Jurnal Kejuruteraan 33(1) 2021: 89-101
https://doi.org/10.17576/jkukm-2020-33(1)-10

Hydrophobic Polyvinylidene Fluoride Membrane Modified with Silica Nanoparticles
and Silane for Succinic Acid Purification Using Osmotic Distillation Process

Jun Ying Tan?, Wei Lun Ang*** & Abdul Wahab Mohammad®®

“Centre for Sustainable Process Technology, Faculty of Engineering and Built Environment,
Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

*Department of Chemical and Process Lj\l}gineering, Faculty of Engineerinﬁ/land Built Environment,
Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

Corresponding author: wl_ang@ukm.edu.my

Received 17 January 2020, Received in revised form 05 May 2020
Accepted 02 June 2020, Available online 28 February 2021

ABSTRACT

Recently, osmotic distillation (OD) has emerged as an alternative process for the concentration and purification of heat
sensitive components. However, OD performance was severely affected by membrane fouling and wetting, which could
be minimized through membrane surface roughness creation and surface energy modification. This study incorporated
silica nanoparticles and coated tridecafluro-1,1,2,2-tetrahydrooctyl-1-triethoxysilane at various concentration onto
polyvinylidene fluoride (PVDF) membrane to improve its hydrophobicity, limiting the contact between foulants in feed
solution and membrane surfaces. Generally, the addition of silica reduced the water contact angle (WCA) of the membrane,
but the inclusion of silane had increased it. These membranes were then tested through OD with 1 wt% succinic acid feed
solution and 50 wt% calcium chloride stripping solution. PVDF membranes that have been modified with 1 wt% silica
nanoparticles and coated with 1:50 volume ratio silane solution achieved a transmembrane flux of 0.6019 kg/m*-h, the
highest flux among silanated membrane. This was due to the larger pore size retained after silanization. A rejection rate of
95.66% and above were achieved by the membranes fabricated in this study. Overall, PVDF membrane modified with silica
and silane had been successfully utilized in OD process and shown potential as a concentration and purification process.

Keywords: Osmotic distillation; silica nanoparticles, silane,; hydrophobic

INTRODUCTION important nutrients (vitamins, antioxidants), colorants and

aroma compounds.

However, one of the challenges in employing
OD is membrane fouling, where the foulants attached
on the membrane surfaces will affect the performance
of the membrane process, such as reduction in
permeability and vapor flux. This could be attributed to the
hydrophobic nature of the membranes which is much
vulnerable to fouling by non-polar matters (foulants) when

Osmotic distillation (OD) is a concentration and
purification process that operates at atmospheric and low
heat conditions, which avoids the degradation of
thermal sensitive components. Osmotic distillation utilizes
the driving force of vapor pressure difference between feed
stream and stripping stream for separation (Bagci
2015), where this vapor pressure difference is induced

by the concentration gradient between the two streams
(Gryta 2005). A microporous and hydrophobic polymeric
membrane is used to separate the feed and stripping
streams from mixing but allows the water vapor to
permeate through the membrane (Bagci 2015). To achieve a
high concentration gradient, a hypertonic solution consists
of organic solutes or inorganic salts is usually used as the
stripping solution (Gryta 2005). Promising results on the
feasibility of OD process in concentrating and purifying
various products with heat sensitive components have been
reported. For instance, fruit juices (citruses, berries)
(Destani et al. 2013; Dincer et al. 2016), plant extracts
(roselle, red cabbage) (Cissé et al. 2011; Jampani &
Raghavarao 2015) and alcoholic beverages (beer, wine)
(Liguori et al. 2013; Russo et al. 2013), which contain

compared to hydrophilic membranes utilized in other
separation processes (Tang et al. 2019). Another
problem faced by OD is membrane wetting, where feed
solution enters the membrane pores. This reduces the
available pores for vapor transport, thus restricting and
reducing permeate flux. Membrane wetting also allows
feed solution to penetrate into the stripping stream,
affecting the rejection rate of the membrane (Rezaei et al.
2018; Wang & Lin 2017). In order to overcome and
minimize membrane fouling propensity, membrane surface
modification can be adopted to attain the state of
superhydrophobic, so that the contact between the feed
solution (containing foulants) and membrane surfaces
could be reduced. Also, this will facilitate the mass transfer
through air-filled membrane pores (Tijing et al. 2015).
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Normally, there are two approaches that can be taken to
increase the hydrophobicity of the membrane; roughness
creation and surface energy modification.

