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Abstract—Membrane gas-liquid separation technology has been widely employed in membrane filtration, distillation,
and gas absorption, attributed to its high mass transfer efficiency. However, hydrophobic membranes may suffer from
pore wetting at low operational pressure difference, leading to the deterioration of removal flux. Hence, anti-wetting
strategy via membrane surface modification to improve its intrinsic hydrophobicity needs to be investigated. In this
work, modified superhydrophobic polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) membrane was syn-
thesized via non-solvent induced phase separation. Polydimethylsilane-grafted-silica (PGS) nanoparticles with non-polar
Si-O-Si bonds were used as surface modifier in coagulation bath to enhance membrane surface hydrophobicity. Results
demonstrated that the addition of nanoparticles improved the surface roughness via formation of hierarchical struc-
ture. Additionally, the deposition of nanoparticles on polymer spherulites significantly reduced the surface free energy.
As a result, modified membranes achieved superhydrophobicity with water contact angle exceeding 150°. The stability
tests also showed that the deposition layer of modified membrane was mechanically and thermally robust. This super-
hydrophobic modification by PGS nanoparticles is an advanced and facile approach to alleviate membrane wetting.
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INTRODUCTION

In membrane gas-liquid separation, hydrophobic membranes
act as a physical barrier between gas and liquid by allowing the
diffusion of gas molecules through the non-wetted pores. Neverthe-
less, its non-wetted condition may transform to partially wetted or
wetted mode when the pressure difference in the system exceeds
the liquid entry pressure of the membrane [1]. Such condition im-
poses significant mass transfer resistance on the overall removal
process, leading to the deterioration of gas removal flux in liquid-
occupied pores. To secure effective gas removal process, the pores
of the membrane need to be gas-filled [2]. This has called for the
enhancement of membrane hydrophobicity towards superhydro-
phobic surface to mitigate the tendency of membrane wetting. At-
tributed to its superior anti-wettability, superhydrophobic membrane
enhances the removal flux and operational stability compared to
hydrophobic membrane [3].

One of the effective approaches to render superhydrophobicity
involves surface modification to lower surface free energy and induce
hierarchical structure in the membrane [4,5]. This can be achieved
by incorporating silane-modified inorganic nanoparticles as non-
solvent additive in a coagulation bath [6]. Modified nanoparticles
are intrinsically hydrophilic, wherein the water-reactive hydroxyl
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groups are deactivated via surface grafting with the silane. During
phase inversion process, nanoparticles induce the formation of hier-
archical spherulitic particles and alter the surface chemistry, hence
endowing the membrane with superhydrophobicity.

To the best of our knowledge, no research has been done on supe-
rthydrophobic modification induced by non-solvent additive of poly-
dimethylsilane-grafted-silica (PGS) nanoparticles. In this study, we
reported superhydrophobic modification using PGS nanoparticles
in coagulation bath via non-solvent induced phase separation. The
effect of PGS nanoparticles on modified membranes’ morphology,
surface roughness, surface energy, and contact angle were studied.
The stability of the modified membranes was also investigated.

EXPERIMENTAL

1. Materials and Membrane Preparation

Polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP)
pellets were purchased from Sigma Aldrich, USA. Polydimethylsi-
lane-grafted-silica (PGS) nanoparticles were supplied courtesy of
Wacker, Germany. The superhydrophobic membrane was devel-
oped by non-solvent induced phase separation. PVDF-HFP poly-
mer pellets were dried at 60 °C in vacuum oven for 24 h to remove
moisture [7]. The dope solution was prepared by dissolving PVDEF-
HEP pellets in NMP solvent at 70 °C for 24 h. The resulting dope
solution was sonicated for 4 h to remove trapped air bubbles and
kept overnight [8]. Coagulation bath using 0, 1, 2, 3,4, 5and 6 gL
of PGS nanoparticles in ethanol was prepared by stirring at room
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temperature for 24 h. The corresponding membrane samples were
denoted as M-0, M-1, M-2, M-3, M-4, M-5 and M-6, respectively.
The dope solution was cast on a glass plate and immersed in coag-
ulation bath for 24 h. Then the membrane was removed from the
glass plate and air-dried.
2. Membrane Characterization

