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Abstract

This study investigates the development of superhydrophobic coatings on
microfiber surfaces, with a specific focus on cotton, tweed, felt, and polyester
fabrics. The resulting coatings demonstrated significant hydrophobicity, with water
contact angles ranging from 128.5° for polyester to 148.9° for tweed. In addition,
this investigation delves into the influence of pH levels on water contact angles,
revealing notable fluctuations; specifically, higher pH levels resulted in decreased
contact angles. The results indicated that the tweed fabric had the highest water
contact angle at 151.7°, observed at a pH of 4. This study not only underscores
the effective hydrophobic performance of these coatings but also highlights their
practical applications. In particular, the research demonstrates the potential
use of superhydrophobic coatings in the construction of traditional Kazakh ui
(yurts), especially emphasizing the promising water repellency properties of felt
fibers. Furthermore, this research illustrates a promising approach for producing
superhydrophobic coatings on various microfiber surfaces, underlining their
extensive potential applications within the textile industry. Overall, the findings
suggest that the innovative use of superhydrophobic coatings can significantly
enhance the water resistance of traditional and modern fabrics, paving the way
for their broader application in various industries, including outdoor textiles and
protective clothing.

1. Introduction

phobic surfaces are usually defined as those with
contact angles >150° and rolling angles <10°, which

Superhydrophobic coatings (SHC) have become
popular in many industrial usage due to character-
istics such as water repelling, self-cleaning, and an-
ti-icing [1-3]. These coatings are used in a number of
fields, including road construction, textiles, oil-wa-
ter separation, batteries, anti-fouling coatings, and
many others [4-6]. The use of hydrophobic materi-
als in construction is a significant application, offer-
ing benefits such as enhanced durability, resistance
to moisture damage, and improved longevity of
building materials [7-11]. As is known, superhydro-
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provide the above properties and preparation of
superhydrophobic coatings based on essential fea-
tures such as micro-/nanostructure roughness and
a low surface energy [12-16].

Superhydrophobic fabrics have emerged as a
transformative innovation in material science, of-
fering unparalleled water-repelling capabilities and
a myriad of applications across various industries.
Inspired by natural phenomena such as the lotus
leaf and the water strider, superhydrophobic fabrics
mimic these surfaces’ ability to repel water droplets
with remarkable efficiency [17, 18]. Superhydropho-
bic surfaces can be generated through two meth-
ods: one involves the formation of a rough surface,
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while the other entails altering the current surface
using materials possessing low surface energy, such
as fluorination or the addition of silicon compounds
[19]. One of the most important properties of solid
surfaces such as wetting behavior depends on the
chemical composition and roughness of surfaces
[20]. Surface water repellency can be improved by
increasing the roughness of the surface [21, 22].
Fluorochemicals are widely used in textile finishing
because of their low surface free energy properties
which provide water and oil repellency [23].

Currently, there has been a surge of interest in
superhydrophobic fabrics across a wide range of in-
dustries. In the field of textiles, these fabrics are be-
ing explored for applications such as stain-resistant
clothing, waterproof outdoor gear, and breathable
yet water-repellent membranes for sportswear. In
the biomedical sector, superhydrophobic materi-
als are being investigated for their potential use in
medical textiles, implant coatings, oil industry, and
drug delivery systems [24-26].

Different studies have been conducted on the
production of superhydrophobic, durable, water
and oil repellent coatings on different types of tex-
tiles. For example, Xue et al. utilized conventional
textile finishing techniques to create superhydro-
phobic surfaces on cotton textiles [27]. They devel-
oped a dual-size hierarchical structure by applying
a complex coating of silica nanoparticles with func-
tional groups onto microscale cotton fibers that
were previously functionalized with epoxy [27]. Xue
et al. also documented the creation of water-resis-
tant superhydrophobic poly(ethylene terephthal-
ate) (PET) textiles by blending polydimethylsiloxane
and SiO, nanoparticles, followed by modification
using tetraethoxysilane and cetyl trimethoxysilane
under ammonia catalysis through an in situ Stéber
reaction [28]. Dimitra et al. developed a coating
that generates superhydrophobic or superoleopho-
bic properties, leading to water or oil repellency on
silk. Notably, the coating [29] was applied without
the need for organic solvents which otherwise could
have altered the aesthetic appearance of dyed silk
and was easily removed using compressed CO,. The
work of N.A. Ivanova and A.B. Philipchenko intro-
duced a technique for creating superhydrophobic
antibacterial textiles for biomedical purposes, em-
ploying hydrophobic nanoparticles derived from
chitosan [30]. M. Myrzabaeva’s study investigates
using soot-based hydrophobic sand as an insulator
for growing heavy metal-accumulating plants, such
as amaranth and sunflower [31]. Z.A. Mansurov et
al. synthesize and deposit carbon nanostructures

on silicon and nickel wafers using flame synthesis,
pinpointing the best flame locations for maximum
hydrophobicity [32].