Roughness creation increases the surface hydrophobicity
through the lotus effect where the microstructures (similar to
lotus leaf) present on a surface can reduce the adhesion of
water onto the surface (Patankar 2004; Rezaei & Samhaber
2016). For instances, Hamzah & Leo (2017) increased the
surface roughness of polyvinylidene fluoride (PVDF)
membrane by using titanium dioxide nanoparticles (TiO,)
and silane coating. The PVDF membrane modified by only
TiO, achieved an average surface roughness of 640 nm and
a water contact angle (WCA) of 112.3 °. In another
study, the incorporation of 7 wt% hydrophilic TiO,
nanoparticles into supported flat sheet PVDF membrane
has also improved the membrane surface roughness from
26.22 nm to 33.08 nm. Associated with this improvement
was the elevation of vacuum membrane distillation (VMD)
transmembrane flux from 0.37 kg/m*h to 3.5 kg/m*h.
However, the WCA of the modified membrane obtained is
66.8 °, lower than 70.9 ° of neat membrane, which is
undesirable for anti-fouling and anti-wetting performance.
This is due to the hydrophilic trait of TiO, caused by its
different crystalline phases, rutile phase and anatase phase.
For the rutile phase, surface vacancies is present on TiO,
surfaces for water dissociation to occur and for the anatase
phase, water molecules are able to adsorb onto phase
surface (Aschauer et al. 2010).

One way to modify the surface energy of
membrane is to coat it with silane. Coating with silane
will reduce the accessibility of hydroxy groups and

subsequently limit the interaction between the
membrane surface and water, thus reducing surface
energy (in other  words increasing the
hydrophobicity) (Arkles  2006). For example,
Razmjou et al. (2012) modified PVDF membrane
with titanium dioxide and 1H, 1H, 2H, 2H-
perfluorododecyltrichlorosilane (FTCS) for membrane

distillation (MD) applications. The surface free energy
of the modified membrane was 0.1 mN/m, which was
lower than the neat PVDF membrane of 14 mN/m.
Associated with this change was the improvement of WCA
and liquid entry pressure (LEP) from 125° and 120 kPa to
163° and 190 kPa, respectively. Higher WCA and LEP
granted the modified membrane better anti fouling
capability, as reflected by its milder flux decline as
compared to the unmodified PVDF membrane. The
permeate flux of virgin PVDF membrane suffered a
sharp decline, whereas the flux of modified membrane
suffered a gradual decline due to increasing ethanol
concentration at permeate side of membrane that is
unmodified.

In another study, a combination between
fluorocarbon surfactant (FS), fluorinated alkyl silane
(FAS) and silicon dioxide nanoparticles (Si02) had been
spray coated onto amino-functionalized PVDF membrane
to create an omniphobic membrane for anti-fouling and

anti-wetting performance in MD operations (Li et al.
2019). Through X-ray  photoelectron  spectroscopy
(XPS), element compositions and chemical states of the
membrane could be determined. Seven peaks could be
found in the Cls spectrum and they represent various
chemical groups, which CF,-CF, groups and CF,-CF,
groups contributed lower surface energy to the membrane
surface compared to other groups on the Cls spectrum.
The study found that FS/FAS/Si membrane has the highest
chemical group percentage compared to the rest of the
membranes tested, which is 23.24 % for CF,-CF, groups
and 5.02 % for CF,-CF, groups. As a result, FS/FAS/Si
membrane achieved the highest results for WCA at 164.4°
and a LEP of 4.09 bar compared to neat PVDF membrane’s
WCA of 125° and a LEP of 2.49 bar. Results through MD
application showed a steep flux decline over 6 hours by
neat PVDF membrane when sodium chloride (NaCl)
solution mixed with surfactant or oil pollutants was used as
feed. A small flux decline for neat membrane can be
observed when feed used was hydrophilic substrate mixed
in NaCl solution. On the contrary, modified FS/FAS/Si
membrane displayed a relative stable water flux over 6
hours at 27 L/m*h (Li etal. 2019).

