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Abstract

Superhydrophobic surface coating materials have been inspired by many natural systems like
lotus leaf and insect wings. Due to their remarkable anti-wetting behavior, superhydrophobic
coating materials have been used in a wide range of applications. Regardless of their promising
functionalities, commercial accessibility of these materials is still inadequate due to
encountering several challenges in terms of material compatibility, robustness, cost,
complexity, uniformity, scaling-up hitches, and durability. While there is abundance of
reported methods for fabrication of artificial superhydrophobic surfaces, the consideration of

these limiting factors is critical for the broader applicability of superhydrophobic surfaces.

The aim of thesis is to promote the broader applicability of superhydrophobic surfaces for use
in protection from biological and chemical contaminants in real-life applications. This aim has
been achieved by investigating the current limitations of uncoated surgical face mask surfaces
and attempting to solve them by developing simple coating method for making reusable
superhydrophobic surgical face mask for protection against bacteria and virus (Chapter 2).
Following this, bio-adhesive based eco-friendly and fluorine-free nanocoating has been
developed for various solid and porous substrates to use it for protection against water-soluble
chemical contaminants like acid rain and organic dyes (Chapter 3). After that, fabrication of
superhydrophobic sand for increasing water withholding capacity of agricultural land for arid

regions and use this modified sand for oil/water separation (Chapter4).
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Chapter 1

Introduction

1.1 Superhydrophobicity: Definition and Requirements

Water interaction with surfaces has been an area of interest for many decades. Mother Nature
is full of interesting surface designs that are structures to interact with water in an explicit
manner. Surfaces with both high and low interaction to water droplets are significant to
numerous real-life applications, which indicates the importance of studying surface wettability
and emerging approaches to manipulation it depends on the required outcome.’?
Superhydrophobic surfaces are illustrated by its superior water-resistant properties and have
been used for many applications.* These applications comprises self-cleaning surfaces,® anti-
fouling,® drag reduction,” anti-icing,® face masks,® anti-fogging,° anti-corrosion,! oil/water
separation,'? energy saving,*® historical stones artifact protection,'* and agriculture sector.® In
the nature superhydrophobic surfaces are also commonly observed, from the Salvinia Molesta
leaves that can show anti-water properties for several weeks below water submersion, 167 to
water spider called Gerris remiges which can stand on the water surface.'® 1° The ‘Lotus effect’

is the mostly recognized example of natural existing water-resistant surface for lotus leaf.?% 2
1.1.1. The Lotus Effect and Self-cleaning mechanism

Lotus leaves show impressive self-cleaning abilities (Figure 1.1) due to micro/nano structural
textures, with as added layer of smaller scale hair like structures covering both surface
protrusions and the plane areas as shown in scanning electron microscope (SEM) images

(Figure 1.1). These micro/nanostructures were exhibited to cause air to be trapped beneath
1



water droplet upon wetting the surface, which allows the droplet rolling-off the surface
activity.?® The Lotus effect can be explained by the self-cleaning process on the surface of
lotus leaf (Nelumbo nucifera).?? As shown in the Figure 1.2, While a water droplet would
generally slide along a sloped hydrophilic surface and shows strong interaction with the present
dirt or bio contaminants, a surface with a superhydrophobicity would cause the near-spherical
water droplet to roll-off across the surface instead and shows self-cleaning ability. This rolling-
off action increases the chances of picking up water-soluble biological and chemical
contaminants (dirt particles, bacteria, organic dyes etc.) attached on the surface.?°

(A)

Figure 1.1: The lotus effect (A) image of lotus leaf (Nelumbo nucifera) (B) dirt present on
lotus leaf (C) self-cleaning ability of the leaf surface (D, E, F) SEM Images of lotus leaf at

different magnifications. Reproduced with permission.?! Copyright 2009, Elsevier.

1.1.2. Characterization of Superhydrophobicity



(A) (B)
Hydrophilic Superhydrophobic

surface surface

Water
Water Contaminants /

Contaminants /
S
\ rs \ ‘._0) :J*V

Water collects
contaminants

Water flows
under
contaminants

Slow

-~

b

é

Figure 1.2: Self-cleaning properties (A) contaminants sticking phenomena on a hydrophilic

surface (B) Self-cleaning process on superhydrophobic surface.

Surface wettability measurement has been obtained by using many approaches to differentiate
between hydrophilic and hydrophobic surfaces. Water contact angle (WCA) measurement is
the most used method for surface wettability analysis. The WCA of a surface is evaluated by
the surface water contact place to tangent line of water-air contact.* As shown in Figure 1. 3, a
surface is defined as superhydrophilic when 6 < 10°, and as hydrophilic when 6 < 90°. In
contrast, superhydrophobic are defined by contact angles as hydrophilic when 6 > 150° and 6
> 90°, respectively (Figure 1.3) due to water resistant spreading phenomena.?®> A minimum
contact angle is obtained for superhydrophilic surface where the water droplet show complete
spreading and wets the surface but when droplet form a near-spherical droplet on the surface
then a maximum contact angle is obtained.?*

Measurement of WCA s is extensively used and accepted to evaluate water interaction with
3



Different wetting stages of water droplet

(A) (B) © (D)

0<10c° 0> 150 °

0<90° 8>900 A
Superhydrophilic state Hydrophilic state Hydrophobic state Superhydrophobic state

Figure 1.3: Different wetting stages of water droplet (A, B, C, and D) wetting stage of

superhydrophilic surface, hydrophilic surface, hydrophobic surface, and superhydrophobic

surface.

surfaces. The water droplet rolling-off behavior make some surfaces to be ‘slippery’ and on
the other hand where droplet bonds to the surface strongly and can be hard to remove entirely
shows a ‘pinning effect’.?> Hence, contact angle hysteresis (CAH) method has been developed
to complement WCA analysis by differentiating between ‘sticky’ and ‘slippery’ surfaces. CAH
is one of the prominent factors in surface chemistry to understand sticky or non-sticky behavior
of substrates. As shown in Equation 1.1, It is defined as the difference between the maximum
advancing contact angle (6a) and minimum receding contact angle (6r) which is usually used

to analysis the wetting tendency of the surfaces.?®
CAH=0a-06r ... (Equation 1.1)

Typically, 6a shows the maximum contact angle, whereas Or exhibits the minimum contact
angle for water droplet on a surface (Figure 1.4). Intriguingly, it was observed that a higher
contact angle hysteresis value provides higher degree of water droplet adhesion and have higher
tendency of corrosion for a surface. Mostly, superhydrophobic surfaces is non-adhesive, anti-

corrosive and shows exceptionally low water contact angle hysteresis.?” In other words, lower



contact angle hysteresis value (< 10°) of superhydrophobic surfaces corresponds to high

wetting stability against Cassie-Baxter to Wenzel transition.?®
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v
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?
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. e

Figure 1.4: Contact angle hysteresis phenomena (A) maximum receding contact angle of a

surface (B) maximum advancing contact angle of a surface.

Alternate approaches have been reported for a similar purpose. The sliding or rolling-off angle
is determined by slow surface tilting and observing the angle at which the water droplet starts
to roll-off from surface. Superhydrophobic surfaces usually have a sliding or rolling-off angle

<10°4
1. 2 Wetting Models

It is particularly important to identify and predict the interaction between the water droplet and
surface to evaluate the wetting behavior of the surface and its applicability in various domains.
For these reasons, wetting models for surfaces were utilized to understand the interaction

between solid/water/air and to predict the wetting behaviour.*
1.21 Young’s Model

Young’s Model is believed to be the easiest wetting model. This model envisions an “ideal

surface” that is chemical homogenous and entirely smooth. To show the resulting equilibrium



contact angle this model utilizes interfacial surface tensions/energies (per unit area) (Equation

1.2, Figure 1. 5A).%
ySA=ySL+yLAcos6, ... (Equation 1.2)

When the three interfacial tensions [solid-air (ySA), solid-liquid (ySL), liquid-air (yLA)]
balance and reach thermodynamic equilibrium then the contact angle (6y) is determined. In the
case of hydrophobic surface, the solid-liquid interfacial energy (ySL) should surpass the solid-
air interfacial energy (ySA) and the water droplet changes its shape to minimize the solid-liquid
interfacial area until the lowermost possible energy state of the system is reached. The opposite
is true for hydrophilic wetting behavior when the contact angles are 6 < 5° for superhydrophilic
and 6 < 90° for hydrophilic surface. It happens because of solid-liquid interfacial energy (ySL)

being minimized and favoring surface and water droplet interaction.

Young’s model explains the wetting behavior for ideal surface which hardly exists. The contact
angle of a surface can be increased even without changing the chemical composition solely by
increasing surface roughness of the surface which is not possible to explain by this model.*

There are alternative wetting models to clarify the wetting behavior of real-life solid surfaces.

30, 31
Wetting models
(A) (B) © Air
Air
Air Water droplet Water droplet
8 Water droplet ow oce
Rough surface Rouhgjrface
Young model Wenzel model Cassie-Baxter model

Figure 1.5: Wetting models for a droplet (A) Young’s model (B) Wenzel model (B) Cassie-

Baxter model.



1.2.2 Wenzel Model

A correction factor has been established to explain surface roughness, referred to as the
roughness factor (r). The roughness factor (r) is defined as the ratio of the true surface area and
planned surface, which is higher than 1 for any rough surface.®? As shown in Figure 1.5B, the
Wenzel model envisions an entire wetting for a rough surface, it means that under the water
droplet there is no air trapped.* Wenzel model has been utilized to link surface wettability with
both surface roughness and surface interfacial tensions through the direct insertion of a

roughness factor (Equation 1.3).%% 33
cosdw=rcosfy=r(ySA-ySL)lyLA ... (Equation 1.3)

Where 6w is the Wenzel contact angle, and 6y is Young’s contact angle. This equation
mathematically suggests that as the surface gets roughened, the surface properties being
magnified which indicates that the WCA increases when a hydrophobic surface roughness

increases.*
1.2.3 Cassie-Baxter Model

C-B model also explains roughness of the surface. Opposite to Wenzel model in which entire
wetting is presumed, the C-B model implies the development of air gaps under the water
droplet because of trapped air not being removed by wetting.* As shown in Figure 1.5C, for C-
B model, water droplet is imagined standing on the surface roughness and air pockets between

the protrusions, so their contact with the surface is avoided. The C-B equation can be written

as: 30, 33, 34

C0SOcB=fs'COSOs+f 1 COSOv (Equation 1.4)



Where fsand fy are the area fractions of solid and air under the droplet on the surface
respectively. Considering fs+ fv= 1, the equilibrium contact angle between droplets and
surrounding vapor is a constant of 180°, and equilibrium contact angle of droplet on the solid

substrate equals to Young’s 6y, the C-B equation can be simplified as:
cosfcg = fs(l+coséy)y-12 .. (Equation 1.5)

From the Wenzel model, it can be established that surface roughness factor (r) amplifies the
wettability of the original surface. In the C-B model, the area fractions under the droplet are
important because if the area fraction of air is significantly large, then the WCA will be higher.
These models have been broadly utilized lately with dynamic research for superhydrophobic

surfaces even though these wetting models were established over half a century ago.*
1.3 Fabrication Methods for Superhydrophobic Surfaces

Superhydrophobic surface making approaches are various and follow diverse fabrication
methods. There are range of approaches for creating of surfaces roughness and broad selection
for utilizing materials with low surface energy.?* These methods can be categorized for creating
rough surfaces, which falls into two main classifications: i) top-down methods; in which to
create surface roughness structuring of the surface with bulk material, and ii) bottom-up

methods; small scale material addition to the surface is used for creating roughness.®
1.3.1 Top-Down Methods

In this section the methods discussed, bulk substrates are structured to produce roughness. This
goal can be achieved by soft material imprinting using a mould or by the selective exclusion
of hard materials. Some of the common ‘top-down” method examples for making

superhydrophobic surfaces are presented here.



