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Abstract: Sansevieria trifasciata fibre (STF) is a lignocellulosic material which could be utilised for
reinforcement composites. Surface modification is often needed to improve the compatibility of
hydrophilic STF and hydrophobic resin. In this study, treatments for natural fibres to attain super-
hydrophobic properties were carried out using silica nanoparticles and fluorosilane. Sansevieria
trifasciata fibres (STF) were subjected to treatment by deposition of silica (5i0,) nanoparticles which
were prepared by the sol-gel method, then followed by modification with fluorosilane, namely 1H, 1H,
2H, 2H-perfluorooctyltriethoxysilane (PFOTS). The presence of SiO; nanoparticles and PFOTS were
evaluated using Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX). The crystallisation properties and thermal be-
haviour of STF were studied through X-ray diffraction (XRD) and thermogravimetric (TGA) analysis,
respectively. The hydrophobicity of STF was determined by water contact angle (WCA) measurement.
The results show that nanoscale SiO, particles were deposited on the STF surface, and PFOTS were
covalently linked to them. The SiO, nanoparticles provide surface roughness to the fibres, whereas
the long-chain fluorine on PFOTS lowered the surface free energy, and their combination in these
treatments has successfully modified the STF surface from hydrophilic into superhydrophobic with
a WCA of 150° and sliding angle of less than 10°. Altogether, a non-toxic, simple, and promising
method of imparting hydrophobicity on natural fibres was developed, opening new opportunities
for these fibres as reinforcement for composite parts.

Keywords: superhydrophobic; natural fibres; treatment; silica nanoparticles; fluorosilane; Sansevieria
trifasciata

1. Introduction

Increasing environmental awareness has recently stimulated interest in utilizing nat-
ural fibres as an alternative to artificial materials in many sectors, including composite
manufacturing. By exploiting the benefits of natural fibres, such as low cost, lightweight,
abundantly available, renewable, and biodegradable, natural fibres have overtaken syn-
thetic fibres as reinforcement in polymer composites [1,2]. However, some issues remain,
notably the hydrophilic properties of natural fibres, which allow them to absorb moisture
from the surroundings, leading to poor interfacial bonding with the hydrophobic polymer
matrices. This condition promotes the degradation of natural fibres and impairs the perfor-
mance of the resulting composites [3]. Hence, imparting hydrophobicity on natural fibres
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using specific treatments is necessary to improve their compatibility with organic matrices
and widen their application as reinforcement for composite parts.

Hydrophobicity depends on surface roughness and surface chemistry [4,5], where
the combination of a rough micro-nanostructure and a low surface energy material could
develop a superhydrophobic surface [6]. This concept was discovered from the super-
hydrophobic phenomena of lotus leaves. Their structure combines a waxy layer with
low surface energy and a rough structure with protrusions [7]. The superhydrophobic
surface has received great attention due to its excellent water repellency, and mimicking
the so-called “lotus effects” could be an alternative to surface modification.

Many approaches have been implemented to provide the surface with nanoscale
roughness, such as sol-gel processing, layer-by-layer assembly, flame synthesis coating,
etching, and electrospinning [6,8-10]. Several research papers have reported these ap-
proaches and mostly covered substrates based on non-renewable materials. Some of those
methods required specialized equipment, involved harsh conditions, and were only appli-
cable to specific materials [11]. For example, the flame synthesis coating offers a simple
and low-cost method to prepare a durable superhydrophobic surface; however, a specially
designed heat conduction system with a controlled velocity of gas flow rate is required to
form the desired nanoparticles [12]. Esmeryan et al. developed robust superhydrophobic
carbon soot coatings using a specially designed cone-shaped aluminium chimney, de-
creasing the oxygen level used during combustion [13]. Another study by Esmeryan et al.
demonstrated a novel method for producing ultradurable liquid-repellent soot coatings
onto different fabrics using an optimized combustion system by means of a metal chim-
ney [14]. Compared to these methods, sol-gel processing is a simpler way of producing a
rough surface without using a specific set-up and conditions. It is more popular and widely
used in cellulose-based materials due to its low-temperature procedure that could deposit
the nanoparticle layer on the surface of substrates [15]. The nanoparticles produced could
be either 5iO; or TiO,, but SiO; is more common due to its low toxicity [16]. It is possible
to create the nanoparticles coating with a size of 50-500 nm by the sol-gel method, which
could provide a suitable roughness on the surface [17].

