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Abstract

Wetting is the most fundamental interaction between a solid and a liquid that modulates the
spreading of the liquid through a balancing act of adhesive and cohesive forces. A
hydrophobic surface is formed when the cohesive forces between the liquid molecules are
stronger than the adhesive forces that exist between the liquid and solid molecules.
Introducing nano- and/or micro-scale roughness on a hydrophobic surface or, alternatively,
a micro/nanostructured rough surface coated with a hydrophobic layer tends to form a
superhydrophobic surface. The macroscopic contact angle of a water droplet on the regular
surfaces in the form of pillars and posts is well-understood and has been quantified in the
literature. However, nonwoven materials consist of disordered and irregular arrays of
fibres, bonded by friction and/or cohesion and/or adhesion. These materials have been
sporadically investigated theoretically for the metastable and superhydrophobic states of
the liquid droplet. Unfolding the intricate three-dimensional (3D) structure of nonwoven
materials is a prerequisite to obtain the structural parameters that can serve as key inputs
for predictive modelling. In this research work, a roadmap to gain insights into the
metastable hydrophobic and superhydrophobic states of the liquid droplet on various
nonwoven materials and their self-similar counterparts is presented by formulating a
toolbox of analytical models. Key design parameters in the form of roughness factor and
area fraction of fibres in contact with the liquid have been quantified.

With the aid of X-ray micro-computed tomography (micro-CT) analysis, the fibre and
structural parameters, including fibre diameter, pore-size distribution, nonwoven porosity,
and fibre orientation distribution, have been quantified. Some of these structural parameters
served as key inputs for predicting the apparent contact angle in the metastable hydrophobic
state of the liquid. The metastability of the wetting state is also confirmed via the highly
diverse behaviour of water droplets ranging from rolling off or gradual absorption at
various inclination angles to strong adhesion. Various combinatorial strategies to obtain
hybrid wetting regimes have been designed and developed based upon self-similarity. A
facile, scalable, and inexpensive vacuum filtration process has assisted in creating self-
similar arrays of multi-walled carbon nanotubes (MWCNTS) and nonwoven fibres. A

simple analytical model has been proposed to predict the apparent contact angle by



formulating a direct relationship with the structural parameters of MWCNTSs and nonwoven
materials. In general, a satisfactory agreement has been observed between the theoretical

and experimental apparent contact angles of MWCNT decorated nonwoven materials.

On the other hand, spray-coating has been utilised to decorate the weakly hydrophobic
stearate-treated titanate nanowires (TIONWS) on the surface of the nonwoven material.
This has led to the self-similar nonwoven-titanate nanostructured materials (SS-Ti-NMs)
that resulted in a superhydrophobic effect (contact angle >150° with roll-off angles in the
vicinity of 10°). In SS-Ti-NMs, the 3D nonwoven material houses the air pockets in the
bulk of the material along with the water repellent TIONWSs on the surface resulting in
superhydrophobic behaviour. Laser scanning confocal microscopy has confirmed the
presence of a thin layer of water on the finer fibre SS-Ti-NMs. The governing design
principles that underpin the key determinants responsible for the robust superhydrophobic
behaviour have been unravelled. A comparison between theory and experiments has
resulted in a good agreement. The present work also uncovers a wettability gradient across
the thickness of SS-Ti-NMs in addition to the unusual display of underwater
superhydrophobic behaviour. The current research work paves the way for several
unexplored possibilities of nonwoven applications in the fields of energy storage, sensing,
protective and biocidal garments, flexible and low-cost chemically active systems, and

many more.