1.3.1.1 Lithography

Lithography technique is a broadly utilized method to create small-scale patterns on substrates
and thin films. The most known lithography method is photolithography, in which substrate
gets coating with thin layer of photoresist, then exposed (by Electron beam, X-ray, UV etc.)
through a photo or chrome mask prepare with specific pattern, letting the design transfer into
the substrate. Furthermore, development steps are required to eliminate the exposed (or the
unexposed) photoresist material and make a positive (or a negative) replica. This step can be

followed by post treatment with a hydrophobic material.¢- 3’

Feng at el. reported the fabrication of hierarchical SU-8 surfaces thorough a double Electron
beam lithography (EBL) exposure method. Initially, a layer of SU8 was spin coated onto silicon
wafer with thickness of 10um and 15um followed by single EBL exposure and post-exposure

bake, a thin layer of SU-8 of around 500nm in thickness was spin coated on the top of
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1) Spin-coat a thick layer of SU-8

2) Primary structure EBL and
first post-exposure bake (PEB)

3) Spin-coat a thin layer of SU-8
on top of the thick layer

(D)
4) secondary structure EBL then 2
second PEB and development

Figure 1.6: Lithography for making superhydrophobic surface (A) schematic diagram of

a double layer e-beam lithography process to make hierarchical SU-8 surfaces (B) macroscopic



superhydrophobic surface with 2 mm linear dimension (C, D) SEM images of SU-8 structure
on different magnifications (10um, 1um). Reproduced with permission.®® Copyright 2011,

Wiley.

undeveloped layer then exposed again with EBL to create the secondary features over the
complete surface (Figure 1.6). This process produces micro/nano hierarchical structures in
which nano size structures covering not only the tops of the micrometer structures but also their

sidewalls and valleys between them. %
1.3.1.2 Etching

Etching is a modest method to increase the surface roughness of the substrates. In many cases
superhydrophobicity can be obtain by modification of the etched substrate using low surface
energy material.*® Etching can be performed through chemical routes for removal of substrate
materials by exposure to harsh solutions (basic or acidic). Kim et al. demonstrated the making
of stainless steel based superhydrophobic surfaces by hydrogen fluoride (HF) etching and
further treatment with a hot 0.1% NaCl solution, followed by fluorination treatment. As shown
in Figure 1.7, Stainless steel without any treatment shows hydrophilic behavior, after treatment
with HF etching the water contact angle (WCA) of 164°, and further treatment with 0.1% NaCl
solution increased the water contact angle (WCA = 168°). It happens because of the petal-like

structures formation on the stainless steel surface by etching (Figure 1.7).%°
1.3.2 Bottom-Up Methods

In this section methods discussed related to “bottom-up” methods in which the small
hydrophobic blocks assembling to create a rough superhydrophobic surface. Some of these

approaches’ examples overview is presented here.
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Figure 1.7: Etching process for making superhydrophobic surface (A) schematic
representation of the different steps to make stainless steel surface superhydrophobic by
etching method (B) schematic diagram of the hydrophobic sates of stainless steel before and
after chemical etching treatments (C) SEM images of surface after dipping with 0.1% NaCl

solution (500 nm scale). Reproduced with permission.® Copyright 2018, Elsevier.

1.3.2.1 3D Printing

3D printing has been reported for making superhydrophobic surfaces. This method involves
layer-by-layer surface creation and provides great control over the construction parameters.
Kang et al. prepared a mold by using 3D printer to create roughness on PDMS surface to obtain
superhydrophobicity. This 3D printing mold was created as a support part using different

printing angles and then PDMD was poured. Furthermore, this PDMS was degassed to remove

11



bubbles and then baking and detaching process was performed to create superhydrophobic

PDMS surface (Figure 1.8).%°

(A) —

C

y
E%/

(D)

%

Figure 1.8: 3D printing method for making superhydrophobic polymer surface (A) mold

printing with a support part using different printing angles (B) PDMS pouring onto the mold
(C) degassing process for remove air bubbles (D) baking process for curing of the polymer (E)
cured PDMS detachment from the mold (F) superhydrophobic surfaces. Reproduced with

permission.*® Copyright 2019, Springer.
1.3.2.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) method implies gaseous-phase precursors deposition to
form a solid product. In this method, heating is broadly utilized to begin the chemical reaction,
and removal of any unreacted material from the system. The morphology of the deposited
coatings has been controlled by using various CVD techniques. Huang et al. have demonstrated
nano cone array coatings using a two-stage initiated CVD (iCVD) process to make glass slide
and Silicon wafer superhydrophobic. First, they introduced initiator tert-butyl peroxide (TBP)
and a monomer ethylene glycol diacrylate (EDGA) into iCVD reactor. This initiator gets

thermally decomposed and the resultant free radicals were adsorbed onto substrate surface
12



along with the monomer, initiating polymerization and deposition of poly (ethylene glycol
diacrylate) (pEDGA). This PFDA vapor believed to condense on the substrate and start forming
nanosized nucleation center where monomer vapor helps to growth of nano cone array (Figure

1.9).4
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Figure 1.9: Chemical vapour deposition (CVD) process for making superhydrophobic
surface (A) Schematic representation of the CVD growth process of polymer nano cone array
coatings (B) SEM images of flat coating (C) irregular rough coating (D) nano cone array

coating. Reproduced with permission.*® Copyright 2023, Elsevier.
1.4 Factors Limiting Broder Application of Superhydrophobic Surfaces

Superhydrophobic surfaces distinctive interaction with water droplets results in various
abilities that are useful for numerous real-life applications like self-cleaning surfaces,® anti-
icing,® reusable face masks,® heritage stone artifacts protection from acid rain,** concrete

modification,* and superhydrophobic sand “° (Figure 1.10).
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Figure 1.10: Real-life applications of superhydrophobic surfaces.

Superhydrophobic surfaces have been prepared using a wide range of fabrication techniques,
materials, resultant properties to target wide range of target applications but still these surfaces
impact on daily use materials is inadequate. There are many limitations for utilizing these
superhydrophobic surfaces for numerous applications and these limitations can be categorized
two main categories: issues related to the scaling-up and fabrication methods and difficulties

with their efficiency/durability.
1.4.1 Scaling-Up and Fabrication Methods Restrictions

Fabrication of superhydrophobic surfaces have been demonstrated successfully at the research
laboratory scale but a lot of issues can arise when scaling-up for daily life use. Scaling-up is
even more challenging due to most of the fabrication main module and stages like materials,

fabrication process, conditions, and post-processing. The materials used, while possibly giving
14



good hydrophobicity and excellent performance, can be expensive and affect our environment.
In the case of fluorinated alkyls which are well known for their superhydrophobicity and low
surface energy,*® 47 still potentially harmful to humans due to presence of long-chain
fluorocarbons.*” Another case is when the hydrophobic module of the superhydrophobic
surface can be safe for environment and humans, but they may require dissolving in toxic

solvents to enable the process.

The fabrication procedure can involve many issues like most of the fabrication method may
require specific substrate only to make surface superhydrophobic which does not provide
flexibility in term of choosing desire substrates.*® For synthesis approaches, sometime
additional heating of the substrate is required to bake the deposited coating which adds more

cost and limits the choices for desired substrates.

Another issue is utilization of complex and high-tech equipment to create micro/nanoscale
roughness on the specific substate which adds more complexity and leads to cost-ineffective
and longtime process. There is another issue related to non-uniformity of the coating which
can decrease the long-term use of the superhydrophobic surfaces due to creation of defective
region that will increase chances of surface degradation in harsh environmental conditions.
Uniform coating can be achieved by using high tech equipment but again it is going to hinder

its use for scaling-up for daily use applications.

These issues are keep increasing and has led to new research possibilities that endeavor at
making of superhydrophobic surface through more ‘industrial-friendly’ methods to facilitate

varied range of applications.*°

1.4.2 Durability and Reusability Concerns for Daily Life Challenges

15



There are various new challenges facing the surface in real-life environment. The harsh
environment can affect the surface properties and can degrade its performance in term of
superhydrophobicity. The surface superhydrophobicity loss can happen because of multiple

reasons like physical damage, chemical damage and change in the wetting mechanism.>°

As shown in Young’s model (equation 1.2), the WCA decreases when the surface energy
increases of the coating material. Surface chemistry can be changed by destroying the surface
and either by hydrophobic surface functional groups removal because of exposure with harsh
environmental circumstances (e.g., acid rain and extreme high temperature) or by chemical

pollutants onto the surface (e.g., organic chemicals, surface fouling, and hard water staining).>*

Physical scratches on superhydrophobic surface also are main constraint. Surface that contains
micro/nanoscale features can be simply damaged by nominal physical load as little as finger
wipe sometimes.*® 52 53 This limitation makes the use of the surface for applications where

abrasion or scratching is happening comely. >

Superhydrophobic surface can lose their performance by moving from C-B to Wenzel wetting
state (i.e., loss of trapped air). This can happen using different stimuli, like the diffusion of air
into water, increasing the hydrostatic pressure or water droplet condensation inside air

pockets.>®
1.5 Thesis Outline

As mentioned in the previous section, and while the development and fabrication of new
surfaces with superhydrophobicity are yet needed, the investigation of mentioned issues is
critical in term of surface implementation for daily use applications. The main objective of the

research work demonstrated in this thesis was to uphold the real-life applications of
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superhydrophobic surfaces to protect from biological and chemical contamination, which took

different routes in each chapter.

R/
A X4

Chapter 2 aims to show the development of self-sterile and reusable facemask to
protection against biological contaminants (bacteria and virus) was main aim in Chapter
2, where a single-step spray-coating technique reported for the formation of a
superhydrophobic layer contain nanospike-like architecture of single-walled carbon
nanotubes (SWCNTSs) on melt-blown polypropylene (PP) surgical mask. This CNT-
coated mask showed superhydrophobicity for various body fluids (urine, tear, blood,
sweat, and saliva) and water. The outstanding photothermal properties make this mask
reusable and self-sterile ability against bacteria and viruses.

Chapter 3 aims to show the development of facile, fluorine-free, economical, and
scalable fabrication method that utilizes bio adhesive shellac and modified silica
nanoparticles to create anti-droplet and durable superhydrophobic coatings. The newly
developed bio adhesive based nanocoating was applied by using spray coating on to
multiple solid and porous substrates such as nonwoven polypropylene fibers, glass,
plastic, metal, wood, cotton, and concrete material to achieve excellent
superhydrophobicity. This nanocoating creates micro/nanoscale roughness on the
surface and exhibits anti-droplet effect for acid rain. Furthermore, the coated surfaces
demonstrated excellent durability against abrasion and high temperature environments
exposure tests while maintaining anti-droplet behavior.

Chapter 4 aims to demonstrate the development of a single step method,
superhydrophobic sand to prevent loss of water from topsoil in arid regions. Sea
sand (SS) and regular sand was coated with silica sol, which was prepared by the

hydrolysis of tetraethoxysilane (TEOS) under alkaline conditions, followed by

17



treatment with perfluorodecyltrichlorosilane (FDTS). The coated superhydrophobic
sand grains displayed anti-droplet and self-cleaning features, and withheld water for
extended periods of time, which was also further used to demonstrate oil/water

separation application.
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Chapter 2

Superhydrophobic Face Mask

Publications:

Superhydrophobic and self-sterilizing surgical masks spray-coated with carbon nanotubes.
Ritesh Soni, Shalik Ram Joshi, Mamata Karmacharya, Hyegi Min, Shin-Kwan Kim, Sumit
Kumar, Gun-Ho Kim, Yoon-Kyoung Cho, and Chang Young Lee. ACS Applied Nano

Materials, vol. 4, pp. 8491-8499, 2021.
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2.1 Introduction

The outbreak of coronavirus has jeopardized the world by infecting more than 688 million and
killing over 6.8 million people as of May 2023.%® To reduce the virus spread, World Health
Organization recommends the use of medical mask, and some countries have mandated the
usage of medical masks in public places, especially those with a high population density.*> %
Airborne transmission occurs through virus containing respiratory droplets floating in the air
over long distances,*®5! and the use of masks can reduce the virus spread.®? Although low-cost
masks are currently available,®® ® their poor hydrophobicity increases the adherence of the
droplets on the surface.’® ® Furthermore, the poor reusability of the currently used medical
masks adversely affects the environment because improper disposal or decontamination of used
masks generates 250,000 tons of wastes a day globally.®” % Therefore, there is an increasing
demand for low-cost and reusable surgical masks with self-sterilization capability and
outstanding hydrophobicity.

We present a convenient approach for preparing a self-sterilizing and reusable mask for
protection against biological contaminants (bacteria, virus etc.), by spray-coating the
commercially available surgical masks with single-walled CNTs (SWCNTSs) to achieve
outstanding hydrophobic and photothermal properties. The coated SWCNTs form randomly
oriented nanoscale needle-like architectures on the mask surface, leading to a
superhydrophobic surface characteristic that causes the aqueous droplets to bounce off
immediately. Upon illumination with sun light, the surface temperature of the functional mask

increases instantly to more than 90 °C, confirming bactericidal and virucidal property of the

CNT-coated mask. Our approach for fabricating a reusable mask is easily scalable and thus is
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expected to minimize environmental impact of the daily-worn masks, while suppressing spread

of the diseases transmitted by respiratory droplets.

2.2 Materials and Methods:

2.2.1 Materials: SWCNTs (HiPco SWCNTs, diameter, 0.8-1.2 nm) were purchased from
Nano Integris (Canada). Benzene and isopropanol were purchased from Sigma-Aldrich and

used as received.