As reported previously, despite various studies had
been conducted on the modifications made to improve
membrane, the correlation between nanoparticle
concentration used for roughness creation and silane
concentration used for surface energy modification on
membrane properties has not been properly explored.
Furthermore, one of the nanoparticles used for roughness
creation, TiO, compromised the WCA of the membrane,
leading the membrane vulnerable to fouling and wetting.
Hence, this study aimed to investigate the effect of using an
alternate nanoparticle such as silica on WCA of membrane
and evaluate the interaction between different silica and
silane concentration on the physical and chemical properties
of the membrane. The modified membrane will be utilized
and examined in OD process with succinic acid solution as

the substance of interest for concentration and
purification.

METHODOLOGY

MATERIALS

Polyvinylidene fluoride powder (Solef® PVDF) was
obtained from Solvay Solexis (France). Silicon dioxide
nanoparticles, SiO,, 99.5+%, 15-20 nm, P-type, porous,
amorphous was acquired from US Research Nanomaterials
(Houston, USA). Absolute ethanol (99.8%), succinic acid,
calcium chloride dihydrate (CaCl,-2H,0) and 1-butanol
were purchased from Systerm (Selangor, Malaysia). N-
methyl-2-pyrrolidone  (NMP) (> 99.5 %), ortho-
phosphoric acid (H,PO,) (> 85 %) and acetone were
supplied by Merck (Darmstadt, Germany). Silane solution,
tridecafluro-1,1,2,2-tetrahydrooctyl-1-tricthoxysilane ~ was
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TABLE 1. Composition of fabricated and modified membranes

Membrane NMP (wt%) PVDF (wt%) SiO, (wt%) Acetone (Wt%) H,PO, (wt%) Silane (Volume ratio)

PO 77 15 0 5 3 -
P1 76 15 1 5 3 -
P2 75 15 2 5 3 -
P3 74 15 3 5 3 -

P1-50 76 15 1 5 3 1:50

P2-50 75 15 2 5 3 1:50

P3-50 74 15 3 5 3 1:50

P2-100 75 15 2 5 3 1:100

P2-25 75 15 2 5 3 1:25

acquired from Apollo Scientific Ltd (Cheshire, UK). Flat
nonwoven polyester membrane support, CraneMat
CU414 was procured from Crane & Co. (USA).

MEMBRANE FABRICATION

Several membrane dope solutions consist of different
compositions were prepared as accordingly to the
formulation presented in Table 1. Firstly, PVDF powder
was dried to remove its moisture content. Second, SiO,
(1 - 3 wt%) was mixed with NMP solvent (74 - 77 wt%)
and undergone sonication for 1 hour to minimize the
agglomeration of nanoparticles. Next, the dried PVDF
powder (15 wt%) was mixed with NMP solution and other
non-solvent additives, which were acetone (5 wt%) and
H,PO, (3 wt%). The mixture was stirred for 24 hours at 250
rpm and a temperature of 50 °C to obtain a homogeneous
mixture and vacuum degassed for 20 minutes to remove
air bubbles. After that, the degassed polymeric mixture
was casted on membrane support, which was wrapped on a
glass plate with a casting blade thickness of 500 pm at room
temperature. Nonwoven polyester membrane support is a
common backing material among membranes used in MD
applications for its advantages such as high permeability,
provide mechanical strength for membrane to avoid
shrinkage and enhances membrane pore size and porosity,
which leads to higher permeate flux (Hou et al. 2014). The
casted film was later immersed into pure ethanol coagulation
bath for an hour followed by distilled water coagulation
bath for 24 hours. Lastly, the membrane was dried in room
temperature for 6 hours and stored in a dry cabinet.

MEMBRANE SILANIZATION

Different mixture of silane solutions was prepared by
mixing silane with absolute ethanol at different volume ratio
of 1:100, 1:50 and 1:25. Each of these mixtures were stirred
for 30 minutes before silanization post treatment. Then,
PVDF membrane blended with SiO, was immersed surface
down into silane solution for 5 minutes. It was later rinsed
using ethanol and dried in an oven at 40°C overnight.

