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Membrane development is one of the key aspects to enhance the productivity of a filtration process. This study
evaluates a hydrophobic silica as pore former for fabrication of polyvinylidene difluoride (PVDF) membrane for
liquid based filtration and compare it with a hydrophilic silica. Membranes incorporated with hydrophobic (M-
series) and hydrophilic silica (N-series) with loadings of 1, 2 and 3 wt% in the dope solution were fabricated,
characterized and subjected to filtration tests using feeds of pure water, raw wastewater, secondary effluent, mi-
croalgae solution and activated sludge. Results show that the hydrophobic silica remained within the membrane
matrix (7.24% of elemental Si by EDS), almost three-fold higher than the hydrophilic silica (2.48%). It turned the
membrane surface to be more hydrophobic ascribed by increasing water contact angle from 87° from the pris-
tine PVDF membrane up to 97° for the membrane with the highest loading of hydrophobic silica. On the other
hand, the addition of hydrophilic decreased the contact angle down to 67° for the membrane with the highest
loading. Loading hydrophobic silica enhanced the dope solution viscosities up to 1825-2000 cP, upon dropwise
addition of nonsolvent (water), whereas the viscosity remained at 880-950cP for the hydrophilic silica. Addition
of hydrophobic silica increased the number of surface pore without significantly altering the pore size of about
0.12 pm. On the other hand, an increase in the pore size (up to 0.33 um) was observed when hydrophilic silica
was added. Despite the smaller pore size, the pure water permeance of the hydrophobic silica loaded membranes
(450-984 L/m?hbar) outperformed the hydrophilic silica loaded membranes (420-600 L/m?hbar) due to their
higher surface porosities thanks to the higher number of surface pores. The filtration results of multiple feeds
showed the advantages of loading more hydrophobic silica in improving the hydraulic performance. The findings
demonstrate the efficacy of hydrophobic silica as pore former in PVDF membrane fabrication.

1. Introduction

The emerging membrane-based processes are considered as promis-
ing solutions for the treatment of water and wastewater. They are very
attractive because of the higher separation efficiency, easy and auto-
matic application, easy scale-up and low foot-print [1-3]. However, lig-
uid based membrane filtrations are strongly limited by poor membrane
intrinsic properties, as well as their propensity to lose performance over-
time when handling fouling prone feeds. Membranes with a small num-
ber of pores operate at a high local-flux and susceptible to fouling [4—
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7], a situation highly undesirable as it increases cost of operation and
would eventually reduce the membrane lifespan due to frequent inten-
sive chemical cleaning to restore membrane performance [8,9].

One of the most common approaches to address the problems as-
sociated with performance loss is through membrane developments by
turning the structure or surface chemistry often conducted during fab-
rication or via post treatment. Membrane development in the fabri-
cation stage focuses on both achieving desirable surface chemistry as
well as membrane morphology, often done by incorporating additives
into the dope solution [10-13]. On the other hand, the post treat-
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ment focuses on altering the membrane surface chemistry most com-
monly by improving wettability, as described in more detail elsewhere
[14-16].

One of the most important factors that governs the membrane flux
is the membrane surface characteristics, more specifically the number
and the size of pores at the membrane surface [17-19]. The formation of
membrane pore (number, size, distribution, etc.) is affected by polymer-
solvent-nonsolvent interactions, polymer chain arrangement and entan-
glement that occur simultaneously during the initial stage of the phase
inversion process [20,21].

The effect of the surface pores on membrane fouling can be explained
in terms of the local-flux and the critical-flux. Local-flux is defined as the
flux experienced by each individual pore [6], the sum of local-fluxes
over the unit area of the membrane surface then becomes the reported
operational flux. Membranes with more pores experience a lower local
flux despite having a similar operational flux. It follows that each pore
experiences lower specific hydraulic loading (low local-flux). This in
turn reduces the drag force that carries the foulant materials into the
pores. Consequently, it offers prolonged time for the membrane to reach
the critical flux (the flux when membrane fouling becomes severe) and
thus offer a more sustained operation [22].

