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Synopsis

Various bio-inspired extremes of liquid wettabilities, including superhydrophobicity, underwater
superoleophobicity/superoleophilicity, and so on are of enormous potential for diverse applications,
including oil-transportation, oil-water separation, fabrication of robotic devices, anti-biofouling
coatings, microfluidics and so forth. In the past decades, such liquid wettabilities have been designed
following various top-down and bottom-up approaches. The appropriate co-optimization of
hierarchical topography and surface chemistry is the primary requisite for adopting desired and
extreme liquid wettabilities. A low surface energy coating is mainly required for designing
superhydrophobic or underwater superoleophilic surface, whereas high surface energy coating is
needed for achieving underwater superoleophobic surface. In the past, distinct synthetic approaches
were followed for preparing different bio-inspired (e.g., fish scale-inspired coating, lotus leaf-inspired
coating etc.) coatings. Moreover, synthesis of physically/chemically durable biomimicked wettability
is highly important for various prospective applications at practically relevant scenarios. Thus, a
common and facile synthetic approach is essential for adopting durable and different extremes of liquid
wettabilities, where a simple and robust chemistry would be allowed to tailor diverse liquid
wettabilities. In this synopsis report, | have summarized a facile and common chemical approach for
achieving various durable bio-mimicked wettabilities, where 1,4-conjugate addition reaction between
amine and acrylate groups was successfully extended for constructing covalently cross-linked and
chemically-reactive multilayer coatings. This synopsis report with a title of ‘Chemically-Reactive
Polymeric Multilayer Coatings for Tailoring Durable Liquid Wettabilities’ is segregated into six
chapters. Chapter 1 includes an introduction to the fundamentals of various biomimicked liquid
wettabilities and a brief overview on conventional techniques for achieving such biomimicked
wattability. The existing challenges related to the bio-inspired liquid wettabilities have also been also
discussed in this chapter. In the Chapter 2, chemically-reactive polymeric nanocomplex (NC) was
integrated into a multilayer coating (20-bilayers) through subsequent deposition of BPEI and NC
following a covalent layer-by-layer (LbL) deposition process. The post-covalent modification of the
multilayer coating with glucamine through facile and robust 1,4-conjugate addition reaction allowed
to adopt a bulk underwater superoleophobicity. The underwater superoleophobic coating remained
highly durable towards both harsh physical abrasions (including adhesive tape peeling test, sandpaper
abrasion test, etc.) and various complex chemical exposures like extremes of pH (pH 1, pH 12),
artificial sea-water, river water, etc. Next, in the Chapter 3, this abrasion-tolerant underwater
superoleophobic coating was successfully deposited on a stretchable and fibrous matrix for developing
a deformable and durable underwater superoleophobic membrane for gravity-driven and

environmentally-friendly separation of various oil-water mixtures under practically relevant severe
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settings. However, this synthesized multilayer coating failed to display superhydrophobicity even after
post-covalent modification with alkylamine having a long hydrocarbon tail. Chapter 4 accounts a salt
(NaCl)-assisted and high throughput synthesis of chemically-reactive multilayer (9 bilayers) coating
with optimum topography to display both underwater superoleophobicity and superhydrophobicity. A
controlled and selective post-covalent modification of this chemically-reactive multilayer coating
allowed tailoring of various liquid wettabilities. In general, a continuous trapped air layer present in
superhydrophobic interfaces is considered as the primary basis for achieving another super liquid
wettability—i.e., underwater superoleophilicity. Chapter 5 includes a detailed investigation on the
essential requirements for fabricating a durable underwater superoleophilic interface. This study
validated that a hydrophobic multilayer coating (consisting of 20 bilayers, octadecylamine-modified)
with discontinuous trapped air was also capable of displaying durable underwater super-oil-affinity.
Moreover, the stability of this extreme oil-wettability was superior over superhydrophobic multilayer
coating (consisting of 9 bilayers, octadecylamine-modified). The hydrophobic multilayer coating (20
bilayers) remained highly selective to oil phase under water as observed in superhydrophobic coating.
Further, this durable underwater superoleophilicity was extended to develop a super-oil-absorbent for
comprehensive oil/water separation under practically relevant severe settings. In the Chapter 6, a brief
overview of the thesis work has been presented along with the prospective applications of this

chemically-reactive multilayer coatings that will be explored in future.
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Chapter 1: Introduction

Nature is full of wonders; every tiny and single thing is a standing mystery which always endows
the curiosity to get to the bottom of its secret. Starting from the invention of aeroplane to velcro,
submarine to bullet train— mostly these important and highly relevant discoveries were materialized
through the contemplation of mother nature. In addition to that, several biomimicked liquid
wettabilities have emerged to be a potential tool for developing smart materials. Lotus leaf inspired
extreme water repellence, is widely and formally recognized as superhydrophobicity in the literature.*
The micro and nano features (recognized as hierarchical interface) of the lotus leaf were decorated

Superhydrophobicity

gl C |Cassie-Baxter Model

Air

F |Cassie-Baxter Model

H,0 4

Bio-mimicking Wettabilities
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Figure 1: Digital photographs (A,D) and FESEM images (B, E) of superhydrophobic lotus-leaf (A-B) and underwater
superoleophobic fish-scales (D-E). (C-F) Schematic illustration of two biomimicked extreme liquid wettabilities both
in air (C) and underwater (F) which can be explained by Cassie-Baxter model of heterogeneous wettability. (G-H)
Schematic representation of underwater superoleophilic interface. (A) Reprinted with permission from (Bionanosci.,
2011, 1, 63), Copyright 2011, Springer; (B) Reprinted with permission from (Beilstein Journal of Nanotechnology,
2011, 2,152), Copyright 2011, Beilstein; (D) Reprinted with permission from (Sci. Reports, 2015, 4, 7454), Copyright
2015, Science; (E) Reprinted with permission from (Adv. Mater., 2009, 21, 665), Copyright 2009, Wiley-VCH; (G-H)
Reprinted with permission from (J. Mater. Chem. A, 2017, 5, 25249), Copyright 2017, Royal Society of Chemistry.

with long-chain hydrophobic waxy material.® Eventually, such physical and chemical co-optimization
is the primary basis for achieving superhydrophobicity (Fig. 1A-B). On the other side, fish-scales are
extremely unaffected by any kind of oil/oily-contaminations under water due to the inherent existence

of underwater superoleophobicity (Fig. 1D-E) on the scales. Both these bio-inspired (lotus leaf and
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fish-scale) extreme liquid (water and oil) wettabilities have been theoretically explained following the
Cassie-Baxter wettability model. This heterogeneous wettability model explains the high contact angle
of the beaded liquid droplets on the solid surface, where external third phase trapped between solid
and liquid (probe) phases minimizes the contact of the respective beaded liquid on a bio-inspired solid
surface. The entrapped third phase in between the hierarchical topography is air for lotus leaf-inspired
superhydrophobic interface (Fig. 1C), whereas the confined aqueous-phase is the external third phase
for the fish-scale-mimicked underwater superoleophobic interface (Fig. 1F). Both the essential
topography and appropriate chemistry are required for achieving superhydrophobicity (in air) and
superoleophobicity (under water). Interestingly, the superhydrophobic interface inherently displays
another extreme liquid wettability—that is underwater superoleophilicity (Fig. 1G-H). Generally, the

presence of continuous trapped air layer is considered as the primary basis for achieving underwater
superoleophilicity.