To exhibit superhydrophobicity, a chemical modification to lower the surface energy
of the roughened surface is necessary. Some commonly used reactive molecules for low-
surface-energy modification are organosilanes, fluoro silane, perfluorinated compounds,
and polymers [18]. Among the most effective modifying agents are fluorosilane, and the
most frequently used are fluoro-functional trichloro- and trialkoxysilanes [19,20]. Silane is
a multifunctional molecule which acts as a coupling agent. Silane could modify the fibre
surfaces to improve their wettability by reacting with functional groups on the fibre surface
or making their crosslinking possible. One factor contributing to silane’s ability to generate
a hydrophobic surface is its organic substitution [21]. Fluorinated hydrocarbon substituent
contains the hydrophobic moiety that allows the silane to induce surface hydrophobicity
due to the low surface energy of fluorine [12]. The fluorine/carbon atomic ratio is a key
aspect of defining hydrophobicity. It has been demonstrated by Hsieh et al. from studies
with carbon nanofibre arrays [22]. As expected, as more F atoms are introduced, lower
surface energy is achieved. Hence, PFOTS, a fluorosilane with a long chain of fluorinated
hydrocarbon substituents, is believed to provide high hydrophobicity to the natural fibres.

To date, many research papers covering different aspects of superhydrophobicity
have been published. Various substrates have been fabricated with superhydrophobic
surfaces, including glass, silicon wafers, and metal surfaces [23,24]. However, the case
of lignocelluloses has proven to be more challenging, partly because of the influence of
hydrophilic components in complex and highly hierarchical structures [12]. Efforts in
developing superhydrophobic surfaces based on cellulose have been growing steadily in
these past few years, for example, in wood, cotton fabrics, and paperboard [12,25], but
there is limited research on pristine natural fibres.

This work aims to develop superhydrophobic natural fibre surfaces by describing
a two-step treatment procedure. The natural fibre used was Sansevieria trifasciata fibres
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(STF) which have a high potential in composite manufacturing. The first step is roughening
the STF surface by forming silica (5iO;) nanoparticles using the sol-gel process. The
roughened surface is modified in the second step by the hydrophobic 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (PFOTS). The expectation was that the surface morphology
and chemistry of lotus leaves could be imitated, with the SiO, nanoparticles in combination
with the long chain fluorosilane on it and that the coating would lower the surface free-
energy of the treated natural fibre.

2. Materials and Methods
2.1. Materials

Sansevieria trifasciata (ST) leaves were collected from the Bangi region. Sodium
hydroxide (NaOH) with 95% purity, commercial grade, was purchased from Macron
Fine Chemicals. Tetraethoxysilane (TEOS) with 98% purity and ammonium hydroxide
(NH4OH) were purchased from Sigma Aldrich, St. Louis, MO, USA. 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (PFOTS), as shown in Figure 1, with 98% purity, was pur-
chased from Apollo Scientific, UK. Glacial acetic acid with AR grade was purchased from
Systerm. Absolute ethanol with 99% purity was also obtained from Systerm.
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Figure 1. Molecular structure of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (PFOTS) [18].

2.2. Sansevieria trifasciata Fibres Preparation

Fresh ST leaves were thoroughly washed in running water to remove dust and other
impurities from the surface. Then, they were cut to about 1.0-1.5 cm long and sun-dried
for a week to ensure minimal water in the fibres. The dried ST leaves were ground with a
grinder for 1 min to break them into fine particles. Finally, they were sieved with a 500 pm
sieve to obtain the desired size of 500 um STF.

2.3. Pre-Treatment

Raw STF from the previous preparation was immersed and stirred continuously in
4% wt NaOH solution at room temperature for 1 h. The weight ratio of NaOH solution per
fibre content was fixed at 15:1. Next, the STF was washed using distilled water containing
a few percentages of acetic acid to remove the alkali residue. Washing continued until no
alkalinity was detected in the waste washing water using a pH meter. The fibres were
filtered and then dried in an oven at 80 °C for 24 h.