Considering the importance of the porous morphological structure
in sustaining the filtration, many studies have been carried out to
develop highly porous membranes mostly via incorporation of pore
forming additives into the casting dope, and recently via develop-
ment of surface pattern [23-25]. Hydrophilic polymeric additives such
as polyvinylpyrrolidone and polyethylene glycol are the most popular
among others [11,26-28]. Hydrophilic additives destabilize the dope
solution, which results in instantaneous demixing and thus promotes
formation of highly porous membrane with less macrovoids [29,30]. It
should be noted that excessive hydrophilic additives would promote the
formation of large pores and thus diminish the membrane separation se-
lectivity [7,31,32].

Silica particles are another group of attractive additives due to the
possibility to alter their surface properties via surface functionalization
[33]. Silica nanoparticles have also been used as the carrier and an-
chor for antifouling ligands such as polyethylene glycol and PEG in the
polyvinylidene fluoride (PVDF) matrix. For example, blending of PEG-
SiO, into the casting solution could reduce migration/leaching of PEG
from PVDF matrix and enhance the wettability of the resulting mem-
branes [34]. Loading of silica particles into dope solution significantly
enhances solution viscosity, which allows to manipulate the membrane
structure by enhancing the kinetic effect during the phase inversion
[35,36]. Hydrophilic silica particles have been proven as favorable addi-
tives in suppressing formation of sponge-like structure and in enlarging
membrane pore size, porosity and wettability [35,37]. However, load-
ing of hydrophobic fumed silica did not significantly affect the pore size
(when casted on non-woven support) but significantly enhanced the flux
when tested in vacuum membrane distillation and for raw water filtra-
tion [38,36]. Thus, contrasting roles of hydrophobic and hydrophilic sil-
ica in affecting the membrane structure have been reported. However,
only a limited number of reports are available that directly compare
their roles as additives for membrane fabrication.

The objective of this study is to explicate the effect of hydrophobic
silica as pore-forming additive for the fabrication of PVDF membranes
and to compare with that of the hydrophilic silica. Detailed analyses
of the relationship between the surface pore properties and the mem-
brane performances were performed to unravel the roles of silica in en-
hancing surface pore formation and thus hydraulic performance. The
analysis was based on the hypothesis that highly viscous dope solu-
tion in the presence of a small amount of hydrophobic silica would
promote formation of a larger number of pores on the membrane sur-
face, which eventually enhances the hydraulic performance. The perfor-
mances of the developed membranes were then assessed for filtration of
raw wastewater, secondary effluent, microalgae solution and activated
sludge.
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2. Experimental
2.1. Materials

PVDF (Sigma-Aldrich, MW=534 kDa by GPC), dimethylformamide
(DMF, Sigma-Aldrich) and deionized water were used as the polymer,
the solvent and the non-solvent, respectively. The hydrophobic silica
additive used was the fumed silica nanoparticle (CAB-O-SIL of TS-610,
CABOT EMEA Switzerland) surface modified with dimethyldichlorosi-
lane and the hydrophilic silica additive used was the nano SiO, (MGS-
E from Zhengzhou Dongshen Petrochemical Technology Co., Ltd). All
chemicals were used as received without prior treatment or purifica-
tion.

2.2. Membrane fabrication

A dope solution was prepared using PVDF, DMF and hydrophobic
or hydrophilic silica as the polymer, solvent and additive, respectively.
First, a predetermined amount of silica was added into the solvent and
the suspension was stirred by a magnetic stirrer (Table 1). Then, 10% of
the polymer was added slowly into the suspension for priming, followed
by the addition of the remaining polymer slowly in 1% intervals. The
stirring was continued until the polymer was completely dissolved. The
polymer/solvent/additive suspension was further sonicated for 1-2 h
to ensure complete dispersion of the silica particles before casting. The
compositions of the dope solutions are summarized in Table 1.

