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Even though the approach is relatively simple and does not require additional
treatment, the porous filler method has not been widely utilized to boost the
composite’s hydrophobicity. Therefore, this study wants to show that silica’s
porosity as a filler material affects the surface roughness and hydrophobicity of
its composite (in this case, silica-HDPE). Pore formation in silica uses the soft-
template method with Tween-80 as the mould. The amount of surfactant was
varied by 0, 5, and 10 g. The particles are then physically composited into the
HDPE matrix. Surface characterization of silica particles analyzed by Brunauer-
Emmett-Teller (BET) shows enhancement in particle porosity as the amount of
surfactant added is increased. When it is inserted into HDPE, the silica particles
with the highest porosity have the greatest surface roughness. It is confirmed by
the wavy surface texture of this composite when it is characterized using an
Atomic Force Microscope (AFM). These results are accompanied by a significant
enhancement in the contact angle value at each concentration. From the contact
angle and AFM data, porous silica has the role of surface texture provider in
raising its roughness. It affects the improvement of the hydrophobicity according
to the Cassie-Baxter equation, which states that the more air fraction formed on
a surface, the higher the contact angle obtained.

1. Introduction

Superhydrophobic is a surface property that can

Various studies have proven this. Lu et al. [8] in their
research showed an increase in the value of the contact
angle of the silica-silicone sealant composite when silica

repel water, as well as has a contact angle greater than
150° and a hysterical contact angle of less than 10° [1].
This value is inseparable from its rough surface texture
and low surface energy [2]. The superhydrophobic surface
has been widely applied in various ways, namely as a self-
cleaning [3], anti-corrosive [4], anti-blood adsorption
[5], and anti-freezing [6]. Most of those applications
imitate the pattern of the surface leaves in nature
microscopically. For instance, Xu et al. [7] tried to create a
superhydrophobic coating from Ag nanoparticles-
polydopamine to be applied for oil/water separation and
self-cleaning by mimicking the surface of the lotus leaf.

The hydrophobicity of a surface can be increased by
elevating the roughness and decreasing the surface
energy. This method can be acquired by compositing the
two materials, each of which has those properties.

was added to the polymer matrix, namely from 112.5°
(without adding silica) to 169.8° (with the addition of 2%
silica (w/w)). It was due to the rising surface roughness
from 1.94 nm (only the silicone-sealant matrix) to 63.7
nm (2% (w/w) addition of silica). Similar results were also
obtained from the study of Bahgat Radwan et al. [9], who
showed enlargement in surface roughness and contact
angle when Al,O; was appended to the polystyrene matrix.

Based on the Cassie-Baxter theory, the surface
hydrophobicity rises if the number of solid fractions is
reduced. Therefore, pore formation is one thing that
needs to be considered in fabricating composites with
higher contact angles. Pores in the composite surface can
be carried out using a variety of methods, including
adding an additive substance when electrospinning [10],
plasma treatment [11], and nonsolvent-induced phase
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separation (NIPS) [12, 13, 14]. However, those methods
have several weaknesses, which include needing a
sophisticated  instrument, requiring  additional
treatment, and lacking transparency. Therefore, another
approach is needed to overcome some of these
weaknesses, one of which is forming porous filler
material.

The porous filler material has not been a concern in
manufacturing superhydrophobic composites. In reality,
this approach has several advantages, including not
requiring modification of the chemical structure to
become hydrophobic, as in a study conducted by
Suyambulingam et al. [15] and Wang et al. [16]; not
considering the other physical parameters, like research
done by Pawar et al. [17]; as well as being more
transparent [18]. Therefore, this study wants to prove
that forming porous filler materials in composites can
accelerate their hydrophobicity.

In this study, silica was used as the filler material to
introduce porosity on the particle surface. Porous silica is
rarely employed to generate surface roughness aimed at
enhancing the hydrophobicity of a composite, as it is
more commonly utilized in biological applications such
as drug delivery and therapeutic agents [19, 20]. Pore
formation was achieved through a soft-templating
method [21], using Tween-80 as the templating agent.
Tween-80 was selected due to its low tendency to
agglomerate, uniform spherical morphology, and smaller
particle size compared to other surfactants such as
cetyltrimethylammonium bromide (CTAB) and sodium
dodecyl sulfate (SDS) [22]. The amount of surfactant was
varied (0, 5, and 10 g) to investigate the effect of silica
particle porosity on the hydrophobicity of the resulting
composite.

