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Abstract - The study presents the development and characterization of hydrophobic surfaces for enhanced water repellency
using human hair bio-waste material, where the hair particle size is less than 45 um. A new surface fabrication technique is
developed that uses micron-sized hair powder in a PolyDiMethylSiloxane (PDMS) matrix, with particle binding reinforced using
stearic acid as a coupling agent. To enhance the durability of the hydrophobic surface, a protective layer of
PolyDiMethylSiloxane is deposited on the surface using a custom-designed spraying arrangement. Scanning Electron
Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS) analyses are conducted to investigate the surface topology and
chemical composition of the hydrophobic surface. The experimental results reveal a contact angle of 127°, demonstrating the
water-repellent nature of the fabricated surface. Moreover, the surface exhibits remarkable robustness and withstands a drop
test from a height of 75 mm. Further, the tilting angle test reveals that a water droplet rolls off the surface when the inclination

angle exceeds 19°, with leading and lagging contact angles of 120° and 135°, respectively.

Keywords - Biological materials, Energy Dispersive Spectroscopy, Scanning Electron Microscopy, Water Contact Angle, Water

repellency.

1. Introduction

Hydrophobic surfaces have attracted considerable
attention in recent years owing to their unique properties and
wide-ranging potential applications, and have exceptional
water-repulsive features [1, 2]. A super hydrophobic surface
has a Water Contact Angle (WCA) of 150 ° — 180 " whereas a
hydrophobic surface ensures a WCA of 90 °- 150 °, whereas
non-hydrophobic surfaces have a WCA less than 90° [3, 4].

Inspired by nature’s own hydrophobic surfaces, such as
lotus leaves, researchers have been attempting to develop
artificial surfaces that mimic the WCA achieved by these
natural surfaces. In order to attain hydrophobicity, a surface
essentially has an absurd micro-roughness and a low surface
energy similar to that of a lotus leaf [5-7].

Researchers have attempted to create durable
superhydrophobic surfaces using eco-friendly biological
waste materials, including eggshell, bamboo, and coconut
shell. Recent focus on hydrophobic surface development has
shifted to controlling surface wettability, unlocking potential
applications for self-cleaning surface technologies, air water
harvesting, and more. There are two predominant methods to
fabricate a hydrophobic surface, where one method
incorporates controlled roughness in a low surface energy
material. The other technique applies a very thin layer of low
surface energy material on a rough surface. [8-10].
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Jinmei He et al. [11] A superhydrophobic coating was
created on a glass slide using a mixture of 2 gm of eggshell
particles with irregular shapes and ZnO micro particles, where
the mixture was treated with 0.2 gm of stearic acid and ethanol
[11]. The author reported that the rough surface structure
featuring voids and grooves was key to achieving
superhydrophobicity. In an experimental study [12], eggshell
particles treated with stearic acid were used with a polymer
binder and then coated on a glass substrate using the dip
coating method, to obtain a WCA of 151 ™ '3 ° Author
Panpailin et al. [13] used eggshell micro powder modified
with stearic acid and dispersed in polymer binder to achieve a
hydrophobic surface on a glass substrate to ensure WCA of
1511587,

Mechanical durability is an important concern during the
use of superhydrophobic coatings for practical applications.
The hydrophobic surface has micron-sized roughness, which
may be easily damaged during the wear process, resulting in
loss of hydrophobicity. Xiao Gong et al. [14] performed sand
abrasion and water drop tests to characterize the mechanical
durability of the coating for hydrophobicity on substrates.
Post-test, Scanning Electron Microscopy images indicated
that PolyDiMethylSiloxane (PDMS) enriches the stability and
hydrophobicity of the coating. S. Maryam Shah et al. (2017)
[15] fabricated a hydrophobic surface on the glass slides
coated with alternate layers of alumina nanoparticles and a
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thin layer of PDMS solution. The durability of the
hydrophobic coating is attributed to the surface roughness due
to the presence of Al,O3 particles in the PDMS matrix, where
the authors reported that after the third layer, the WCA was
165°+ 40,

Certain bio waste, including human hair have inherent
hydrophobic nature with a WCA of 120 °. There is a need to
explore the possibility of improving the WCA by converting
the material to micro-sized powder [16, 17]. Preparation of
micron size powder is easier and cost-effective than
preparation of nano-sized powder. Inorganic materials like
metal oxide nanoparticles are used to create a hydrophobic
surface by ensuring a rough texture, which reduces the surface
energy. Attempts are made to apply such coatings on machines
used in electronics and textile engineering [18] (2024).

Fluoro-Ethylene-Propylene (FEP) based hydrophobic
coating was implemented on the aluminum substrate by cold-
spray process using fumed nano-ceramic and nano-alumina
materials. Particle size, substrate temperature, inlet gas
temperature, and pressure play a critical role in the particle
deposition process and adhesion, which further influences
WCA [19]. Authors reported that PolyTetraFluoroEthylene
(PTFE) exhibits a superior hydrophobic nature owing to the
low surface energy. Wrinkled superhydrophobic surfaces,
made up from two forms of PTFE, revealed the durable and
excellent hydrophobic properties with WCA of 163 °to 172°
with a lower roll off angle [20, 21]. The hydrophobic nature
of the surface made using Cellulose Nano Fibre (CNF) greatly
improves after modifying the functional group of CNF with
PerFluoroOctylTriEthoxySilane  (PFOTES), where the
surface revealed WCA of 128 ° [22]. Xuelian Zhou [23]
reported that modifying cellulose surface with crosslinking
agent Methylene Diphenyl dilsocyanate (MDI) resulted in
improved hydrophobicity and exhibited WCA up to 137",

Authors have prepared a self-cleaning hydrophobic nano
coating on a glass surface with chemical vapor deposition of
TriChloroPerFluoroOctyl-Silane (TCPFOS) [24]. Satish
Mahadik et al. [25] developed a sol-gel spray coating method
for the fabrication of MethylITrimEthoxySilane (MTES) based
hydrophobic coating on various metallic and glass substrates
with a WCA of 161 ™~ 170 °. Suresh Sagadevan et al. [26]
investigated the use of crystalline copper particles of 30-50 nm
to achieve a hydrophobic surface. Inherent presence of starch
in a bio-degradable material ensures better film-forming
ability and biocompatibility. Further, these surfaces can be
subjected to processes like cross linking, grafting and
condensing reactions to improve the hydrophobic nature [27].

Jaychandra et al. [28] performed an experiment to
manufacture bioplastic film from orange peel, with a
hydrophobic nature, where WCA was 140°-150°. Guo Li et al.
[29] reported that nano SiO; and TiO, nano particles, after
being treated with silane, ensure an increase in the surface
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roughness when used in a coated concrete, thereby resulting
in enhanced WCA and reduced water absorption.

Ming Zhang [30] reported that the modified silica
particles can be coated on the filter paper by the drop coating
method to enhance wettability and create a super hydrophobic
surface with WCA 156"

A comprehensive literature review revealed that the two
methods employed for developing hydrophobic surfaces
include roughening the surface (i.e. enhancing surface
roughness of inherently low-surface-energy materials to
amplify hydrophobic properties) and coating of low surface
energy material [31, 32].