The dope solution was casted on a non-woven support (Nova-
texx 2471, Freudenberg-Filter, Germany) to avoid excessive shrinkage
[39] using a doctor blade at a wet casting thickness of 330 um at room
temperature (25 °C). The cast film was immediately immersed in a water
bath where the polymer solidification took place. The membranes were
kept immerse in coagulation bath until further usage. The membranes
codes were the same as those of the casting dopes listed in Table 1.

2.3. Characterizations

Both hydrophobic and hydrophilic silica were characterized using
a Fourier-transform infrared spectroscopy - attenuated total reflection
(FTIR-ATR) to identify their surface functional groups. All spectra were
recorded in the wavenumber range of 500-4000 cm~!. The viscosity
of the dope solutions was measured using a Brookfield CAP 2000 vis-
cometer with spindles 6 and 9 at 900 rpm and a hold time of 20 s. Five
different readings were taken for each viscosity measurement and the
average recorded. Viscosity tests were also carried out via drop-wise ad-
dition of nonsolvent to the dope solution (both containing hydrophobic
and hydrophilic) to comprehend the effect of nonsolvent influx to the
cast film during the phase inversion. The original dope solution viscos-
ity without addition of water demonstrated the impact of both types of
silica in promoting viscosity. Simple dispersion tests were also carried
out to confirm the hydrophobicity/hydrophilicity of the silica. 0.5 g of
hydrophobic or hydrophilic silica nanoparticles were dispersed in 40 g
of water and their agglomeration behavior was observed.

The surface and cross-sectional images of the membranes were ob-
tained by a FESEM (Zeiss Supra 35VP FESEM Carl Zeiss, Inc., USA) with
an accelerating voltage of 5 kV. For the cross-sectional image, the mem-
brane was freeze fractured, followed by sputter coating with platinum.
Energy dispersive X-ray spectroscopy (EDS) analysis was conducted for
the Blank, N-3 and M-3 membranes to know the elemental composition
of oxygen, carbon, fluorine and silica in the samples. The surface pore
size distributions of Blank, M-3 and N-3 membrane were also obtained
by ImageJ analysis according to the method described elsewhere [40].
The thickness of the resulting membranes of Blank, M-1, M-2 and M-3
were measured using micrometers.

The pore size and pore distribution were determined using a porome-
ter (Porolux 1000, IB-FT GmbH, Germany). Membranes were immersed
in Porefil® solution for 1 h prior to the analysis of the wet membrane
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Table 1
Composition of the casting dope.
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Membrane PVDF (wt%) DMF (wt%)  Hydrophobic silica (wt%)  Hydrophilic silica (wt%)
Blank (M-0) 15 85 -
M-1 14 85 1 -
M-2 12 85 2 -
M-3 11 85 3 -
N-1 14 85 - 1
N-2 12 85 - 2
N-3 11 85 3
Permeate Line Fig. 1. Illustration of the submerged filtration
set-up.
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samples. The pressure range tested was between 0 and 6 bar with a 20 s
stabilization timeout period.

The contact angle of each membrane surface was measured using a
Goniometer (OCA 20, Data Physics) by the Sessile method at ambient
temperature and humidity. A 7 uL of deionized water was dropped on
the membrane surface by using a syringe and the image of the water
droplet was captured by high-resolution camera and analyzed using the

image-processing software (DSAI). The measurement was done at least
five times at different spots of a sample and the results were averaged.

2.4. Filtration test

The filtration test of the membranes was conducted by a constant-
pressure submerged filtration system (Fig. 1). The PVDF membrane was
assembled into a working module with an effective membrane area of
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Fig. 3. Effect of drop-wise addition of water (nonsol-
Blank vent) on the viscosity of the dope solutions.
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Fig. 4. EDS mapping comparison of membranes with hydrophobic and hydrophilic silica additives. The insets show the relative compositions of elements.