2.2.2 Sample preparation: The as-received SWCNT was dispersed in benzene by sonication
in an ultrasonic bath (BRANSON 2510, Marshall Scientific, UK) for 60 min. The concentration
of the SWCNTs was optimal at 2.5 mg mL™?, exhibiting a uniform surface coverage of the
SWCNTSs (Figure 2.1). Before spray-coating, the SWCNT suspension was vigorously stirred
for 1 min on a vortex mixer (WiseMix VM-10, Germany) to redisperse any SWCNTSs
aggregates. The obtained suspension was uniformly coated on bare surgical masks using a
manual spray-coater. The spray-coated samples were then kept in a vacuum oven maintained
at constant temperature (80 °C) for 30 min. These samples were further ultrasonicated in
benzene for 1 min to remove excess SWCNTSs that were not directly bound to PP fibers, which
helped preserve the air permeability and reduce the risk of inhaling SWCNTSs while breathing.

The mask was dried again in the oven to ensure the complete removal of the benzene.
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(D) 0=140.4 £ 0.8° (E) 0=156.2+1.8° (F) 0=139.2%1.4°

Figure 2.1: SEM images and contact angle data of different concentration of SWCNTSs
for coating mask (A) 1 mg per ml CNT concentration in benzene (B) 2.5 mg per ml CNT
concentration in benzene (C) 5 mg per ml CNT concentration in benzene (D) Contact angle
image of spray coated CNT mask with 1mg per ml CNT concentration in benzene (E) 2.5 mg
per ml CNT concentration in benzene (F) 5 mg per ml CNT concentration in benzene.

Reproduced with permission.® Copyright 2021, ACS.
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Figure 2.2: Thermo gravimetric analysis (TGA) of SWCNTs coated PP fiber sample.
Reproduced with permission.® Copyright 2021, ACS.

As we have mentioned that heat treatment helps to remove the benzene from the mask surface
completely to prove out point, we also performed thermo gravimetric analysis (TGA) (TA
Instruments Q-600, USA) of SWCNTSs coated PP fiber sample. TGA graph of sample heated
at 80 °C in nitrogen reveals no weight loss till 150 °C, which implies successful removal of all

the benzene molecules (Figure 2.2).
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Figure 2.3: SEM analysis of SWCNTs PP attachment. (A) Optical image of experimental

setup with MCE membrane (B) Optical image of experimental setup with MCE membrane and
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CNT-coated mask (C) SEM image of MCE membrane after experiment (D) Raman spectra of
MCE membrane after experiment. Reproduced with permission.® Copyright 2021, ACS.

We also performed an experiment to test whether the nanotubes are detached from the mask
by a gas flow as shown in Figure 2.3. In this experiment, a CNT-coated mask was placed on a
mixed cellulose esters (MCE) membrane with average pore size of 25 nm, and the mask was
blown with high-pressure nitrogen gas for 1 hr while applying a vacuum suction to the MCE
membrane to collect any CNTSs detached from the mask. We did not find any CNTSs on the

membrane, by SEM inspection and Raman spectroscopy.

2.2.3 Characterization: The surface morphology of the samples was examined with a
scanning electron microscope (Cold FE-SEM S-4800, Hitachi High Technologies Ltd., Japan)
at 1 kV voltage and 7 PHA current. The Raman spectra were recorded (ALPHA300R, WITEC,
Germany) on a ultrahigh-throughput spectrometer (UHTS) over the scanning range of 100—
3500 cm L. FT-IR spectroscopy (Varian, Agilent Technologies, Germany) was performed over
the scanning range of 7004000 cm™ to investigate the distribution of oxygen functional
groups on the samples. XPS was performed on a K-Alpha XPS system (Thermo Fisher
Scientific, UK) equipped with double focusing hemispherical analyzer and monochromatic Al-
Ka source (1486.6 eV). The narrow-scan spectra were acquired in a constant analyzer energy
mode with pass energy of 25 eV. Sample charging was compensated for the system flood gun,
which emits low-energy electrons. The vacuum of the main chamber was maintained at 1x10°
mbar during the entire measurement. The Thermo Scientific Avantage software was used for
the digital acquisition and processing of data. Spectral calibration was performed by the
automated calibration routine, using the internal Au, Ag, and Cu standards supplied with the
K-Alpha system. The chemical characteristics of the samples were determined by

deconvoluting the high-resolution XPS profiles using the XPS Peak fit 4.1 software. Diffuse
24



reflectance spectra of the pure and CNT-coated melt-blown PP fibers were recorded at room
temperature in the range of 200800 nm on a UV-vis spectrophotometer (Agilent Technologies
Cary 5000, USA) equipped with an integrating sphere. A BaSO4 pellet was used as the

reference.

2.2.4 Contact Angle Measurements: To examine the wetting properties of the samples,
images of sessile water drops were acquired with a Rameé-hart instrument and analyzed with
the DROPimage Advanced version software. For the static contact angle measurements, 5 pL.
droplets of deionized water (18.2 MQ cm) were used. For the contact angle measurements with
body fluids (water, blood, sweat, tear, saliva, and urine), 10 uL droplets of the fluids were used.
The contact angle on each type of surface was measured after 15 s following the casting of the
drop to ensure that the droplet had reached its equilibrium position, and the values measured
from different locations on the sample surface were averaged. . This blood related study was
reviewed and approved by the Institutional Review Board of Ulsan National Institute of

Science and Technology (UNISTIRB-19-38-C), Republic of Korea.

2.2.5 Photothermal measurements: a solar simulator (Model 10500, ABET Technologies,
USA) was used as the sunlight source (1 sun intensity) at a distance of ~12 cm from the sample.
The surface temperatures of the samples were measured with two Fluke TiS55 and FLIR

Infrared cameras.

2.2.6 Electrothermal measurements: a DC power supply (Model N5769A, Keysight
Technologies, USA) was used as the power source at a distance of ~ 10 mm on the specimen.
The surface temperature of the specimens was measured using data acquisition (Model

DAQ970A, Keysight Technologies, USA) and IR camera (FLIR Infrared Cameras, USA).
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2.2.7 Differential pressure measurements: The differential pressure was determined using a
customized experimental setup that includes a Data Acquisition (DAQ), pressure transducers,
gas mass flow controllers (0-5 L min'?) and a test filter assembly. The test filter assembly
consists of a pipe screw setup in which the samples (10 mm diameter) were placed between the
two O-rings and sealed tightly to prevent any leakage. Then, compressed air was flown at a
constant rate (0-5 L min™t), which is similar to that experienced during human respiration,
accounting for the smaller sample cross-sectional area compared to that of a full face mask.
The air flow rate was measured using a mass flow meter (SFM3300; Sensirion AG,
Switzerland) and the pressure drop was measured using a Sensys Korea pressure transducer

(PTBH £ 100RGPA-FC) and a DAQ system (Agilent, Keysight Technologies-34970A).

2.2.8 Analysis of the antimicrobial activity: The antibacterial effect of the CNT-coated mask
was determined using E. coli. E. coli ATCC 25922 from a stock was streaked onto a Luria-
Bertani (LB) agar plate (Difco Generic LABWARE, Beckton Dickinson, Seoul, Republic of
Korea) and incubated at 37 °C with 5% CO». The isolated colony that appeared after 18 h of
incubation was inoculated in 10 mL of the Luria Broth (LB) medium and incubated at 37 °C
and 150 rpm until the logarithmic phase was achieved with a concentration in the range of 1.0
x 10® to 1.0 x 10° CFU mL™? (CFU: colony forming unit). Approximately 100 pL of the
bacterial suspension (1 x 10° CFU mL™?) was placed on the outer surface of the CNT-coated
mask and was treated with solar irradiation (1 sun intensity, 1 min). After the treatment, the
bacterial solution on the CNT-coated mask surface was serially diluted by 10'-10° folds in
sterile PBS and cultured on an LB agar plate. The cultured plate was incubated at 37 °C with

5% CO- for 18 h. The experiment was performed in triplicate.

2.2.9 Live dead assay: The bacteria which was treated in the dark and light mode was

determined by live dead assay. Bacteria was collected from the respective mask after treating
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in the light and dark mode. SYTO9 and propidium iodide were mixed in equal volume and 3
pL of the mixture was added in the bacterial solution. It was incubated in dark at room
temperature for 15 min. The cell was imaged in the confocal microscopy at excitation/ emission

of SYTO9 (485/498) and Propidium iodide (490/635).

2.2.10 Cell culture: A T75 cell culture flask (Corning, NY, USA) was used to culture 5 x 10°
cells in 18 mL of a Roswell Park Memorial Institute medium (RPMI, Gibco, Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS; Systems Biosciences Inc, CA,
USA)), and 1% antibiotics/antimycotics (100 U mL™! penicillin and 100 mg mL™
streptomycin) and incubated at 37 °C in 5% CO; for the isolation of the VPs until the
confluency reached 60—70%. After the confluent growth, the cell was washed with 1x PBS.
Then, the cell was replaced with the RPMI medium, supplemented with 10% exo-free FBS
(and 1% antibiotics/antimycotics (100 U mL™* penicillin and 100 mg mL? streptomycin) and
incubated for 48 h at 37 °C in 5% CO>. The cell culture supernatant (CCS) was collected for

the isolation of the exosomes by the ultracentrifugation method.

2.2.11 Ultracentrifugation method: The collected CCS was centrifuged at 300 g for 10 min
to remove the cellular debris. The supernatant obtained after the removal of the debris was
further centrifuged at 2000 g for 20 min. The resultant supernatant was centrifuged at 20,000
g for 1 h at 4 °C using 50 mL Nalgene polypropylene high-speed centrifuge tubes. Then, the
supernatant was transferred to new ultracentrifuge tubes and centrifuged at 120,000 g for 2 h
at 4 °C in a Ti45 fixed angle rotor (Beckman Coulter). The supernatant was discarded, and the
exosome pellet was collected and resuspended in 1 mL of prefiltered PBS, and then transferred
to 1.2 mL polycarbonate ultracentrifuge tubes. It was then centrifuged at 120,000 g at 4 °C for
2 h in an MLA-130 fixed angle rotor (Beckman Coulter). Thereafter, the pellet was

resuspended in prefiltered PBS (filter pore size: 200 nm) and stored either at 4 °C for immediate
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use or at —80 °C for further use. Bicinchoninic acid assay (BCA) was performed for the

characterization of the exosomes (see Figure 2.16).

2.2.12 Nanoparticle tracking analysis: To count the number of exosomes and determine their
size distribution, NTA was performed. The exosomes were diluted in a particle-free PBS (filter
pore size: 0.02 um), and ~0.6 mL of the exosome suspension was loaded in the sample chamber
of the NTA system (Malvern Analytical NanoSight N500 Instrument) equipped with a 405 nm
laser. The number of particles per video was maintained between 100 and 2000. Videos of 30
s duration were recorded by adjusting the camera level to 14 and detection threshold to 7. NTA
2.1 software (NanoSight) on the automatic mode for camera focus, shutter, blur, minimum
track length, minimum expected size, and maximum jump length was used for the data analysis.
2.2.13 SDS-PAGE gel electrophoresis: VPs pellet was lysed in RIPA buffer with a protease
inhibitor. The VPs lysate was mixed with the nonreducing loading buffer buffer (Cell Biolabs,
CA, USA) and were boiled for 15 min at 95 °C. Then, they were loaded on a 10% SDS-PAGE
gel (Pierce, Rockford, IL, USA) in the Mini-Protean TGX electrophoresis apparatus (Bio-rad,
CA, USA) that contains the running buffer to separate the lysates. After the completion of

electrophoresis, the gel was stained with Coomassie stain to verify the protein band.