Plasma etching, plasma polymerization, phase separation,
spin coating, spraying, electrospinning, laser texturing, and
electrochemical machining methods are primarily used to
generate controlled micro-roughness in the surface, which
increases the surface energy to ensure a hydrophobic nature.
Further nanoparticle deposition, sol-gel, electrochemical,
solvothermal, and salinization are the chemical methods to
generate hydrophobic surfaces by coating the low-energy
material [33, 34].

The above-mentioned methods of surface modification
are hindered by several limitations, including high equipment
costs, potential substrate damage, complex process control,
limited material selectivity, scalability issues, and generates
hazardous gases, resulting in safety and environmental
concerns, which restrict their widespread adoption and
application [35-37].

Techniques used to create rough surfaces, such as dip
coating, atomic layer deposition, chemical vapor deposition,
and spray coating using Al,O3 and SiO2, are often expensive
[38-40]. The plasma polymerization method has additional
limitations of reduced film stability, lower reproducibility and
difficult process optimization [41]. Eggshell nanoparticles, a
bio-based material, have demonstrated exceptional
hydrophobicity with contact angles exceeding 150°. However,
the synthesis of these nano-powders and the coating process
are expensive, and have the challenges of particle aggregation,
stability, limiting their widespread adoption. [42]. The particle
deposition method involving the use of inorganic alumina and
silica nanoparticles in a PDMS matrix faces cost challenges
[43].

There is a need to utilize commonly available bio-waste
material for the preparation of a hydrophobic material.
Further, preparation of nanoparticles from the bio waste
material is a costly process, and there should be an attempt to
use micron-sized powder for the development of hydrophobic
material. A promising approach is to utilize biological
materials, like human hair, to create hydrophobic surfaces
with enhanced water repellency.
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This work explores the possibility of using human hair
biological waste, which is widely available, for the preparation
of a hydrophobic surface when used in micron-sized powder
form. The proposed fabrication method is simple, inexpensive
and uses custom-designed devices to fabricate the surface. A
hydrophobic surface is prepared on a glass slide, and Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDS) are used to study the surface morphology
and chemical composition. Detailed analysis of Water Contact
Angle (WCA) is discussed with the investigation of the drop
test and inclination test effects.

The paper is structured as follows. Section 2 outlines the
experimental methods employed to fabricate the hydrophobic
surface. Section 3 presents the results and discussion,
encompassing hair particle size distribution analysis, surface
morphology and chemical analysis of the powder and prepared
hydrophobic surface, drop test results, effects of acidic and
alkaline environments on the prepared surface, and inclination
effect on Water Contact Angle (WCA). Section 4 summarizes
the conclusions drawn from the study.

2. Materials and Methods
2.1. Materials

In the present study, human hair biological waste is used
for hydrophobic surface preparation. The hairs are collected
from an Indian population of the age group 25-40 years in
Pune, Maharashtra, India. Human hairs are collected and
cleaned to remove dirt and other contaminants. Later, the hairs
are washed carefully to remove oil and other chemicals.

The hair samples are then converted to fine powder with
less than 45 pm by using the patented process developed by
the Institute of Applied Research (IAR), Pune, India. Later,
the sieving operation is performed to obtain a sample of hair
powder within a 25-45 um particle size for the hydrophobic
surface preparation. Human hair powder,
PolyDiMethylSiloxane (PDMS), stearic acid, and ethanol are
used for the surface preparation.

The epoxy resin, PDMS (Type-520 grade, Density- 0.965
gm/cm®) and hardener (Type- HG Grade, Density-0.965
gm/cm?) are sourced from Asterix Reinforced Ltd., Silvassa,
India. The coupling agent (stearic acid) has a density of 0.90
gm/cm? and is manufactured by Fisher Scientific Pune, India.

2.2. Fabrication of Hydrophobic Surface/ Preparation of
Hydrophobic Film

The hydrophobic surface is deposited on the glass
substrate, where the glass substrate was thoroughly cleaned by
washing several times with deionized water and alcohol, with
air drying to ensure a clean surface. The hydrophobic surface
is created in the following three steps.
1. Base layer deposition
2. Hair powder deposition
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3. Deposition of protective PDMS layer on the hair powder
layer

The details of each step are as follows;
2.2.1. Base Layer Deposition

Initially, the epoxy resin and hardener are mixed with a
mass percentage proportion of 70:30, and later the coupling
agent (Stearic Acid) is added by 5% of the total mass. The
mixture is diluted in 80% ethanol to increase its fluidity so that
it can be sprayed easily using an atomizer arrangement. Then
the mixture is used to prepare a thin film (= 0.05-0.1 mm
thickness) using an atomizer arrangement as illustrated in
Figure 1 Arrangement in the atomizer comprises of
compressed nitrogen flow (Pressure: 4 Bar, flow rate: 42 liter
per minute (Ipm)) along with a provision to feed the epoxy
mixture in the air stream at an angle of 60° to the air flow path.
Use of the diluted epoxy mixture makes it possible to be used
along the nitrogen stream to get a uniform base layer. The
epoxy film was carefully prepared to have a uniform thickness
by controlling the horizontal travelling speed of the atomizer
(the travelling speed maintained was 60 cm/min).

2.2.2. Hair Powder Deposition

After deposition of the base layer, hair particles are
sprayed on the base layer. The arrangement illustrated in
Figure 2 is used to spray and embed the hair particles in the
base layer, which uses a nitrogen cylinder and a customized
spray gun. A photograph of the spraying device is shown in
Figure 2. The spray device is provided with pressurized
nitrogen (Pressure — 4 Bar, flow rate 42 lpm). The hair powder
is contained in the chamber as shown in Figure 3, which comes
out with the pressurized nitrogen. The sprayer is moved
manually over the base layer at a speed of 3 cm/sec to obtain
a uniform distribution of the hair particles. Pressurized flow of
the nitrogen gas ensures embedding of the particle inside the
base layer, whereas movement of the sprayer ensures uniform
particle deposition. After deposition of the hair powder, the
specimens are cured in the hot air oven at 80°C (Make- Swan
Scientific) for the duration of 30 minutes.

PDMS Mixture
Injection

Nitrogen Inlet
4Bar —>

PDMS mixture
Spray

Atomizer Nozzle
Arrangement

™~

Nitrogen Cylinder

S

Fig. 1 Arrangement of the atomizer used for making epoxy film
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Provision to feed regulated
lsupply of hair micro

Nitrogen +
Hair powder

/ High pressure
nitrogen supply

St

Fig. 2 Arrangement to spray the hair micro powder on the epoxy layer

Fig. 3 Photograph of powder spraying arrangement

2.2.3. Deposition of Protective PDMS Layer on the Hair
Powder Layer

Coating of the additional epoxy layer is necessary to
ensure the strength and durability of the prepared hydrophobic
surface. The arrangement illustrated in Figure 1 is used for
spraying the epoxy layer on the hair micro powder, where the
epoxy is carried in ethanol (Density-0.79 gm/cm? at 20 °C with
20:80 mass proportion). Uniform velocity of the atomizer,
along with the regulated feeding of epoxy and carrier, is
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essential to ensure uniform thickness of the epoxy layer over
the micro powder. Finally, the specimens were subjected to
curing in a furnace at 80°C for a duration of 30 minutes to
ensure the strength of the epoxy layer.