0.012 m? (2-sided surface of four of 10 cm x 6 cm frame), and the mod-
ule was immersed in a feed vessel of 5 L. A slight vacuum was applied
on the permeate side of the membrane by an air pump to maintain the
trans-membrane pressure (AP) constant at 0.1 bar. The permeate was
collected every 10 min and weighed before it was returned to the feed
vessel. An aeration system was installed, and air bubbles were supplied
to the membrane surface constantly at a rate of 1 L/min to reduce the
membrane fouling and concentration polarization.

The permeance (L, L/m?hbar) and the rejection (R,%) were calcu-
lated by Egs. (1) and (2), respectively.

v
- 1
AIAP M
c,-C
R= —L 2% 100% )
Cy

where V is the permeate volume (L), A the effective membrane area
(m?), t the filtration time (h), AP the trans-membrane pressure (bar).
C; and C, are the concentration in the feed and in the permeate (g/L),
respectively. The permeate was subjected to the analysis after discarding
the first 1 h collection of permeate, assuming that the steady state was
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reached during this period, which typically reached within this duration
as reported earlier [41]. Physical cleaning was applied in between fil-
tration test by scrapping off the foulant and immersing the membrane in
0.08% NaOCl solution for one hour. Each filtration test was conducted
trice and the result of permeability evolution overtime is presented as
average value while the steady-state permeability was reported as aver-
age with standard deviation. It is worth noting that despite of the excel-
lent chemical resistance of PVDF polymer under extreme pH [42,43],
chemical treatment may affect the silica additives that still resided in
the membrane matrix.

3. Results & discussion
3.1. Silica particles and membrane characterizations

3.1.1. FTIR of the silica particles

Fig. 2 shows the FTIR spectra detailing the functional groups present
in both hydrophobic and hydrophilic silica particles. For both particles,
peaks appear at G-H stretching (2985 cm'!), C = C (1630 cm™1), Si-O-Si
(1100 cm™1, 800cm™! and 450 cm~1) [44]. Two peaks at 953cm~! and
955cm~! are present for the hydrophilic silica but are absent for the
hydrophobic silica. These two peaks refer to in-plane Si-O stretching
[45]. Although a peak appear of Si-O-Si (1100 cm~1, 800cm™~! and 450
cm™1) vibration for both type of silica, the intensity is much stronger
for the hydrophobic silica [44,45]. The two additives pose a contract of

Fig. 6. Cross-section micrographs of all prepared membranes loaded with hydrophobic silica (M-series) and hydrophilic silica (N-series).
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Fig. 7. FESEM surface micrographs of all prepared membranes loaded with hydrophobic silica (M-series) and hydrophilic silica (N-series).

hydrophobicity and their effects on the resulting membrane properties
are thus expected.

3.1.2. Impact of the silica particles on viscosity

The results of viscosity measurements are presented in Fig. 3 show-
ing that the viscosity increases upon addition of silica nanoparticles for
both the hydrophobic and the hydrophilic. Upon dropwise introducing
the nonsolvent (water), the difference between hydrophobic (M-series)
and hydrophilic silica (N-series) was insignificant until the nonsolvent
concentration exceed 1 wt.%, indicating similar polymer chain entan-
glement. Beyond 1 wt.%, however, viscosity increases steeply for the
M-series, while modest viscosity increment is shown for the N-series.
These results suggest that hydrophobic silica induce sudden polymer
entanglement due to its low affinity towards water, thus leads to sud-
den increase in the dope solution viscosity. Polymer entanglements are
expected to be more prominence in the presence of water during the
phase inversion. Consequently, it leads to slower demixing because of
the rheological properties of the polymer that slows down the exchange
of solvent and nonsolvent during the phase inversion. Such rheologi-
cal phenomenon plays significant role on the surface pore formation, as
demonstrated in Section 3.2. High viscosity induced by the hydrophobic
additive provide rheological hindrance for the solvent and nonsolvent
exchange during the phase inversion that leads to formation of more
abundance number of surface pores.