2.4. SiOy-Mediated Hydrophobic Treatment

In this treatment, the ratio of STF to SiO; solution used was 12:1. The SiO, solution
was prepared using the sol-gel method described by Stober et al. [26]. In this method, TEOS
was hydrolysed in an ethanol solution with an NH4OH catalyst at room temperature to
form SiO; nanoparticles. We mixed 30 mL of NH4OH, 915 mL of absolute ethanol, and
135 mL of distilled water, and they were magnetically stirred for 15-30 min to produce a
homogeneous solution. After that, 420 mL of TEOS was added to the solution while stirring,
and the mixture was left to stir for 2 h at room temperature to produce SiO, nanoparticles.
The STF was then soaked in the prepared SiO; solution and stirred continuously with a
mechanical stirrer for 2 h at room temperature. Next, the STF was filtered and rinsed with
distilled water until the rinse water was clear, and the pH was checked to ensure it was
neutral. Finally, the SiO,-treated STF was obtained and dried in an oven at 80 °C overnight.
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2.5. Fluorosilane Hydrophobic Treatment

Hydrophobic treatment was performed on SiO,-treated STF by the chemical vapour
deposition of 1H, 1H, 2H, and 2H-perfluorooctyltriethoxysilane (PFOTS). The fibre sample
was placed in a sealed vessel with a smaller unsealed vessel containing about 0.3 mL of
POTS. The sealed vessel was then put in an oven at 125 °C to enable the PFOTS vapour
silane group to react with the hydroxide group on the STF surface. After 2 h, the sample
was removed to another clean, sealed vessel and heated at 150 °C for another 2 h to
volatilise the unreacted PFOTS molecules on the substrate. The formation process of the
superhydrophobic fibre surface is illustrated schematically in Figure 2.
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HO~|ES|i—O—SI'—OS|iE|>OH
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with SiO; nanoparticles

Figure 2. The schematic illusion of the treatment process to form a superhydrophobic STF surface. R
represents the hydrophobic group of PFOTS: -CH,CH,(CF,)5CFs.

2.6. Characterization of STF

Chemical changes occurring on STF surfaces subjected to treatment were analysed
with a Fourier transform infrared (FTIR) instrument (Spectrum GX, Perkin Elmer) equipped
with an attenuated total reflection (ATR) accessory. Details: spectral range from 600 to
4000 cm !, 64 scans, and resolution of 4 cm 1. The crystallinity of STF was studied using
X-ray diffraction (XRD) analysis. A D8-Advance, Bruker AXS model of the XRD instrument
equipped with CuKa monochromatic radiation (A = 0.1539 nm) was used to measure
the XRD pattern. The thermal decomposition behaviour of STF was analysed using a
thermogravimetric analyser (TGA) (TGA/SDTA 85-F, Mettler Toledo). The samples were
heated steadily at a rate of 5 °C/min from 30 to 600 °C in a nitrogen medium (20 mL/min).
The surface morphology of STF and their corresponding elemental compositions were
examined through a field emission scanning electron microscope (FE-SEM, Leo 1450VP)
with a typically installed energy dispersive X-ray (EDX) spectroscopy attachment. The
fibre was scattered and picked piece by piece to be placed under the microscope. A thin
platinum (Pt) layer was spattered onto the sample surfaces to improve conductivity prior
to observation. The wettability of untreated and treated STF was characterised by water
contact angle (WCA) measurements using a goniometer (Holmarc model, combined with
video equipment) at room temperature. For this analysis, the STF was pressed into pallet
form with 0.3 cm thickness to obtain a flat and rigid sample of STFE. This is because the
WCA analysis needs to be performed on a flat solid sample. The sessile drop method was
applied, and the WCA values were acquired 60 s after a water droplet of 5 uL was placed
on the surface of fibre samples. More than five measurements were averaged to obtain one
representative WCA value for each sample.