In general, two distinct approaches were adopted for synthesizing artificial superhydrophobic

Various conventional methods to achieve artificial superhydrophobicity
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Figure 2: (A-B) Schematic accounting various top-down and bottom-up approaches (A) and the conventional design
(B) for achieving the superhydrophobic interface and its limitations.?! (C) Conventional methods for artificial
underwater superoleophobic interfaces that were prepared by depositing hydrogel, metal-oxide and electrostatic
multilayers. (B) Reprinted with permission from (Adv. Mater., 2011, 23, 673) Copyright 2011, Wiley-VCH; (C)
Reprinted with permission from (Adv. Funct. Mater., 2015, 25, 5368) Copyright 2015, (Adv. Mater., 2012, 24, 3401)
Copyright 2012 and (Adv. mater., 2013, 25, 606) Copyright 2013, Wiley-VCH.

and underwater superoleophobic interfaces. In the past, various top-down and bottom up methods,

v 5 Page
TH 2398’ 156122001



Synopsis

including  chemical  etching, electrochemical  deposition, template-based  coating,
electrostatic/hydrogen bonded LbL assembly, sol-gel method, dip coating, spray coating and so on
were introduced for achieving appropriate hierarchical topography (Fig. 2A). Generally, the top
surface of such hierarchical topography was modified with essential low surface energy molecules
following weak chemistries and interactions, including silane or thiol chemistry, metal-ion interactions
etc. for achieving superhydrophobicity. In such widely accepted synthetic approaches, the essential
co-optimization of chemistry and topography was mostly maintained over a few nanometres. Thus,
any minor physical abrasion is likely to compromise the artificial embedded superhydrophobicity (Fig.
2B). Further, the weak chemistries that were used in optimization of low surface energy coating on the
hierarchical topography are likely to fall apart easily under practically relevant chemically complex
environments like high salinity, extremes of pH, UV exposure etc. On the other hand, underwater
superoleophobic coatings were mostly achieved by depositing highly hydrophilic ingredients,
including polymeric hydrogels metal oxides and electrostatic multilayers (Fig. 2C). However, easily
deformable hydrogels, fragile/brittle metal-oxides are highly susceptible to lose the essential
topography under harsh physical and chemical environments. In another alternative approach, the
electrostatic multilayer coatings that were used for preparing underwater superoleophaobic interfaces,
are also likely to disintegrate in high salinity and other extreme chemical conditions. Thus, the lack of
durability is a common existing challenge for both the artificial biomimicked wettabilities—

superhydrophobicity and underwater superoleophobicity.

In this thesis work, a simple and common chemical approach is introduced for achieving durable
and different bio-inspired wettabilities. Two distinct chemically-‘reactive’ polymeric multi-layered
coatings were developed through the strategic use of 1,4-conjugate addition reaction, and appropriate
post-covalent modifications of these multi-layered coatings yielded abrasion-tolerant and highly
durable superhydrophobicity and underwater superoleophobicity. Further, this chemical approach
allowed us to develop a highly stable underwater superoleophilic coating, without having continuous
trapped air-layer. Such extremely durable super-liquid wettabilites were also successfully extended for
environmentally-friendly and energy-efficient cleaning of oil spillages at practically relevant severe

and diverse settings.

Chapter 2: Synthesis of Chemically ‘Reactive’ Polymeric Multilayer coating.

Fish-scale mimicked underwater superoleophobicity has emerged as a prospective tool for addressing
practically relevant different severe challenges related to healthcare, environment, energy, etc.

However, the reported materials with this bio-inspired liquid wettability developed using polymeric
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hydrogels, metal-oxide coating and electrostatic multilayer, are inappropriate to perform in practical
scenarios as discussed in the earlier section. In the Chapter 2, a facile 1,4-conjugate addition reaction
between amines and acrylates (Fig. 3A) was used to develop an ‘amine-reactive’ polymeric multilayer
coating of nanocomplexes (NC, Fig. 3C). At first, a chemically reactive NC was synthesized by mixing
the selected reactants (which are BPEI and dipentaerythritol pentaacrylate (5Acl); Fig. 3B) through

same 1,4-conjugate addition reaction as shown in Fig. 3B.

This reactive NC was covalently and consecutively deposited in combination with BPEI
following a simple LbL deposition technique as shown in Fig. 3E. After 20 bilayers (each layer was
denoted as sequential deposition of reactive NC and BPEI) deposition, a chemically reactive and
underwater oleophilic multilayer coating was formed (Fig. 3F). Moreover, the residual acrylates in the

polymeric multilayer provided a simple basis for appropriate chemical modification (high surface
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Figure 3: (A-C) 1,4-conjugate addition reaction (A) between the amine group of BPEI (B) and acrylate group of 5Acl
(B) to develop a stable dispersion of ‘reactive’ NC (C). (D) FTIR analysis illustrating the reactivity of the NC before
(black curve) and after (red curve) post-covalent modification with primary amine-containing small molecule. (E-G)
Schematic representation of the LbL deposition (E) of both the NC and BPEI for developing a ‘reactive’-multilayer
coating (F). The post-chemical modification of multilayer coating with glucamine provided underwater
superoleophaobicity (G).

energy). The post-covalent reaction of the synthesized multilayer coating with glucamine through 1,4-

conjugate addition reaction yielded an extremely oil repellent coating (Fig. 3G) under water. The
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covalent optimization of essential chemistry in the porous polymeric coating provided underwater
superoleophobicity with impeccable physical and chemical durability as shown in Fig. 4. The essential
topography and chemistry that conferred underwater superoleophobicity, remained appropriately co-
optimized beyond the surface of the coating. Thus, the polymeric coating sustained severe physical

Physical Abrasions Exposures to chemically complex environments
180

170 1
160
150
140
1301

pH pH~11 seawater BSA SDS DTAB
water (5wt%) water water

Adhesive Tape

m“ém(;
BYG WG |||

Advancing OCA Under Water (°)

Sandpaper

IITG TG

Figure 4: (A) Digital images of various physical challenges on the underwater superoleophobic multilayer coating
including adhesive tape test, sand drop test and sandpaper abrasion. (B) Bar graph accounting the impeccable chemical
durability of the underwater superoleophobicity, even after exposing the multilayer coating to harsh chemical
environments including extremes of pH, saline water and surfactant/protein contaminated water.

abrasions including adhesive tape test, sandpaper test and sand drop test (Fig. 4A). Further, the
synthesized coating was capable of withstanding severe chemical insults like exposures to extremes of
pH, saline water, surfactant/protein-contaminated aqueous environments as shown in Fig. 4B.
Moreover, this current coating approach was successfully extended to coat various objects. It is
believed that this contemporary study will make a worthwhile contribution for developing

multifunctional materials.

Chapter 3: Synthesis of Stretchable and Durable Underwater Superoleophobic Membrane for
Filtration-based Oil/Water Separation.

Synthesis of a stretchable and durable fish-scale inspired—extreme oil-repellent interface, is
even more challenging. In the Chapter 3, a stretchable fibrous substrate was successfully coated with
chemically reactive multilayer coating that displayed abrasion-tolerant and deformable
superoleophobicity under water (Fig. 5A-H). The as-prepared ‘reactive’ multilayer coating on the
stretchable fibrous substrate completely soaked the beaded oil droplet under water as shown in Fig.
5C-D. However, the post-covalent modification of the residual acrylate groups in the multilayer

coating (Fig. B, E) with a hydrophilic amine-containing small molecule, i.e. glucamine (denoted as

viiid Page
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Glu) provided underwater superoleophobicity as shown in Fig. 5F-G. This synthesized biomimicked
wettability remained unaltered under a high tensile strain of up to 150% as shown in Fig. 5H. However,

the extreme oil repellency of the modified fabric was slightly compromised on further increasing in
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Figure 5: (A) The strategic immobilization of ‘reactive’ multilayer of NC developed by 1,4-conjugate addition reaction
between amines and acrylates, on the stretchable fibrous substrate. (B-G) Schematic presentation (B,E), digital
photographs (C,F) and contact angle images (D,G) of the multilayer-coated fabric before (B) and after (E) modification
with glucamine molecules. (H) Graphical representation illustrating the change in wettability of the glucamine-
modified coating on stretchable matrix where contact angles (advancing contact angles: black curve, contact angle
hysteresis: red curve) were recorded with increasing percentage (%) of the tensile strain (inset: digital images of
glucamine-modified fabric with 0% and 150% stretching). (I-N) Digital images of bulk oil-water separation with
coated (I-J, L-M; post-modified with glucamine) and uncoated (K,N) fibrous substrate for both heavy
(dichloromethane) and light (motor oil) oils.