3.1.3. Amount of silica left in the membrane

Fig. 4 shows the EDS mapping for Blank, M-3 and N-3 membranes
showing relative elemental composition near the top of the membrane
surface. The O and Si elements appear in M-3 and N-3, indicating the
presence of silica nanoparticles. Comparatively, elemental silicon con-
tent are 7.24% and 2.48% for M-3 and N-2, respectively. Higher sili-
con content of M-3 can likely be attributed to the steep increase in the
dope solution viscosity with an increasing amount of the added water,
which slowed down the motion of the particles from the polymer ma-
trix toward the water bath. On the other hand, the affinity between
hydrophilic particles and water enhanced the particle motion, resulting
in less particle embedding in the membrane. Moreover, the hydrophobic
silica is homogeneously distributed compared to the hydrophilic silica,
as also reported elsewhere [38] and thus confirms the compatibility of
the fumed silica and the PVDF from theoretical analysis using Hansen’s
solubility parameter [36].

Dispersion test results shown in the insets of Fig. 5 indicates that
hydrophilic silica has a high affinity towards water which was used as
the nonsolvent, which promotes leaching of hydrophilic silica from the
cast film. On the other hand, hydrophobic silica loaded in the membrane
matrix exhibited minimal leaching ascribed from its low affinity towards
water.

3.1.4. Water contact angle and membrane thickness
Fig. 5 shows the results of the contact angle measurement. The con-
tact angle increases progressively with an increase in hydrophobic silica
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Fig. 8. Histogram of pore size distributions of the membrane samples indicating a) blank, b) 1 wt%, c) 2 wt%, and d) 3 wt%, while i) denotes the ones loaded with
the hydrophilic silica (N-series) and ii) denotes the ones loaded with the hydrophobic silica (M-series).

loading (M-series), while the trend is opposite for the hydrophilic load-
ing (N-series). Similar trends were also reported by others [35-37].

Dosing of the hydrophobic additive into the dope solution lead to an
increment in the resulting membrane thickness. The thickness of M-0
is 210.0 + 1.6, significantly lower than the hydrophobic silica loaded
membranes that pose the thicknesses of 224.8 + 0.8, 237.8 + 2.4 and
220.6 + 5.9 for M-1, M-2 and M-3, respectively. The thickness property
is associated with the rate of solvent and non-solvent exchange during
the phase inversion. The high thickness of the M-series membranes can
be attributed to the high viscosity of the dope solution that limits the
transport of the solvent from the film to the bulk of the coagulation bath.
Nonetheless, after reaching certain viscosity (for dope solutions of M1,
M2 and M-3), the impact seems diminishing from inconclusive trend of
thickness of the M-series membranes.

3.1.5. Membrane morphology

The impact of the sudden increase in dope solution viscosity on the
membrane structure is demonstrated by the overall cross-sectional im-
age of the resulted membranes (Fig. 6). Increasing hydrophobic silica

(M-series) loading suppresses the fingerlike structure as compared to
the corresponding hydrophilic counterpart (N-series). This means that
the hydrophobic silica induces slower demixing as also confirmed by
others [37]. Blank membrane possesses an asymmetric structure with
fingerlike and sponge-like supporting sub-structure.

When comparing M-1 and N-1, the fingerlike suppression is promi-
nent even at low loading (1 wt.%) of hydrophobic silica, since the en-
hancement of dope solution viscosity is noticed even at silica loading
of 1 wt.% (Fig. 3). On the other hand, as the hydrophilic silica loading
increases from N-1 to N-3 the fingerlike structure becomes increasingly
dominant, indicating the acceleration of demixing by the hydrophilic
silica. This finding demonstrates the contrasting effect of hydrophobic
and hydrophilic silica on the phase inversion process in which the for-
mer promotes delayed demixing, while the latter induces instantaneous
demixing.