The synthesized porous silica particles were then
dispersed in a high-density polyethylene (HDPE)
solution, which served as the matrix to reduce the surface
energy of the composite. It is important to note that the
hydroxyl (-OH) groups on the silica surface were not
chemically modified to become hydrophobic; therefore,
the composite’s hydrophobicity was solely influenced by
the pore structure. Fabrication results showed that
composites containing silica particles with higher
porosity exhibited increased water contact angle values,
indicating enhanced hydrophobicity. This was further
supported by an increase in surface roughness,
suggesting that porous silica contributes to the surface
texture prior to HDPE coating.

2. Experimental

2.1. Materials and Instrumentations

HDPE ore was purchased on Lotte Titanvene with of
18 g/min melt flow index. Sodium silicate (Na.SiO;) and
Tween-80 (98% purity, Merck Milipore) had already been
obtained in the Integrated Laboratory at Bogor
Agricultural University. Absolute ethanol, acetone, and
xylene, with a purity of 95%, 99.8%, and 99%,
respectively, were supplied from Merck Milipore. The
instruments used to characterize both silica particles and
their composites were Scanning Electron Microscope

(SEM; Thermo Scientific), X-ray diffraction (XRD; Rigaku
Minifex), Atomic Force Microscopy (AFM; Bruker
Nanoscan), Brunauer-Emmett-Teller (BET;
Quantachrome NovaWin Instrument), Fourier Transform
Infrared (FTIR; Shimadzu IRPrestige-21), cellular
phone’s camera (Xiaomi, Redmi Note 5), and laptop
(Apple, MacBook Pro) installed Image] software (version
1.53Kk, National Institutes of Health).

2.2. Synthesis of Silica from Sodium Silicate

Several aliquots of 0.88 mL glacial acetic acid were
each dissolved in 20 mL of distilled water. Subsequently,
5.0185 g and 10.0196 g of Tween-80 were added to the
acetic acid solutions and stirred until fully dissolved. As a
control, silica synthesis without the addition of Tween-
80 was also conducted. In parallel, 7.43 wt% of Na,SiO;
was dissolved in 20 mL of distilled water in separate
beakers. The Na,SiO; solution was then slowly added
along the walls of the container into the Tween—80—
acetic acid mixtures under continuous stirring using a
magnetic stir bar. The resulting mixtures were sonicated
at 80 kHz for 2 hours to promote the formation of silica
particles.

The precipitate formed in the Tween-80-containing
mixtures was separated by centrifugation. In contrast, the
mixture without Tween-80, which did not form a
precipitate, was processed by freeze-drying. The
collected precipitate was washed with distilled water until
aneutral pH was achieved, then oven-dried at 110°C until
constant weight, and finally calcined in a furnace at 550°C
for 2 hours. The resulting silica particles synthesized with
0, 5, and 10 g of Tween-80 were designated as PS 0, PS 5,
and PS 10, respectively.

2.3. Fabrication of Silica- HDPE Composite

Before fabricating the composite, the glass substrate
was first prepared. It was cleaned thoroughly with
distilled water, followed by acetone. The coating area on
the glass substrate was defined with dimensions of 6.5 x
1.5 cm, and the uncoated portions were masked using
black duct tape. Once the substrate preparation was
complete, the silica—HDPE composite fabrication process
began.

A solution of 1.16 wt% HDPE ore was prepared by
dissolving it in 10 mL of xylene, which was heated on a hot
plate at 120°C until the HDPE was fully dissolved. Silica
particles, obtained from the previous treatments, were
then added at concentrations of 5%, 10%, 15%, and 20%
by weight relative to HDPE (w/w), and mixed under the
same temperature conditions for 2 minutes. These
concentrations were selected to evaluate the effect and
trend of incorporating small amounts of silica on the
composite’s hydrophobicity.