Two types of hydrophobic surfaces are prepared during

the present study, with the details as follows.

Type | — Surface with a base layer with PDMS and a

coupling agent, followed by the hair particles on the layer at
the top.

Type Il - Surface with base layer, followed by hair powder and
a thin PDMS layer at the top

A flow chart for the preparation of the hydrophobic

surface is illustrated in Figure 4.

Atomized nitrogen-assisted spray

Compressed
nitrogen

Glass Slide Substrate

e

Step 1 : Compressed nitrogen along with mixture of Epoxy, Hardener and Coupler
is sprayed on the glass slide

Compressed nitrogen-assisted spray

Compressed
nitrogen

Glass Slide Substrate

Step 2 : Hair miro particles long with the compressed nitrogen are sprayed on the
glass slide, followed by curing.

Epoxy + PDMS

Glass Slide Substrate

Step 3 : Epoxy and PDMS is sprayed on the glass slide followed by curing.

Fig. 4 Flow chart for preparation of the hydrophobic surface
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2.3. Morphology Characterization

The surface topographies of the developed hydrophaobic
surface were investigated by using Scanning Electron
Microscope (SEM) (Make- JSM-6360) at the experimentation
facility at the Department of Physics, Savitribai Phule Pune
University, Pune, India. Energy Dispersive X-Ray
Spectroscopy (EDS) is used to study the chemical
composition of the coated surface.

2.4. Contact Angle Measurement and Wettability

The wettability of a solid surface is commonly evaluated
using the contact angle between the droplet and the interface.
When a water drop is added over a solid surface, the droplet
will reach an equilibrium state and will no longer spread. The
water contact angles of the coated specimens (I and 1) were
measured using a contact angle goniometer (Rame-Hart
Instrument Co., Charotar University of Science and
Technology, Gujrat, India 388421). The measurements were
taken at various tilt angles, ranging from 0° to 20°, with an
interval of 5°. The roll-off angle, defined as the point at which
the droplet begins to slide down the inclined surface, was
determined for each specimen. The reported contact angle
values represent the average of three independent
measurements performed on five different samples, all of
which were prepared and measured under identical surface
conditions. This approach ensures the reliability and
reproducibility of the results, providing a robust
representation of the surface hydrophobicity. In the
measurement process, the volume of each water droplet was
carefully controlled and maintained at a consistent 0.33 ml.
According to previous studies, the ideal volume for the water
droplet is up to 10 pL. Using smaller droplets helps prevent
deformation due to gravity, ensuring a more accurate
measurement of the contact angle and maintaining the
droplet’s spherical shape [5].

3. Results and Discussion

Human hairs have a hydrophobic nature, which is
attributed to several factors, including particle structure and
the presence of lipid layers [16]. Cuticle structure consists of
overlapping layers of 0.5 — 1.5 um wall thickness, which acts
as a barrier against water retention. The lipid layers with fatty
acids and cholesterol contribute to hydrophobicity. Surface
energy of human hairs varies from 20-70 mN/m with a contact
angle between 120 ™ 1%°" which indicates a hydrophobic nature
inherent [16, 17]. Hydrophobic behavior of the surface is
exhibited due to surface texture as well as chemical nature.

' Fig. 5 Photos shot during measurement of contact aﬁgle on contact
angle goniometer

50

3 ,”,‘;‘.. . | g .
Fig. 6 (&) Human hair micro powder used for the preparation of the
hydrophobic surface (b) Photograph of Type | and Il Specimen.

In the present work, the hydrophobic nature of human hair
is further enhanced by converting it into micro-sized powder.
Photographs of the hair powder used to prepare the surface are
shown in Figure 6 (a), and specimens | and Il are given in
Figure 6 (b).

The SEM image shown in Figure 7(a-d) reveals a
variation in the hair particle size between 25 and 45 um, and
there is a uniform distribution of different-sized particles. The
particles are non-uniform in shape. This is due to the fact that
the particles were sieved to below 45 pum in size before using
them for the preparation of the hydrophobic surface. Average
particle density on the surface is approximately 4000 particles
per mm2,

Morphology of the fabricated surface is a very important
factor for hydrophobicity. SEM images of Type | and Type Il
surfaces with different resolutions are shown in Figure 8 and
9, respectively. The particle shape in the PDMS matrix varies
significantly and is quite uniform, with obscure, distinct
edges. Distinct edges of the hair particles in the PDMS matrix
are attributed to the fact that the hair particles are not very
deeply pressed inside the PDMS layer.

The uniformity and smoothness of the base matrix is
because the surface was cured at 80°C, which does not
undergo excessive shrinkage during the curing process. The
base PDMS matrix is observed to be smooth and uniform
without the presence of external material. Further, the hair
particles are embedded in the surface and are sprayed
uniformly over the surface.

Image of the PDMS-coated hydrophobic surface (Figure
9) reveals that there is no influence of the top PDMS layer on
the particle density and placement. The particle’s edges are
observed to be distinct in a similar manner to the uncoated
surface. Appearance in the higher magnification images
reveals that the top PDMS layer does not influence penetration
of the hair particle inside the base PDMS matrix. The
hydrophobic property is attributed to the thin layer of air,
entrapped between the surface and the water drop, in addition
to the effect of the surface energy of human hair particles.
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Particle Diameter / micro20

Fig. 10 Volume % vs particle size
(Particle size distribution of hair micro-particles)

Results for chemical analysis of the hair powder and
hydrophobic surface are shown in Figures 11- 13

Spectrum 1

Full Scale 2518 cts Cursor: 0.000 keV

Fig. 11 EDS analysis of hair particles

Spectrum 1

Ca
|
T

i~ Y A

2

Fig. 9 SEM images of type II surface a) S pm b) 2 pm ¢) 1 pm d) 0.5 pm 0 2 4 6 8 10

N, . . Full Scale 2175 £0.000 keV

Particle size distribution shown in the Figure 10 reveals st kki s >
particle size between 25-45 um, which results in micro-sized Fig. 12 EDS analysis of Type I hydrophobic surface
surface texture. (without PDMS layer at the top)
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EDS analysis for the hair powder shown in Figure 11
reveals the presence of C (65.20 %), O (31%), Si (0.18%), S
(2.84%) and Fe (0.18%). The chemical composition results
closely matching with the previously reported chemical
composition for hair powder [44]. In the case of the
hydrophobic surface with a base PDMS layer and particles
above the layer (Type | ), the composition reveals a mixture
of the elements for PDMS and hair powder, with an increase
in Fe, O, and Cl that of the hair particles. Finally, the surface
with the thin layer of PDMS coating (Type 1) results in the
presence of C (66.85 %), O (29.58 %), Si (0.66 %), S (1.34%),
and Fe (0.61 %). It can be noted that the presence of a thin
PDMS layer at the top reduces the chemical elements of S and
Fe in the chemical composition measured for the surface with
a PDMS layer at the top.