Most of the studies aforementioned were only
directed on superhydrophobic cotton textiles and
not on other known fabrics [33-36]. Therefore,
this work includes studies on other types of fabrics
such as felt, tweed, cotton (medicine and textile)
and polyester to show differences in their water
repellency properties. Three main groups of fab-
rics studied in this work, namely natural fiber (cot-
ton), synthetic fiber (polyester) and blended fiber
(tweed), which combine both natural and synthetic
materials [37]. Our study also shows the superhy-
drophobic properties of felt fabric, which is com-
monly used for the construction of Kazakh ui, also
so called Kazakh yurts. Various studies have been
conducted on architecture, including investigations
into the structure of the Kazakh ui [38]. The tradi-
tional nomadic shelter of the Kazakh people, called
kiyz ui, features decorative elements and consists of
collapsible lattice and felt fabric structures. The spe-
cific type of felt historically used in the Uisk steppes,
now located in the modern Altai Mountains region,
and has endured to this present day [39]. Given that
Kazakh ui serve nomadic functions for the people
of Kazakhstan, employing hydrophobic materials
for their construction can be viewed as a practical
solution.

2. Materials and methods
2.1 Chemicals and microfibers

Silica nanoparticles  (Sigma-Aldrich, nano-
powder spherical, porous, 5-15 nm particle size
(TEM), 99.5% trace metal basis, MW: 60.08 g/mol),
Hexadecyltrimethoxysilane (HDTMS) (Sigma-Al-
drich, technical, 285% (GC). MW: 346.62 g/mol),
1H,1H,2H,2H-Perfluorooctyltriethoxysilane (PFOTS)
(Thermo Scientific, 97%), Polydimethylsiloxane
trimethylsiloxy (Thermo Scientific, M.W. 4000), Hex-
ane (Sigma-Aldrich, anhydrous, 95%. MW: 86.18 g/
mol) were used in all the experiments. NaOH (sodi-
um hydroxide) and HCI (hydrochloric acid) were uti-
lized for different pH solutions. The chemicals were
used without further purification. The five different
types of microfibers used were cotton, medical cot-
ton, polyester, tweed, and felt. The dimensions of a
square shape, 2 cm x 2 cm, was cut from each fiber.
The various fabrics were purchased from a chain of
local fabric stores.
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Fig. 1. Preparation of superhydrophobic coatings onto microfiber.

2.2 Preparation of coatings with superhydrophobic
properties

Figure 1 illustrates the preparation process of a
hydrophobic coating. A homogeneous mixture was
prepared by combining commercial silica nanoparti-
cles with HDTMS, with a ratio of 1:4. To this mixture,
150 mL of ethanol was added as a dispersion medi-
um. The mixture was then subjected to mechanical
stirring at a speed of 300 rpm for 1 h, at a tempera-
ture of 90 °C, to ensure the formation of a colloidal
dispersion. The resultant particles were subjected to
a centrifugation process for the separation and re-
moval of unreacted materials and by-products. The
centrifuged particles were then thoroughly washed
with distilled water to remove any residual reactants
or impurities. Following the washing step, the parti-
cles were transferred to an oven for drying. The ide-
al drying process was conducted at a temperature
of 50 °C and was extended overnight. This step was
critical for ensuring the removal of moisture, leading
to the formation of superhydrophobic silica parti-
cles. The methodology adopted in this experiment
was designed to optimize the conditions for the pro-
duction of superhydrophobic silica particles.

2.3 Fabric pH adjustment and soaking procedure

pH solutions ranging from 2 to 12 were meticu-
lously prepared by adjusting the concentrations of
1M NaOH and 1M HCI through varying amounts of
each reagent. Subsequently, fabric samples of iden-
tical dimensions 2 cm by 2 cm were individually im-
mersed in containers holding the respective pH solu-
tions. Standardized soaking durations were applied
to ensure uniform exposure across samples. After
the soaking period, the drying procedure took place
overnight at a temperature of 50 °C, ensuring thor-
ough removal of moisture and optimal preservation
of the material.