The resulting mixture was coated onto the prepared
glass substrate using the solution casting method. The
coated samples were then left to dry at room temperature
for 24 hours to allow solvent evaporation. The resulting
composites, incorporating PS 0, PS 5, and PS 10 as fillers,
were designated as PS-H o0, PS-H 5, and PS-H 10,
respectively.
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2.4. Characterization of Silica Particles and Silica-
HDPE Composites

The morphologies of silica particles and silica-HDPE
composites were characterized using SEM with back-
scattered electrons (BSE) as the electron source. Imaging
was conducted at an accelerating voltage of 10 kV and a
chamber pressure of 1 Pa. The analysis focused on particle
size and shape for the silica samples, and surface
distribution for the composites. The pores in the silica
particles were analyzed using a BET with nitrogen gas
(N2) as an adsorbate. The parameters evaluated included
surface area, total pore volume (porosity), and average
pore diameter. Pore size distribution, as influenced by
varying amounts of surfactant, was determined using the
Barrett—Joyner—Halenda (BJH) method [23].

The crystallinity of the silica particles due to adding
Tween-80 as a template was determined using XRD. The
instrument operated at a wavelength of 1.54 nm, with
scans conducted over a 3—90° 20 range and a step size of
0.02°. Functional groups present in the silica particles and
their composites were identified using Fourier-
transform infrared (FTIR) spectroscopy with KBr pellets
as the background. Lastly, the surface roughness of the
silica—-HDPE composites was measured using atomic
force microscopy (AFM) in non-contact mode.

2.5. Contact Angle Measurement

Each droplet was then photographed from a distance
of 5 cm to clearly capture the phase boundary between the
liquid and the solid (composite surface). The droplet
images were analyzed using Image] software. Contact
angle measurements were performed using the curve
fitting method, where the experimentally observed
droplet shape was fitted to a theoretical projection, either
circular or elliptical. The water contact angle was
determined based on the projection yielding the lowest
standard deviation value, indicating the best fit.

3. Results and Discussion

3.1. Characteristics of The Synthesized Silica

The morphological differences between silica
particles synthesized with and without Tween-80
surfactant are shown in Figure 1. As observed in Figure 1a,
most silica particles synthesized in the presence of
Tween-80 are spherical, with diameters ranging from
0.76 to 2.22 um, indicating a high degree of
polydispersity. This high polydispersity is attributed to
the use of polar solvents. According to Malay et al. [24],
the polydispersity of silica particles increases with the
polarity of the solvent. Additionally, hydrogen bonding
interactions between Tween-80 and sodium silicate
influence the morphology of the resulting silica particles
by accelerating the incorporation of silicate ions from the
solution into the growing silica network. However, this
process may be hindered at higher surfactant
concentrations [25, 26]. In contrast, in the absence of
surfactant, the silica formation reaction proceeds more
slowly, resulting in poorly defined or indistinct particle
morphologies, as seen in Figure 1b.

Figure 1. Morphology of silica particles synthesized
(a) with and (b) without the addition of Tween-80
surfactant

The differences in surface area and pore volume of
silica particles synthesized with varying amounts of
Tween-80 can be observed from the nitrogen
adsorption—desorption isotherm curves shown in
Figure 2. As illustrated, the isotherms for PS 0 and PS 5
correspond to type IV, while PS 10 exhibits a type III
isotherm. This variation in isotherm type indicates that
PS 10 possesses a higher total pore volume compared to
PS 0 and PS 5, as summarized in Table 1. Moreover, the
shape of the PS 10 curve suggests the presence of surface
cavities or hollow structures, which is consistent with the
isotherm profiles reported by Zea et al. [27] and Hadipour
Moghaddam et al. [28] during the synthesis of hollow
porous silica nanoparticles.

As a result, the specific surface area of PS 10 is lower
than that of PS 5 and PS 0 (Table 1). The increase in surface
area observed in PS 0 and PS 5 is attributed to the
formation of Tween-80 micelles, which are uniformly
dispersed in the solution and serve as soft templates for
pore formation. However, when the concentration of
Tween-80 reaches approximately 10 g, the micelles grow
in size, leading to the development of larger voids or
hollow structures within the particles.