the tensile strain from 150% to 175%. Moreover, an adhesive underwater superoleophobic behaviour
was observed with contact angle hysteresis above 15° after applying 200% of tensile strain on the

coated membrane as shown in Fig. 5H (red curve). In addition to that, this underwater superoleophobic

interface was capable of withstanding various harsh physical and chemical settings—including
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successive (1000 times) tensile deformations, different physical abrasive tests, prolonged exposure of
(30 days) UV irradiation, extremes of temperatures (100°C and 10°C) and severe complex aqueous
phases. Thereafter, the synthesized underwater superoleophobic membrane was successfully extended
for gravity-driven and eco-friendly separation of oil/water mixtures (Fig. 51-N) even under practically
relevant various and severe physical/chemical conditions (e.g. extremes of temperatures, tensile strain,

pH, sea water, river water, etc.) with separation efficiency more than 95%.

Chapter 4: A Single Multilayer Coating for Controlled Tailoring of Different Liquid
Wettabilities.

The chemically ‘reactive’ multilayer coating (consisting of 20 bilayers) discussed in the Chapter 2,

was capable of displaying underwater superoleophobicity with appropriate post-covalent modification.

Salt-assisted Multilayer Construction

AR L

\% g
X
=
1
),
|

3]
=
o s
0 €=0 NaCl 5
N\ \ 0.5 mg mL"! % ~—
] [—\
HaN-—HN NH—"NH,
o N |
o H y sy
~—N Ethanol Salt assisted ‘Reactive’ Multilayer
HoN \/\:\(’N\/\H‘):.\’NHZ ‘
NHz
OH OH
F R= H,C
180 180 R= "¢ oH l l g chy
OH OH
. Octadecylamine
160 F 160 Glucamine
140 ~ F 140
= 120 | I 120 k) \i
< D, H,0 g o
£ 100 - e L F 100 <
= OCA~164° g OH
< 807 wca-~ 1537 80 =
£ 60 L 60 =
40 r40 &
20 _WCA-D OCA~ 0° F 20 © \ \
v ETR O 0 \l g \\ \\ \{v\\ \\\ pef UL ‘ | 0
v e / 4P
7,6“(\ ‘2*‘\ Q‘\Q‘\a«\é Q\n}; Q“"é Q«N‘ & 1.\‘\ » n;\‘?‘ Undemrater Superoleophobic Multilayer Superhydrophoblc Multllayer

0\\)0 oY OF e GS [ 0,& 0,5,
Figure 6: (A) Chemical structures of BPEI and 5Acl. (B-C) Schematic illustration for the fabrication of chemically-
‘reactive’ polymeric multilayer (associating with 9 bilayers) of nanocomplexes (C) (prepared by mixing of BPEI and
5Acl) in presence of salt (NaCl) through LbL deposition (B) approach. (D-E) Schematic of selective post-chemical
modifications of the reactive-multilayers with appropriate small molecules (ODA and glucamine), which provided
extremes of liquid wettabilities both in air (superhydrophobicity, (E)) and under water (superoleophobicity, (D)). (F)
The plot illustrating the controlled and extreme change in both the water contact angle (WCA; red line) in air and the
oil contact angle (OCA,; black line) under water by regulating the post-chemical modification with selected primary
amine containing small molecules. (Inset: extremes of both water wettability in air and oil wettability underwater after
post-modification with ODA (red boxes) and glucamine molecules (black boxes)).
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However, this reactive polymeric coating remained inappropriate to display superhydrophobicity, even
after post-covalent modification with low surface energy molecule (i.e. octdecylamine having a long
hydrocarbon tail). The lack of essential topography in the multilayer coating might be the reason
behind the failure in displaying extreme water wettability. In the recent past, Rather et al. prepared a
polymeric gel by reaction between BPEI and 5Acl in ethanol, and the rate of sol-gel conversion was
accelerated by addition of sodium chloride in the reaction mixture. Inspired by this result, In the
Chapter 4, a salt-assisted LbL deposition of reactive NC was introduced for accelerated growth of
chemically reactive polymeric coating (Fig. 6A-B). The LbL deposition cycle was repeated for only 9
times to achieve the appropriate multilayer (9 bilayers) coating—which was capable of displaying both
superhydrophobicity and underwater superoleophobicity, depending on the selection of appropriate
post-covalent modifications as shown in Fig. 6C-E. Along with extremes of liquid (water and oil)
wettability, this same multilayer construction also provided a basis to adopt various other liquid
wettabilities both in air and under water as shown in Fig. 6F. The bio-inspired super liquid wettabilities
remained intact even after exposure to various severe physical and chemical insults, including adhesive
tape test, sand drop test, and exposures to extremes of pH, salinity, surfactant-contaminated aqueous
media, etc. Moreover, such a facile and simple LbL fabrication strategy also allowed to decorate
various flexible and rigid substrates (including wood, Al-foil, synthetic fabric, etc.) with desired bio-
inspired wettability. This current design allows independent investigation of the essential physical and
chemical parameters that confer the heterogeneous wettability for beaded water and oil droplets on

respective solid surface.

Chapter 5: A Facile Approach for Stabilizing Underwater Superoleophilicity.

In the literature, continuous trapped air layer, present in superhydrophobic interface, is considered as
the primary requirement for achieving underwater superoleophilicity. This selective and extreme oil
affinity could be useful for selective collection of oil/oily phase from aqueous phase. However, the
stability of this entrapped metastable continuous air layer, present in superhydrophobic interface is
poor under water. The inherently embedded extreme oil-affinity in the superhydrophobic interface
under water is compromised within a few hours under water. In the Chapter 5, two distinct chemically
reactive multilayer coatings that were prepared in the presence (introduced in the Chapter 4) and
absence (already discussed in the Chapter 2) of NaCl, were post-modified with ODA to compare the
durability of underwater superoleophilicity. After the same post-covalent modification (Fig. 7A) with
ODA, the multilayer coating that was prepared in the absence of salt displayed hydrophobicity,

whereas the salt-assisted multilayer coating exhibited superhydrophobicity as shown in Fig. 7B. These

TH94d5" f56122001



TH

Synopsis

two different multilayer coatings consisted of distinct topography—»but with identical post-covalent
modification (Fig. 7C-D). However, both the multilayer coatings with discontinuous (hydrophobic
multilayer) and continuous (superhydrophobic multilayer) trapped air layer displayed selective and
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Figure 7: (A) Schematic for the post-chemical modification (A) of the chemically-reactive polymeric multilayer
prepared in presence (superhydrophobic multilayer) and absence (hydrophobic multilayer) of salt (NaCl) through 1,4-
conjugate addition reaction between residual acrylates of the multilayer and amine moieties of ODA molecules. (C-
D) Atomic force microscope (AFM) images of hydrophobic (C) and superhydrophobic (D) multilayer depicting the
difference in roughness of the respective multilayer. (E-F) Schematic representing the extreme oil-affinity by
hydrophobic (E, having discontinuous trapped air phase) and superhydrophobic (F, having continuous trapped air
phase) multilayer coatings. (G-L) Fluorescence microscopic images (scale bar 200 um) of superhydrophobic (G-I)
and hydrophobic (J-L) multilayers after submerging in the fluorescein dye-added aqueous phase (H, K) followed by
underwater exposure to Nile red-added silicone oil (I, L). (M) Graphical representation of the change in water contact
angles of the superhydrophobic (ODA (red curve) -treated) and hydrophobic (decylamine (DA, violet curve),
dodecylamine (DDA, green curve), and octadecylamine (ODA, yellow curve) -treated) multilayer over time after
continuous immersion in water. Kindly put space in between number and unit in the Figure.