2.4 Impregnation of the fabric materials with the
superhydrophobic coating

The approach used to create these coatings, in-
corporating a blend of silica nanoparticles and a
Polydimethylsiloxane, trimethylsiloxy terminated
(PDMS). PDMS is a silicon-based organic polymer
known for its thermal stability, minimal toxicity,
and inherent water-repelling properties. The initial
phase of the synthesis involved the preparation of
superhydrophobic silica nanoparticles, weighing
0.1 g. To these nanoparticles, 0.2 ml of PFOTS was
added. The ratio of silica nanoparticles to PFOTS was
meticulously maintained at approximately 1:2. The
procedure was continued by incorporating 1 ml of
PDMS. Then hexane was added to achieve a PDMS
to hexane ratio of 1:30. This ratio was crucial in
forming a homogeneous mixture, with the quantity
of hexane adjusted based on the desired viscosity of
the resultant solution. Given the non-polar nature of
PDMS, the solvent selection was pivotal; hexane, a
non-polar solvent, was chosen for its proficiency in
dissolving PDMS. After the addition of hexane, the
mixture was heated at 100 °C for a duration of 1 h,
with continuous stirring. This stirring was essential
to ensure uniform distribution of nanoparticles and
the completion of the reaction. After the heating
process, microfiber substrates were immersed in
the suspension. Subsequent to the immersion, the
coated microfibers were left to dry for 24 h at 60 °C
in a drying oven. This drying step is essential for the
adhesion and curing of the superhydrophobic coat-
ing on the microfiber surfaces.

2.5 Characterization

An FT-IR spectrometer (ANicolet iS10, Thermo
Scientific, Waltham, MA, USA) was used to study the
formation of silica particles and their modification in
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powder form. Contact angles (OCA) of water drop-
lets on the dried fibers were measured by a goni-
ometer (Dataphysics OCA 15 Pro, Filderstadt, Ger-
many). Scanning electron microscopy (SEM) (Zeiss
Auriga Crossbeam 540, Carl Zeiss, Oberkochen, Ger-
many) were utilized to investigate the morphology
of the dried coatings on the fibers.

3. Results and discussion

Figure 2 illustrates the FTIR characterization of
the superhydrophobic coating. The peak observed at
2962.24 cm™ was attributed to the stretching of C-H
bonds in CH; groups [40], while the band at 1412.35
cm? was associated with the symmetric stretching
vibration of carboxylic groups [41]. Furthermore,
the absorption peak at 1257.83 cm™ was assigned
to the vibrational and antisymmetric stretching vi-
bration of -CH; in Si-CH; [42]. Additionally, the peak
at 1009.19 cm™ was identified as corresponding to
the -CH; rocking vibrational modes [43]. Another ob-
servation occurred at 863.93 cm™, where the bands
between 863 cm™® and 872.19 cm™ were interpret-
ed as out-of-plane vibration modes of the carbon-
ate group [44]. Additionally, the peaks observed
at 786.26 cm™ were attributed to the presence of
Si-C bond stretching [45]. Moreover, the stretching
peaks observed at 686.15 cm™ were attributed to
-OH swinging or rocking modes, characteristic of the
aliphatic chains [46]. Lastly, the broad absorption
bands at 464.21 cm™ were found to correspond to
the bending modes of Si-O-Si [47].

Figure 3 shows the scanning electron micro-
scope image of the superhydrophobic precipitate.
The image displays the morphology of the particles

/\; 2062.24 1412.35
R -CH) (-COOH)
> TR
o |
[
S { |
|
£ f
@ \
464.21
© “ (S1-0-5i)
= 1257.83 |
(-CHy) ’
686.15
) (-OH)
1009.19 |

(CH))  gealea . 786.26
(CO3) " (si-C)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 2. FTIR characterization of the superhydrophobic

coating.

Fig. 3. SEM images revealing the morphology of the
particles.

as irregular shapes with agglomeration in the sam-
ples. Figure 4 shows the elemental mapping in the
sample, and it was evident that fluorine and silicon
were uniformly distributed. Figure 5 illustrates the
elemental composition of the superhydrophobic
precipitate using the Energy Dispersive X-ray Spec-
troscopy (EDS) spectrum. The spectrum reveals sig-
nificant peaks, particularly in oxygen (0); 44.54%,
silicon (Si); 33.28%, and carbon (C); 21.63%. A minor
presence of fluorine (F) is also observed, constitut-
ing 0.55% of the composition.

The presence of hydrophobic functional groups
such as fluorine (F) groups in polymers contributes
to their water-repellent properties. These groups
do not interact favorably with water molecules, fur-
ther enhancing the hydrophobicity of the polymer
surface.

Analysis of the EDS spectrum indicates absorp-
tion bands ranging from 0.2 to 2 keV, suggesting
characteristic elements present in the superhydro-
phobic coating. The likely sources of these elements
such as silicon, oxygen, and carbon are attributed to
silica nanoparticles, HDTMS, PFOTS, PDMS, and hex-
ane, while fluoride is associated with PFOTS.
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Fig. 4. Elemental mapping of the particles obtained from the EDS analysis.
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Fig. 5. EDS spectrum and mapping of a Superhydrophobi
of each element).