3. Results and Discussion
3.1. Chemical Changes on STF Surface

Fourier transform infrared (FTIR) spectroscopy was used to investigate the changes
in the main chemical bonding of STF after surface modification. Figure 3 compares the
FTIR spectra of the untreated STF and the one treated with SiO, nanoparticles and PFOTS.
For the untreated STF, the spectra show a prominent absorption band at 1025 cm ™! that
corresponds to the C-O stretching of the ether group in cellulose. Whereas in the spectra of



Polymers 2023, 15, 594

50f 15

Transmittance (%)

100

90

80

70

60

50

treated STF, this peak has slightly shifted to a higher wave number at around 1075 cm ™!
due to the asymmetric stretching vibration of Si-O-Si bonds that partially overlapped
with the C-O band [25,27]. This indicates the formation of Si-O-Si covalent bonds by the
reaction between SiO; nanoparticles and PFOTS molecules on the surface of treated STF. A
weak peak at approximately 800 cm~! that appeared after treatments is also assigned to
the S5i-O-Si band. It is associated with its symmetric stretching vibration [28,29]. Moreover,
the C-F bands of PFOTS molecules are identified in the range of 1230~1135 cm™~! in the
spectra of treated STF, where the peaks are not too prominent because they may be covered
by the strong absorption peak of Si-O-5i asymmetric stretching vibration [18]. Another
significant peak is the broad absorption band at 3335 cm ! representing the -OH group of
cellulose which could be seen clearly in the spectra of untreated STE. Interestingly, this peak
is almost invisible after treatments, indicating that the -OH group was almost completely
obliterated. Additionally, the bending vibration of the -OH group is also detected in both
spectra at about 1620 cm™~ !, but its peak is weaker in the treated STF [30]. These results
revealed that the treatments using SiO, nanoparticles and PFOTS managed to decrease the
hydrophilicity of STF.

800
1240
3335 1620
1135
Untreated STF 1025
——Si02-POTS Treated STF 1075
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm™?)

Figure 3. FTIR spectra of untreated and SiO,-PFOTS treated STF.

3.2. Crystallization Properties of STF

X-Ray diffraction (XRD) characterisation was carried out to further understand the
effect of SiO,-PFOTS treatments on STF crystallinity and physical structure. The obtained
XRD patterns of untreated and treated STF are shown in Figure 4. Both curves exhibit
two significant diffraction peaks commonly seen in STF [31]. The first peak observed
at 20 of approximately 15.5° belongs to the 101 lattice plane, indicating the amorphous
elements of cellulose, hemicellulose, and lignin. The second peak at 26 of approximately
22° is ascribed to the 002 plane representing the cellulose crystalline phase [32]. The peaks
revealed that STF has a semi-crystalline structure which consists of both amorphous and
crystalline phases. After the treatments with SiO; nanoparticles and PFOTS, no structural
transformation of cellulose occurred in STE. However, the amorphous peak of treated STF
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shows a significant reduction in intensity, probably due to the removal of some amorphous
constituents from the fibre surface [33]. Thus, the amorphous removal resulted in the
rearrangement of the fibres’ crystalline region, which leads to a better packing of cellulose
chains and thus gives the fibres a more crystalline structure [34]. Hence, it can be deduced
that the S5iO,-POTS treatments increased the crystallinity of STF.
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Figure 4. XRD pattern of (a) untreated STF and (b) SiO,-PFOTS treated STF.

3.3. Thermal Decomposition Behaviour of STF

Thermogravimetric analysis (TGA) was performed to examine the thermal decom-
position behaviour of ST fibres before and after surface treatments. Figure 5 illustrates
the thermograms of both untreated and SiO,-PFOTS-treated STE. Three stages of mass
losses observed in both curves represent the decomposition behaviour of STF at a specific
temperature. The initial mass loss stage started in the temperature range of 30-100 °C,
which refers to the release of moisture content by the fibres [35]. Then, the second decompo-
sition stage occurs at 200400 °C, with a major mass loss due to the main decomposition of
hemicellulose, cellulose, and some lignin [36]. At this stage, it can be seen that the treated
STF possess a lower mass loss compared to the untreated ones. This might be caused
by decreased cellulose, hemicellulose, and lignin content in STF after the SiO,-PFOTS
treatments, which made the fibres more hydrophobic [35]. For the final decomposition
stage, the curve lies within 400-600 °C with approximately 7-14% mass loss indicating
the decomposition of the lignin and other non-cellulosic materials [37]. At the endpoint
after complete decomposition, a residual mass of about 19% and 36.2% were generated by
the untreated and treated STF, respectively. These are residual masses from carbonaceous
and inorganic materials that remain undecomposed at 600 °C [38]. A higher residual mass
on treated STF is ascribed to the presence of SiO; nanoparticles through treatments. The
existence of these inorganic materials on fibres enhances their thermal stability, shown in
the thermogram curve by the increase in the decomposition temperature of STF after the
SiO,-PFOTS treatments [35].
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Figure 5. Thermogram of untreated and SiO,-PFOTS treated ST.