Spectrum 1

Full Scale 2175 cts Cursor: 0.000 keV

Fig. 13 EDS analysis of Type Il hydrophobic surface
(with PDMS layer at the top)
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Fig. 14(a) Effect of water dripping on WCA on (a) non-coated surface
(Type 1)
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Fig. 14(b) Effect of water dripping on WCA on coated surface (Type 1)
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Fig. 15 (a) Effect of acidic environment corrosion on the specimen
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Fig. 15 (b) Effect of alkaline environment corrosion on the specimen

Contact angle measurement for specimens | and Il
revealed a WCA of 100 * and 127 " respectively. Further
experiments were conducted with drop testing, where 5 uL of
water was dropped on the surface at a rate of two drops per
second, to investigate the change in WCA with the exposure
time. The results are reported in Figure 14 (a) and 14 (b) for
12 hours test duration. The water contact angle reduces from
100 ° to 82 ° in the case of Type-1 specimens. On the other
hand, in the case of Type Il specimens, the water contact angle
reduces by 12 from 127 ° to 115 ™ It can be noted that Type Il
specimens have a thin PDMS layer above the hair particles,
which reduces the effect of water dropping in comparison to
Type | specimens. However, Type Il specimens are able to
withstand the drop test and maintain their hydrophobic nature
at the end of the test duration of 12 hours.

Investigations are performed to study the effect of acidic
and alkaline corrosion on the hydrophobic surface. An acidic
solution is prepared with a Ph value of 4.0, and Type | and
type Il surfaces are dipped in the solution for 12 hours. The
results are reported in Figure 15(a), which reveals that in the
case of the uncoated Type | specimen, the WCA is not affected
for the initial 2 hours. Later, WCA reduces gradually, such
that the WCA reduces by 15 ° after 12 hours. On the other
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hand, Type Il specimens coated with the thin layer above the
hair powder exhibit no change in WCA for the initial 8 hours.
After 12 hours, the WCA was reduced by 4°to 123",

Influence of alkaline environment corrosion on the WCA
is reported in Figure 15 (b). It can be noted that Type I
specimens exhibit a very small change in WCA. On the other
hand, type Il specimens do not show any change in WCA for
the test duration. The findings reported for an acidic
environment are in agreement with previous work findings,
which have reported that solutions with Ph value of 4 result in
mild damage to hair [45, 46]. Damage to hair in an acidic
environment is due to breakage of keratin bonds, leading to
protein degradation, damage and roughening of hair particles
[47-49]. Observations for alkaline solutions are in line with
earlier findings, which report that the hair structure is not
damaged by alkaline fluids with Ph value of up to 8 [44, 50].

One of the possible uses of a hydrophobic surface is to
separate oil and water [51]. In order to check the possible use
of the proposed hydrophobic surface for this application,
experiments are conducted to check if the developed surface
can retain oil and can be used for water filtration. An oil and
water mixture was prepared using a mixture of
tetrachloromethane and water, added by methyl blue with 2.5
ml quantities each. The mixture was taken in a 5ml syringe
and rolled over the hydrophobic surface as shown in Figure
16.

The results showed that water was repelled by the
hydrophobic surface and was collected in the beaker, kept
below the surface. However, the oil was stuck on the surface,
and reduced oil was found in the beaker. In the single cycle,
72% of the oil (tetrachloromethane) was trapped on the
hydrophobic surface. After 5 cycles, 83% of the oil was found
to be trapped on the surface. These observations for the
oleophilic behavior of the surface are in agreement with the
earlier reported findings [11].

ad

Fig. 16 Arrangement for the experiment with oil and water mixture
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WCA was measured for Types | and Il for different tilt
angles. The results are reported in Table 1, whereas the images
of the water drop for different tilt angles are shown in Figure
17 and 18. Type I surface gives WCA of 100 at 0" tilt, where
the advancing and receding angle is reduced to 92 “for a 20°
tilt, and there is roll off for further tilt angle. Type Il surface
has a WCA of 127 ° where the drop rolls off for a 20 ° tilt.
Higher WCA of type Il surface is attributed to the presence of
micro-scale structures on the surface, surface roughness
lowering the drop adhesion, and low surface energy. [52].

Table 1. Effect of tilt angle on WCA

Measured average mean advancing and receding WCA (£

2.59)
specimen | 2. 5° | 10° | 15° 20° 250
P Tile | Tilt | Tilt | Tilt | Tile | Tilt
Type | 100° | 99° | 97° 950 920 Rolled
off
Typent | 12 | 3% | 122 ) qgge | ROle |
4 w -

0 a a
M A

Fig. 17 Representative results for WCA of Type | specimen,
(@) 0" Tilt angle, (b) 5° Tilt angle, (c) 10° Tilt angle, (d) 15° Tilt angle,
(e) 20° Tilt angle.

» " w

Fig. 18 Representative results for WCA of Type Il specimen,
(@) 0° Tilt angle (b) 5° Tilt angle (c) 10° Tilt angle (d) 15° Tilt angle.
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4. Conclusion

The present study proposes a novel method for the
preparation of hydrophobic surfaces by using micron-sized
human hair powder. Custom arrangements are designed to
prepare the hydrophobic surface on a glass substrate with
three-layered coatings. Microstructure investigation is
performed using SEM analysis, whereas the chemical
composition is investigated with EDS analysis. The
hydrophobic surface demonstrated a WCA of 125 °, with the

environment corrosion. Leading and lagging WCA are
investigated using the tilt test, where the roll-off angle was 19°.
The prepared surface exhibits an oleophilic nature, which
makes it possible for its use in the possible application of oil
separation from an oil-water mixture.

Conflicts of Interest
“The authors declare that there is no conflict of interest
regarding the publication of this paper.”

surface able to withstand the drop test and alkaline

References

[1] Zhe Li et al., “Advances in Bioinspired Superhydrophobic Surfaces Made from Silicones: Fabrication and Application,” Polymers, vol.
15, no. 3, pp. 1-32, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[2] Thierry Darmanin, and Frédéric Guittard, “Superhydrophobic and Superoleophobic Properties in Nature,” Materials Today, vol. 18, no.
5, pp. 273-285, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[3] Minglin Ma, and Randal M. Hill, “Superhydrophobic Surfaces,” Current Opinion in Colloid and Interface Science, vol. 11, no. 4, 4, pp.
193-202, 2006. [CrossRef] [Google Scholar] [Publisher Link]

[4] Sumit Parvate, Prakhar Dixit, and Sujay Chattopadhyay, “Superhydrophobic Surfaces: Insights from Theory and Experiment,” The
Journal of Physical Chemistry B, vol. 124, no. 8, pp. 1323-1360, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[5] Tianyi Zhao, and Lei Jiang, “Contact Angle Measurement of Natural Materials,” Colloids and Surfaces B: Biointerfaces, vol. 161, 324-
330, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[6] Feng Cao, Zisheng Guan, and Dongxu Li, “Preparation of Material Surface Structure Similar to Hydrophobic Structure of Lotus Leaf,”
Journal Wuhan University of Technology, Materials Science Edition, vol. 23, no. 4, pp. 513-517, 2008. [CrossRef] [Google Scholar]
[Publisher Link]