MEMBRANE CHARACTERIZATION

To determine the hydrophobicity of fabricated membrane,
the WCA on membrane surface was measured using
a goniometer (KRUSS FM40 EasyDrop, Germany).
Deionised (DI) water was dropped through a syringe
onto the smooth surface of the membrane and the contact
angle of water droplet was measured. The cross section
and surface morphology of the membrane was observed
using field-emission scanning electron microscope
(FESEM) (Carl Zeiss Microscopy Supra 55VP, Germany).
Energy-dispersive X-ray spectroscopy (EDX) was used to
determine the chemical composition and the dispersion of
nanoparticles in the membrane (Carl Zeiss Microscopy
Supra 55VP, Germany). The chemical composition
and functional groups of the modified membrane were
verified by Fourier transform infrared spectroscopy (FT-
IR) (Thermo Scientific Nicolet 6700, United States).
Surface roughness was determined through atomic force
microscopy (AFM) (Parks Systems NX10, South Korea).
Porometer (IB-FT Porolux 1000, Germany) was used to
determine the pore size of the membrane. The porosity
of the membrane was calculated through gravimetric
analysis. Dry membrane sample was weighed first and
later immersed into 1-butanol for 2 hours. After that, the
membrane was dried in room temperature and reweighed.
This procedure was repeated until some consistent
results were obtained. Equation (1) was used to calculate
membrane porosity.

W)/
x100 %
w,-w,) / W/ (]
where W is the weight of wetted membrane, W is the
weight of dry membrane, p, is the specific gravity for

1-butanol (0.810 g/cm?) and p, is the specific gravity of the
polymer (PVDF) (1.78 g/cm?).

e=

(1)
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OSMOTIC DISTILLATION

The performance of fabricated membranes was evaluated
using osmotic distillation process. The layout of the osmotic
distillation setup was shown in Figure 1. The fabricated
membranes with an effective surface area of 1.89 x 1073
m? were housed between a flat sheet membrane module,
where one chamber was connected to a 1 wt% succinic acid
solution feed stream and the other was connected to a 50 wt%
CaCl,-2H,0 salt solution as the stripping stream. Both feed
and stripping stream were configured for counter current
flow through the membrane module using two peristaltic
pumps (Cole-Palmer Masterflex L/S 07522-20, United
States) outfitted with pump head (Cole-Palmer Masterflex
L/S 77200-60, United States). The flow rate of both feed
and stripping stream were calibrated and maintained at 500
ml/min using the pumps. The mass change of the stripping
solution was observed and recorded through a weighing
balance. The water flux of the membrane, J in osmotic
distillation were calculated using the formula below (2):

M

J=
At

@)

where J is the permeate flux of the membrane (kg/m?-h),
AM is the mass change of stripping solution (kg), A is the
effective surface area of the fabricated membrane in the
module (m?) and A¢ is the time interval of the osmotic
distillation process (h).

The concentration of succinic acid in feed and stripping
stream were determined through high performance liquid
chromatography (HPLC). The analytical column used
was Phenomenex Rezex ROA-Organic Acid H+ (8%)
ion exclusion column. The rejection coefficient, R of the
fabricated membrane could be calculated using the equation
below (3):

C
R =(——2x100) 3)
Cy

where R is the rejection coefficient (%), C,. is the
concentration of succinic acid in feed before experiment and
C, is the concentration of succinic acid in stripping stream
after experiment.

RESULTS AND DISCUSSION

MEMBRANE CHARACTERIZATION

Figure 2 presents the surface morphology of neat and
modified PVDF membranes obtained through FESEM.
The image shows the PVDF membrane modified with
silane coating and different concentrations of silica at a
magnification of 500 X and 2500 X. From Figure 2 and its

inset images, membrane pores can be observed to be
distributed across the membrane surface. Silica nanoparticles
can be observed present on the membrane surface as
non-spherical and irregular-sized structures, which did not
appear on pristine membrane (P0). Overall, the
modifications made onto the PVDF membrane is observed to
not alter the surface structure, pore size, and porosity in a
macro scale significantly.

Meanwhile, Figure 3 displays the FESEM images of
the cross-section morphology of the membranes listed in the
previous paragraph. It shows all of the membranes possess
a dense and symmetrical structure with a sponge-like
morphology on top of the polyester support. The formation
of these structures was due to the delayed liquid-liquid
demixing rate and slow precipitation rate of dope solution,
which was achieved by the presence of ethanol in the
coagulation bath (Bey et al. 2009; Wang et al. 2014). This
structure is favorable for the hydrophobicity characteristic
of the membrane as it has the ability to hold and trap air
within its cavity and prevents liquid water from penetrating
into the membrane pores easily (Lakshmi et al. 2012; Zhang
et al. 2013).