2.3 Results and Discussion:

2.3.1 Surface Modification of Surgical Masks using SWCNTSs

One of the primary reasons for wearing a mask is to reduce the risk of inhaling the virus- or
bacteria-containing respiratory droplets. The outer surface of the mask needs to be hydrophobic
to repel those droplets, but the hydrophobicity of the currently used masks is either insufficient
or temporary. Herein, we employ spray-coating of SWCNTs as a convenient and scalable

method to improve the hydrophobicity of melt-blown PP filters that are commonly used in the
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commercially available surgical masks. Figure 2.5A presents the schematic of our single-step
spray-coating method. SWCNTSs dispersed in benzene (Figures 2.4) were sprayed onto a

commercially available surgical mask, followed by drying the coated mask in the oven. The

(A) 0=1154+24° (B) 6=119.2+0.8° (%) 6=121.5%1.2°
(D) (E) (F)
6=135.4%0.2° 6=138.9%+24° 0=156.2+1.8°

000

Figure 2.4: Contact angle data for different types of solvents used to spray coating on
mask. (A) Pristine mask contact angle (B) Dichlorobenzene and CNT dispersion for CNT-
coated mask contact angle (C) Toluene and CNT dispersion for CNT-coated mask contact
angle (D) Acetone and CNT dispersion for CNT-coated mask contact angle (E) IPA and CNT
dispersion for CNT-coated mask contact angle (F) Benzene and CNT dispersion for CNT-

coated mask contact angle. Reproduced with permission.® Copyright 2021, ACS.

coated mask was bath-sonicated in benzene to remove excess SWCNTSs not directly bound to
the PP fiber. The mask was then placed in the oven again to remove benzene. Here, the last
two steps, bath-sonication and heat treatment, reduce the risk of inhaling SWCNTs and
benzene, respectively while breathing and are thus critical in this approach. Thermogravimetric

analysis (TGA) of the CNT-coated PP fibers showed no weight loss (Figure 2.2), and we did
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not find any evidence of CNTs detached from the mask even under a high-pressure nitrogen
stream (Figure 2.3). These results do not prove but strongly support complete removal of
benzene as well as the absence of CNTs detached by breathing. Figure 2.5B shows the mask
before (left) and after (right) being spray-coated with the SWCNTSs, with the corresponding

scanning electron microscopy (SEM) images of the PP fibers shown below.
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Figure 2.5: Surface modification of surgical masks using SWCNTs. (A) Schematic
representation of the spray-coating of SWCNTSs on the nonwoven fibers of a pristine mask. (B)
Optical images of the pristine (left) and the CNT-coated (right) masks, along with their low-
and high-magnification SEM images (shown below). (C) Raman spectra of the pristine (black
curve) and the CNT-coated (red curve) masks. (D) Pressure drop vs. Air velocity for the pristine
(black curve) and the CNT-coated (red curve) masks. Reproduced with permission.® Copyright

2021, ACS.

2.3.2 Chemical Characterization of the Coating on a Pristine Surgical Mask
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The mask turned black after the coating, and the PP fibers with an initially smooth surface were
completely covered with spiky nanostructures, which were confirmed to be bundles of
SWCNTSs based on the characteristic tangential (G, 1500-1600 cm™) and radial breathing
modes (RBM, 160-300 cm™) of SWCNTs in the Raman spectrum (Figure 2.5C) as well as
other spectroscopic measurements (Figure 2.6). Because the reduced porosity of the coated
nanotubes may affect breathing, we measured the pressure drop across the pristine and CNT-
coated masks over a range of air velocity (0-1.06 ms™; Figure 2.5D) using a custom-built setup
(Figure 2.7). The breathability, as obtained from the slope of the graph, was almost identical in
both samples: 21.92 mm s Pa! for the pristine mask and 21.91 mm s Pa* for the CNT-coated
one. Compared to dip coating, the spray-coating methodology enables deposition of uniform

and conformal coating of the SWCNTSs (Figure 2.8) even on a large scale (Figure 2.9).
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Figure 2.6: Chemical characterization of the coating on a pristine surgical mask. (A) High
resolution C-1s XPS data of pristine and CNT-coated mask (B) High resolution O-1s XPS data
of pristine and CNT-coated mask (C) Characterization of chemical composition using FT-IR
spectroscopy of pristine and CNT-coated mask. The presence of CNTs is confirmed by the

peaks labeled as C=C. Reproduced with permission.® Copyright 2021, ACS.
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Figure 2.7: Digital photograph of air permeability setup. Reproduced with permission.®

Copyright 2021, ACS.
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Figure 2.8: Different types of coating methods for mask. (A) Optical photograph of dip

coated CNT mask (B) Optical photograph of Spray coated CNT mask (C) Bright filed image
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of dip coated CNT mask (D) Bright filed image of spray coated CNT mask (E) SEM image of
dip coated CNT mask (F) SEM image of spray coated CNT mask. Reproduced with

permission.® Copyright 2021, ACS.

2.3.3 Wetting Behaviors of the SWCNTSs Coating on a Pristine Surgical Mask

To understand the interaction of the mask with respiratory droplets, the hydrophobicity of the
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Figure 2.10: Wetting behaviors of the SWCNTSs coating on a pristine surgical mask (A)
Contact angles on the pristine mask (left) and the CNT-coated mask (right). (B) Water droplet
stuck on the tilted pristine mask (left) and rolling off the tilted CNT-coated mask (right). (C)
Time-dependent variation in the contact angle of a water droplet on the pristine mask and the
CNT-coated mask. (D) Droplets of body fluids on the surface of CNT-coated masks and the
contact angle values for each fluid. (E) Time-lapse images of a water droplet falling onto a
pristine mask (left) and the CNT-coated mask (right), showing the droplet bouncing off the

latter. Reproduced with permission.® Copyright 2021, ACS.
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Figure 2.9: Demonstration of spray coating. (A) Digital photograph of spray coating setup
(B) Spray coating demonstration on large scale pristine mask nonwoven fiber area. Reproduced

with permission.® Copyright 2021, ACS.
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roughness.> %2 % The rolling behavior of the water droplets was investigated by tilting the
mask to validate the superhydrophobicity of the CNT-coated mask (Figure 2.10B). A 10 pL
water droplet on the pristine mask did not move when the mask was tilted or even inverted,

whereas on the CNT- coated mask the droplet rolled-off instantly at a sliding angle of 14°

pristine and the CNT-coated masks were examined in detail. The pristine mask showed a static
water contact angle of 113.6° £ 3.0°, but the contact angle increased to 156.2° + 1.8° for the
CNT-coated mask (Figure 2.10A). The superhydrophobicity of the CNT-coated mask is
attributed to the spiky nanostructures of hydrophobic CNTs that increase the surface
Furthermore, the contact angle of the water droplet on the CNT-coated mask was retained for
30 min, while that on the pristine mask decreased by more than 35% after the same time (Figure
2.10C). These results validate the robust superhydrophobicity of the CNT-coated masks, which
is important for providing protection from respiratory droplets for an extended period of time.
Since the transmission of virus or bacteria occurs mainly by contact with body fluids, " we
measured the static contact angles of several body fluids such as blood, sweat, urine, tears, and
saliva on the pristine and CNT-coated masks, as shown in Figures 2.10D and 2.11. As
compared to the pristine mask, the SWCNT-coated surface displayed outstanding repellency
against the tested body fluids, causing the water droplet to bounce off the surface (Figure
2.10E). Furthermore, to imitate respiratory droplets generated by sneezing or coughing, which
are primary reasons for the transmission of the virus, a water jet containing small water droplets
was sprayed on a human dummy wearing the mask. The water droplets fell immediately down
from the CNT-coated mask, suggesting its self-cleaning property, whereas the droplets adhered

on the pristine mask.

2.3.4 Photothermal Performance of the Masks
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SWCNTSs are known to exhibit strong photothermal effect as demonstrated in previous studies

on photothermal ablation of cancer cells and tumors.”*"® Therefore, we investigated whether

(A)

Water Urine Tear

6 Blood Sweat Saliva

6=1144224° 6=853251° 8=1008%4.9°

0 A

Water Urine Tear

(8)

8=10541+38° 6=108.124.1° 6=1064%1.4°

0

Sweat Saliva

C
© 180 [_]CNT-Coated
istin
160 " Pristine
o S 2

- =k -
N B
o o

T L

iy

B | |

o
o
T
X

Contact Angle (6)
N o
o O
H

N B
o O
T T

o

Water Urine Tear Blood Sweat Saliva

36



Figure 2.11: Wetting behaviors for body fluids on a pristine surgical mask. (A) Body fluid
on surface of pristine mask (B) contact angle data for body fluids (C) Body fluids comparison

data for pristine and CNT-coated mask. Reproduced with permission.® Copyright 2021, ACS.

the photothermal property of CNTs can be utilized to kill the viruses and bacteria that are not
completely repelled by the superhydrophobic surface. The CNT-coated mask was placed under
a solar simulator and illuminated at 1 sun intensity while imaging the mask temperature with
an infrared (IR) camera as illustrated in Figure 2.12A. Upon illumination, the surface
temperature of the CNT-coated mask increased rapidly to 90 °C within 30 s (Figure 2.12B). A

similar result was obtained from a human dummy wearing the CNT-coated mask, as shown in

Figure 2.12C.
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Figure 2.12: Photothermal performance of the masks (A) Schematic of the setup used for
photothermal studies. (B) Time-lapse thermal images of the CNT-coated mask. (C) Human
dummy wearing a CNT-coated mask showing the temperature increase at 1 sun intensity. (D)

Surface temperature measured by an IR camera against time for the pristine (black curve) and
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the CNT-coated (red curve) masks. (E) Reflectance spectra of the pristine (black curve) and
the CNT-coated (red curve) masks. (F) Temperature of the CNT-coated mask under multiple

on/off cycles of 1 sun illumination. Reproduced with permission.® Copyright 2021, ACS.
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Figure 2.13: Solar illumination effects on CNT-coated mask surface. (A) Optical

photograph of solar simulator setup (B) Contact angles measured after 10 cycles under solar
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illumination (C) SEM image of CNT-coated poly propylene fibers of the mask before solar
illumination (D) SEM image of CNT-coated poly propylene fibers of the mask after 10 cycles
of solar illumination (E) Human wearing CNT-coated mask IR image under direct sun light at
around 9 AM (F) Human wearing CNT-coated mask IR image under direct sun light at around
12 PM (G) Human wearing CNT-coated mask IR image under direct sun light at around 3 PM
(H) IR image of CNT-coated mask back side under direct sun light at around 12 PM (1) IR
image of CNT-coated mask kept on ground under direct sun light at around 12 PM (J) Human
wearing pristine mask IR image under direct sun light at around 12 PM. Reproduced with

permission.® Copyright 2021, ACS.

In contrast, the temperature of pristine mask remained below 40 °C even after 5 min of solar
illumination (Figure 2.12D). The photothermal effect benefited from the high absorption of
light as confirmed by the reflectance spectrum (Figure 2.12E). Furthermore, the photothermal
effect of the CNT-coated mask displayed excellent stability and reproducibility during 10
illumination cycles (Figure 2.12F). We also confirmed that both the superhydrophobicity and
the surface microstructure of the mask were preserved after the illumination cycles (Figure
2.13).

For practical applications, it is important to test the photothermal activity of the CNT-coated
mask and the risk of skin burn while wearing it in the sun. The temperature of the outer surface
of the mask was monitored at 9 AM, 12 PM, and 3 PM while it was worn on a sunny day
(Figure 2.13). We found that the outer temperature while wearing did not exceed 45.1 °C even
at 12 PM when the intensity of the sun was at its maximum. The temperature on the backside
of the mask contacting the skin was around 37 °C, which confirms that there is no risk of skin

burn. However, when the mask was removed and placed directly under sunlight for ~1 min,
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Figure 2.14: Electrothermal effect on CNT-coated mask surface. (A) Optical photograph
of electrothermal setup (B) IR image of CNT-coated mask sample at 10 volts (C) IR image of
CNT-coated mask sample at 20 volts (D) IR image of CNT-coated mask sample at 30 volts (E)

On/Off response for CNT-coated mask at 10 volts (F) On/Off response for CNT-coated mask
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at 20 volts (G) On/Off response for CNT-coated mask at 30 volts. Reproduced with

permission.® Copyright 2021, ACS.

the temperature of the SWCNT-coated mask reached 60.9 °C, which is a sufficiently high
temperature for deactivation of the SARS-CoV virus.””" In contrast, the temperature of the
pristine mask did not increase beyond 28.6 °C even after 5 min of exposure. Therefore, it can
be concluded that the SWCNT-coated mask enables photothermal sterilization with safety and
convenience. Additional sterilization may be achieved by resistive heating or electrothermal
process, when the density of CNTs is high enough to form an electrically conductive layer
(Figure 2.14), at the expense of reduced air permeability.