The surface morphologies of all prepared membranes are shown in
Fig. 7 to depict the population and size of the surface pores. Higher
loading of the hydrophobic silica significantly increases the number of
surface pores for the M-series membranes. Similar trend was also re-
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ported by Baghbanzadeh et al. which clearly demonstrated the increas-
ing number of surface pores from the ImageJ analysis of the surface SEM
images [38]. Interestingly, the size of the surface pores in the M-series
membranes does not change much with increasing loading, which was
also observed by Mavukkandy et al. [36] by using the porometer. This
observation suggests the role of the hydrophobic silica to increase the
number of pores while maintaining the pore size nearly constant, as a
result of slowed phase inversion. In contrast, for the N-series membranes
the number of surface pores reduces with the increase of the hydrophilic
silica loading while the pore size increases from N-O to N-1, whereas
membranes N-2 and N-3 have large and almost equal pore sizes.

3.2. Membrane pore and pore formation mechanism

3.2.1. Pore size distribution

The histograms of pore size distribution from capillary porometer
measurement for all prepared membranes area shown in Fig. 8. The
general trends observed in Fig. 8 are as follows:

i The blank PVDF membrane has almost 80% of pores with sizes rang-
ing from 0.1 to 0.2 pm and 10% of pores <0.1 um.

ii As for M-series, M-1 and M-2 have distribution on both sides of the
range from 0.1 to 0.2 um, while in M-3 the distribution shifts to the
lower pore size range, showing 61% of pores in the range < 0.1 pum.

iii As for N-series, the distribution spreads wider toward larger pore
sizes from N-1 to N-2. The pore size distribution of N-3 looks similar
to that of N-2.

Overall, addition of hydrophobic silica tends to reduce the pore size,
whereas the addition of hydrophilic silica tends to increase the pore
size. As well, comparing M-series with N-series, the distributions of all
N-series are on the larger pore size ranges (>0.1 um).

3.2.2. Mean flow pore size

Fig. 9 summarizes the mean flow pore sizes of the membranes using
capillary flow porometer. These results generally confirm the trends ob-
served in Fig. 8. As for M-series, the change in pore size is insignificant
from Blank to M-2. The pore size increases from M-2 to M-3, contrary
to the trend shown in Fig. 8. These contrary observations can probably
be ascribed to the pore size terminology measured by the two differ-
ent methods. For example, if the small indents, which are counted as
pores in the ImageJ analysis, are not penetrating through the membrane
cross-section, they are not considered as pores in the porometer. As for
N-series, the increasing trend of pore size with an increase in hydrophilic

Surface porosity (%)

Blank N-3

Membranes
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Fig. 9. Mean pore size data of all membrane samples.

silica is also observed in Fig. 9. As well, the pore sizes of N-series mem-
branes are larger than those of corresponding M-series membranes.

The mean pore size data obtained are in line with the observation
gathered from the membrane surface morphological images (Fig. 7),
where the N-series membranes exhibited larger pore sizes on the mem-
brane surface as compared to the M-series. This corresponds to the pro-
posed theory that the hydrophobic silica promotes a higher number of
pores on the surface but with smaller sizes. It is worth noting that a
close observation on pair of M-2 and N-2 seems to contradict the claim.
It occurs because of the poor visibility of surface pore in M-2 that has
pore size of almost a half of the N-2 (See Fig. 9).

3.2.3. Surface porosity

The flux of a membrane is governed not by the pore size but by
the porosity (total area of pores/area of the membrane). A membrane
with a high surface porosity thus offers better fouling resistance [46].
The porosity was measured by ImageJ analysis for Blank, M-3 and N-
3 membranes using the data on the number of pores and the pore size
according to method detailed elsewhere [35]. The latter two membranes

Fig. 10. Surface porosity of membranes. The insets
show binary type of the surface SEM images of the cor-
responding membranes in which the black areas repre-
sent the surface pore.

M-3
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were chosen to represent the effect of hydrophobic and hydrophilic silica
additives.

Fig. 10 shows that the porosity increases from Blank to both M-3 and
N-3 and the porosity of M-3 is much larger than that of N-3, despite the
smaller pore sizes of M-3, as shown in Figs. 8 and 9. This is because the
larger number of surface pores in M-3, as revealed by the SEM surface
images shown in Fig. 3. These results imply that both solute rejection
and flux of M-3 will be greater than N-3.