Besides that, Table 2 lists the elemental composition of
neat and modified membrane surface obtained through EDX.
From Table 2, the silica nanoparticles are shown successfully
incorporated into the membrane, which can be proven with
the increasing concentration of Si and O elements with the
increase of silica concentration. Furthermore, Figure 4 shows
the distribution of Si element across the membrane surfaces
by elemental mapping, where illuminated areas represents
silica nanoparticles presence. It indicated the incorporation
and dispersion of silica nanoparticles throughout the
membrane matrix was successful. The figure also shows
the increase in illumination intensity of Si element along
with the increase of silica concentration added into the
membrane. However, the agglomeration of Si element can
be observed, which is confirmed by the illuminated areas
concentrates at certain parts (Ahn et al. 2008).

In addition, Figure 5 displays the results obtained
through FTIR of neat and modified PVDF membrane. The
presence of PVDF polymer is indicated by the absorbance
peaks located at wavelength 840, 880, 1070, 1180 and 1400
cm’!, which revealed the presence of a and [ crystals. This
confirmed the existence of PVDF polymer in the membrane
as it is a semi-crystalline polymer that has 5 potential
polymorphs interchanging between 2 transition states
(o and B) (Efome et al. 2015). An increase of absorbance
peak at 1070 cm? was detected and it confirmed that
silica nanoparticles had been blended into the membrane
(Izgorodin et al. 2002). The coating of silane onto the
membrane surface did not generate any new absorbance
peak. Results obtained from EDX was further backed by
these absorbance peaks for silica nanoparticles addition.

Figure 6 presents the pore size of the fabricated and
modified membrane obtained through porometer. The
increase of silica nanoparticles in the membrane does
not affect the pore size, which ranges between 0.42- 0.47
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FIGURE 1. Layout of experimental setup for osmotic distillation process

FIGURE 2. FESEM images showing the surfaces of fabricated and modified membrane at 500 X magnification, while inset images
showing at 2500 X, (a) PO membrane, (b) P1 membrane, (c) P2 membrane, (d) P3 membrane, (¢) P2-50 membrane

FIGURE 3. FESEM images showing the cross section of fabricated and modified membrane at 500 X magnification, (a) PO membrane,

(b) P1 membrane, (c) P2 membrane, (d) P3 membrane, () P2-50 membrane
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TABLE 2. Elemental Composition of Fabricated Membranes

F C O Si

PO 51.8 46.1 2.1
P1 48.6 41.9 6.5 2.9
P2 43.1 41.2 10.2 55
P3 44.9 35.7 12.1 7.3
P2-50 45.1 38.1 10.8 6

FIGURE 4. EDX Mapping of Si Element on Membrane Surfaces, (a) P1 membrane, (b) P2 membrane,

Transmittance (%)

(c) P3 membrane, (d) P2-50 membrane
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FIGURE 5. FTIR results for fabricated membranes



pm. However, the coating of silane onto the membrane
decreased its pore size to a range of 0.34- 0.41 um. It was
postulated that silane bonded with the hydroxyl group from
silica, filling the pores and covering the membrane surface,
thus reducing the pore size of the membrane (Xu et al.
2015).

The results for membrane porosity acquired and
calculated through gravimetric method were plotted in
Figure 7. No significant difference had been exhibited
in porosity between various concentration of silica
nanoparticles and various concentration of silane added
for membrane modification. A range of 61 — 67% porosity
is achieved for these membranes. The porosity range this
study achieved is similar to other studies that tested using
supported membranes, such as Zhang et al. (2013)
achieving a membrane porosity of 67-69%, while Liao et
al. (2014) obtaining a range of 60-70%.