super-oil-affinity under water as shown in Fig. 7E-L. The hydrophobic multilayer coating selectively
absorbed the oil phase (nile red aided microscopic imaging) even after impregnation of water phase
(water soluble green fluorescent dye aided microscopic characterization) in the multilayer which was
evident from the microscopic images in Fig. 7K-L. Interestingly, the multilayer coating that was

prepared in the absence of salt and post-modified with ODA, displayed the most stable underwater
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superoleophilicity. On the other hand, superhydrophobic multilayer with continuous trapped air layer
displayed the least stable underwater superoleophilicity. Moreover, the hydrophobic multilayer
coatings having discontinuous entrapped air were with superior underwater superoleophilicity over

superhydrophobic multilayer coating, even at elevated temperature.
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Figure 8: (A-C) Schematic illustration for the fabrication of super-oil-absorbent (A) by depositing hydrophobic
multilayer (consisting of 20 bilayers) on a naturally-abundant cotton (A). (D-F) FESEM images of the pristine (D) and
hydrophobic multilayer-coated cotton (E-F) in low (E) and high (F) magnifications. (G-1) Contact angle images
unambiguously exhibiting the hydrophobicity (H) with an WCA of ~96° in the coated cotton (G) after post-covalent
modification (H) with ODA molecules. (I) Schematic of the hydrophobic multilayer-coated cotton soaked with aqueous
phase in air. (J-K) Digital images displaying the underwater selective oil (dyed with Nile red having red fluorescence)-
absorption (K) under water by hydrophobic multilayer-coated cotton by ejecting the impregnated aqueous phase (dyed
with fluorescein having green fluorescence; J) from the material. (L) Digital image illustrating selective oil-absorption
performance of the hydrophobic super-oil-absorbent (coated cotton) in comparison with the bare (uncoated) cotton.
(M-N) Plots accounting oil-absorption capacity (M) for various oil-phases (M) and oil/water separation performance
of the super-oil absorbent cotton, under diverse chemically complex environments (N).

Further, the hydrophobic multilayer coating was deposited on a naturally abundant and fibrous
substrate (Fig. 8A-1, i.e., cotton fibres) to examine the ability for comprehensive oil/water separation

following the principle of selective absorption of oil/oily phase. The synthesized fibrous cotton-based

super-oil-absorbent was capable of absorbing both oil and water phases in air as shown in Fig. 8.

However, the as-synthesized material, soaked with water (green dyed aqueous phase for fluorescence
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imaging and visual investigation) in air, was capable of absorbing both heavy and light oils under
water. At the same time, the impregnated metastable aqueous phase was spontaneously and selectively
ejected out from the hydrophobic oil-absorbent (Fig. 8K). This unprecedented super-oil-absorption
property remained intact in diverse scenarios, including extremes of temperature (100°C and 10°C),
pressure (184.7 mbar), and prolonged (7 days) exposure to extremes of pH (1/12), surfactants
(DTAB/SDS, 1 mM)-contaminated water, artificial sea water, etc. Moreover, this hydrophobic

Separation of 5% (v/v) of Oil-in-Water Emulsion Solution
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Figure 9: (A-E) Digital images accounting the performances for oil-in-water emulsion (5% (v/v) DCE in water)
separation by both superhydrophobic (A-B) and hydrophobic (C-E) multilayer-coated cottons. (F-H) Dynamic light
scattering (DLS) plot (F) and bright field microscopic images (G-H) accounting the oil-in-water emulsions before (F:
black curve, G) and after (F: red curve, H) performing oil/water separation with hydrophobic multilayer-coated cotton;
scale bar: 100 um.

multilayer coating that displayed an unusual and unperturbed underwater superoleophilicity even at a
highly elevated temperature (90°C), was further explored for the comprehensive separation of various
forms of oil/water mixtures including both bulk-oil spills (Fig. 8M-N) and oil-in-water emulsions (Fig.
9) following eco-friendly and energy-efficient absorption/filtration principles. Such dual-mode
operations with a single interface were practically challenging to achieve with any existing

biomimicked approaches.

Interestingly, unlike the superhydrophobic cotton (Fig. 9A-B), the as-synthesized hydrophobic

super-oil-absorbent remained very efficient in separating oil-in-water emulsion as shown in Fig. 9C-
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E. Due to the presence of continuous metastable trapped air, the superhydrophobic interfaces
inherently restricted the passage of oil-in-water emulsion where tiny oil droplets with the diameter of
hundreds/thousands of nanometers were dispersed in the bulk water phase. Eventually, no oil/water
separation was observed as shown in Fig. 9A-B. On the other hand, hydrophobic cotton having the
discontinuous trapped air, readily and selectively allowed the passage of bulk agueous phase from oil-
in-water emulsion under gravity, and the embedded underwater superoleophilicity in the hydrophobic
multilayer coating helped in selective absorption of the oil droplets (Fig. 9C-E) from oil-in-water
emulsion. Consequently, the oil-in water emulsion was separated under gravitational force which was
further confirmed by DLS (Fig. 9F) and microscopic (Fig. 9G-H) studies. Thus, the hydrophobic super-
oil-absorbent was capable of cleaning up different forms of oil spillages including oil-in-water
emulsions and bulk oil/water mixtures following both the selective absorption and filtration processes;

such demonstration of comprehensive oil/water separation is rare in the literature.

Chapter 6: Conclusion and Future Direction

In conclusion, | have introduced a common and facile synthetic approach for adopting durable and
various extreme liquid wettabilities, where the LbL deposition process allowed to adopt appropriate
topography and 1,4-conjugate addition reaction provided a simple basis for tailoring the essential
chemistry. The underwater superoleophobic coating was successfully extended for gravity-driven and
eco-friendly separation of various forms of oil-water mixtures in practically relevant diverse and harsh
conditions. Further, a salt-assisted multilayer coating was introduced for achieving both underwater
superolephobicity and superhydrophobicity, depending on the selection of appropriate post-covalent
modifications. Finally, these multilayer coatings were extended to study another super liquid
wettability—that is underwater superoleophilicity. The detailed study validated that a moderately
hydrophobic multilayer coating had superior ability to clean-up of oil-spills under diverse complex

scenarios, in comparison to superhydrophobic multilayer coatings.

In the past, such underwater superoleophobicity and superhydrophobicity were explored for anti-
platelet adhesion and prevention of biofilm formation etc. In that context, | strongly believe that the
as-synthesized chemically reactive multilayer coatings that capable of displaying various liquid
wettabilies would be highly useful for developing different biologically relevant interfaces. In the
future, this covalently cross-linked durable coating would be exploited for controlled prevention

andpromotion of platelet adhesion on biologically relevant interfaces.
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Chapter 1

Introduction

1.1. Evolution of Biomimetic Research

Nature has the potential to design its living organisms to adapt to their environment through a process
of evolution. As a result, every living being is special—endowed with unique and fascinating features.
Various smart developments gradually evolve and thrive with time, mostly inspired by nature’s pattern.
For instance, bullet trains had been invented by studying the pointed-beak design of the kingfisher bird
to reduce the friction with air and noise during travelling.! Another great invention is sonar system,
originated from the echolocation of bats and dolphins, which is invariably used by ships to find the
depth of the sea, detect any incoming torpedo, pipeline inspection, etc.2 Apart from that, several other
smart inventions like painless needle, aeroplane, velcro, etc. were also inspired by mother nature.>
Such inventions have been emerging through continuous learning from Nature and ceaseless efforts to

mimic those designs to make our daily life simpler and facilitate our pursuit to know the unknown.