2.3.5 Antimicrobial and Antiviral Properties of Masks

We evaluated the antimicrobial activity of the CNT-coated mask facilitated by the outstanding
photothermal response by counting the colony-forming units (CFUs). Figure 2.15A shows the

E. coli ATCC 25922 present on the pristine mask and CNT-coated mask under dark (no sun
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Figure 2.15: Antimicrobial and antiviral properties. (A) Detection of the antibacterial effect
(CFU mL™) of the E. coli ATCC 25922 bacteria on the pristine and the CNT-coated masks
under dark and light conditions. (B) High-resolution confocal fluorescence microscopy images
of the live/dead assay of E. coli ATCC 25922 stained with SYTO 9 and propidium iodide. (C)
Number of viable E. coli bacteria calculated from CFUs after solar illumination of the surfaces
of the control (glass surface), pristine, and CNT-coated masks. Data are expressed as mean *
standard deviation values; n = 3 independent experiments. (D) Changes in the concentration of
the VPs on the control, pristine, and CNT-coated masks under dark and light conditions. (E)
Representative SDS-PAGE electrophoresis data for the control, pristine, and CNT-coated
masks after treatment of VVPs under light mode. Reproduced with permission.® Copyright 2021,

ACS.

illumination) and light (1 sun intensity for 1 min) modes. In the case of the pristine mask, there
was no change in the bacterial population in either mode (dark or light mode), whereas an
effective antimicrobial activity was observed in the light mode for the CNT-coated mask. The
SYTO 9 (485/498 nm) and propidium iodide (535/617 nm) fluorescence-based live/dead assay
of E. coli ATCC 25922 further confirmed the antimicrobial properties of the mask. The high-
resolution confocal fluorescence images in Figure 2.15B show the viable bacteria in the dark
mode (left) and light mode (right) after 1 min of solar illumination on the pristine (top) and the
CNT-coated (bottom) masks. Under illumination, many bacteria were killed in the case of the
CNT-coated mask as represented by the red color. Quantitative analysis based on CFUs showed
significantly reduced bacterial viability in the case of the CNT-coated mask, with an impressive
~4 log (>99.99%) for E. coli, while the controls showed insignificant antibacterial effects
(Figure 2.15C). These results indicate that the CNT-coated mask shows a remarkable self-

sterilization property under solar illumination.
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We also investigated the antiviral property of the CNT-coated mask using exosomes as virus-
like particles (\VPs). Exosomes are extracellular vesicles that closely resemble the virus in size
and content. Both the SARS-CoV-2 virus (size: ~100 nm) and the exosomes contain genetic
materials, proteins, and lipids from the host cells and have similar biogenesis pathways, and
they are released from the infected cells after the fusion of multivesicular bodies with the
plasma membrane.8%82 Thus, this virus-like particles could be used on the surface of the CNT-
coated mask to examine its self-sterilization property and thus its reusability or recyclability.®
First, VPs derived from breast cancer MCF-7 cells were isolated by an ultracentrifugation

method and characterized by nanoparticle tracking analysis (NTA) (Figure 2.16).
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Figure 2.16: Characterization of virus-like particles (VPs). (A) Slope obtained from
Bicinchoninic acid assay (BCA) of the standard protein to calculate the concentration of VPs

(B) Size distribution of VPs. Reproduced with permission.® Copyright 2021, ACS.

We determined the virucidal efficiency of the CNT-coated mask and pristine mask by
measuring the particle concentration (number of particles mL™) in the size range of 30 to 200
nm through NTA. Purified VVPs (30 pL) were inoculated in a solution to obtain a concentration
of ~108 particles mL™* and illuminated at 1 sun intensity. As shown in Figure 2.15D, the loss
of VPs on the CNT-coated mask was 99%, while the loss was not significant on the control
glass surface and pristine mask. The SDS-PAGE gel electrophoresis data further confirmed the
antiviral property of the CNT-coated mask (Figure 2.15E). After 1 sun illumination, the bands
for proteins with molecular weight of ~53 and ~28 kDa (corresponding to CD63 and CD?9,
respectively) clearly showed the presence of VVPs on the control and pristine mask, whereas no
band was observed in the case of CNT-coated mask, suggesting removal of most of the VPs

from the surface.
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Chapter 3

Bio adhesive based superhydrophobic coating

Publications:

Bio-adhesive based nano-coating to make superhydrophobic and self-cleaning surfaces. Ritesh
Soni, Saikat Sinha Ray, Chinna Bathula, Hyun-Seok Kim, Young-Nam Kwon and Chang

Young Lee. (In preparation) 2023.
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3.1 Introduction:

Real-life applications of these superhydrophobic surfaces are still encountering several
challenges in terms of robustness, cost, complexity, uniformity, and durability.®* & Various
fabrication techniques have been utilized to create essential low surface energy and
micro/nano-hierarchical roughness for artificial superhydrophobic surfaces.®® Low surface
energy polymers like epoxy resin,®” polydimethylsiloxane (PDMS),® silicone,® and
fluoroacrylic copolymers® have been used to make surface superhydrophobic but most of
these polymers have limitation in terms of high cost, environment hazards, low
biocompatibility, strength and stiffness.®* To overcome these limitations we have used shellac,
a natural hydrophobic & bio adhesive polymer secreted on various host tress by the insect
named Kerria lacca. Shellac is a resinous material consisting of a complex mixture of
polycarboxylic esters, polyhydroxy, lactones, and anhydrides. Shellac has been extensively
utilized as an outstanding polymeric coating material due to its biocompatibility, low cost
(~$2/kg), eco friendliness, and strong binding ability.®* *® For reducing the surface energy of
silica nanoparticles, a well-known organosilane derivative named octadecyltricholosilane
(OTS) has been applied which strongly binds and modifies SiO2 substrates. OTS is widely
known for surface modification of numerous solid substrates by forming self-assembled

monolayers (SAM).% %

In the current study, a facile, versatile, cost effective, ecofriendly, and durable bio-adhesive
based superhydrophobic nanocoating was developed for creating self-cleaning surfaces for
protection against acid rain and water-soluble organic pollutants. Protective treatment or
coating for protection from acid rain is necessary because when building materials get exposed

in an extreme environment then these materials show negligible decay resistance and can be

46



damage and degraded which shortens the services life and minimize the value. In this
experiment, shellac and Octadecyltricholosilane (OTS) modified silica nanoparticles (SSO)
based coating applied on multiple substrates like polypropylene (PP), glass, polyethylene
terephthalate (PET), cotton, wood, metal, and building material to obtain superhydrophobicity.
These overall outputs indicate that SSO coating is eco-friendly, robust, uniform, fluorine-free,
and versatile. It can be applied by using various coating methods like spray, dip, painting, and
sonication methods as well. To the best of our knowledge, the combination of shellac, silica
nanoparticles, and OTS has not been explored before. The average contact angle, sliding angle,
and contact angle hysteresis were reported to understand wetting behavior of the SSO-coated
substrates. Durability of the SSO-coated substrates was examined by performing abrasion test
under aggressive mechanical conditions. This study demonstrates a facile and potential
approach for producing multiple superhydrophobic substrates. This SSO coating can be
potentially used as a fundamental study for generating superhydrophobic surfaces to protect

against acid rain and organic pollutants.

3.2 Materials and Methods:

3.2.1 Materials

Shellac flakes were purchased from Shellac Shack, USA. Octadecyltricholosilane (OTS) and
ammonium hydroxide (NH4sOH) was acquired from Alfa Aesar, South Korea. Tetraethyl
orthosilicate (TEOS) and ethanol was obtained from Sigma, South Korea respectively and have

been used with no additional purification.

3.2.2 Preparation of Silica Nanoparticles
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In this study, synthesis of silica nanoparticles has been achieved by alkaline hydrolysis of
TEQOS using NH4OH and ethanol. Specifically, 2.5 mL of NHsOH was added to ethanol (50
mL) and stirred vigorously at 60°C for 1 h. After that, 5 ml of TEOS was added dropwise to

the former solution and vigorously mixed for 2 h to produce silica nanoparticles.

3.2.3 Preparation of SSO coating

Hydrophobic silica nanoparticles were produced by adding OTS (4% v/v) to former silica
nanoparticles solution then vigorously mixed at room temperature for 3 h to obtained formation
of self-assembly monolayers (SAM) on the silica nanoparticles surface. Therefore, SSO
coating was prepared by addition of shellac (5% v/v) ethanol solution at room temperature into

the hydrophobic silica nanoparticles solution.

3.2.4 SSO Coating on Different Substrates

This SSO coating solution then further spray coated on the surface of polypropylene (PP),
glass, polyethylene terephthalate (PET), cotton, wood, metal, and concrete block. Our SSO
coating can also be applied on these substrates by using different methods like dip coating,
paint brushing and sonication bath to obtain similar results like spray coating. After spray
coating of SSO solution on these substrates, it was further heat treated in hot air oven at 70° C
for 2 h to harden the shellac biopolymer and removal of the moisture from the surfaces.

Schematic 1 shows synthesis of SSO and coating technique.

3.2.5 Characterization of Materials

First, the Si-NPs particles size and size distribution results were obtained using Zetasizer (Nano
ZS, Malvern, UK) via dynamic light scattering. The high-quality mobile camera was used to

capture images and slow-motion videos. Cold Field Emission Scanning Electron Microscope
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Cold FE-SEM (SU8220, Hitachi High-Technologies, Japan) was used for obtaining surface
morphology of the pristine and SSO coated samples at 10 kV accelerating voltage 7 HA current.
Fourier transformed infrared spectroscopy FTIR (Varian, Agilent Technologies, USA) was
performed to confirm the presence of various organic functional groups in SSO coating
solution. Thermogravimetric analysis (TGA) (TA Instruments Q-600) was performed in air to
measure the thermal stability of shellac and SSO coating shown in supplementary Fig. S3. X-
ray photoelectron spectroscopy (XPS) was used for elemental identification in SSO coating on
K-Alpha XPS system (Thermo Fisher Scientific, USA) equipped with double focusing

hemispherical analyzer and monochromatic Al Ka source (1486.6 eV).

3.2.6 Analysis of Contact Angle

To examine the wetting properties of these SSO coated samples, images of the sessile water
droplets were acquired with a Rime-hart instrument and analyzed with DROPimage Advanced
version software. 5 uL droplets of deionized water (18.2 MQ cm) were used for static contact
angle measurements. Synthetic acid rainwater was prepared by mixing sulphuric and nitric acid
in deionized water (18.2 MQ cm) while maintaining the pH of 4.2 to mimic the environmental
hazardous acid rain conditions. The contact angle values were measured from different
locations on the SSO coated samples surface after 30 s following the casting of the drop to

make sure that droplet had reached its equilibrium position.

3.2.7 Analysis of Contact Angle Hysteresis

The sessile drop methodology for evaluating wetting and hydrophobic behavior of the SSO
coated and pristine substrates was performed by using a Phoenix 300 Plus instrument (Surface
& Electro Optics Co., Ltd., South Korea). In this study, the dynamics of wetting behavior was
understood by performing contact angle hysteresis (CAH) analysis. Both the maximum
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advancing contact angle (6a) and minimum receding contact angle (6r) has been recorded for
a smaller droplet (1 pL/sec) over 30 frames with 1 sec intervals. Finally, the CAH was

calculated as mentioned in Equation 1.1.%
3.2.8 Durability Tests

The sandpaper (600 mesh) was used for abrasion analysis to test the durability of SSO coated
substrates. The definition for 1 cycle of abrasion in our study is when these SSO coated
substrates samples were subjected below the 200g of load and faced down to the sandpaper and
moved for 10 cm along the ruler. The water contact angle was measured after every 5 cycles
to evaluate the retained hydrophobicity of these coated samples. High temperature effect on
SSO coated substrates was measured by placing these samples on hot plate for 2h, with

temperatures varying from 50 to 150 ° C with increments of 25° C.

3.3 Results and Discussion:

3.3.1 Surface Morphology Analysis of Uncoated and SSO coated Substrates

The facile stepwise approach for synthesizing superhydrophobic SSO coating has been
illustrated in Figure 3.1. The first step entails the synthesis of silica nanoparticles using TEOS
and ammonium water by sol-gel method. Hydrophobic silica nanoparticles are prepared by
additional functionalization of these silica nanoparticles by mixing with hydrolyzed
octadecyltricholosilane (OTS), which is a fluorine free alkylated silane. Shellac biopolymer
solution in ethanol was then added into the hydrophobic silica nanoparticles solution at room

temperature.
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Figure 3.1: Schematic representation of making process of SSO coating solution.

Shellac acts as a bio adhesive for strong binding of these hydrophobic silica nanoparticles onto
any given substrates. This resulting SSO coating suspension is now ready for one step spray
coating. This combination of shellac, silica nanoparticles modified with
octadecyltricholosilane has shown the best outcome in terms of non-wetting behavior as
compared with other combination of these chemicals (Figure 3.2). Interestingly, this SSO
coating can be applied to different by using dip coating, paint brushing, and sonication bath as
well to obtain similar superhydrophobic wetting behavior. This SSO coating suspension
sprayed coated on multiple substrates like polypropylene (PP), glass, and polyethylene

terephthalate (PET), to obtain excellent non-wetting and durable characteristics.
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Figure 3.2: Different type of coatings (A) multiple types of coating combination contact angle
data for pp (B) multiple types of coating combination contact angle data for glass (C) multiple

types of coating combination contact angle data for pet.