[7] Nicasio R Geraldi et al., “Bioinspired Nanoparticle Spray-Coating for Superhydrophobic Flexible Materials with Oil/Water Separation
Capabilities,” Bioinspiration & Biomimetics, vol. 13, no. 2, pp. 1-21, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[8] Shutao Wang et al., “Bioinspired Surfaces with Superwettability: New Insight on Theory, Design, and Applications,” Chemical Reviews,
vol. 115, no. 16, pp. 8230-8293, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[9] Linkun Xie et al., “Creation of Superhydrophobic Wood Surfaces by Plasma Etching and Thin-Film Deposition,” Surface and Coatings
Technology, vol. 281, pp. 125-132, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[10] Xiao Gong et al., “A Cost-Effective Approach to Fabricate Superhydrophobic Coatings Using Hydrophilic Materials,” Advanced
Engineering Materials, vol. 18, no. 4, pp. 567-571, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[11] Jinmei He et al., “Facile Fabrication of Eco-Friendly Durable Superhydrophobic Material from Eggshell with Oil/Water Separation
Property,” Advanced Engineering Materials, vol. 20, no. 9, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[12] Xiguang Zhang et al., “Durable Superhydrophobic Surface Prepared by Designing “Micro-Eggshell” and “Web-Like” Structures”
Chemical Engineering Journal, vol. 392, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[13] Panpailin Seeharaj et al., “Facile and Eco-Friendly Fabrication of Hierarchical Superhydrophobic Coating from Eggshell Biowaste,”
International Journal of Applied Ceramic Technology, vol. 16, no. 5, pp. 1895-1903, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[14] Xiao Gong, and Shuang He, “Highly Durable Superhydrophobic Polydimethylsiloxane/Silica Nanocomposite Surfaces with Good Self-
Cleaning Ability,” ACS Omega, vol. 5, no. 8, pp. 4100-4108, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[15] S. Maryam Shah et al., “A Durable Superhydrophobic Coating for the Protection of Wood Materials,” Materials Letters, vol. 203, pp. 17-
20, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[16] David A. Csuka BS et al., “A Systematic Review on the Lipid Composition of Human Hair,” International Journal of Dermatology, vol.
62, no. 3, pp. 404-415, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[17] Serena Cozzolino et al., “Mimicking the Hair Surface for Neutron Reflectometry,” Soft Matter, vol. 20, no. 38, pp. 7634-7645, 2024.
[CrossRef] [Google Scholar] [Publisher Link]

[18] Xiaoyi Wang et al., “Surface Modifications Towards Superhydrophobic Wood-Based Composites: Construction Strategies,
Functionalization, and Perspectives,” Advances in Colloid and Interface Science, vol. 326, 2024. [CrossRef] [Google Scholar] [Publisher
Link]

[19] Wesley Lock Sulen et al., “Deposition Mechanism Analysis of Cold-Sprayed Fluoropolymer Coatings and its Wettability Evaluation,”
Journal of Thermal Spray Technology, vol. 29, no. 7, pp. 1643-1659, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[20] E. Dhanumalayan, and Girish M. Joshi, “Performance Properties and Applications of Polytetrafluoroethylene (PTFE)-A Review,”
Advanced Composites and Hybrid Materials, vol. 1, no. 2, pp. 247-268, 2018. [CrossRef] [Google Scholar] [Publisher Link]

54


https://doi.org/10.3390/polym15030543
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Advances+in+Bioinspired+Superhydrophobic+Surfaces+Made+from+Silicones%3A+Fabrication+and+Application&btnG=
https://www.mdpi.com/2073-4360/15/3/543
https://doi.org/10.1016/j.mattod.2015.01.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Superhydrophobic+and+superoleophobic+properties+in+nature&btnG=
https://www.sciencedirect.com/science/article/pii/S1369702115000024
https://doi.org/10.1016/j.cocis.2006.06.002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%09Ma%2C+M.%2C+%26+Hill%2C+R.+M+Superhydrophobic+surfaces&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1359029406000379
https://doi.org/10.1021/acs.jpcb.9b08567
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Superhydrophobic+Surfaces%3A+Insights+from+Theory+and+Experiment&btnG=
https://pubs.acs.org/doi/full/10.1021/acs.jpcb.9b08567
https://doi.org/10.1016/j.colsurfb.2017.10.056
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Contact+angle+measurement+of+natural+materials&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0927776517307063
https://doi.org/10.1007/s11595-007-4513-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Preparation+of+material+surface+structure+similar+to+hydrophobic+structure+of+lotus+leaf&btnG=
https://link.springer.com/article/10.1007/s11595-007-4513-8
https://doi.org/10.1088/1748-3190/aaa1c1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bioinspired+nanoparticle+spray-coating+for+superhydrophobic+flexible+materials+with+oil%2Fwater+separation+capabilities&btnG=
https://iopscience.iop.org/article/10.1088/1748-3190/aaa1c1/
https://doi.org/10.1021/cr400083y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bioinspired+surfaces+with+superwettability%3A+New+insight+on+theory%2C+design%2C+and+applications&btnG=
https://pubs.acs.org/doi/full/10.1021/cr400083y
https://doi.org/10.1016/j.surfcoat.2015.09.052
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Creation+of+superhydrophobic+wood+surfaces+by+plasma+etching+and+thin-film+deposition&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0257897215302905
https://doi.org/10.1002/adem.201500313
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+Cost-Effective+Approach+to+Fabricate+Superhydrophobic+Coatings+Using+Hydrophilic+Materials&btnG=
https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adem.201500313
https://doi.org/10.1002/adem.201701180
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Facile+Fabrication+of+Eco-Friendly+Durable+Superhydrophobic+Material+from+Eggshell+with+Oil%2FWater+Separation+Property&btnG=
https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adem.201701180
https://doi.org/10.1016/j.cej.2019.123741
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Durable+superhydrophobic+surface+prepared+by+designing&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1385894719331560
https://doi.org/10.1111/ijac.13235
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Facile+and+eco-friendly+fabrication+of+hierarchical+superhydrophobic+coating+from+eggshell+biowaste&btnG=
https://ceramics.onlinelibrary.wiley.com/doi/abs/10.1111/ijac.13235
https://doi.org/10.1021/acsomega.9b03775
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%09Gong%2C+X.%2C+%26+He%2C+S+Highly+Durable+Superhydrophobic+Polydimethylsiloxane%2FSilica+Nanocomposite+Surfaces+with+Good+Self-Cleaning+Ability&btnG=
https://pubs.acs.org/doi/full/10.1021/acsomega.9b03775
https://doi.org/10.1016/j.matlet.2017.05.126
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+durable+superhydrophobic+coating+for+the+protection+of+wood+materials&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0167577X17308613
https://doi.org/10.1111/ijd.16109
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+systematic+review+on+the+lipid+composition+of+human+hair&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1111/ijd.16109
https://doi.org/10.1039/d4sm00784k
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mimicking+the+hair+surface+for+neutron+reflectometry&btnG=
https://pubs.rsc.org/sm/article/20/38/7634/871947/Mimicking-the-hair-surface-for-neutron
https://doi.org/10.1016/j.cis.2024.103142
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Surface+modifications+towards+superhydrophobic+wood-based+composites%3A+Construction+strategies%2C+functionalization%2C+and+perspectives&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0001868624000654
https://www.sciencedirect.com/science/article/abs/pii/S0001868624000654
https://doi.org/10.1007/s11666-020-01059-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Deposition+Mechanism+Analysis+of+Cold-Sprayed+Fluoropolymer+Coatings+and+Its+Wettability+Evaluation&btnG=
https://link.springer.com/article/10.1007/s11666-020-01059-w
https://doi.org/10.1007/s42114-018-0023-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Performance+properties+and+applications+of+polytetrafluoroethylene+%28PTFE%29%E2%80%94a+review&btnG=
https://link.springer.com/article/10.1007/S42114-018-0023-8