In that context, biomimetics was introduced as a common and versatile platform to address
complex human problems by imitating the models, elements and systems of nature. Thus, the research
on biomimetics has largely contributed in developing various smart and advanced materials through
the exact replication of nature. Consequently, several astounding properties of naturally existing living
species are also achievable in an artificial design. On that note, extremely water-repellent lotus leaf®
(in air) and oil-repellent fish scale’ (under water) have attracted considerable attention due to their
exemplary properties which have enormous prospective applications in a variety of fields like energy,
architecture, transportation, medicine, agriculture and so on. Several successful methodologies were
adopted and subsequently modified over time for designing even a better version of this property which
acts as a silver bullet in resolving various practical issues. An elaborate discussion on the evolution

and growth of such properties are assembled in the following sections.
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1.2. Progress in Different Liquid Wettabilities

Bio-inspired wettability is one of the most useful multi-functional properties which has
emerged to be a potential tool in developing smart materials to address severe practical issues. The
evolution of different bio-inspired wettability is mainly based on two well-known forces of attraction
that are adhesive force and cohesive force. The adhesive force is defined as the attraction between
unlike molecules which is very relevant in explaining a complete spreading of the liquid droplet on a
solid surface. On the contrary, the cohesive force is mainly the attraction force among the like
molecules that results in lowering the contact between the solid and the liquid phases. The extent of
spreading or the complete bouncing of a liquid droplet on a solid surface is mainly determined by these
two forces of attraction. The moment these two forces of attraction come into equilibrium, the liquid

droplet stops spreading on the solid/air interface. The tangential angle of contact made by the liquid

A B C D I
Contact Angle <I> Liquid

[ — ] l Advancing CA Receding CA Static CA .

Water
0
0
e - B

P—

S

Superhydrophilic Hydrophilic Hydrophobic Superhydrpphobic
0<5° 6 <90° 06 =90°-150° 62 150°

Figure 1.1: (A) Schematics for contact angle (6) which defines as the tangential angle between the liquid and the solid
phases at three phases contact point. (B-D) Schematic representation of advancing (B), receding (C) and static (D)
contact angles. (E) Representation of various wettabilities of beaded water droplet on solid surfaces based on the
contact angles and those are superhydrophilic (6 < 5°), hydrophilic (6 < 90°), hydrophobic (8 = 90° - 150°) and
superhydrophobic (6 > 150°).

droplet on the solid surface at solid/air interface is defined as the contact angle (CA) as shown in Fig.
1.1A. Contact angles are broadly categorized as dynamic and static CAs. The dynamic CAs can again
be of two types— advancing CA and receding CA (Fig. 1.1B-C).8% Advancing CA is defined as the
tangential angle between the solid and liquid phases just when a growing liquid droplet touches the
solid surface (Fig. 1.1B). This angle is the maximum angle created by the liquid droplet with the solid
surface.’® The liquid droplet is further allowed to grow a bit more on the solid surface by infusing more

liquid into it and then the liquid is made to recede to the dispensing needle. The CA just before the
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droplet detaches from the surface or breaks is known as receding angle (Fig. 1.1C). The difference
between these two dynamic contact angles is termed as contact angle hysteresis® which is in a way the
measure of adhesive interaction between the probe liquid phase and the solid surface. Now, based on
these contact angles of the liquid phase on a solid surface, the surfaces are broadly categorized in
hydrophilic and hydrophobic surfaces when the liquid phase is water (Fig. 1.1E).!* Hydrophilic
surfaces allow the spontaneous spreading of aqueous phase on a solid surface and possess a water
contact angle (WCA) of <90°.11 Whereas, surfaces having WCA of >90° are denoted as hydrophobic
surfaces that can demonstrate the partial/complete non-wetting behaviour of a surface by the aqueous
phase.!! To achieve an extremely liquid-repellent interface, the design of heterogeneous interface is
essential, where the external trapped third phase between solid and liquid phases minimizes the contact
area between the solid and liquid droplet to a significant extent which results in immediate bouncing
of the liquid droplet when hit such solid surfaces. The surfaces that extremely repel aqueous phase in
air are termed as superhydrophobict? ® surfaces (Fig. 1.1E) and on the other hand surfaces repelling
oil phase under water are named as underwater superoleophobic surfaces’. Such extremely liquid
(oil/water) repelling surfaces possess an advancing liquid contact angle of >150° and liquid contact

angle hysteresis of <10°.

On the contrary, the other extreme of liquid wettability is the complete soaking of a liquid
(water/oil) phase by solid surface both in air and under water with liquid contact angles of <5° (Fig.
1.1E).1*12 Depending on the absorbing phase, the solid surfaces are termed as superhydrophilic when
the aqueous phase is absorbed in air and underwater superoleophilic when oil phase is absorbed under

water.

1.2.1. Wettability models
1.2.1.1. Young’s model:

The importance of wettability was realized way back in the 18" century because of its
enormous potential in revolutionizing surface science. Thomas Young was the first to propose a model
(Fig. 1.2A) in 1805% which was the first-ever model efficiently capable of explaining the contact angle
of a liquid droplet (oil/water) on a smooth and featureless surface. In that context, when a liquid droplet
is placed on a smooth and featureless substrate, this model plays a pivotal role in determining the
accurate contact angle measurement of the beaded liquid droplet on the solid surface. The solid
surfaces are broadly referred to as ‘hydrophilic’ in nature when the contact angle of water droplet on
such kind of solid surfaces is limited to < 90° which can be calculated by resolving the following

Young’s equation (eqn 1.1):
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where, Oy is the equilibrium contact angle of a beaded liquid droplet on featureless solid surface, which
is also referred as Young’s contact angle, whereas, Ysc, Yis and Yic are the surface free energy of
solid, interfacial tension of solid/liquid and surface tension of liquid phase, respectively.

1.2.1.2 Wenzel model:

In reality, most of the commonly used solid surfaces have certain features and roughness.
Consequently, the contact angle of beaded liquid droplet on rough surfaces consisting of either micro
or nano features cannot be accurately determined following Young’s model. This anomaly was
addressed when Wenzel'* proposed another wettability model (Fig. 1.2B) incorporating the roughness
factor which is capable of quantitatively and accurately analysing the liquid contact angle of beaded
liquid droplet on a featured/rough solid surface. Wenzel’s equation (eqn 1.2) which is used to evaluate

the liquid CAs on a rough solid surface (micro or nano), is as follows:
COSOW=TCOSOv.......ooooiiiii (1.2)

where, 6w and Oy are denoted as Wenzel’s and Young’s contact angle, respectively. The roughness

A B C
Young’s Model Wenzel Model Cassie-Baxter Model

7 sc Vis

Figure 1.2: (A-C) Schematic interpretation of Young’s model (A), Wenzel model (B) for homogeneous wetting and
Cassie-Baxter model (C) for heterogeneous wetting. (A) Reprinted with permission from Ref. 15 Copyright 2007,
Springer. (B-C) Reprinted with permission from Ref. 16 Copyright 2016, Elsevier.

factor (r) is defined as the ratio of the actual area to the projected area of the solid surface.
1.2.1.3. Cassie-Baxter model:

Nevertheless, the contact angles beyond a certain limit (>150°) cannot be justified by any of
these two models (i.e. Young’s model and Wenzel model) of homogeneous wetting discussed earlier.