The surface morphology and hierarchical structure of the SSO coated and smooth pristine
surface substrates were analyzed by cold FE-SEM as shown in Figure 3.3. As can be seen from
high and low magnification SEM images in the Figure 3.3 (A, C, E) the pristine polypropylene

(PP), glass, and polyethylene terephthalate (PET) respectively shows smooth surfaces as
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Figure 3.3: Surface morphology analysis of uncoated and SSO coated substrates (A)
polypropylene (B) SSO coated PP (C) glass (D) SSO coated glass (E) polyethylene

terephthalate (F) SSO coated PET.

compared to the rough surfaces of SSO coated PP, glass, PET in high and low magnification
images of Figure 3.3 (A, C, E). The low magnification images in the Figure 3.3 (B, D, F) of
SSO coated PP, glass, and PET showed that the hydrophobic silica nanoparticles are uniformly
distributed and close-packed all over these coated surfaces due to the presence of bio adhesive
polymer shellac. Some silica nanoparticles modified with OTS in the high magnification SEM
image in Figure 3.3 (B, D, F) showed that aggregated into micro features which results in
hierarchical roughness. It can be well observed that these SEM images smooth surfaces of (a)

pp, (c) glass, (e) pet along with modified surfaces of SSO coated (b) pp, (d) glass and (f) pet.

3.3.2 Chemical and Elemental Characterization
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Micro/nano features are composed of hydrophobic silica nanoparticles bound together by the
shellac biopolymer as well as due to presence of long chain alkyl group on the surface of OTS
modified silica nanoparticles. It is evident that microscale and nanoscale roughness is essential
for the super hydrophobicity of the resulting materials. The silica nanoparticle size was
successfully measured by using dynamic light scattering (DLS) technique based Zetasizer. The
mean hydrodynamic diameter of synthesized silica nanoparticles was found to be 118.7 nm as
shown in (Figure 3.4A) and high-resolution FE-SEM image for showing the size and shape of
these silica nanoparticles (Figure 3.4B).

(A) Particle size distribution of

N silica nanoparticles
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Figure 3.4: Dynamic light scattering and SEM data of silica nanoparticles (A) average

particle size (B) SEM image of silica nanoparticles.
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Figure 3.5: Schematic representation of chemical modification of silica nanoparticles

surface.

Demonstrated the possible chemical reaction involved in synthesis of SSO coating material is
shown in Figure 3.5. The attachment of the hydrophobic long chain alkyl silane on to the
surface of silica nanoparticles as shown in Figure 3.5. To confirm the presence of organic
functional groups in the shellac and SSO coating nanocomposite material FTIR spectroscopy
(Figure 3.6 A, C) was performed. The C-H vibration at 2910 cm™and ester linkage of shellac
moiety confirm with peat at 1100 cm™ as shown in Fig. 2a. Fig. 2c indicates the

stretching vibration of Si-O-Si at 1095 cm™ and Si-OH stretching at 3200 to 3600 cm-1.
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Figure 3.6: Elemental composition (A, C) FTIR spectrum of shellac and SSO coating solution

respectively; XPS spectra of (B, D) shellac and SSO coating powder.

The two peaks at 2920 and 2855 cm™ represent the C-H functional group. The presence of C-
H and Si-O functional groups exhibit the attachment of the hydrophobic OTS tail to the surface
of silica nanoparticles. High resolution XPS spectroscopy has been used for identification of
elemental composition of the shellac and bio adhesive based SSO coating nanocomposite
material. As represented in Figure 3.6B, the high-resolution spectrum of shellac consists of two
important peaks at 284.5 and 532eV, which corresponds to C1s and O1s respectively. On the

other hand, in Figure 3.6D the results indicate for SSO coating nanocomposite material the
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presence of C, O, and Si which confirms the successful modification with silica nanoparticles
and OTS. Thus, SSO coating nanocomposite material showed three prominent peaks at 282.3,

530.3 and 101.1eV, that corresponds to C1s, O1s and Si2p respectively.

3.3.3 Creation of Superhydrophobicity on Various Type of Surfaces

Formation of superhydrophobic surfaces is not always same for different type of substrate
materials by many fabrication techniques. As shown in Figure 3.7 the SSO coating exhibited
excellent water repellency characteristics for various types (solid and porous) of substrates
materials regardless of their rigidity, composition, and roughness like pp (nonwoven
facemask), glass (glass slide), pet (plastic), wood (pine wood), metal (aluminum block), cotton
(cotton shirting fabric), and concrete materials (portland cement). Additionally, a water droplet
test demonstrates complete rolling-off behavior of droplet for SSO coated substrates and

droplet sticking or spreading behavior for pristine substrates.

Figure 3.7A shows, UNIST name has been written by using methylene blue dyed water droplets
on SSO coated glass slides. The static contact angles (6ca) and sliding angle (6sa) values as
shown in Figure 3 (B, C) after SSO coating on various substrates were found to be in the range
of 151° to 162° and 4° to 8° respectively. Water droplets (5.0 pl) dyed with methylene blue
on different SSO coated substrates are shown in Figure 3.7D. Furthermore, a water jet
experiment demonstrates self-cleaning ability against organic pollutants like methylene blue
(MB) for SSO coated substrates and strong sticking or spreading behavior of MB for pristine
substrates after interaction with water. Therefore, these results agree with the prior studies in

which water droplets instantly rolled off nanoparticles-based structures, which reduced the
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surface energy by forming micro/nano scale roughness and nanoscale air pockets.?’
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Figure 3.7: Creation of Superhydrophobicity on various types of surfaces. (A) Optical
picture of dyed water droplets on SSO coated glass (B) histogram representation of contact
angle values of various substrates (C) sliding angle values of various substrates (D) optical

pictures of dyed water droplet on multiple substrates.
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3.3.4 Wettability Behavior for Water and Acid Rain on Different Surfaces

The SSO coated substrates like pp, glass, and pet were also studied further for wetting behavior
of water and acid rain. The pristine surface of pp, glass, and pet showed static contact angle

(Bca) of 119.7£1.5 °, 39.6+£2.3 °, 72.3+2.3 ° but the contact angle increased to 162.1+3.2 °,

160.2+4.4°, 151.3+3.3° respectively after SSO coating shown in Figure 3.8 (A, B). Acid rain
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PP Glass PET
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l P G
0=119.7+1.5" 0=39.6%23" 0=723+%23"
Water
0=1621+3.2° 6=160.2+4.4 60=151.3+3.3"°
(B)
PP Glass PET
Uncoated ﬂ
Q’ 4—
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Acid Rain
250 costed —L .lz s—Q—-
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Figure 3.8: Wettability behavior for water and acid rain on different surfaces (A) water
contact angle for uncoated (pp, glass, and pet) and SSO coated (pp, glass, and pet) (B) contact

angle for acid rain for uncoated (pp, glass, and pet) and SSO coated (pp, glass, and pet).

is environmental hazards colors due to air pollution which can damage and decrease the
services life of the surfaces comes in continuous contact with it.}* Acid rain was prepared by

mixing nitic and sulphuric acid in deionized water at the pH around 4.2 to imitate the
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environmental acid rain. As shown in Fig. 4a, the static contact angle (6ca) for acid rain of
pristine pp, glass, and pet are 104.7£7.3 ¢ 32.8+£3.4 9 66.7+3.5 °exhibit poor wetting behavior
against acid rain but in the case of SSO coated pp, glass and pet the contact angle increased to
153.5+4.4 o, 156.8+3.8 ° 142.3+2.4 °shows excellent non-wetting behavior shown on Fig. 4b.
This anti-corrosive behavior for acid rain of SSO coated surfaces is due to the presence of silica
nanoparticles and shellac because this biopolymer cannot be ionized in pH < 7 and stays in

solid state.®
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Figure 3.9: Contact angle hysteresis measurement. (a) histogram representation of contact
angle hysteresis for uncoated pp, glass, pet and SSO coated pp, glass, and pet (b) advancing

and receding angle images of pristine pp, glass, pet and SSO coated pp, glass, and pet.

3.3.5 Contact Angle Hysteresis Measurement
To understand water droplet adhesion on pristine and SSO coated surfaces contact angle

hysteresis (CAH) test has been performed. Contact angle hysteresis is one of the prominent

60



factors in surface chemistry to understand sticky or non-sticky behavior of substrates. It is
defined as the difference between the maximum advancing contact angle (6a) and minimum
receding contact angle (6r) which is usually used to analysis the wetting tendency of the
surface.?® Typically, Oa shows the maximum contact angle, whereas 0r exhibit the minimum
contact angle for water droplet on a surface. Intriguingly, it was observed that a higher contact
angle hysteresis value provides higher degree of water droplet adhesion and have higher
tendency of corrosion for a surface. Mostly, superhydrophobic surfaces are non-adhesive, anti-
corrosive and show exceptionally low water contact angle hysteresis. In other words, lower
contact angle hysteresis value of superhydrophobic surfaces corresponds to high wetting

stability against Cassie-Baxter to Wenzel transition.

A similar phenomenon can be observed in Figure 3.9 where the contact angle hysteresis was
measured for pristine and SSO coated pp, glass, and pet. The SSO coated pp, glass, pet
demonstrates non-sticky and slippery surface with extremely low contact angle hysteresis
values 4°, 4°, 5° respectively as compared to the pristine material substrates shown in Figure
3.9A. However, contact angle hysteresis of pristine glass could not be easily determined due to
extremely high hydrophilicity. In Figure 3.9B, water droplet advancing and receding condition

on pp, glass, and pet has shown.

3.3.6 Durability Test of SSO Coated Surfaces

The non-wetting capability of superhydrophobic surfaces can be deteriorated by mechanical
forces which can damage its surface morphology and chemistry. Therefore, it is important to
evaluate the durability of the coated substrates to ensure the sustainability for real life
applications. The abrasion test adopted in this current study is schematically shown in Figure

3.10A and the static water contact angle measurements through the 50 abrasion cycles for SSO
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coated pp, glass and pet are shown in Figure 3.10B. It can be observed that abraded samples
were able to maintain their non-wetting behavior even after 50 cycles, which indicates excellent
durability for the developed SSO coating. After 50 cycles, the contact angle values for pp, glass

and pet were 156.7+£3.4°, 154.84£3.5°, and 144.7+2.5° respectively. This insignificant decline
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Figure 3.10: Durability test of SSO coated surfaces (A) schematic representation of abrasion
test (B) contact angle values for SSO coated pp, glass, and pet after 50 cycles of abrasion test

(C) contact angle values for SSO coated pp, glass, and pet till 150° C temperature treatment.

in contact angle due to the removal of small amount of hydrophobic silica nanoparticles from
the substrates. The above abrasion test demonstrated that the SSO coated samples have
excellent robustness and durability. This robustness could be attributed due to presence of

shellac bio adhesive which helps these hydrophobic silica nanoparticles fixed and embedded
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in the fibers and solid surface strongly. Thermogravimetric analysis (TGA) of shellac and SSO
coating powder data shown in Figure Additionally, the SSO coating has demonstrated thermal
stability by maintaining non-wetting behavior even after treatment with high temperature till

150° C after exposure for 2h as shown in Figure 3.10C.
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Figure 3.11: Thermogravimetric analysis (TGA) of shellac and SSO coating powder.

Several techniques were used previously to fabricate self-cleaning and hydrophobic surfaces
with non-wetting behavior and addressed the challenges of surface wetting and fouling. Thus,
important milestones were reviewed to correlate the former studies with feature enhancements
relative to current superhydrophobic surface fabrication and adhesive based coating methods.
Table 3.1 presents the detailed comparative studies on the sophisticated superhydrophobic

coatings to different substrates or materials reported earlier.
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Coating Coated Contact Durability Coating Reference
Materials Substrates Angle Test Methods
(Maximum) | (Total cycles)
Si02-g-(PGMA-co-P12FMA) Glass 119 30 Film casting %
core-shell structure method
Polyurethane/amino silicon Glass, 156.9+2.7 - Spray coating o7
oil/perfluorodecyltriethoxy aluminum,
silane-MWCNT composite iron, wood
SiO; Aluminum 153.4+0.4 - Spray coating 9
Iperfluorodecyltriethoxysilane plate
(FAS)/epoxy resin (EP)/dark
NIR-reflective pigments
nanocomposite
Alpha®SI30 resin and Marble stones 155+2 - Dip coating %
TIO; nanoparticles
PDMS basecoat and PMC/Silica | Wood, filter 150° 20 Spray coating 100
nanoparticles composite paper, cotton
Bio-adhesive shellac and Copper Nonwoven 143.4+3.9 - Microfluidic 83
nanoparticles composite based spray
coating
PDMS/carbon particles composite Glass, 151.6x1.3 - Drop-casting to1
aluminum, process
titanium
Gelatin adhesive-based carbon Glass, 141 10 Dip coating of 2l
nanofibers incorporated with microfiber hydrophobic
hydrophobic SiO2 nanoparticles filter papers, nanoparticles
poly bag, onto adhesive
spray coated
substrate
Bio-adhesive shellac and silica Nonwoven, 162.1+3.2 50 SSO coating This study
nanoparticles hydrophobized with | glass, plastic, can be applied
OTS (SSO) coating wood, metal, by spray, dip,
cotton, painting,
concrete sonication
method

Table 3.1: Comparison studies between previous and this work.
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Chapter 4

Superhydrophobic sand

Publications:

Surface innovation for fabrication of superhydrophobic sand grains with improved water
holding capacity for various environmental applications. Saikat Sinha Ray?, Ritesh Soni?, In-
Chul Kim, You-In Park, Chang Young Lee, and Young-Nam Kwon. Environmental

Technology and Innovation, vol. 28, pp. 102849-102861, 2022. (* contributed equally)
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4.1 Introduction

Water sources in arid and desert regions are extremely limited, complicating water supply to
domestic, agricultural, and industrial sectors. Furthermore, water pollution in arid and desert
regions is a significant, unacceptable, and irreversible threat.!% Furthermore, a substantial
amount of water supplied to soil/sand is lost due to evaporation and percolation.' Layers
impermeable to water have been studied to minimize water loss through evaporation and
percolation. For example, plastic mulches have been used to wrap the soil surface to minimize
percolation and evaporation. Plastic mulches have been commercially used for both small fruit
crops and vegetables. However, the installation of plastic mulches is expensive, labor-
intensive, and unsustainable due to plastic pollution.’®* As an alternative, the use of engineered
nanomaterials has been shown to improve water-usage efficiency in agricultural applications,
as exemplified by “superhydrophobic sand”, which is obtained by modification using
nanomaterials, and can tackle the issue of desertification and enhance plant growth in arid
environment.% Superhydrophobic sand also reduces diffusion of underground salts and affects
plant growth.% 17 Therefore, harnessing the superhydrophobic characteristics of various
nanomaterials is a key research area of global significance. Additionally, superhydrophobic

materials can be utilized for effective oil/water separation. 1%

In this study, superhydrophobic sand surfaces with anti-wetting and self-cleaning properties
were produced for various purposes, such as improved agricultural productivity and oil/water
separation. The facile approach entails the hydrolysis of tetraethyl orthosilicate (TEOS) in
ethanol to produce a silane sol, and subsequently, fluoroalkyl silane was hydrolyzed in ethanol
to produce alkylsilanol. Fluoroalkyl silane was used to lower the surface energy of the coated

silica nanoparticles. Sea sand (SS) grains were functionalized with silica nanoparticles (Si-
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NPs), followed by 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (FDTS) to impart
superhydrophobic characteristics, as illustrated in Figure 4.1. To the best of our knowledge,

the combination of TOES and FDTS has not been explored before, and this study presents and

) _ Hydrolysis of
Formation of Si-NPs Perfluorodecyltrichloro
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Figure 4.1: Chemical mechanism involved in modifying sea sand particles using silica
nanoparticles (Si-NPs) coated with perfluorodecyltrichlorosilane (FDTS). Reproduced

with permission.*® Copyright 2022, Elsevier.

evaluates a novel approach for coating of sand grains in a single step to enhance water-use
efficiency in agriculture. The average contact angle, rolling-off angle, and contact angle
hysteresis were recorded to understand the dynamics of wetting resistance of the produced sea
sand grains. The functionalized sea sand grains were impermeable to water, suppressing water
loss through percolation or evaporation. Although superhydrophobic materials or filters are
widely utilized for efficient oil/water separation, very few are energy conservative and
inexpensive. Additionally, a similar approach was applied to modify regular sand (RS) using
Si-NPs/FDTS to create a natural filter for oil/water separation. Our study demonstrates a simple
and facile approach for generating superhydrophobic sand without the need for complicated
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facilities. The modified sand could potentially be applied to improve agricultural productivity

under arid conditions.

4. 2 Materials and Methods

4.2.1 Starting Materials

SS grains of 15-20 mesh size were acquired from Daejung Chemicals, South Korea. FDTS was
obtained from Alfa Aesar. Ethanol was obtained from Daejung Chemicals (Seoul, South
Korea). TEOS and ammonium hydroxide (reagent grade) were purchased from Sigma and Alfa

Aesar, respectively, and were used without further purification.

4.2.2 Preparation of Silica Sol

TEOS was hydrolyzed under alkaline conditions using ammonia hydroxide in ethanol.
Specifically, 5 mL of ammonium hydroxide was added to ethanol (100 mL) and stirred
vigorously at 60 °C for 1 h. Then, 5 ml of TEOS was added to the solution and vigorously
mixed for 6 h to generate a silica sol. Meanwhile, FDTS was added to ethanol (3%v/v) and
vigorously mixed for 6 h to produce an alkylsilanol solution. Then the FDTS solution was

added to the silica sol solution to produce the modified silica sol (Si/FDTS).

4.2.3 Sand Grain Coating

Initially, SS was sonicated in Si/FDTS for 1 h to achieve a uniform coating. The coated SS
(SS-Si/FDTS) samples were then filtered, dried overnight, and kept in a hot-air oven at 50 °C
for 3 h to remove moisture. Figure 4.1 shows a complete process of the anti-droplet sand

coating.

4.2.4 Characterization
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Images and slow-motion videos were captured using a high-quality mobile camera. The
average water contact angle was evaluated using a Phoenix 300 Plus instrument (Surface &
Electro Optics Co., Ltd., Korea). Initially, the Si-NP particles were subjected to nanoparticle
analysis to evaluate their size and size distribution using a Zetasizer Nano (ZS, UK). In this
study, three samples were analyzed under the same conditions in. The morphologies of the
unmodified and functionalized sand particles were imaged using a field-emission scanning
electron microscope (FE-SEM; 200 FEG Quanta, FEI company). In addition, elemental
mapping was performed using an energy-dispersive X-ray spectroscopy (EDS) detector
equipped with FE-SEM. Fourier transform infrared spectroscopy (FTIR) was performed to
confirm the presence of various organic functional groups in the functionalized sand particles.
Elemental identification was performed using X-ray photoelectron spectroscopy (XPS)

(Thermo Fisher Scientific, K-Alpha, USA).
4.2.5 Analysis of Contact Angle Hysteresis (CAH)

The hydrophobicity and wetting phenomena of the functionalized SS grains were evaluated
using sessile drop methodology. Herein, the contact angle hysteresis (CAH) was determined to
understand the dynamics of the wetting tendency. The maximum advancing contact angle (©4)
was recorded for a small droplet (1 puL/sec) over 30 frames with 1 sec intervals. Subsequently,
the minimum receding contact angle (Or) was recorded by gently absorbing a droplet at 1 pL/s.

Finally, the CAH was determined according to Equation 1.1, 1%
4.3 Results and Discussion

4.3.1 Particle Size Distribution of Si-NPs

The silica particle size was successfully recorded using a Zetasizer Nano device following the

working principle of dynamic light scattering (DLS) technique. DLS was used to evaluate the
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particle size of the prepared nanomaterials. The mean hydrodynamic diameter of the nano-
silica particles was found to be 131.7 nm, as shown in Figure 4.2A. Furthermore, the
polydispersity index (PDI), which indicates the average uniformity of nanoparticle dispersion
110,111 "was 0.109. Typically, PDI values > 0.8 indicate lower stability for a nano-delivery/drug
delivery/colloidal system. A uniform and smooth distribution was confirmed based on the SEM

images shown in Figure 4.2B.
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Figure 4.2: Dynamic light scattering and SEM data of silica nanoparticles (Si-NPs) (A)
Particle size distribution of Si-NPs (B) SEM image of prepared Si-NPs. Reproduced with

permission.* Copyright 2022, Elsevier.
4.3.2 Elemental Composition of Modified Sea Sand Grains

FTIR spectra confirmed the presence of the desired functional groups. Figure 4.3A shows the
FTIR spectrum of the coated silica (Si-NPs/FDTS), indicating the stretching vibration of Si-O-
Si at 1096 cm™,''? as well as the Si-OH stretching at 880 cm™and 3200-3600 cm™. The peak
at 1199 cm™* corresponds to C-F functional groups. The presence of Si-O and C-F functional
groups indicate the attachment of the hydrophobic FDTS tail to the surface of silica

nanoparticle.!'3
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The elemental composition of the unmodified and modified sea sand particles was
characterized using XPS spectroscopy. As indicated in Figure 4.3(B, C), the scanning spectra

of the unmodified SS particles contain three prominent peaks at 103, 284.5, and 531.5 eV,
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Figure 4.3: Elemental composition of unmodified and modified sea sand (A) FTIR
spectrum of coated silica (Si-NPs/FDTS); XPS spectra of (B) unmodified sea sand (SS) and

(C) modified SS (SS-Si/FDTS). Reproduced with permission.* Copyright 2022, Elsevier.

correspond to Si2p, C1s, and O1s, respectively. The results indicate the presence of Si, C, and
O and confirm that the primary component of sand is silica (SiOz) in the form of quartz. After
successful treatment with FDTS-coated Si-NPs, the modified SS particles (SS-Si/FDTS) gave
rise to five intense peaks at 104, 292.5, 284.5, 533.5, and 688 eV, which are associated with

Si2p, Cls, C1s, O1s, and F1s respectively, confirming the presence of Si, C, O, and F

4.3.3 Morphological Study
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The SEM images in Figure 4.4A show that most of the unmodified SS grains are angular or

A ) (B)

!

Figure 4.4: Surface morphology of unmodified and modified sea sand (A) unmodified SS
grains for different magnification (B) SS-Si/FDTS) grains for different magnification.

Reproduced with permission.* Copyright 2022, Elsevier.

subangular with sizes ranging between 750 and 1000 pm. After modification with Si-
NPs/FDTS, the SS was uniformly coated with the nanoparticles to form SS-Si/FDTS, as
confirmed by the SEM images in Figure 4.4B. The silica nanoparticles were mostly spherical

with diameters in the range of 100 to 150 nm, as supported by the DLS results in Figure 4.2.
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The successful modification of SS with Si-NP/FDTS was further confirmed by EDS analysis.
The EDS spectra in Figure 4.5 (A, B) show that the unmodified sand grains consist mostly of
Si and O, corresponding to the composition of quartz. In the case of SS-Si/FDTS, Si and O
mapping indicated that the entire SS grain surface was covered by Si-NPs. The consistent
distribution of Si, F, and C confirms successful surface modification with Si-NPs/FDTS, as
shown in Figure 4.5 (C, D) EDS elemental mapping indicated a stable dispersion representing

C and F signals from the -CF3, -CF2, and -CH3 moieties in hydrolyzed FTDS.
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Figure 4.5: EDS spectra confirming the elemental composition of unmodified and
modified sea sand (A) unmodified SS and (B) modified SS; and EDS mapping (C) unmodified
SS and (D) SS-Si/FDTS confirming the uniform deposition of surface modifiers on the latter.

Reproduced with permission.* Copyright 2022, Elsevier.
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4.3.4 Wetting Tendency of Modified Sea Sand Grains

The superhydrophobic surfaces of the coated sand grains were evaluated based on the average
water contact angle and rolling-off angle, as shown in Figure 4.6 (A, B) The unmodified sand
grains readily absorbed water, giving a water contact angle of 0° because the polar oxygen
atoms in silica form hydrogen bonds with water molecules. Coating the sand with Si-
NPs/FDTS rendered the surface superhydrophobic, and a mean contact angle of 151° was
obtained. Subsequently, to evaluate the self-cleaning nature of the modified sand, the rolling-
off angle was measured. SS-Si/FDTS showed a rolling-off angle of 9.5°, whereas the value for

unmodified SS could not be determined because the water droplet was readily absorbed.
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Figure 4.6: Analysis of wettability of unmodified and modified sea sand (A) the water
contact angle (B) rolling-off angle (C) histogram representation of contact angle hysteresis of
unmodified and modified sea sand (D) advancing and receding contact angles were measured

applying the sessile drop technique. Reproduced with permission.*> Copyright 2022, Elsevier.
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Thus, the outcomes agree with those of previous studies in which water droplets immediately
rolled off nanostructured surfaces, which lowered the surface energy by forming nanoscale air

pocket.

Typically, the maximum contact angle is referred to as the advancing contact angle of a
material, whereas the smallest contact angle is known as the receding contact angle.!'* The
difference between the advancing and receding contact angles indicates contact angle
hysteresis. Recent studies have demonstrated that the key sources of contact angle hysteresis
are heterogeneity, surface roughness, and metastable surface states.!’> ¢ In general, a
superhydrophobic surface is non-adhesive and demonstrates extremely low water contact angle
hysteresis. 28 A similar phenomenon can be observed in Figure 4.6 (C, D), where the contact
angle hysteresis was measured for unmodified and modified SS. The modified SS showed an
extremely low contact angle hysteresis value (11°), indicative of non-sticky and slippery
surfaces. Furthermore, it is directly correlated with the rolling-off angle. Superhydrophobic SS
with a minimum contact angle hysteresis possesses a self-cleaning tendency, whereby water
droplets can readily slide off it. However, the contact angle hysteresis of unmodified SS, which

absorbs water droplets, could not be readily determined.
4.3.5 Water Holding Capacity of Modified Sea Sand Grains

Toward addressing the concern of water loss in arid regions, the water-holding capacity of
unmodified SS and SS-Si/FDTS was thoroughly investigated. As shown in Figure 4.7A, 3 mL
of dyed water was immediately absorbed by the unmodified sand (left), whereas the colored
water formed a stable water marble on the SS-Si/FDTS sand pit. This result indicates that
superhydrophobic sand is impermeable to water and can thus potentially be utilized to reduce

water loss from open water sources or stores in deserts and arid regions.
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Figure 4.7: Experimental analysis of water holding and storage capacity: (A)

Demonstration of water storage capacity of unmodified SS and SS-Si/FDTS. (B) Illustration

of water holding and wrapping capacity of unmodified and modified SS. Reproduced with

permission.* Copyright 2022, Elsevier.