Table 1. Characteristics of the pores in the silica particles
obtained from the treatment of surfactant addition

Surface Total pore Pore
Sample area volume diameter
(m?/g) (mL/g) &)
PSo 407.776 0.2875 17.000
PS5 633.539 0.4358 21.702

PS 10 391.232 1.375 39.362
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Figure 2. Nitrogen adsorption—desorption isotherms of
(a) PS 0, (b) PS 5, and (c) PS 10. The black line represents
the adsorption branch, while the red line indicates the
desorption branch
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Figure 3. XRD patterns of silica particles synthesized
with varying amounts of Tween-80 surfactant: (a) PS 10,
(b) PS 5,and (c) PS 0

Differences in crystallinity among PS 0, PS 5, and PS
10 are shown in the XRD patterns in Figure 3. All
synthesized silica particles exhibit amorphous
characteristics, as indicated by the broad diffraction
peaks across all treatments. This amorphous nature is
associated with the formation of pores on the particle
surfaces. However, with increasing amounts of Tween-
80, the peaks become sharper and more distinct,
suggesting a slight improvement in crystallinity.

This trend is further supported by the decreasing
full-width at half maximum (FWHM) values: 14.68 for PS
0, 11.43 for PS 5, and 9.86 for PS 10. The reduction in
FWHM indicates a gradual improvement in the ordering
of the silica network. The narrower diffraction peaks
imply an increased proportion of cristobalite phase in the
silica composition (Table 2). These findings indicate that
the presence of Tween-80 not only facilitates pore
formation but also promotes a more ordered structural
arrangement. Acting as a structure-directing agent, the
surfactant guides the organization of silicate units during
synthesis [29], thereby enhancing the crystallinity of the
resulting silica particles.
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Figure 4. FTIR spectra of the synthesized silica

Table 2. Crystalline composition of silica particles
synthesized with varying amounts of Tween-80

Crystal composition (%)

Silica

particle Quartz Tridymite  Crystobalite
PSo 13.9 78.3 7.8
PS5 111 39.7 492
PS 10 33 315 651

The functional groups present in silica particles
synthesized with varying amounts of Tween-80 are
shown in Figure 4. The results indicate that all
synthesized silica particles possess -OH groups on their
surfaces, as evidenced by the stretching vibration
observed between 3500 and 3000 cm™ and the bending
vibration at 1628 cm™ [30, 31]. These characteristic peaks
suggest that the silica particles are hydrophilic in nature.
Additional bonds present on the silica surface include Si-
O-Si stretching vibrations (asymmetric at 1131 cm™,
symmetric at 809 cm™, and bending at 466 cm-) and Si-
O-H stretching at 956 cm [32].

3.2. Surface Characteristics of Silica-HDPE Composite

The functional groups present on the surface of the
silica—HDPE composite are identified in Figure 5. The
spectrum reveals the presence of -CH,- (1487 cm™), -CHj3
(1366 cm™), and -CH (2863 cm™) stretching vibrations,
indicating the presence of HDPE. Additionally,
characteristic silica-related vibrations are observed,
including Si-O-Si asymmetric stretching (1088 cm),
symmetric stretching (805 cm), and bending (467 cm™),
as well as Si-O-H stretching at 962 cm™. The -OH group
is also detected with a broad stretching peak between
3500 and 3000 cm' and a bending vibration at 1698 cm-.
These results suggest that, despite varying surfactant
concentrations, the silica particles form physical
interactions with HDPE, as evidenced by the lack of new
functional groups, indicating no significant chemical
bonding between the two components.
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Figure 6. Surface morphology of silica-HDPE
composites: (a, ¢) without and (b, d) with the addition of
Tween-80 surfactant at different magnifications

Figure 6 shows the surface characteristics of silica—
HDPE composites, both without and with Tween-80
surfactant. In the images, HDPE (green circle) forms a top
layer that coats the underlying silica particles (orange
circle) (Figure 6a and b). These observations suggest that
the hydroxyl groups on the silica particles are covered by
the HDPE layer, thereby reducing the surface energy of
the silica—HDPE composite. Additionally, the silica
particles are uniformly distributed within the HDPE
matrix. At lower magnifications (Figure 6c and d), the
composite containing surfactant shows more pronounced
pores and a wavier texture compared to the composite
without surfactants.

3.3. Hydrophobicity and Surface Texture of Silica-
HDPE Composites Due to Filler Porosity Variations

Figure 7 illustrates the trend of water contact angle
values for silica—HDPE composites at varying filler
concentrations and porosity levels, based on the average
of three measurements. An increase in water contact
angle is observed across all silica particles’ porosity levels
as the filler concentration increases. As the distance
between silica particles decreases, the contact angle rises.
However, at 15% (w/w) concentration, the contact angle
slightly decreases, attributed to a reduced air fraction on
the composite surface. Additionally, the rise in —OH
groups and uneven filler distribution in the HDPE matrix

contribute to greater variation in contact angle
measurements for non-porous silica, especially at 5-15%
(w/w), compared to the more stable results observed with
porous silica particles.