Kaustubh Utpat & Nitin Satpute / IIME, 13(7), 46-56, 2026

[21] Liam R. J. Scarratt et al., “Durable Superhydrophobic Surfaces via Spontaneous Wrinkling of Teflon AF,” ACS Applied Materials and
Interfaces, vol. 8, no. 10, pp. 6743-6750, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[22] Shuangxi Nie et al., “Enhanced Performance of a Cellulose Nanofibrils-Based Triboelectric Nanogenerator by Tuning the Surface
Polarizability and Hydrophobicity,” Chemical Engineering Journal, vol. 404, pp. 1-9, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[23] Xuelian Zhou et al., “Diisocyanate Modifiable Commercial Filter Paper with Tunable Hydrophobicity, Enhanced wet Tensile Strength
and Antibacterial Activity,” Carbohydrate Polymers, vol. 248, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[24] Surendra Maharjan et al., “Self-Cleaning Hydrophobic Nanocoating on Glass: A Scalable Manufacturing Process,” Materials Chemistry
and Physics, vol. 239, pp. 1-20, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[25] Satish A. Mahadik, Fernado Pedraza, and Rajiv S. Vhatkar, “Silica based Superhydrophobic Coating for Long-term Industrial and
Domestic Applications,” Journal of Alloys and Compounds, vol. 663, pp. 487-493, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[26] Suresh Sagadevan, and P. Koteeswari, “Analysis of Structure, Surface Morphology, Optical and Electrical Properties of Copper
Nanoparticles,” Journal of Nanomedicine Research, vol. 2, no. 5, pp. 133-136, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[27] Xiang Wang et al., “Research Advances in Chemical Modifications of Starch for Hydrophobicity and its Applications: A Review,”
Carbohydrate Polymers, vol. 240, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[28] Jayachandra S. Yaradoddi et al., “Bio-based Material from Fruit Waste of Orange Peel for Industrial Applications,” Journal of Materials
Research and Technology, vol. 17, pp. 3186-3197, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[29] Guo Li et al., “Influences of Modified Nanoparticles on Hydrophobicity of Concrete with Organic Film Coating,” Construction and
Building Materials, vol. 169, pp. 1-7, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[30] Ming Zhang et al., “Fabrication of Coral-Like Superhydrophobic Coating on Filter Paper for Water—Oil Separation,” Applied Surface
Science, vol. 261, pp. 764-769, 2012. [CrossRef] [Google Scholar] [Publisher Link]

[31] Muhammad Zaman Khan et al., “Recent Advances in Superhydrophobic Surfaces for Practical Applications: A Review,” European
Polymer Journal, vol. 178, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[32] Ilker S. Bayer et al., “Superhydrophobic Coatings from Ecofriendly Materials and Processes: A Review,” Advanced Materials Interfaces,
vol. 7, no. 13, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[33] Hafiz Muhammad Alli et al., Techniques for the Fabrication of Super-Hydrophobic Surfaces and Their Heat Transfer Applications, Heat
Transfer - Models, Methods and Applications, IntechOpen, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[34] Shuangshuang Xu, Qing Wang, and Ning Wang, “Chemical Fabrication Strategies for Achieving Bioinspired Superhydrophobic Surfaces
with Micro and Nanostructures: A Review,” Advanced Engineering Materials, vol. 23, no. 3, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

[35] K. Nagendra Prasad, Ismail Syed, and S. Kanmani Subbu, “Laser Dimple Texturing — Applications, Process, Challenges, and Recent
Developments: A Review,” Australian Journal of Mechanical Engineering, vol. 20, no. 2, pp. 316-331, 2019. [CrossRef] [Google Scholar]
[Publisher Link]

[36] Gottlieb S. Oehrlein et al., “Future of Plasma Etching for Microelectronics: Challenges and Opportunities,” Journal of Vacuum Science
& Technology B, vol. 42, no. 4, pp. 1-54, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[37] Madhusudan Painuly, Ravi Pratap Singh, and Rajeev Trehan, “Electrochemical Machining and Allied Processes: A Comprehensive
Review,” Journal of Solid State Electrochemistry, vol. 27, pp. 3189-3256, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[38] Li-Chun Wang et al., “Hydrophilic/Hydrophobic Surface of A1203 Thin Films Grown by Thermal and Plasma-Enhanced Atomic Layer
Deposition on Plasticized Polyvinyl Chloride (PVC),” Surface and Coatings Technology, vol. 305, pp. 158-164, 2016. [CrossRef] [Google
Scholar] [Publisher Link]

[39] Rajaram S. Sutar et al., “Superhydrophobic A1203—Polymer Composite Coating for Self-Cleaning Applications,” Coatings, vol. 11, no.
10, pp. 1-10, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[40] Damien Thiry et al., “Plasma Diagnostics for the Low-Pressure Plasma Polymerization Process: A Critical Review,” Thin Solid Films,
vol. 606, pp. 19-44, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[41] Sanjay S. Latthe et al., “Self - Cleaning Superhydrophobic Coatings: Potential Industrial Applications,” Progress in Organic Coatings,
vol. 128, pp. 52-58, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[42] Lizbeth Gonzéalez-Victoriano et al., “Superhydrophobic Coatings from Eggshell Waste Micro and Nanoparticles, Surface Characterization
using Image Texture Analysis, Light, and Confocal Microscopy,” Microscopy and Microanalysis, vol. 29, no. 1, pp. 815-817, 2023.
[CrossRef] [Google Scholar] [Publisher Link]

[43] Kadda Hachem et al., “Methods of Chemical Synthesis in the Synthesis of Nanomaterial and Nanoparticles by the Chemical Deposition
Method: A Review,” BioNanoScience, vol. 12, pp. 1032-1057, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[44] Akash P. Bhat et al., “Acoustic and Hydrodynamic Cavitation Assisted Hydrolysis and Valorisation of Waste Human Hair for the
Enrichment of Amino Acids,” Ultrasonics Sonochemistry, vol. 71, pp. 1-10, 2021. [CrossRef] [Google Scholar] [Publisher Link]