Next, a simulated water source was well covered by superhydrophobic sea sand grains, as

demonstrated in Figure 4.7B, to evaluate their ability to minimize evaporative water loss in

arid and desert areas. A beaker was filled with 25 mL of deionized (DI) water, and the upper

surface was covered with a thin layer of SS-Si/FDTS, which floated on the water because of

its superhydrophobicity. In the other beaker, unmodified sand was added to the same amount

of water, immediately settling to the bottom. Both beakers were kept undisturbed in while
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measuring evaporative water loss. The results summarized in Table 4.1 show that water loss
was negligible (12%) for the water source covered by the superhydrophobic sand. However,
significant water loss (28.4%) was observed in the unmodified SS case. Thus, the overall
outcomes suggest that water loss due to evaporation and percolation can be addressed by
functionalized sand particles, and that this approach could be a fundamental research topic for

improving agricultural productivity and water storage in desert areas.

In arid regions, acquiring fresh water is a major challenge because deep wells must be dug for
underwater uptake.!'” Therefore, it is necessary to develop a sustainable method that allows
the water source to remain on the sand surface. The production of hydrophobic sand is useful
for both fundamental research and practical applications. Additionally, to obtain reliable water
storage in desert regions, superhydrophobic modified sand can play a key role during water
transportation. Thus, to confirm the flow-dragging mechanism of the fabricated sand, a simple
experiment was conducted as a simulation of real conditions, whereby water droplets were
poured onto unmodified and modified SS, and it showed that water holding and storage
capacity of the modified SS, where water droplets remained smooth. However, the water
droplets were immediately absorbed by the unmodified SS. Fundamentally, SS/desert sand is
superhydrophilic in nature; thus, water storage and transportation are impractical. Therefore,
the movie indicates the significance of superhydrophobic sand for applications such as water

storage and transportation under harsh conditions in arid areas.

Thus, the overall outcomes suggest that water loss due to evaporation and percolation can be

addressed by functionalizing sand particles in arid or desert areas.

Sand type Status of Initial Final Reduction in | % Volume
sand volume of | volume of | volume (mL) | evaporated
water at water at
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DAY 1 DAY 4
(mL) (mL)
Unmodified Settled down 25 17.9 7.1 28.4%
Sand (SS) immediately
Modified Formed a layer 25 22 3.0 12%
sand (SS- on top of the
Si/FDTS) water source

Table 4.1: Water storage capacity of modified sea sand. [Note: Conditions maintained:

Temperature: 22°C]. Reproduced with permission.* Copyright 2022, Elsevier.

Typically, sand particles and SS are exposed to various foulants and acid rain. Thus, the
effectiveness of the hydrophobic coating may be minimized owing to fouling and the gradual
loss of hydrophobic functional groups. Therefore, the robustness of the modified SS coating
was carefully analyzed using an ultra-slow-motion camera and it showed a water droplet
immediately rolling off the chemically functionalized SS particles, demonstrating their water
repellence and superhydrophobic properties. Furthermore, self-cleaning behavior was
evaluated by sliding a water droplet propelled by gravitational action over the modified sand.
Dyed water droplets were dispensed onto SS-Si/FDTS, which were kept at a certain angle.
Interestingly, the dyed water slid off immediately owing to the low-adhesion superhydrophobic
surface of the modified SS, demonstrating an excellent lotus-like effect. Therefore, it can be
concluded that the modified SS particles had a slippery surface and demonstrated antiwetting

behavior.

4.3.6 Application of Superhydrophobic Engineered Nanomaterials on Regular Sand

A similar procedure was applied to regular sand (RS), which has the advantages of low cost,
easy availability, and extremely high chemical stability, and its superhydrophobicity and water

repellence properties were then evaluated. Dyed water droplets poured onto unmodified RS
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were immediately absorbed by the sand surface, leading to a water contact angle of 0°. Thus,
unmodified RS demonstrated a low water holding capacity and water storage capacity.

However, contrasting effects were observed for modified RS (RS-Si/FDTS), where the dripped

(A) Unmodified Regular Sand (RS) (B) Modified Regular Sand (RS-Si/FDTS)

Sand surface was
remained dry indicating
anti-wetting behavior

Water droplets permeate immediately Water droplets maintained spherical

indicating superhydrophilicity shaped marbles indicating
superhydrophobicity

Figure 4.8: Superhydrophobic properties of regular sand (RS) (A) wetting of unmodified
regular sand (B) anti-wetting properties of modified regular sand. Reproduced with

permission.* Copyright 2022, Elsevier.

water droplets remained spherical. Furthermore, anti-wetting features can be observed in
Figure 4.8 because the sand layer remained dry without wetting the sand surface. The graphical
demonstration indicates durable water spheres capable of minimizing percolation and
evaporation rates in arid and semi-arid regions. Therefore, the overall results demonstrate the

effectiveness of superhydrophobic engineered nanomaterials (Si-NPs/FDTS) on various
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Figure 4.9: Oil/water separation application of superhydrophobic sand (A)
Chloroform/water separation using RS-Si/FDTS as a filter (B) representation of retention of
water droplets and permeation of chloroform using modified RS. Reproduced with

permission.* Copyright 2022, Elsevier.

surfaces such as RS, which is commonly available worldwide. It is worth noting that Si-

NP/FDTS can change the surface texture, providing a high-water contact angle and low rolling-
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off angle. This combination of silica nanoparticles functionalization with FDTS can be used to

transform a superhydrophilic surface to a superhydrophobic one.

4.3.7 Oil/water Separation Application

Overall, the experiments revealed that SS-Si/FDTS and RS-Si/FDTS are superhydrophobic and
are suitable candidates for oil/water separation. The modified sand can readily repel water but
becomes wet by oil. As shown in Figure 4.9, oil/water separation was performed for a mixture
of chloroform and dyed water using 1 g of modified regular sand (RS-Si/FDTS) as a filter. As
soon as the mixture of water and chloroform was poured into the funnel, chloroform started
permeating immediately through the modified RS filter. This process was observed over 1 h.
During the separation process, the chloroform permeated completely after 13 min. However,
the dyed water did not permeate, as confirmed by the absence of color change in the cotton or
by the transparent chloroform at the bottom of the conical flask. Therefore, the results indicate

that a small amount of RS-Si/FDTS can effectively separate water and oil mixtures.

4.3.8 Abrasion test

The abrasion test with vigorous stirring of coated sand grains (SS-Si/FDTS and RS-Si/FDTS)
in water has been performed for modified sand grains for evaluating the mechanical and
chemical stability. The stirring continued for 120 min and then the sand grains were filtered
and dried overnight. The modified sand grains were subjected to contact angle analysis to
evaluate the change in hydrophobicity. However, negligible change in contact angle (0.99%
and 0.72% respectively) has been observed indicating high mechanical and chemical stability
of superhydrophobic coating of modified sea sand. Table 4.2 indicates the change in contact

angle of the modified sea sand after the abrasion test.
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Sand type Duration of | Initial contact | Final contact | % Reduction
vigorous angle (0) angle after of contact
stirring abrasion test angle
(min) (6)
Modified sea sand (SS- 120 151° 149.5° 0.993%
SI/FDTS)
Modified regular sand 120 152.1° 151° 0.723%
(RS-SI/FDTS)

Table 4.2: Abrasion test in terms of change in contact angle and sliding angle after

vigorous stirring of sand grains. Reproduced with permission.*® Copyright 2022, Elsevier.
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Chapter 5

Conclusion and future work

5.1 Conclusion

In the first part of the thesis, our study demonstrates a technological advancement in the
development of reusable surgical masks during pandemic times. The present study shows that
the commercially available surgical masks have poor hydrophobicity and low capacity to Kill
bacteria and viruses. We developed a simple method of coating SWCNTSs on the pristine PP
fibers of surgical masks. The CNT-coated mask exhibits outstanding superhydrophobicity and
striking photothermal response, and hence antimicrobial and antiviral properties. The present
study demonstrates the excellent photothermal response and superhydrophobicity of CNT-
coated masks, which can provide better protection from incoming virus- or bacteria-containing
respiratory droplets and enable rapid sterilization of the surface containing viruses and bacteria
under solar illumination. To the best of our knowledge, there are no previous studies that utilize
the spray coating of SWCNTSs on the PP fibers of the surgical mask, which makes the mask
surface superhydrophobic, photothermal, bactericidal, virucidal, and electrothermal.
According to the World Health Organization, discarded masks can become a source for rapid
spread of viral infection. Therefore, reusable masks that can be easily decontaminated or have
antimicrobial and virucidal properties can serve as a sustainable prevention tool against the
rapid spread of viruses while abating the economic and environmental costs.

In the second part of the thesis, a superhydrophobic coating that possesses high durability and
anti-droplet behavior and can be applied using various techniques on different substrate

materials. The SSO coating has been successfully developed by using facile, eco-friendly,
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versatile, economical, and scalable methods. The nanocoating was prepared by using shellac
bio adhesive and silica nanoparticles modified with octadecyltricholosilane. This simple
approach eliminated many limitations of present waterproof coating methods, such as
expensive materials, environmental hazardous, and time-consuming preparation processes.
Furthermore, the versatility of the SSO coating enables the possibility of utilizing the uniform
surface coating over various solid and porous substrates, regardless of their different surface
morphology and sample dimension. It was found that the bio adhesive based nanocoating
successfully increases the contact angle from 119.7£1.5°, 39.6+2.3°, 72.3+2.3° t0 162.1+£3.2
°,160.2+4.4°, 151.3+3.3 ° for pp, glass, and pet respectively. Contact angle hysteresis studies
prove the low water droplet adhesion behavior for SSO coated surfaces. The coating shows
anti-wetting behavior for acid rain and exhibits self-cleaning properties against organic
pollutants such as methylene blue. More interestingly, the SSO coated substrates exhibited
excellent mechanical durability against strong abrasion cycles and maintained
superhydrophobic under high temperature conditions also. This outstanding performance
accomplished encourages the widespread utilization of superhydrophobic surface for various

applications.

In the third part of the thesis, the functionalization of sand grains with stable superhydrophobic
coatings is a prominent challenge. Sand grains were modified with a well-adhered and durable
superhydrophobic coating. Thus, superhydrophobic sand grains offer a revolutionary solution
for arid land agriculture with inadequate water resources. The coating was derived from
hydrophobic Si NPs modified with hydrolyzed FDTS. Si/FDTS-coated sand grains
demonstrated highly stable superhydrophobic features with an average contact angle of 151°
Interestingly, and water droplets rolled off the functionalized sea sand grains and were not

absorbed. The treatment of sand grains with Si/FDTS resulted in a lower sliding angle of 9.5°,
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imparting self-cleaning capabilities and higher hydrophobic efficiency. The modified sea sand
grains demonstrated excellent water holding and storage capabilities in long-term experiments,
which could be harnessed to improve agriculture in arid regions. Herein, superhydrophobic
sand grains were fabricated via a one-step dip coating technique with advantages of manual
application and low operational costs. Thus, it can be concluded that the present research study
can play a key role in expanding sustainable agricultural technology relying on limited water

sources, including China, India, African countries, and Middle East countries.

5. 2 Future Work

The wide range of superhydrophobic surface coatings topics covered in this thesis research
gives the potential for more studies to enhance the outcome of the research. Additionally, other
factors can be considered for feasible use of the superhydrophobic coatings for real-life

applications.

There is a need to develop a low-cost, highly durable and transparent superhydrophobic
materials-based coating to have a wide range of possible daily use applications. We intend to
further this study and development for a transparent, low-cost, with high durability to use it for
anti-icing properties energy (solar panels, wind turbine), aircraft, sea ships, and automobile

(cars) based industrial applications.

Healthcare is another area of interest where these bio-compatible superhydrophobic coatings
can be used for encapsulation of soft robots to advancement of medical surgeries. Soft robotics
is a very popular field now days due to many potential applications for betterment of humanity
and there is a huge scope to use these kinds of protective coatings. We are interested in further
development of biomaterials-based coatings to make it feasible to use for smart medical

surgical applications.
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