In that regard, Cassie and Baxter proposed a wettability model (Fig. 1.2C) based on heterogeneous

4%Pa§e
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wetting that can efficiently describe the higher contact angles (>150°) of the beaded liquid phases on
a solid surface.'” The hierarchical surfaces can trap a sufficient amount of external third phase into the
micro/nano grooves of the bio-inspired interfaces which play a pivotal role in minimizing the contact
between the solid and the liquid phase and maintaining a discontinuous tri-phase (solid-external third
phase-liquid) interface. On decreasing the fraction of contact area (f1) between solid and beaded liquid
phase, an extremely liquid-repellent interface can be developed, where the beaded liquid phase rolled
off the tilted (<10°) surfaces with an advancing liquid contact angle of >150°. The equation (eqn 1.3)
below is widely recognized as Cassie-Baxter equation and is capable of accounting for the

heterogeneous wettability of beaded liquid droplet on solid surfaces:
cosOcg=F1cos01+Foco80 ... (1.3)

where, Ocp is the Cassie-Baxter angle, f1, f,, are the fraction of contact areas for solid/liquid and
liquid/air interfaces, respectively, and 01, 6 are the contact angles of the liquid droplet on solid and air
phases, respectively. As the total fraction of contact area i.e. f; + f> equals to 1 and the ideal contact
angle of liquid droplet in air is considered to be 180°, the Cassie-Baxter equation can be simplified and

rewritten as following equation (eqn 1.4):
cosOcg=TF1(cos O+ 1)-1 ... (1.4)

This Cassie-Baxter model explains the superhydrophobicity that was first discovered in 19978 where
the role of trapped air layer in micro/nano featured®® lotus-leaf surface was held to be responsible for
such extreme water-repellent property (in air). The same model has been successfully extended to
understand another bio-inspired wettability—that is underwater superoleophobicity.” This property

was first discovered on the fish scales’.’

1.3. Prerequisites for Artificial Designing of Nature-inspired Extreme Liquid
Wettabilities

1.3.1. Naturally existing anti-liquid wettabilities

To adopt the survival strategies in harsh environments, natural organisms have developed various
functional properties through million years of evolution in terms of structural development and
chemical modifications which enhanced their performance to a greater extent. Similarly, the evolution
of diverse wettabilities spreads into different plants and animals that exist in nature, e.g. fog-basking
by Namib desert beetles'®, prey-trapping mechanism of nepenthes pitcher plants,° etc. Plenty of
biological organisms with different non-wetting properties—especially superhydrophobic and

underwater superoleophobic instigated the innovations of designing various smart and advanced
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materials which are inevitable for significant contribution in our daily life. However, the development
started in 1997, when two German Botanists, Neinhuis and Barthlott® first discovered the extreme
water-repellency of the lotus leaf (Fig. 1.3A) and provided a successful explanation behind the self-
cleaning property of that leaf. The bumpy features of the lotus leaf consist of both micro/nano papillae
as shown in Fig. 1.3F and an epicuticular wax coating which had been validated to be the backbone of
the water-repellent property—superhydrophobicity and displays a water contact angle of >150° with

roll-off angle of <5°.%

The available literature?? conspicuously shows that superhydrophobicity is one of the most
explored among all the wettabilities— lots of bio-organisms have evolved over the years with
embedded superhydrophobicity in their very skin which helps them in survival under severe
environments with additional advantages like, (a) controlled and guided sliding of water droplet on the
superhydrophobic rice leaf with anisotropic microstructures®® (Fig. 1.3B,G), (b) directional adhesion
of water droplet on orientation-tunable microstructures containing butterfly wings?* (Fig. 1.3C,H), (c)
superhydrophobic water strider’s leg composed of microsetae with fine nano grooves covered with secreted
wax for effortless walking in water/air interface?® (Fig. 1.3D, 1), (d) combination of hexagonally non-close-
packed nano-nipples and close-packed micro-hemispheres responsible for the anti-fogging properties in

mosquitoes eyes® (Fig. 1.3E,J), etc.

Figure 1.3: (A-J) Digital images (A-E) and scanning electron microscope (SEM) images (F-J) of various naturally
existing superhydrophobic surfaces including lotus leaf (A,F), rice leaf (B,G), butterfly wings (C,H), water strider’s
leg (D,1) and mosquito’s eye (E,J). Reprinted with permission from Ref. 27 Copyright 2011, American Chemical
Society.

On the other hand, Jiang et al. first explored the possible internal mechanism of the extreme oil-repelling
ability of fish scales as shown in Fig. 1.4A." Fish scales are made up of hydrophilic hierarchical building
blocks (consisting of calcium phosphate, protein) and a thin layer of mucus which helps in trapping a large
amount of water in its micro/nano grooves as shown in Fig. 1.4B and eventually lowering the oil adhesion

under water.

6 ‘L) Page
TH-2398" 156122001



Chapter 1

Different other examples exist in nature whose specific body parts are decorated with such anti-oil
wettability property that exists in fish-scale, i.e. underwater superoleophobicity property. Later, a salt-

tolerant underwater superoleophobicity of seaweed (Fig. 1.4C-D) was investigated by Cai et al. which

is mainly due to its high content of polysaccharide including carrageenan, agar, and alginate

i H .

Fish Scale
Bottom Side of
Lotus leaf

Seaweed
Clam’s Shell

Figure 1.4: (A-H) Digital (A,C,E,G) and SEM (B,D,F,H) images of naturally existing underwater superoleophobic
surfaces including fish scales (A-B), seaweed (C-D), the bottom side of lotus leaf (E-F) and clam’s shell (G-H).
Reprinted with permission from Ref. 28, Copyright 2011, Royal Society of Chemistry.

(Saccharina japonica).?® Moreover, the bottom side of the lotus leaf is also displaying such underwater
extreme oil-repellency which is contrasting to the upper side of the lotus leaf (Fig. 1.4E). Cheng et al*
validated that the tabular and slightly convex papillae were designed with nano-grooves of around 4
um height present on the bottom side (Fig. 1.4F) following environmental scanning electron
microscopic (ESEM) imaging. The secretion of some hydrophilic molecule like ferns from the
epidermal glands provided essential surface energy to confer a low adhesive superoleophobicity in the
bottom side of the lotus leaf.®® The transparent petal of Diphylleia grayi comprises numerous air-filled
lacunae and colourless cytolymphs. However, the trapped air present in intercellular spaces are
completely replaced by water, in the rain and transforms the air-liquid cytolymph interface to liquid
water—liquid cytolymph interface. Due to the comparable refractive index of water and liquid
cytolymph, it exhibits complete transparency with underwater oil-repulsion.® Besides, Liu et al.
explained the complete oil-repelling property of pallium-covered region of a short clam’s shell
underwater as shown in Fig. 1.4G. They claimed that such unique underwater property of the clam’s
shell mainly originated from its hierarchical distribution of micro/nano structures (Fig. 1.4H) along

with the high energy inorganic composition of CaCQ3.*?

Interestingly, the superhydrophobic interface which extremely repels the aqueous phase inherently
displays another extreme liquid wettability'*'>**—that is refereed as underwater superoleophilicity

(Fig. 1.5D), which allowed a rapid and selective soaking of oil phase on solid surface under water with
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contact angle 0°. Generally, the presence of continuous trapped air layer (Fig. 1.5B-C) is considered
as the primary basis for achieving underwater superoleophilicity. Later on, the basics of

superoleophilicity property underwater come out with a concept of tri-phase contact line (TPCL)

A InAir || B In Water : In Water In Water

Water

Figure 1.5: (A-D) Schematic illustrating the complete soaking and spreading beaded oil droplet on the
superhydrophobic surfaces under water. Reprinted with permission from Ref. 33 Copyright 2017, Royal Society of
Chemistry.

among two liquids with different polarity and the solid surface.!? The existence of continuous trapped
air layer is considered as an essential factor to achieve such extreme affinity for oil phase under water.