3.2.4. Role of hydrophobic additive on pore formation mechanisms

Fig. 11 illustrates the surface pore formation of the membranes as
consequences of the silica loadings. It is a graphical illustration of our
hypothesis on the surface pore formation mechanisms to depict the con-
trasting effect of the hydrophilic and hydrophobic silica additives, solu-
tion viscosity and the stages in pore nucleation, growth and maturation.
Pore size enlargement agrees well with the demixing rates and correlates
inversely with the cast film viscosity.

For the hydrophilic silica additive, upon formation of pore nucleus
the pore size grows promoted by the fast demixing process, which is
accelerated by the strong interaction of the additive with the water. The
size of the pore continues growing until it forms mature size to stop. In
Fig. 11, the growth of the surface pore is illustrated in three stages before
it reaches the matured size. The pore growth is stopped due to the cast
film viscosity reaching the gel point, in which the structure of the cast
film is immobile and no further growth of pose size possible.

On the other hand, upon the presence of the hydrophobic additive,
the growth of pore size is limited by the high viscosity of the dope so-
lution and the strong interaction of the hydrophobic additive with the
PVDF for the M-series membranes. This way, the formed pore size in the
matured stage is relatively smaller than the one with hydrophilic addi-
tive. However, since for the system with similar polymer concentration
and additives loadings, the restricted pore growth is compensated with
formation of more pores in order to accommodate the solvent evacua-
tion. As illustrated in Fig. 11, after the first batch of the pore nucleuses
matured, new pore nucleuses are then formed and matured in the follow-
ing stages and so on, until no pore nucleus can be formed. Combination
of restricted pore growth and new pore formation resulting membrane
with smaller pores and high porosity as observed in Fig. 10.

3.3. Hydraulic performance

Fig. 12 shows that pure water permeance (PWP) for all M- and
N-series membranes. As expected in Section 3.2.3, M-series exhibited
higher PWP than N-series membranes for a given particle loading. The
difference in PWP of M-1 and N-1 was small (30 L/m? h bar), but the
difference grew with an increase in loading, i.e. at 3 wt.% loading, PWP
of M-3 and N-3 were 894 L/m? h bar and 600 L/m? h bar, respectively.

o
s
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Fig. 11. Illustration of the surface pores formation
mechanisms of on the cast film prepared from dope so-
lution loaded with hydrophobic and hydrophilic silica.
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Fig. 12. Pure water permeability for all prepared membranes.

The increase of PWP at higher hydrophilic silica loading is attributed to
the increase of pore size (Fig. 9) and high hydrophilicity (Fig. 5), while
the increase of PWP at higher hydrophobic silica (M-series) loadings is
attributed to the increase of the number of pores (Fig. 10), despite the
decrease in pore size (especially for M-2). This result indicates that the
number of pores and the overall porosity have greater influence on PWP
than the pore size and hydrophilicity. Due to the higher PWP, only M-
series membranes are subjected hereafter to the fouling filtration tests.

The effect of the pore size on flowrate could be studied via combining
the Hagen-Poiseuille and the Darcy equation as in Eq. (3) [47].

0

_, e
APA ~

L=
Sul

(3)
where Q is the flow rate (m3/s), A the membrane area (m?), L perme-
ability (m/s), r the pore radius (m), x the viscosity of liquid in pore (cP
or kg/m/s), ¢ the surface porosity of the membrane (-) and [ the length
of the flow path (m). Eq. (3) shows that as the permeability is directly
proportional to pore size, pore number and surface porosity.