Vi
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obtained via X-ray microCT analysis. (a) Transaxial plane showing the
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Nomenclature

a Slope of sinusoidal asperity
Amax Maximum slope of asperity
B,y Out-of-plane fibre orientation angles
o, ¢ In-plane fibre orientation angles
Ysi Interfacial tension/energy at solid-liquid interface
Yia Interfacial tension/energy at liquid-air interface
Ysa Interfacial tension/energy at solid-air interface
66 Sagging angle
€c Compressive strain
€g Gravimetric porosity
€t Transverse strain
€ Longitudinal strain
Side of the square boxes used in Box-counting method
0 Contact angle
Beq Equilibrium contact angle
0, Advancing contact angle
Oac Critical advancing contact angle
0, Receding contact angle
0" Apparent contact angle
[ Apparent contact angle of droplet in Wenzel’s state
. Advancing c_ontact angles on porous surfaces exhibiting Cassie-Baxter
state of wetting
L. Receding co_ntact angles on porous surfaces exhibiting Cassie-Baxter
state of wetting
05 Appgrent static contact angle of a droplet in Cassie-Baxter’s state of
wetting
O max Maximum apparent contact angle
min Minimum apparent contact angle
Anax Maximum slope of asperity
0, Critical contact angle
Oy 1 Apparent contact angle for coarse-scale roughness in Wenzel state of

wetting
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Ois 1 Apparent contact angle for coarse-scale roughness in Cassie-Baxter
' state of wetting
Ow 2 Apparent contact angle for fine-scale roughness in Wenzel state
OcB 2 Apparent contact angle for fine-scale roughness in Cassie-Baxter state
Ocs-w Apparent contact angle in ‘Cassie-Baxter-Wenzel’ state of wetting
Apparent contact angle in ‘Cassie-Baxter-Cassie-Baxter’ state of
HEB—CB .
wetting
0, an0 Apparent contact angle of titanate nanowires
Ow—cr Apparent contact angle in ‘Wenzel-Cassie-Baxter’ state of wetting
O _w Apparent contact angle in ‘Wenzel-Wenzel’ state of wetting
V) Angle of intrusion of liquid into structure
A Wavelength of the idealized sinusoidal roughness
Amax Maximum pore diameter
v Poisson’s ratio
P Liquid density
Pr Density of fibres
berr Effective porosity of the unit cell
b, Porosity of particle cluster/finer scale self-similar unit
Ny Roll-off angle
X Angle formed between the axis of fibres
Uonin Minimum local geometric angle
Y Local geometrical angle of the re-entrant curvature of fibre surface
w Width of the droplet
w Rise angle of frustoconical asperity
w4 Rise angle of the primary frustoconical asperity
W, Rise angle of secondary features of frustoconical asperity
Amplitude of roughness (sinusoidal asperity)
A, Cross-sectional area of a representative volume element
A Composite robustness factor
Ap Total dimensionless pore area
At Dimensionless total area of unit cell
a Side of the square pillars
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a, Side of the square pillars at coarse scale

a, Side of the square pillars at fine scale

2B Width of the flattened portion of fibres after thermal bonding

b Spacing between pillars

b, Spacing between pillars at coarse scale

b, Spacing between pillars at fine scale

b Mean distance between the centres of two adjacent fibres

by, Mean length of overlapping fibre-fibre contact

by Mean free fibre length

3 Mean d_istan_ce between the centres of two adjacent fibres projected on

the Z-direction

C Fibre perimeter

D* Spacing ratio

2D Average edge-to-edge distance between fibres
2D’ Edge-to-edge distance between flattened fibres after thermal bonding
D¢ Fractal dimension
D, Spatial dimension (Euclid geometry)
D¢y, Pore area fractal dimension

2d.y, Distance between edges of cylindrical fibres
denr Diameter of MWCNTS

d, Mean diameter of electrospun fibres

ds Fibre diameter

d, Minimum diameter of cluster particles

d+ Ratio of diameter of micro-scale material to that of the nano-scale

materials
dE Free energy change
dx Infinitesimal displacement of contact line
femax Maximum capillary force
fia Area fraction of liquid-air contact
fs1 Area fraction of solid-liquid contact
(fs) eyt Area fraction of cylindrical fibres in contact with the liquid droplet
(FiDmicro Area fraction of micro-scale nonwoven fibres in contact with liquid