By using a goniometer, the WCA on membrane
surface could be observed and measured. The results are
plotted in Figure 8 and it revealed a trend of decreasing
WCA along with the increase of silica nanoparticle
inclusion concentration. This is due to the silanol

95

The increase of silica concentration in fabricated
membranes resulted in more silanol groups on membrane
surface and hydrogen bonding sites. This in turn increases
the membrane’s surface energy and hydrophilicity, thus
reducing the WCA. However, the decrease in WCA
of membrane from the increase of SiO, nanoparticles
content is less severe compared to TiO, nanoparticles. For
example, according to the study of Hamzah & Leo (2016),
the WCA of neat PVDF membrane was 121.8°,
meanwhile when 3 wt% of TiO, nanoparticles were
used for modification, the WCA of the membrane
decreased to 112.3°, which showed a 9.5° reduction in
WCA. Compared to our study, neat PVDF membrane
acquired a WCA of 142.2° and reduced to 136.4° when 3
wt% of SiO2 nanoparticles were incorporated into the
membrane, suffering a loss of 5.8°.

chemical groups present in silica nanoparticles,
which promoted the formation of hydrogen bonds
with water molecules (Lee & Rossky 1994).
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FIGURE 6. Pore size of fabricated membranes
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On the other hand, the WCA on membrane
surface increased after the silanization process of
membranes. The highest value for WCA obtained is 152.86
+ 2.04°, by PVDF membrane coated with 1 wt% of silica
nanoparticles and silanized by 1:50 silane solution.
This is attributed to the silane’s ability to restrict the
interaction between water molecules and membrane
surface by reducing or eliminating hydrogen bonding
sites  consists of  hydrophilic  silanol  groups
through the formation of hydrophobic oxane bond
with silane. Other than removing hydrogen bonding sites,

silane also supported the attachment of non-polar
organic substitutes on membrane surface, further
covering over the polar membrane surface. Figure 8 also
shows that at the same silane solution concentration, the
WCA decreases with increasing silica nanoparticles.
This observation is supported by the previous
explanation. As for membranes with same silica
nanoparticles concentration but with varied silane
concentration, no pattern can be observed among the
membranes. It was postulated that the uneven distribution
of SiO, across the membrane surface and the occurrence of
nanoparticle agglomeration affecting the silane coverage of



the membrane surface. The bonding sites for silane could be
saturated and the increase in silane concentration have little
significance effect.

By using AFM, the average surface roughness of neat
and modified membrane is determined and displayed in
Figure 9. An increase of surface roughness can be observed
with the inclusion of 1 wt% SiO, to 0.6016 pm, higher than
0.5280 um achieved by neat membrane. However, the surface
roughness suffered a decrease to 0.3623 um along with the
increase of SiO, to 3 wt%. Furthermore, a downward trend
can be observed with the inclusion of silane modification.
This is caused by the silane coating and high concentration
of SiO, nanoparticles filling the voids and valleys among the
membrane surface and thus, reducing the surface roughness
of the membranes (Zhu et al. 2018). Despite silanated
membranes achieved lower surface roughness compared
to its unsilanated counterpart, they displayed higher WCA,
which represented greater hydrophobicity. It was postulated
that the decline of membrane surface energy through silane
modification have greater influence on hydrophobicity
compared to roughness creation.

MEMBRANE PERFORMANCE EVALUATION

One of the aspects to determine the membrane’s separation
performance is through its transmembrane flux. These
results were plotted in Figure 10, 11 and 12, comparing the
flux between varying parameters. Figure 10 displays the flux
achieved by fabricated membranes modified with up to 3
wt% SiO, only. The figure shows unmodified PO membrane
achieved a final flux after of 0.5161 kg/m*h after 8 hours,
whereas P2 membrane sees an increase to 0.6920 kg/m*h
despite the drop in surface roughness. This is attributed
to the increase of water affinity towards membrane as
shown by the drop of WCA (Shaban et al. 2015). As for P3

Average roughness (um)
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membrane, it suffered a drop in flux to 0.6100 kg/m*h due to
high water affinity crossing a certain threshold causing pore
wetting, which limits vapor transport through the membrane
(Hammami et al. 2017).

In addition, Figure 11 shows the flux achieved by 2 wt%
SiO, PVDF membrane coated with different concentration of
silane solution. It demonstrated that membranes modified by
silane showed a lower transmembrane flux when compared
to unmodified P2 m embrane, e specially t he fabricated
membrane coated with 1:25 volume ratio silane solution
achieved a flux of 0.2612 kg/m*h. This phenomenon can be
explained by the smaller pore size induced by silane coating,
which could limit and restrain the transport of water through
the membrane (Woo et al. 2016).