55


https://doi.org/10.1021/acsami.5b12165
https://scholar.google.com/scholar?q=Durable+Superhydrophobic+Surfaces+via+Spontaneous+Wrinkling+of+Teflon+&hl=en&as_sdt=0,5
https://pubs.acs.org/doi/abs/10.1021/acsami.5b12165
https://doi.org/10.1016/j.cej.2020.126512
https://scholar.google.com/scholar?q=Enhanced+performance+of+a+cellulose+nanofibrils-based+triboelectric+nanogenerator+by+tuning+the+surface+polarizability+and+hydrophobicity&hl=en&as_sdt=0,5
https://www.sciencedirect.com/science/article/abs/pii/S1385894720326401
https://doi.org/10.1016/j.carbpol.2020.116791
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Diisocyanate+modifiable+commercial+filter+paper+with+tunable+hydrophobicity%2C+enhanced+wet+tensile+strength+and+antibacterial+activity&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0144861720309644
https://doi.org/10.1016/j.matchemphys.2019.122000
https://doi.org/10.1016/j.matchemphys.2019.122000
https://scholar.google.com/scholar?q=10.1016/j.matchemphys.2019.122000
https://scholar.google.com/scholar?q=10.1016/j.matchemphys.2019.122000
https://www.sciencedirect.com/science/article/abs/pii/S0254058419307989
https://doi.org/10.1016/j.jallcom.2015.12.016
https://doi.org/10.1016/j.jallcom.2015.12.016
https://scholar.google.com/scholar?q=10.1016/j.jallcom.2015.12.016
https://scholar.google.com/scholar?q=10.1016/j.jallcom.2015.12.016
https://www.sciencedirect.com/science/article/abs/pii/S0925838815035781?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0925838815035781?utm_source=chatgpt.com
https://doi.org/10.15406/jnmr.2015.02.00040
https://doi.org/10.15406/jnmr.2015.02.00040
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+of+Structure%2C+Surface+Morphology%2C+Optical+and+Electrical+Properties+of+Copper+Nanoparticles&btnG=
https://medcraveonline.com/JNMR/analysis-of-structure-surface-morphology-optical-and-electrical-properties-of-copper-nanoparticles.html
https://medcraveonline.com/JNMR/analysis-of-structure-surface-morphology-optical-and-electrical-properties-of-copper-nanoparticles.html
https://doi.org/10.1016/j.carbpol.2020.116292
https://doi.org/10.1016/j.carbpol.2020.116292
https://scholar.google.com/scholar?q=10.1016/j.carbpol.2020.116292
https://scholar.google.com/scholar?q=10.1016/j.carbpol.2020.116292
https://www.sciencedirect.com/science/article/abs/pii/S0144861720308963?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0144861720308963?utm_source=chatgpt.com
https://doi.org/10.1016/j.jmrt.2021.09.016
https://doi.org/10.1016/j.jmrt.2021.09.016
https://scholar.google.com/scholar?q=10.1016/j.jmrt.2021.09.016
https://scholar.google.com/scholar?q=10.1016/j.jmrt.2021.09.016
https://www.sciencedirect.com/science/article/abs/pii/S2238785421007356?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S2238785421007356?utm_source=chatgpt.com
https://doi.org/10.1016/j.conbuildmat.2018.02.191
https://doi.org/10.1016/j.conbuildmat.2018.02.191
https://scholar.google.com/scholar?q=10.1016/j.conbuildmat.2018.02.191
https://scholar.google.com/scholar?q=10.1016/j.conbuildmat.2018.02.191
https://www.sciencedirect.com/science/article/abs/pii/S0950061818302909?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0950061818302909?utm_source=chatgpt.com
https://doi.org/10.1016/j.apsusc.2012.08.097
https://doi.org/10.1016/j.apsusc.2012.08.097
https://scholar.google.com/scholar?q=10.1016/j.apsusc.2012.08.097
https://scholar.google.com/scholar?q=10.1016/j.apsusc.2012.08.097
https://www.sciencedirect.com/science/article/abs/pii/S0169433212011057?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0169433212011057?utm_source=chatgpt.com
https://doi.org/10.1016/j.eurpolymj.2022.111481
https://doi.org/10.1016/j.eurpolymj.2022.111481
https://scholar.google.com/scholar?q=10.1016/j.eurpolymj.2022.111481
https://scholar.google.com/scholar?q=10.1016/j.eurpolymj.2022.111481
https://www.sciencedirect.com/science/article/abs/pii/S0014305722003952
https://www.sciencedirect.com/science/article/abs/pii/S0014305722003952
https://doi.org/10.1002/admi.202000095
https://doi.org/10.1002/admi.202000095
https://scholar.google.com/scholar?q=10.1002/admi.202000095
https://scholar.google.com/scholar?q=10.1002/admi.202000095
https://onlinelibrary.wiley.com/doi/10.1002/admi.202000095
https://onlinelibrary.wiley.com/doi/10.1002/admi.202000095
https://doi.org/10.5772/intechopen.72820
https://doi.org/10.5772/intechopen.72820
https://scholar.google.com/scholar?q=10.5772/intechopen.72820
https://scholar.google.com/scholar?q=10.5772/intechopen.72820
https://www.intechopen.com/chapters/59447
https://www.intechopen.com/chapters/59447
https://doi.org/10.1002/adem.201900918
https://doi.org/10.1002/adem.201900918
https://scholar.google.com/scholar?q=10.1002/adem.201900918
https://scholar.google.com/scholar?q=10.1002/adem.201900918
https://onlinelibrary.wiley.com/doi/10.1002/adem.201900918
https://onlinelibrary.wiley.com/doi/10.1002/adem.201900918
https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adem.202001083
https://doi.org/10.1080/14484846.2019.1705533
https://doi.org/10.1080/14484846.2019.1705533
https://scholar.google.com/scholar?q=10.1080/14484846.2019.1705533
https://scholar.google.com/scholar?q=10.1080/14484846.2019.1705533
https://www.tandfonline.com/doi/abs/10.1080/14484846.2019.1705533
https://www.tandfonline.com/doi/abs/10.1080/14484846.2019.1705533
https://www.tandfonline.com/doi/abs/10.1080/14484846.2019.1705533
https://doi.org/10.1116/6.0003579
https://doi.org/10.1116/6.0003579
https://scholar.google.com/scholar?q=10.1116/6.0003579
https://scholar.google.com/scholar?q=10.1116/6.0003579
https://avs.scitation.org/doi/10.1116/6.0003579
https://avs.scitation.org/doi/10.1116/6.0003579
https://doi.org/10.1007/s10008-023-06543-2
https://doi.org/10.1007/s10008-023-06543-2
https://scholar.google.com/scholar?q=10.1007/s10008-023-06543-2
https://scholar.google.com/scholar?q=10.1007/s10008-023-06543-2
https://link.springer.com/article/10.1007/s10008-023-06543-2
https://link.springer.com/article/10.1007/s10008-023-06543-2
https://doi.org/10.1016/j.surfcoat.2016.08.023
https://doi.org/10.1016/j.surfcoat.2016.08.023
https://scholar.google.com/scholar?q=10.1016/j.surfcoat.2016.08.023
https://scholar.google.com/scholar?q=10.1016/j.surfcoat.2016.08.023
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hydrophilic%2Fhydrophobic+surface+of+Al2O3+thin+films+grown+by+thermal+and+plasma-enhanced+atomic+layer+deposition+on+plasticized+polyvinyl+chloride+%28PVC%29&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0257897216304963?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0257897216304963?utm_source=chatgpt.com
https://doi.org/10.3390/coatings11101162
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Superhydrophobic+Al%E2%82%82O%E2%82%83%E2%80%93polymer+composite+coating+for+self%E2%80%91cleaning+applications&btnG=
https://www.mdpi.com/2079-6412/11/10/1162
https://www.mdpi.com/2079-6412/11/10/1162
https://doi.org/10.1016/j.tsf.2016.02.058
https://doi.org/10.1016/j.tsf.2016.02.058
https://scholar.google.com/scholar?q=10.1016%2Fj.tsf.2016.02.058
https://scholar.google.com/scholar?q=10.1016%2Fj.tsf.2016.02.058
https://www.sciencedirect.com/science/article/pii/S0040609016001577
https://www.sciencedirect.com/science/article/pii/S0040609016001577
https://doi.org/10.1016/j.porgcoat.2018.12.008
https://doi.org/10.1016/j.porgcoat.2018.12.008
https://scholar.google.com/scholar?q=Self%E2%80%91cleaning+superhydrophobic+coatings+Potential+industrial+applications+Latthe+2019
https://www.sciencedirect.com/science/article/abs/pii/S0300944018307847
https://doi.org/10.1093/micmic/ozad067.405
https://doi.org/10.1093/micmic/ozad067.405
https://doi.org/10.1093/micmic/ozad067.405
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Superhydrophobic+Coatings+from+Eggshell+Waste+Micro+and+Nanoparticles%2C+Surface+Characterization+using+Image+Texture+Analysis%2C+Light%2C+and+Confocal+Microscopy&btnG=
https://academic.oup.com/mam/article/29/Supplement_1/815/7228896
https://doi.org/10.1007/s12668-022-00996-w
https://doi.org/10.1007/s12668-022-00996-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Methods+of+Chemical+Synthesis+in+the+Synthesis+of+Nanomaterial+and+Nanoparticles+by+the+Chemical+Deposition+Method%3A+A+Review&btnG=
https://link.springer.com/article/10.1007/S12668-022-00996-W
https://doi.org/10.1016/j.ultsonch.2020.105368
https://doi.org/10.1016/j.ultsonch.2020.105368
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Acoustic+and+Hydrodynamic+Cavitation+Assisted+Hydrolysis+and+Valorisation+of+Waste+Human+Hair+for+the+Enrichment+of+Amino+Acids&btnG=
https://www.sciencedirect.com/science/article/pii/S1350417720316722