The surface and cross section morphology of membranes was
characterized by scanning electron microscopy (Tabletop Micro-
scope TM3030 Hitachi, Japan). The cross section was obtained by
fracturing the membrane samples in liquid nitrogen. Energy dis-
persive X-ray spectroscopy (EDX) was performed for Si surface ele-
mental analysis. Contact angle measurement on the membrane
surface was conducted using a goniometer (Rame-hart 260, USA)
via the sessile drop technique. Distilled water (10 uL) was dropped
through the needle of a micro-syringe to the membrane surface. The
droplet images were analyzed by a processing software to obtain the
contact angle via Laplace-Young equation. The average value was
reported from five measurements. The surface free energy of the
membrane was determined by geometric mean method [9]. In
this approach, the contact angle of water and diiodomethane on
membrane surface were measured. The surface free energy was

calculated from a set of two first-order linear equations. The aver-
age surface roughness, R, of the membrane surface was analyzed
using 3D SEM imaging. The measurements were performed at
scan area of 50 pmx50 pm. The average value was obtained from
three measurements.
3. Thermal and Mechanical Stability

To investigate the stability of modified membranes, mechanical
and thermal tests were conducted. The mechanical stability of the
membranes was analyzed by immersing the sample in distilled water
and sonicated for 2h at ambient condition. For thermal stability,
membranes were immersed in distilled water at 90 °C for 2 h [10].
All samples were air-dried prior to water contact angle measure-
ment. The durability tests were performed for four cycles and the
average value from at least two measurements was reported.

RESULTS AND DISCUSSION

Fig. 1 and 2 depict the scanning electron micrographs of syn-
thesized membranes’ surface and cross-section. Unmodified mem-
brane, M-0, which was prepared without PGS nanoparticles, in-
duced a microporous structure composed of polymer spherical glob-
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Fig. 2. Cross section morphology of (a) M-0, and (b) M-4 membrane at 1K magnification. Red circles denote the attachment of PGS nanopar-

ticles on membrane surface.
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ules. Such structure was derived from the solid-liquid demixing
(crystallization) process, wherein the crystallizable segments of the
polymer induced the growth of nodular crystalline particles [11].
After which all crystalline particles nucleated to a similar size and
merged to form bi-continuous structure in the membrane. Simi-
lar morphology was reported by Munirasu et al. [12]. This was due
to the poor coagulation ability of ethanol which delayed the pre-
cipitation rate and allowed a great extent of polymer crystallization
to occur during immersion process. Therefore, crystallization-domi-
nated morphology was observed in ethanol induced membranes.
Surface modification by incorporating PGS nanoparticles resulted
in the attachment of non-uniform dlusters on the membrane microp-
orous surface. As depicted in cross-section morphology (Fig. 2(b)),
the PGS nanoparticles were densely distributed on the skin layer
of modified membrane. The deposition of these nanoparticles was
not smooth but formed multilevel protrusions on the surface. As
the PGS loading increased, the surface of the modified membrane
was gradually covered with a layer of PGS nanoparticles. In a sep-
arate study by Wu et al. for PVDF membranes, densely attached
nanoparticles were observed when modified silica was incorpo-
rated in coagulation bath [6]. This could be explained by the migra-
tion of PGS nanoparticles onto the polymer film accompanying
solvent-nonsolvent exchange. Subsequently; the nanoparticles agglom-
erated into non-uniform clusters and deposited on membrane sur-
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Table 1. Si elemental composition and porosity of membrane

Membrane Si composition (%)

M-0 -

M-1 12.66

M-2 17.35

M-3 23.46

M-4 41.67

M-5 44.7

M-6 44.53

face, forming a hierarchical structure with multilevel roughness.

The surface elemental analysis of the PVDF-HFP membrane is
shown in Table 1. The Si composition increased from 12.66% to
44.7% in membrane samples M-1 to M-5. This is consistent with
SEM morphology that showed enhanced PGS attachment on the
polymer nodular particles. Further increase in PGS beyond 5 gL,
shows only slight increase in Si composition as the surface was sat-
urated with a hierarchical layer of agglomerated cluster.

The three-dimensional images and average surface roughness,
R, of the membranes are demonstrated in Fig. 3. The lowest R, of
1.68+0.22 um was found in the unmodified membrane due to the
uniform distribution of polymer globules in the structure. The intro-

Ra=3.09 £ 0.57um

Fig. 3. Surface topography and average surface roughness of (a) M-0, (b) M-1, (c) M-2, (d) M-3, (e) M-4, (f) M-5, and (g) M-6 membrane at

1K magnification.
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duction of PGS nanoparticles resulted in the deposition of nanoparti-
cles on polymer particles, which led to the increased protrusion
and valley regions on the membrane surface. As shown in Fig. 3(b)
to (g), lumpy aggregates were visible in the 3D images of all modi-
fied membranes. The average surface roughness of all modified
membranes was significantly enhanced. The highest average sur-
face roughness was achieved by the modified membrane, M-5 at
3.86+0.44 Lim, showing 56.6% improvement compared to unmodi-
fied membrane. As can be seen, the surface roughness was not sig-
nificantly affected by the PGS loading, which may be due to the
inhomogeneous distribution of nanoparticles on modified mem-
brane surface.