Furthermore, the flux achieved by fabricated membrane
coated with constant silane concentration at varying SiO,
concentration is presented in Figure 12. The figure shows
a trend where the transmembrane flux drops as the silica
concentration in the membrane increases. For example, P1-
50 membrane recorded a flux of 0.6019 kg/m?-h higher than
P3-50 membrane, which only produced a flux of 0.2555
kg/m*h. This finding could be caused by the increase in
hydrophilic SiO, concentration as it increases water affinity
of the membrane across the threshold to cause pore wetting
and provide more bonding sites for silane, covering and
reducing pore size. The combination of pore wetting and
pore size decrease negatively impact the transmembrane
flux (Hammami et al. 2017; Woo et al. 2016).

The experimental results obtained is within the
same range as the transmembrane flux of
For example, Anari et al. (2019)

other studies.
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FIGURE 9. Average surface roughness of fabricated membranes
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FIGURE 11. Transmembrane flux of fabricated membranes coated with different silane concentration on
2 wt% silica PVDF membrane

achieved an OD permeate flux with a range of 0.6 to 1.6 L/
m*h with ethylene chlorotrifluoroethylene membrane
using different concentration of sodium chloride stripping
solution to concentrate anthocyanins. The commercial
membrane used have a smaller pore size of 0.2 um but
a higher porosity of 71% compared to the membranes in
our study. Another study utilized commercial PVDF and
polytetrafluoroethylene (PTFE) membranes to concentrate
clarified pomegranate juice via OD process. PTFE
membrane yield an initial transmembrane flux of 2.077 kg/

m>h and decayed to 0.935kg/m>h after 24 hours,

meanwhile PVDF  membrane yield an initial
transmembrane flux of 1.246 kg/m?-h and decayed to 0.208
kg/m?-h after 24 hours. The PVDF membrane have a WCA
of 114° and PTFE membrane have a WCA of 125°, which
were lower compared to the obtained results from
fabricated membranes (Rehman et al. 2019). However, a
direct accurate comparison between studies is not
possible to be made due to the difference in operating
conditions.

Through Figure 13, all the fabricated membranes
reached a succinic acid rejection at an average of 95.7%
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FIGURE 13. Membrane rejection of succinic acid feed using different fabricated membrane through OD

and above. This has proven that a large percentage
of succinic acid were contained in the feed side, only
allowing water vapor to pass through the hydrophobic
membrane, which proofed that OD is suitable for the
dehydration process of succinic acid. The presence of
succinic acid in the stripping side after the experiment
can be explained by the higher transmembrane flux,
potentially transferring more content from feed side to
stripping side. For example, P1-50 membrane have a
high final flux of 0.6019 kg/m?*h and the lowest rejection
at 95.66%. This phenomena can be observed in other

studies utilizing membranes such as nanofiltration and
reverse osmosis (Tang et al. 2007). Another reason is
pore wetting, where succinic acid can travel through the
wetted pores to the stripping side of the membrane. For
instance, P3 membrane has the lowest WCA of 136.4°
and also have a lower rejection compared to other
membranes at 98.07% (Lee et al. 2016). Even though
membrane wetting may cause contamination of feed, the
presence of CaCl, in the feed stream after OD process
was not detected, which indicated no feed contamination
occurred in this study (Gryta 2018).
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CONCLUSION

Silica nanoparticles have been successfully used in
membrane modification as an alternate for titanium oxide
nanoparticles, as SiO, modified membrane suffered less
severe WCA drop compared to TiO, modified membrane.
As the concentration of silica nanoparticles used for
modification increases, the WCA of the membrane decreases
due to the hydrophilicity of silica nanoparticles. The surface
roughness increases when 1 wt% of SiO, is used compared to
neat membrane but decreases at higher SiO, concentrations.
For different concentrations of silane, no general pattern can
be observed among them. However, membranes modified
by silane saw an increase in WCA due to silane’s ability
to limit interaction between water molecules and membrane
surface. But it suffered a decrease in terms of surface
roughness and pore size, which caused by silane filling the
voids, valley and pores among the membrane surface. The
reduction in pore size results in a decrease in transmembrane
flux for succinic acid feed solution. Nonetheless, the change
in membrane flux did not affect the rejection of succinic acid
as high rejection rate (> 95.66%) of modified membrane
was achieved.
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