Kaustubh Utpat & Nitin Satpute / IIME, 13(7), 46-56, 2026

[45] Leila Mahdavian, “Effects of Magnetic Field, pH and Retention Time on the Lead (Pb2+) Adsorption by Modified Human Hair, Goat
Hair and Sheep Wool,” African Journal of Microbiology Research, vol. 6, no. 1, pp. 183-189, 2012. [CrossRef] [Google Scholar]
[Publisher Link]

[46] Ernesta Malinauskyte et al., “Effect of Equilibrium pH on the Structure and Properties of Bleach-Damaged Human Hair Fibers,”
Biopolymers, vol. 111, no. 11, pp. 1-11, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[47] S. Breakspear, B. Nocker, and C. Popescu, “Chemical Bonds and Hair Behaviour-A Review,” International Journal of Cosmetic Science,
vol. 46, no. 5, pp. 806-814, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[48] Otavio A. Silva et al., “Rod-Shaped Keratin Nanoparticles Extracted from Human Hair by Acid Hydrolysis as Photothermally Triggered
Berberine Delivery System,” Advanced Powder Technology, vol. 33, no. 1, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[49] Silas M. Mbeche et al., “A Review on Recent Developments on Waste Human Hair Composite and Its Hybrids,” Journal of Natural
Fibers, vol. 21, no. 1, pp. 1-29, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[50] Selvakumar Kathiresan, and Omkumar Meenakshisundaram, “Effect of Alkali Treated and Untreated Cellulose Fibers and Human Hair
on FTIR and Tensile Properties for Composite Material Applications,” SN Applied Sciences, vol. 4, pp. 1-15, 2022. [CrossRef] [Google
Scholar] [Publisher Link]

[51] Wendong Liu et al., “Stretchable Superhydrophobic Surfaces: From Basic Fabrication Strategies to Applications,” Processes, vol. 12, no.
1, pp. 1-48, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[52] Hannu Teisala, and Hans-Jiirgen Butt, “Hierarchical Structures for Superhydrophobic and Superoleophobic Surfaces,” Langmuir, vol. 35,
no. 33, pp. 10689-10703, 2019. [CrossRef] [Google Scholar] [Publisher Link]

56


https://academicjournals.org/journal/AJMR/article-abstract/8A8FAAA17735
https://academicjournals.org/journal/AJMR/article-abstract/8A8FAAA17735
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Magnetic+Field%2C+pH+and+Retention+Time+on+the+Lead+%28Pb2%2B%29+Adsorption+by+Modified+Human+Hair%2C+Goat+Hair+and+Sheep+Wool&btnG=
https://academicjournals.org/journal/AJMR/article-abstract/8A8FAAA17735
https://doi.org/10.1002/bip.23401
https://doi.org/10.1002/bip.23401
https://scholar.google.com/scholar?q=Effect+of+equilibrium+pH+on+the+structure+and+properties+of+bleach-damaged+human+hair+fibers
https://onlinelibrary.wiley.com/doi/full/10.1002/bip.23401
https://doi.org/10.1111/ics.12967
https://doi.org/10.1111/ics.12967
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Chemical+bonds+and+hair+behaviour%E2%80%94A+review&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1111/ics.12967
https://doi.org/10.1016/j.apt.2021.11.005
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rod-Shaped+Keratin+Nanoparticles+Extracted+from+Human+Hair+by+Acid+Hydrolysis+as+Photothermally+Triggered+Berberine+Delivery+System&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S092188312100532X
https://doi.org/10.1080/15440478.2024.2361315
https://doi.org/10.1080/15440478.2024.2361315
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+Review+on+Recent+Developments+on+Waste+Human+Hair+Composite+and+Its+Hybrids&btnG=
https://www.tandfonline.com/doi/full/10.1080/15440478.2024.2361315
https://doi.org/10.1007/s42452-022-04946-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+alkali+treated+and+untreated+cellulose+fibers+and+human+hair+on+FTIR+and+tensile+properties+for+composite+material+applications&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+alkali+treated+and+untreated+cellulose+fibers+and+human+hair+on+FTIR+and+tensile+properties+for+composite+material+applications&btnG=
https://link.springer.com/article/10.1007/s42452-022-04974-5
https://link.springer.com/article/10.1007/s42452-022-04974-5
https://doi.org/10.3390/pr12010124
https://doi.org/10.3390/pr12010124
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Stretchable+Superhydrophobic+Surfaces%3A+From+Basic+Fabrication+Strategies+to+Applications&btnG=
https://www.mdpi.com/2227-9717/12/1/124
https://www.mdpi.com/2227-9717/12/1/124
https://doi.org/10.1021/acs.langmuir.8b03088
https://doi.org/10.1021/acs.langmuir.8b03088
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hierarchical+Structures+for+Superhydrophobic+and+Superoleophobic+Surfaces&btnG=
https://pubs.acs.org/doi/10.1021/acs.langmuir.8b03088
https://pubs.acs.org/doi/10.1021/acs.langmuir.8b03088