Fig. 13 shows the filtration performance of all M-series membranes
with secondary effluent, domestic wastewater, activated sludge and mi-
croalgae medium as the feeds over three filtration cycles. The four feeds
were deliberately selected to envisage the universality of the trend.
The membranes loaded with higher hydrophobic silica achieved much
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Fig. 13. Filtration performances of M-series membranes for treating different feeds: a) secondary effluent, b) domestic wastewater, c) activated sludge and d) Euglena
sp. broth. Medium. i) denotes the permeance change over 3- filtration cycles and ii) denotes steady-state permeance at the end of 3- filtration cycle.
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higher permeances for all tested feeds, e.g., the permeance of Blank and
M-3 for filtration of secondary effluent, domestic wastewater, activated
sludge and microalgae solution are 400 and 872, 247 and 695, 358 and
855 and 158 and 280 L/m? h bar, respectively, at the steady state (at the
end of the 3rd cycle.) Such results are obviously convincing to demon-
strate the efficacy of hydrophobic silica in enhancing membrane filter-
ability. The level of enhancements varies as function of the feeds and this
most likely due to their different membrane fouling propensity, which
is beyond the scope of this study.

The main concern for the application of the developed membrane is
on the potential of ‘hydrophobic interaction’ between the pollutant and
membrane surface which can lead to severe membrane fouling [48].
Fig. 13 shows that the M-series membranes show superior permeability
compared to Blank. Despite showing the largest drop in permeability
over time, M-3 still exhibits the highest permeance. This means that
foulant-membrane interactions effect is undermined by the larger num-
ber of surface pore available for permeate to pass through. Larger num-
ber of pores on the membrane surface would create higher number of
water pathways, which can reduce the local flux thus reduce the effect
of membrane fouling [6]. The results from the filtration cycles revealed
that the membranes were able to recover its permeances, indicating the
absence of irreversible fouling despite of its hydrophobic nature.

Detailed study on long-term fouling was not conducted in this study.
However, the membrane fouling phenomenon for the M-series mem-
brane can be deduced from the steady state permeability data presented
in Fig. 13. The steady state permeability data are highly reproducible,
except for the filtration of Euglena sp. broth. High reproducibility indi-
cates that the fouling type was mostly reversible, with small fraction of
irrecoverable fouling for all tested membranes. Nevertheless, detailed
study on the anti-fouling properties of the membrane shall be the fo-
cus of future study. The positive role of hydrophobic silica in governing
pore-rich polymer matric can be combined with chemical modification
that imposes hydrophilicity to enhance the long-term antifouling prop-
erty of the membranes.

The rejection and fouling test on N-series membrane were not done
because the study was focused on the role of hydrophobic silica additive
in enhancing the structural properties of the resulting membranes. Ad-
ditional N-series membrane were made to demonstrate the contrast of
hydrophobic vs hydrophilic additive. Nevertheless, since the feeds and
the foulant materials were mostly particles or living cells, the smaller
pore sizes of M-series membranes suggest they offer better rejection that
the N-series membranes.

4. Conclusion

This study explicates the role of hydrophobic and hydrophilic silica
particles as the additive for PVDF membrane fabrication. The following
conclusions were drawn from the experimental results.

1 Both hydrophobic and hydrophilic silica leached out upon immer-
sion of the cast film into the gelation bath. But the residual hy-
drophobic silica was three-fold higher than the hydrophobic silica
in the membrane matrix.

2 The viscosity of the dope solution increased significantly in the pres-
ence of water when hydrophobic silica was added, whereas the vis-
cosity did not increase when hydrophilic silica was added.

3 Addition of hydrophobic silica caused an increase in the number
of pores while the pore size either remained unchanged or slightly
decreased compared to the Blank membrane. This finding can be at-
tributed to the increase of viscosity and the consequent slow demix-
ing, which limits the growth of polymer lean phase. On the other
hand, an increase in the pore size was observed when hydrophilic
silica was added.

4 The surface porosity was higher for the M-series than the N-series
membranes leading to the higher PWP of the M-series membranes.
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5 The filtration experiments with secondary effluent, raw wastewater,
activated sludge and microalgae solution showed that the hydropho-
bic silica added membranes could maintain their significantly higher
fluxes than the pristine PVDF membrane (Blank) even after 3 filtra-
tion cycles.
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