The surface free energy of membranes determined using geo-
metric mean approach are shown in Fig. 4. Unmodified membrane,
M-0, shows the highest surface free energy of 8.17+0.29 mNm",
indicating the highest surface polarity and dispersive force on mem-
brane surface [13]. Hence, the unmodified membrane with high
surface free energy is highly prone to interacting with liquid com-
ponent and causes pore wetting. With the increase in PGS nanoparti-
cles deposited on polymer spherulites from M-1 to M-5, the surface
free energy decreased from 2.58:+0.06 mNm' to 0.68+0.09 mNm .
This is due to the steric hindrance introduced by non-polar bonds
Si-O-Si from the PGS nanoparticles, making the modified surface
chemically inert. The lowest surface free energy was found in M-5,
attributed to the highest Si elemental composition of 44.7% on the
membrane surface. This implies the weakest affinity towards water
molecules, hence provides the highest surface hydrophobicity [14].

Surface wetting resistance of the fabricated membrane was char-
acterized via the contact angle measurement, as reported in Fig. 4.
Unmodified membrane, M-0, exhibited the lowest water contact
angle of 134+1.08° due to high surface free energy and low surface
roughness [15]. Upon addition of PGS additives, all modified mem-
branes exhibited impressive hydrophobicity, where the contact
angle values were remarkably enhanced to the range of 142+1.12°-
161+1.98°. The membrane successfully achieved superhydropho-
bic surface exceeding contact angle of 150° at PGS concentration
higher than 3 gL™". Such disparity in water contact angle and wet-
ting resistance is ascribed to the multilevel surface protrusion and
decrease in surface free energy. Membrane with low surface free
energy contributes to a substantial reduction in interaction with lig-
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Fig. 4. Water contact angle and surface free energy of membrane.

uid molecules, hence decreases the adhesion of the liquid droplet
on the membrane surface [16]. Meanwhile, texture surface encloses
the air pockets between patchwork of solid clusters, so liquid mol-
ecules with capillary force tend to bridge across the multilevel pro-
trusion [17]. Both factors reduce the footprint of water molecules
on the membrane surface, amplifying the hydrophobicity towards
superhydrophobiciy. The maximum contact angle of 161+1.98° was
attained in M-5, showing significant improvement of 16.4% com-
pared to unmodified membrane. It is observed that further increase
in non-solvent additive concentration, however, did not enhance
the water contact angle due to significant agglomeration.

The stability of the deposition layer plays an important role in
maintaining the hydrophobicity of the modified membranes. In
membrane gas-liquid separation process (i.e., desalination, distilla-
tion and gas absorption), membranes are exposed to different tem-
peratures and fluid velocity; which could detach the loosely deposited
nanoparticles. Therefore, thermal and mechanical tests were per-
formed to investigate the stability of deposition layer. Fig. 5 demon-
strates the thermal stability of membranes. It is observed that the
contact angle of modified membranes decreased gradually with
increasing cycle times, whereby no sharp reduction was observed.
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Fig. 5. Water contact angle of membranes after exposure to four cydles

of thermal test.
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Fig. 6. Water contact angle of membranes after exposure to four cydles
of mechanical test.
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After four cycles, all the modified membranes exhibited a decrease
by less than 5% in contact angle. When the PGS concentration was
greater than 4 g, the modified membrane retained superhydrophobic
property. Therefore, it can be deduced that the deposition layer
exhibited good thermal stability and durability, which is import-
ant for practical application. Similarly, a slight decrease of contact
angle was observed in modified membranes at the end of the
mechanical tests (Fig. 6). This was probably due to leaching of some
loosely attached large residues from the surface. Nevertheless, the
contact angle of modified membranes was reduced by less than
4%, indicating the deposition of nanoparticles was mechanically
stable.

CONCLUSION

Superhydrophobic membrane was successfully developed by
generating hierarchical structure and reducing the membrane sur-
face free energy via PGS incorporation. However, when the PGS
loading exceeded 5 gL, significant aggregation of silica nanopar-
ticles was observed, which led to the reduction in contact angle.
Therefore, the optimal concentration was determined at 5 gL™" for
this study: The modified membranes also exhibited superior mechan-
ical and thermal resistance. These results confirmed that PGS modi-
fied membranes have the potential to be used in membrane gas-
liquid separation processes for enhanced anti-wettability.
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