i) Blank PSF, (ii) PSF-ZnO, and (iii) PSF-ZnO-EG.

4. Conclusion

ZnO NPs are alternative nanomaterials which
possess unique characteristics for various types of
industrial applications. The enhancement of NPs per-
formance was investigated by functionalization with
additives. The impact of EG as an additive in the ZnO
synthesis via sol-gel method was compared with the
normal synthesis of ZnO. From the data analysis, XRD
patterns indicated the wurtzite structure and the
hexagonal phase of ZnO NPs for both with and
without additive synthesis. It was observed that the
particles produced by addition of EG were in spheri-
cal shape with reduced agglomeration. The average
particles size was reduced from the range of 50-60 nm
(without additives) to 20-30 nm (with EG). ZnO-EG
had better dispersion properties, which was proven by
Zetasizer analysis as the Z-average value of ZnO NPs
was 282.2 d nm while 28.09 d nm for ZnO-EG which
was similar to TEM. The synthesized NPs were then
incorporated in the PSF membrane fabrication. The
novelty of the functionalized ZnO NPs with EG was
the significant improvement of its well-dispersed
properties and great hydrophilicity, which further
enhanced the membrane development process. The
reduced size of ZnO NPs with less agglomerations
problems was highly favorable in various membrane
applications. PSF-ZnO-EG membrane showed better
membrane performances than that of PSF and ZnO

membranes because its hydrophilic nature had
contributed to the enhancement of membrane perfor-
mance in terms of permeability, porosity, rejection
ability, and hydrophilicity.
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