This graph further demonstrates that increasing the
porosity of silica particles enhances their hydrophobicity.
This can be explained using the Cassie-Baxter equation
(Equations 1 and 2), which predicts that the contact angle
(67) increases when the air fraction (f,) is higher and the
solid fraction (f;) is lower [29]. Therefore, the formation
of pores in the silica particles increases the air fraction on
the surface, thereby improving the hydrophobicity.

or = fy(cosBs+1)—1 (1)
f=1-f, (2)
The surface roughness contributes to the

enhancement of the contact angle, influenced by the
increasing porosity of silica particles. Figure 8 presents
the surface contours of silica—HDPE composites with
different filler porosity levels. In PS-H 0, the surface is
relatively flat, as most of the area is concentrated around
the z-axis value of 0 (Figure 8a). With the addition of 5 g
of Tween-80, the silica becomes more porous, and the
composite surface exhibits a wavelike contour (Figure
8b), marked by a narrower yellow region representing
areas above the z-axis. This wavy texture becomes more
pronounced in PS 10 (Figure 8c), indicating further
increases in surface irregularities. The growing waviness
with higher silica porosity suggests an increase in surface
roughness. This is further supported by the significant
rise in the average surface roughness (Sa) values observed
from PS-H o to PS-H 10.

The characterization results presented in Figure 8
indicate that the texture of the silica—HDPE composite
surface closely follows the contour of its filler material. As
illustrated in Figure 9, the silica particles serve as
structural templates that shape the surface texture of the
composite before being encapsulated by the HDPE matrix.
Silica particles with high porosity exhibit wavy surface
contours due to the presence of numerous air voids or
pores. When incorporated into the HDPE matrix, these
contours result in a rough composite surface and,
consequently, increased hydrophobicity. Conversely,
silica particles with low or no porosity exhibit relatively
flat contours, yielding a smoother composite surface with
lower hydrophobicity.
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Figure 7. Contact angle values of silica-HDPE
composites at various concentrations
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Figure 9. Illustration of the physical interaction between
silica particles and HDPE matrix at different silica
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In addition to porosity, the surface characteristics of
the composite are also influenced by the number of
hydroxyl (-OH) groups present on the silica surface and
their interaction with HDPE. Porous silica contains fewer
-OH groups, and the distance (d) between them is greater
compared to nonporous silica. As a result, some methyl
(- CH3) groups from HDPE that do not interact with -OH
groups conform to the pore structures of the silica filler.
This contributes to surface curvature, thereby increasing
both surface roughness and hydrophobicity of the
composite.

This study demonstrates that modifying silica
particles to increase their porosity effectively enhances
the hydrophobicity of the resulting silica—HDPE
composite. This approach is relatively straightforward
and does not require controlling additional physical
parameters, such as the thickness of the composite film,
to attain high hydrophobic performance [17].
Furthermore, it eliminates the need for post-treatment
steps, such as the use of non-solvents to induce surface
porosity [14], or chemical modification of the silica
particles’ functional groups, as carried out in the study by
Wang et al. [16].

4. Conclusion

The synthesis of the silica—HDPE composite by
increasing the porosity of the filler material has been
proven effective in enhancing the composite’s
hydrophobicity across all concentrations. The PS-H 10

sample exhibited the highest contact angle and surface
roughness at the greatest filler concentration, reaching
143.90 + 2.97° and 127 nm, respectively. This is attributed
to the role of porous silica particles, which serve as
surface texture modifiers in the composite. When HDPE
covers the silica filler, the resulting surface contour
mimics the texture established by the silica particles.
Highly porous silica produces a more pronounced wavy
surface compared to less porous or nonporous particles,
thereby significantly increasing surface roughness.
Moreover, the increased porosity contributes to a greater
air fraction and a reduced solid fraction at the composite
surface, which enhances hydrophobicity in accordance
with the Cassie—Baxter equation. In addition, higher
porosity reduces the number of surface hydroxyl groups
on silica, lowering the surface energy of the composite.
This method is relatively straightforward and does not
require additional treatments or the adjustment of other
physical parameters to achieve enhanced hydrophobicity.
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