Figures 6 and 7 show the water contact angle
(WCA) of the microfiber samples after a thorough
drying process to determine their hydrophobic or
hydrophilic nature. The drying process was carried
out uniformly across all samples under controlled
conditions. A standard sessile drop method was
used to measure the WCA, where a calibrated mi-
cro-syringe was used to deposit a predetermined
volume of distilled water on the microfiber surface.
The angle formed at the water-microfiber interface
was then measured using a goniometer (OCA 15 EC,

a) 155 (8

L

d) 148.9°

b) 141.8°=

KR

I
10
Energy [keV]

20

¢ coating (inserted table shows the fractional contributions

Neurtek Instruments). An amount of 10 pl water
droplet was applied to all samples. The WCA with
water is crucial for understanding surface wettabili-
ty. Cotton, medical cotton, polyester, tweed, and felt
showed varying degrees of hydrophobicity. Cotton
had a CA of 135.0°, medical cotton 141.8°, polyester
128.5°, tweed approximately 148.9°, and felt 138.7°.
Generally, tweed demonstrated the highest water
contact angle among the tested materials, measur-
ing approximately 148.9°. This exceptionally high
contact angle indicates significant hydrophobicity.

c) 128.5°

- N

e) 138.7°

Fig. 6. Water contact angle measurements of a) cotton, b) medical cotton, c) polyester, d) tweed, and e) felt.
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Fig. 7. Demonstration of hydrophobicity of a) cotton, b) medical cotton, c) polyester, d) tweed and e) felt.

Figure 8 shows the results obtained after con-
ducting stretching experiment to investigate the ef-
fect of mechanical stretching on the WCA of various
fabrics. Through controlled stretching of fabrics, the
impact of mechanical deformation on surface char-
acteristics such as roughness, porosity, and surface
energy can be investigated, ultimately influencing
their interaction with water [48]. After stretching
using stable micro systems texture analyzer equip-
ment, the WCA uniformly decreases across all fab-
rics (Fig. 8). Specifically, cotton’s water contact an-
gle decreased by about 4.96%, while medical cotton
showed an 8.1% decrease. Polyester experienced
the most significant decrease at 17.2%, followed
closely by tweed at 15.7%. Felt exhibited a moder-
ate decrease of 9.4%.

Tweed had the highest WCA and thus chemical
test was performed solely on it to test any changes
to the surface chemistry at different pHs. Different
pH solutions were generated by adjusting the con-
centrations of 1M NaOH and 1M HCI through vary-
ing amounts of each reagent. Figure 9 shows the
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160 + WCA after stretching
140 ] =
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Fig. 8. Water contact angle measurements.
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Fig. 9. Water contact angle of the tweed fabric after
exposure to various pH solutions.

W(CA results obtained for tweed fabric after expo-
sure to solutions with varying pH levels. At pH 2 and
4, the WCA was relatively high, measuring 150.7°
and 151.7°, respectively. Subsequently, a decrease
in WCA was observed as pH increased, with values
of 141.2° and 134.9° recorded at pH 6 and 8, respec-
tively. Notably, a slight increase in WCA was noted
at pH 10, measuring 141.8°, and pH 12, measuring
142.5°. By adjusting the pH levels of the solutions
and analyzing the resulting WCA investigates how
alterations in pH influenced the surface properties
of the tweed fabric in particular environments or
uses. In general, WCA tends to decrease as pH in-
creases, with some fluctuations in between.

4. Conclusion

This study focuses on developing a superhy-
drophobic coating on different types of fibers, in-
cluding cotton, tweed, felt, and polyester, enabling
water-repellency properties. Superhydrophobic
coatings on microfiber surfaces were prepared using
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nanosilica particles and PDMS. This coating, attained
via a facile, low-cost, and reliable dip-coating pro-
cess, illustrates a notable input in the realm of su-
perhydrophobic textile materials. The water contact
angle of the coated fibers ranged from 128.5° for
polyester to 148.9° for tweed, with tweed exhibit-
ing the highest contact angle and wettability, lead-
ing to its selection for further investigation involving
exposure to various pH solutions. At a pH level of 4,
tweed material exhibits the highest WCA, measuring
approximately 151.7°. The superhydrophobic coated
felt fibers, intended for incorporation into the con-
struction of traditional Kazakh ui, have demonstrat-
ed good water repellency, evidenced by a WCA of
138.7°. Despite tweed exhibiting the highest WCA,
it's pertinent to acknowledge that felt fiber serves as
the predominant material utilized in Kazakh ui.
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