3.4. Surface Morphology of STF

The field emission scanning electron microscopy (FE-SEM) images of STF before and
after the SiO,-PFOTS treatments are presented in Figure 6a,b, respectively. The images
are captured at 250 x magnification and display that the surface of STF before treatment is
relatively smooth compared to the surface after treatment. The rough surface of treated
STF is attributed to the formation of SiO, nanoparticles layer on their surfaces through the
5i0,-PFOTS treatments. From this, we can deduce that the SiO; nanoparticles have been
successfully deposited on the surface of STF, thus providing the necessary roughness to
create a superhydrophobic surface [25]. The image of treated STF in Figure 6b is further
zoomed in to 5000 x magnification, revealing the formation of SiO; nanoparticles with a
spherical shape. It could be observed that the fibre surface is densely packed with many
irregular sphere particles of roughly 200-500 nm in diameter. The randomly distributed
arrangement of silica spheres creates several gaps or voids between each other, thus rough-
ening the surface of STF fibres [18]. To further confirm the presence of SiO, nanoparticles
and PFOTS, the electron dispersive X-ray (EDX) technique was also used in this SEM
characterisation, where the elemental compositions on the STF surface were analysed.
Figure 6¢,d shows the EDX spectrum of untreated and treated STF, respectively. From
Figure 6¢, the C and O elements were found on the raw STF, referring to the components of
fibres. When STF were treated with SiO; nanoparticles and PFOTS, the Si and F elements
appeared on the EDX spectrum, as shown in Figure 6d. The strong signal of Si elements
indicates the existence of S5iO, nanoparticles and PFOTS combined on the STF surface
through the treatments. The appearance of element F on the spectrum also belongs to
PFOTS reagents and further proved its formation on the surface of STE.
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Figure 6. FE-SEM images and its corresponding EDX spectrum of (a,c) untreated STF (b,d) SiO,-
PFOTS treated STE.

3.5. Wetting Properties of STF

The surface wettability of STF before and after SiO,-PFOTS treatments was represented
by its surface’s water contact angle (WCA). When a liquid drops on a flat, horizontal solid
surface, an interaction occurs between the liquid, air, and the solid interface. The angle
formed by the liquid droplet at the intersection across the three interfaces is referred to as
the WCA (Figure 6) [39]. A surface with a high wettability, known as hydrophilic, has a
WCA of less than 90°. Whereas, for a poor wettability surface known as hydrophobic, its
WCA will be greater than 90°. A very high hydrophobic surface could reach a WCA of 150°
and above, showing almost no contact between the water droplet and the surface. Such
a surface is considered superhydrophobic [21]. Figure 7 shows the photographs of water
droplets on the surface of STF where its WCA before and after each stage of treatment
were compared.

Figure 8a demonstrates that the untreated STF is completely hydrophilic when the
water droplet spreads out instantly into its surface, and the resulting WCA is 0°. The STF
treated with only SiO, in Figure 8b still shows a hydrophilic surface as it also absorbs the
water droplet completely, and the WCA obtained is also 0°. This indicates the presence
of abundant hydroxyl groups on the surface of SiO; nanoparticles [40]. A slight bump
observed on the photograph is due to the STF surface being wetted by the water droplet.
In contrast, Figure 8c shows that after the treatment with only PFOTS, the STF surface
turns hydrophobic by achieving a WCA of about 127°. Eventually, as seen in Figure 8d, a
combination of SiO, treatments followed by the PFOTS reaction resulted in a higher WCA
of roughly 150° on the STF surface, which possesses superhydrophobic properties. The
image of an almost fully round-shaped water droplet could be observed resting on top of
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the superhydrophobic STF surface without wetting it. To confirm its superhydrophobicity,
the sliding angle (SA) was also checked, which is the critical inclination angle at which the
substrate needs to be tilted until the droplet rolls off the surface [7]. The SA obtained was
less than 10° and showed extremely high water-repellency, where water droplets bead up
and freely roll off the surface without leaving any trace of the beads. These results show
that the surface roughness of SiO; nanoparticles, combined with the low surface energy of
PFOTS, affected the wettability of the STFs surface.