droplet
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fem Solid-liquid contact fraction at micro scale
fen Solid-liquid contact fraction at nano scale
g Acceleration due to gravity
eyl Distance between the cylinder axes
H Height of the pillars
H, Height of the pillars at coarse scale
H, Height of the pillars at fine scale
H* Robustness height
h. Height of droplet of volume V.
hey Height of the cylindrical part of the droplet
h, Sagging height of droplet
h, Pore depth
I Overall fibre orientation parameter
L Length scale
L. Distance between adjacent particle clusters
ly Fibre length
leap Capillary length
M(L) Measure of a fractal object
my Mass of the droplet
N Total number of fibres
N Number of self-similar replicates
N(E) Number of square boxes of side ¢ covering the surface of a structure
for the computation of fractal dimension.
n Total number of fibre-fibre contacts
n Average number of contacts formed on an arbitrary fibre
1) () micro Ratio of the mearT Iength_of fibre?fibre contact to the length between the
centres of two adjacent fibres (micro-scale)
(M) mane Ratio of the mean length of ngnowire-nanoyvire contact to the length
between the centres of two adjacent nanowires (nano-scale)
Nmeso Number of fibre-fibre contacts formed in the mesodomain
APy . Critical hydrostatic pressure for complete intrusion
P* Dimensionless pressure difference
Py Pressure required for complete intrusion of water droplet
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Dimensionless pressure difference across the liquid—air interface of

Fea—cs SS-Ti-NMs exhibiting ‘Cassier-Baxter-Cassie-Baxter’ state of wetting
P.os Reference pressure
R, Surface radius of asperity
R, Cluster radius
Rey Radius of cylindrical fibres
Rf Radius of the of the semi-circular region of the fibres
(Rf)mim Roughness factor of a nonwoven mat consisting of microfibres
(Rf) oy | Roughness factor of ensemble of MWCNTSs
R, Radius of protuberances
T¥ Roughness factor
Tm Roughness factor at micro scale
T Roughness factor at nano scale
r Similarity factor
T Robustness angle
Ters Effective adhesive tension
T, Initial thickness of the nonwoven material
T¢ Final thickness of the nonwoven material
t Thickness of nonwoven
Volume of fibrous assembly
A Critical volume of water droplet that could be suspended on an asperity
Veyt Volume of cylindrical region of droplet above asperity
Veap Volume of droplet cap
Venr Volume fraction of MWCNTSs
Vonn Annular volume of droplet
Ve Fibre volume fraction
(Ve )upaatea | Updated fibre volume fraction
Vrionw Volume fraction of titanate nanowires
W Work of adhesion
2y Dimension of the unit cell
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List of Acronyms

2D Two-dimensional

3D Three-dimensional

ACA Advancing contact angle

CAH Contact angle hysteresis

CB Cassie-Baxter

CB-CB Cassie-Baxter-Cassie-Baxter
CB-W Cassie-Baxter-Wenzel

CF Carboxyfluorescein

CNT Carbon nanotubes

CTAn CT-analyser

DMF Dimethyl formamide

EDX Energy Dispersive X-ray analysis
EMI Electromagnetic

F-CNPs Fluorinated chained nanoparticles
iICVD Initiated chemical vapour deposition
LBL Layer-by-layer

MD Membrane desalination

MIL Mean intercept length

MNWEF Microfibre nylon nonwoven fabric
MWCNTSs Multi-walled carbon nanotubes
NM Nanostructured material

PAA Poly (acrylic acid)

PAN Polyacrylonirile

PET Polyester

PDA Polydopamine

PDMS Poly(dimethylsiloxane)

PHBV Poly(hydroxybutyrate-co-hydroxyvalerate)
PLA Poly (lactic acid)

POM Polyoxymethylene

PP Polypropylene

PS Polystyrene
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PVDF Polyvinylidene fluoride

RCA Receding contact angle
RVE Representative volume element
SEM Scanning electron microscope/microscopy

SS-CNT-NMs | Self-similar nonwoven-carbon-nanotube nanostructured materials

SS-Ti-NMs Self-similar nonwoven-titanate nanostructured materials
TCL Three-phase contact line

TEM Transmission electron microscopy

TIONWs Hydrophobized titanate nanowires

TPU Thermoplastic polyethylene

uv Ultraviolet irradiation

VOI Volume of interest

X-ray microCT | X-ray micro-computed tomography

ZnO Zinc oxide
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