/ air

solid

Figure 7. The water contact angle of a solid surface.

(a) (b)

Figure 8. Images of water droplets on different surfaces: (a) untreated STF (b) SiO; treated STF
(c) PFOTS treated STF (d) SiO,-PFOTS treated STF.

The effectiveness of using PFOTS as a hydrophobic modifying agent was supported by
comparing the WCA results obtained with a previous study that used a similar approach.
For example, Wang et al. employed the same procedure of sol-gel coating on wood
substrates followed by the hydrophobic modification, but with a different type of silane. A
long-chain alkysilane, hexadecyltrimethoxysilane (HDMS), was used instead of fluorosilane.
The results show that a highly hydrophobic wood surface was developed but did not reach
superhydrophobicity, where the WCA obtained was 141° [25]. This WCA shows that
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compared to the long-chain alkylsilane of HDMS, PFOTS with long-chain fluorine could
provide lower surface energy and better hydrophobicity.

3.6. Application and Performance of Superhydrophobic STF in Wood Plastic Composite

The modified STF surface, which changed from hydrophilic to superhydrophobic,
has great potential as a reinforcement filler in wood plastic composites. This is because
the superhydrophobic property of STF makes it more compatible with the hydrophobic
polymer matrix in composite production. Hence, the mechanical properties of the resulting
composite could be improved. One of the most widely used polymer matrices in wood
plastic composites is polypropylene (PP) thermoplastic. The effect of STF treatments using
5iO; nanoparticles and PFOTS on the wettability and mechanical properties of 70/30%
ST /PP composite was studied.

Figure 9 compares the WCA of STF and ST/PP composites with different treatments.
The graph clearly shows that for all PEOTS-treated and SiO,-PFOTS-treated samples, the
WCA of both STF and ST /PP increases to more than 90°, showing that their surface has
become hydrophobic. However, the WCA recorded by ST/PP composite is lower than
STF for both PFOTS-treated and SiOp-PFOTS-treated samples. This may be caused by the
lower WCA of PP (96°) than the PFOTS-treated and SiO,-PFOTS-treated STE, which slightly
reduces the WCA of the resulting ST/PP composite. This explanation is in accordance with
Jose et al., which stated that each material combined in a composite production would
maintain its unique identity [41]. Besides, STFs are embedded in the resulting composite’s
PP matrix, causing the STF surface to be covered by them [42]. Hence, the effect of surface
roughness obtained by SiO, nanoparticle treatment on the STF surface is no longer shown
on the ST/PP composite. This is the reason why the WCA of the SiO,-PFOTS-treated ST /PP
composite does not reach superhydrophobicity as obtained on the SiO,-PFOTS-treated
STE. However, there is still an improvement from its original hydrophilic properties to
become highly hydrophobic. SiO,-treated ST/PP wood composite PFOTS also have a more
hydrophobic surface than treated samples with PFOTS only. This means fibre treatment
that combines the roughness of SiO; nanoparticles with the low surface energy PFOTS
significantly produces a higher hydrophobic surface on wood composite.

The wettability of ST/PP composite is also evaluated by their water absorption rate.
Figure 10 shows the water absorption behaviour of the ST/PP composite with different
treatments. From the graph, the percentage of water uptake by each ST/PP composite
increased with increasing immersion time and began to level off after the eighth day. The
positive effect of STF modification can be observed when the percentage of water uptake
by ST/PP composites decreases gradually after each treatment. The SiO,-PFOTS-treated
ST /PP composite shows the most significant difference in water absorption rate compared
to the other treatments. The largest reduction in water absorption rate with 50.21% water
uptake is recorded by the SiO,-PFOTS treated ST/PP composite on the last day of the
immersion period. It is followed by the PFOTS-treated ST /PP with s 34.95% reduction and
SiO,-treated ST /PP with a 13.32% reduction. This observation is consistent with the WCA
results, where the most hydrophobic ST/PP surface is treated with SiO,-PFOTS. Therefore,
the STF treatment using SiO, nanoparticles followed by PFOTS is confirmed to be the most
suitable for producing wood—plastic composites with excellent anti-wetting properties.
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Figure 10. The water absorption rate of untreated ST/PP, SiO, treated ST/PP, PFOTS treated ST/PP,
and SiO,-PFOTS treated ST/PP.

The mechanical property of 70/30% ST /PP wood-plastic composite was determined
by its flexural strength. Figure 11 shows the flexural strength of ST/PP composites with
different treatments. The graph shows that the flexural strength of ST/PP composites
increases with each treatment of STFE. This increasing flexural strength indicates that the
surface modification of STF using SiO; nanoparticles and PFOTS can improve the adhesion
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between STF and PP matrix in ST/PP composites. On the other hand, the untreated
ST /PP composite has the lowest flexural strength due to poor compatibility between STF
and PP. This matter is based on the statement of Abdullah and Ahmad (2012) in their
study, where the flexural property shown by composites could explain the interaction
and adhesion of the fibre-matrix interface in the composites [2]. The ST/PP composite
with SiO,-PFOTS combined treatment shows the highest flexural strength compared to the
other treatments that use only SiO; nanoparticles or PFOTS. Compared to the untreated
composite, the flexural strength value of SiO,-PFOTS treated ST /PP composite increases
by 112%, from 22.09 MPa to 35.75 MPa. This most significant increment suggests that
combining SiO, nanoparticles with PFOTS treatment could improve fibre-matrix adhesion
in ST/PP composite. This is because the STF surface is not only covered with the roughness
of 5iO, nanoparticles, but the PFOTS-modified STF also formed covalent bonds between
STF and PP, leading to noticeably stronger fibre-matrix adhesion results. Additionally, the
combination of SiO; surface roughness with the low surface energy of POFTS has given STF
a superhydrophobic surface, which has improved its compatibility with the PP matrix [43].

Untreated ST/PP SiO2 Treated ST/PP PFOTS Treated ST/PP  SiO2-PFOTS Treated

ST/PP
Composites

Figure 11. Flexural strength of untreated ST/PP, SiO, treated ST/PP, PFOTS treated ST/PP, and
SiO,-PFOTS treated ST /PP.

Overall, we can say that the superhydrophobic coating on the fibre obtained in this
work is comparable with similar results obtained by different technologies. The perfor-
mance of superhydrophobic samples from two comparable references [44,45] is summarized
in Table 1. The WCA obtained by our work and the other two studies does not show a big
difference; however, our superhydrophobic fibre shows a more significant increase in its
performance. The decreased performance of modified samples in compared studies may
be attributed to the sensitivity of natural fibres to acid solutions used in their fabrication
method. In contrast, the mild process used in our work leads to an enhanced performance
of the superhydrophobic natural fibre.
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Table 1. Performance of reported superhydrophobic natural fibre surface fabricated via different

methods.
Fabrication Wettability Mechanical Durability Thermal Stability References
SiO, nanoparticles by sol-gel WCA = 150°, Flexural strength increases Main degra.dahon .
process, followed by SA < 10° from 22.09 MPa to 35.75 MPa temperature increases This work
modification with PFOTS ’ ’ from 278 °C to 308 °C

ZnO by the hydrothermal WCA = 151°, Breaking force decreases from Main degradation
process followed by SA <50 90 oN to 60 (N temperature decreases [44]
modification with stearic acid from 260 °C to 240 °C

PLA/CIN coating followed by WCA =156.3°  Breaking elongation decreases
nano-SiO,-modified stearic acid SA=N/A from 3.5% to 3.1%

Main degradation
temperature increases [45]
from 355 °C to 360 °C

4. Conclusions

In summary, a stable superhydrophobic surface has been successfully fabricated on
STF by depositing SiO, nanoparticles using a sol-gel process, followed by the modification
using PFOTS. Eventually, a robust superhydrophobic STF surface with a WCA of 150° and
sliding angle of less than 10° was obtained by combining the high surface roughness of
5i0O; nanoparticles and the low surface free energy of PFOTS. These treatments provide a
simple and non-toxic solution to make natural fibres superhydrophobic, thus opening new
opportunities for these fibres to reinforce the composite parts.
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