1.3.2. Essential criteria for artificial designing of extreme liquid wettability

Later on, naturally existing extremely super-water-repellent lotus leaf® or underwater extreme oil-
repellent fish-scales’ were studied in detail to find out essential and optimum parameters that
conferred super-liquid-repellences. In a close investigation into the prerequisite for artificially
achieving these extreme liquid wettability properties, researchers have turned to two essential
criterial®?8:3437_ i) micro/nano features and ii) desired surface energy coating. In that context, this
super liquid (water or oil) wettabilities are obtained by exploring different three-phase systems which
are complementing and correlating in a way to each other. The artificial super-liquid repellent
interfaces were initially developed by mimicking the naturally existing extreme liquid-repellent

surfaces.’8

Barthlott et al.® first observed that the lotus leaves are mainly covered with the micro-meter sized
cuticles of about 1-5 pm height which are composed of soluble lipids embedded in a polyester matrix.
The presence of lipids makes the cuticles hydrophobic and further acts as an interfacial barrier between
the plants and the environment. Whereas, the addition of an epicuticular waxy layer provides
superhydrophobicity in the lotus leaf. However, there was some ambiguity regarding the topography
of the lotus leaf. Further, Feng and his co-workers® confirmed the presence of both micro and nano
structures as shown in Fig. 1.6A-B where the nano structures (Fig. 1.6B) were a key component of
topography of the lotus leaf, having a very high water contact angle of 161.0° £ 2.7° and a very low
sliding angle of 2°. So by mimicking/replicating the lotus leaf features on different other substrates
like aligned carbon nanotube (ACNT) films (Fig. 1.6C), Silicon (Si)- surface (Fig. 1.6D-E), etc., the
same anti-wettability was achieved artificially. Any destruction of the nano structures drastically
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changes the contact angles of the lotus leaf (Fig. 1.6F) and further the equally important role of both
micro and nano structures on serving the superhydrophobicity in lotus leaf was confirmed by Koch et.

al.18

In 2009, Liu and his co-workers’ revealed the key components of the fish scale that conferred
underwater superoleophobicity. SEM images (Fig. 1.7A) have confirmed that the micropapillae with
100-300 pm in length and 3040 pm in width, on the fish scales were randomly oriented in the radial

Figure 1.6: (A-B) SEM images of the lotus leaf consisting of micro/nano papillae with a dense layer of epicuticular
wax layer. (C-F) SEM images of the artificially synthesized superhydrophobic interface that made out of aligned
carbon nanotube (ACNT) film (C) and micropatterned Si replicas (D-F). Reprinted with permission from ref. 35
Copyright 2002, Wiley-VCH (A-C). Reprinted with permission from Ref. 18 Copyright 2009, Royal Society of
Chemistry (D-F).

direction. Due to the presence of hierarchical structures made out of hydrophilic components with an
additional mucus layer atop, fish scales are believed to have a high affinity towards aqueous phase in
air (Fig. 1.7B), and as a result, the scales display the super-oil repellency under water with a very high
OCA of 156.4° + 3° as shown in Fig. 1.7C. Then, the fish scales’ was used as a template to mimic the
topography on a hydrogel matrix. The same topography that is present in the fish-scale (Fig. 1.7D)
was achieved on polyacrylamide (PAM) hydrogel” which displayed the oil contact angle of 162.6° +
1.8°as shown in Fig. 1.7D (inset), even higher than that of the fish scales. However, their investigation
on fish scales was not sufficient in supporting the role of mucus towards this superoleophobic
behaviour and the wettability reversion in air and under water. Bhushan and his co-workers®®3°
thoroughly studied the effect of mucus layer on the water wettability in air, where both fish scale
(Oncorthynchus mykiss; Fig. 1.7E) and shark skin (Insurus oxyrinchus) used selected as model
substrates for their study. Their study supported the fact that the removal of mucus layer from fish
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scales altered its wettability to a great extent and the static contact angle in air for water changed from
10° to 58° as shown in Fig. 1.7E. It is also well established that due to the presence of the mucus layer,
fishes can easily overcome the drag that helps them to swim with less friction under water.3%%! Further,
Waghmare et al.*2 revalidated the impact of mucus layer on the liquid wettability of the fish scales of
Oreochromis niloticus both in air and under water, where the water contact angle was found to shift
significantly from 85.7° + 4.7° to 34.1° + 2.7° in air and the oil contact angle also changed from 178.4°
+ 1.3° to 148.9° + 5.5° under water, after the removal of mucus layer from the fish scales as shown in
Fig. 1.7F.

Hydrophilic Water Medium

160 ‘

0 = 58°

Air Medium

Contact angle (degrees)
Ly |
S ~
(=] (=]
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Fish Scales 20'_
(Oncorhynchus mykiss) 04

Water 0Oil Water Oil 0Oil Oil

Figure 1.7: (A) SEM images of the nanostructures of the papillae present in fish scales. (B-C) OCAs on fish scales
in air (B) and under water (C). (D) Underwater superoleophobic Poly acrylamide hydrogel (PAM) film having exact
Fish scale structures, developed by templation method. (E) Variation in OCAs of fish scales in presence and absence
of natural mucus layer. (F) Change in WCA and OCAs on fish scale depending on the presence and absence of mucus
layer for both in air and under water. Reprinted with permission from Ref. 7 Copyright 2009, Wiley-VCH (A-D).
Reprinted with permission from Ref. 39 Copyright 2012, Royal Society of Chemistry (E). Reprinted with permission
from Ref. 42 Copyright 2015, Nature.

In the recent past, the wettability of liquids was thoroughly investigated on differently
featured (micro or nano or both) or featureless substrates as shown in Fig. 1.8.34 Considering the
homogeneous wettability models, the wetting of beaded liquid on both featured and featureless

substrates can be explained following Young’s state!® and Wenzel’s state'*, whereas Cassie-Baxter
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model described the super-liquid-wettability on solid surface following the principle of heterogeneous
wettability, where trapped external third phase minimized the contact between the beaded liquid
droplet and solid surface.* The topography of solid surface played an important role in stabilizing the
external trapped phase in the solid interface. The entrapped third phase would like to be easily replaced

A| Smooth |l| Micro c Nano |D‘ Micro/nano

Figure 1.8: (A-D) Schematic illustration and scanning electron microscopic (SEM) images of: smooth (A), micro (B),
nano (C), and hierarchically (micro/nano; D) structured interfaces. Reprinted with permission from Ref. 34 Copyright
2015, Wiley-VCH.

by the probe liquid due to the unstable nature of the trapped phase in the grooves of micro features
Fig. 1.8B. On the other hand, the entrapped third phase is significantly stable in the nano-featured
asperities due to its clogged environment as shown in Fig. 1.8C, yet the presence of trapped phase is
very low in such cases as well. Being compelled to achieve super anti-wettability is strongly
necessitating such substrate, featuring significant hierarchy.®® The hierarchical features (Fig. 1.8D) can
entrap appropriate external third phase inside the asperities, depending on the selection of top surface
chemistry and conferred either superhydrophobicity in air® or superoleophobicity underwater.’

1.4. Conventional Methods to Achieve Bio-inspired Extreme Liquid Wettabilities

Myriads of research have been acknowledged that are continuously evolved to mimic
wettability of both lotus leaf® (anti-water repellence) and fish-scales’ (anti-oil repellence underwater)
for the practical applications of these embedded extreme liquid wettability. Artificially designed
biomimicked surfaces possessing hierarchical micro and nano structures are prepared by adopting
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several methodologies following different protocols. Some of the commonly and widely adopted

approaches for preparing super-liquid repellent interfaces are discussed in the following sections:
1.4.1. Superhydrophobic surfaces

The fabrication processes for hierarchical interfaces that display artificial superhydrophobic
property are broadly categorised as (i) top-down®43-49 and (ii) bottom-up*%-58 approaches. The top-
approaches are involved with template-based techniques,'®43°9-% [ithography,*’® plasma treatment,**-
46 etc. On the other hand, some examples of bottom-up approaches are chemical vapour deposition
(CVD),%2%361 Jayer-by-layer (LbL) deposition,>2 electrospinning method,'%2-% spray coating,>¢-%8
etc. In that regard, various approaches for developing artificial superhydrophobic surfaces (denoted as

SHS) are briefly discussed in the following sections:
1.4.1.1. Top-down approaches:

Top-down approaches'®43-4959-60 jnyolve preparation of the hierarchical features which is one
of the essentials for achieving the superhydrophobicity by mechanical/manual itching of the bulk
material with different tools or lasers. Some of the examples of top-down approaches like, template-

based coating, lithography are discussed in the following section:
1.4.1.1.1. Template-based technique:

The template-based technique®® is the oldest technique to develop the micro/nano structures on a
bulk material, where a hierarchical substrate was used as a template.'®43%9-%° The replica of the
hierarchical template can be achieved on selective substrates by simply moulding followed by lifting
off%%8 or dissolving®®" or sublimation*"? of the template. On account of developing these
hierarchical features to achieve superhydrophobicity, Koch et al. used the superhydrophobic lotus-leaf
as a template and replicated the topography by using polydimethylsiloxane (PDMS). Later, various
other substrates were also used as a template in tailoring the micro/nano features.'¢° Xjong et al.®®
used the featured non-woven fabric as a template for mimicking the plant roots holding soil behaviour
on a (polyvinylidene difluoride) PVDF membrane followed by TiO> coating as shown in Fig. 1.9A.
The SEM images (Fig. 1.9B-G) confirmed that the unique interface of as-synthesized material
possessed large quantities of cilia-like micro/nano-fibrils embedded with superhydrophobicity with
the contact angle of ~154° even after applying 0.2MPa hydraulic pressure as shown in Fig. 1.9I.
Hoshian et al.”® used HCl-etched aluminium wafer as a template for developing a hybrid
exoskeleton-like elastomer covered with robust and photoactive metal-oxide (titania) for developing
UV-responsive  superhydrophobic  PDMS/titania  hybrid  elastomer  (Fig. 1.9J). The
superhydrophobicity of PDMS/titania elastomer with atomic layer deposition (ALD) titania (25 nm
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thickness) displayed an advancing WCA of about 163° and receding WCA of ~161° with extremely
small CA hysteresis.

Mimicking the plant roots holding
the soil behavior

Soft hierarchical PVDF surface

HCL ALD of Curing Removing
etching \ R titania MDA 3 PDMS ouk  aluminum
SRR

J

s
Figure 1.9: (A) Schematic illustrating the preparation of superhydrophobic membrane of polyvinylidene difluoride
(PVDF)/titania (TiO,) through template-based process. (B-D) SEM images of the surface (B), cross-sectional view (C)
and enlarged cross-sectional view (D) of pristine PVDF membrane. (E-G) SEM images of the surface (E), cross-section
(F) and enlarged cross-sectional (G) view of nano-TiO2 incorporated membrane. (H-1) Water contact angles (WCAS)
of beaded water droplet on soft PVDF membrane and rigid PVDF membrane after applying 1 h hydraulic pressure. (J)
Fabrication process of hybrid elastomer using atomic layer deposition (ALD) film of titania. Reprinted with permission

from Ref. 68 Copyright 2017, Nature (A-1). Reprinted with permission from Ref. 70 Copyright 2016, Royal Society
of Chemistry (J).

— PDMS/TIO,

1.4.1.1.2. Lithography Technique:

In general, the term lithography refers to the process of writing on hard surfaces like stones and
metals.”>" Earlier, the process of printing using a polar/non-polar ink on a hydrophilic master plate
was considered as lithography.’®"" Nevertheless, this principle was extended later in developing
organized topography in the micro/nano scales.’”®#° Lithographic methods provide good control over
surface structuring and patterning for preparing artificial SHS. Rough surfaces patterned with various
shapes (e.g., circular, square, star, etc.) of pillars with different dimensions, have been developed by
adopting this technique.81-82

In 2016,% Kim et al. used this lithographic technique for fabricating a triboelectric sponge
made of PDMS using 3D soft lithography (Fig. 1.10A). Sugar particles of 300, 500, and 1500
micrometre sizes were used to make sugar templates for PDMS sponges with various pore sizes as
shown in Fig. 1.10C. After the curing between PDMS prepolymer and curing agent, the sugar
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templates were dissolved and washed away. The sponge, made from the smallest sugar cube, displayed
high water repellency with a contact angle of 151.2°. Later, Milionis et al.8 fabricated a fully organic,
bioinspired superhydrophobic material composed of degradable and green constituents, similar to the
ones found in superhydrophobic leaves in nature. Cellulose micropillars (Fig. 1.10D) were developed

A
Sugar Template PDMS Prepolymer Casting Thermal Curing PDMS Sponge Film
B Triboelectric SPONQG (TES) c Large Triboelectric Sponge Medium Triboelectric Sponge - Small Triboelectric Sponge
- (L-TES) (M-TES) (S-TES) s
Top Electrode (Au) - P -
Triboelectric Sponge ->

Bottom Electrode (Au) >

F

Figure 1.10: (A) Schematics for the preparation of porous polydimethylsiloxane (PDMS) sponge using sugar particles
through 3D soft lithography. (B) Illusrating the triboelectric sponge (TES) with an embedded generator. (C) SEM
images of TESs of three types: small, medium and large. Scale bar: 500 um. (D-E) SEM images of the cellulose
micropillars with maximum aspect ratio of 7.5 before (D) and after (E) spray coating with solution (0.3 wt% ) of
carnauba wax in chloroform. (F) Digital images depicting bouncing of water droplet on superhydrophobic interface
after 1000 impacts. Reprinted with permission from Ref. 83 Copyright 2016, Wiley-VCH (A-C). Reprinted with
permission from Ref. 84 Copyright 2019, Wiley-VCH (D-F).

with a high aspect ratio of 7.5 following a soft moulding procedure of a cellulose solution on
prefabricated Si masters to replicate the negative structure of the silicon wafer microholes. Since
cellulose is a hygroscopic material and tends to absorb water, superhydrophobicity on this material
was achieved by a physical deposition of carnauba wax (Fig. 1.10E-F), a natural wax obtained by
Brazilian Copernicia prunifera palm trees. The wax is intended to act in a similar manner to the wax
structures covering the Lotus leaf and other natural superhydrophobic plant surfaces, which are

responsible for their self-cleaning properties.

1.4.1.2. Bottom-up approaches:

In contrast to the top-down approaches, bottom-up>0-%® approaches mainly refer to the
development of hierarchical topography by strategic integration and accumulation of micro/nano-
scaled features on the surface of various substrates. The methods involved in bottom-up approach are

briefly discussed in the following sections:
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1.4.1.2.1. LbL technique:

The Layer-by-Layer (LbL) deposition terchnique®>3#° is an easy and versatile approach for
designing superhydrophobicity, where this facile deposition process provided a simple basis to control
both the topography and thickness of the coatings.8588 Decher and coworkers®” introduced a seminal

report on electrostatic multilayer coating in 1991.8 This method involves electrolytic deposition of

1. Polyanion

—_—
2. Wash

B Substrate SESSE——

Figure 1.11: (A) Schematic representation of Layer-by-Layer (LbL) deposition process. (B) Illustrating electrostatic
interaction between polycation and polyanion. Reprinted with permission from Ref. 88 Copyright 1997, Science.

multilayers by simple adsorption of a polyanion and polycation, respectively (Fig. 1.11), and the
washing steps allowed to remove loosely bound polyelectrolytes during multilayer construction.®”-8
Leem et. al.®° reported a porous multilayer coating for water oxidation. The assembly consisted of a
cationic polystyrene-based Ru polychromophore (PS-Ru) and a [Ru(tpy)(2-pyridyl-N-
methylbenzimidazole)(OH2)]** (Mebim-py = 2-pyridyl-N-methylbenzimidazole) (RuC) water
oxidation catalyst, co-deposited with poly(acrylic acid) (PAA) as an oppositely charged polyelectrolyte
(Fig. 1.12A-B). Planar indium tin oxide substrates were used for electrochemical characterization, and
mesoporous substrate (a SnO2/TiO, core/shell structure atop fluorine-doped tin oxide (FTO)) was
coated for light-driven water oxidation (Fig. 1.12C). The LbL deposition allowed facile control over
the amount of chromophore and catalyst immobilized on the substrate, variation of the chromophore-
catalyst ratio, and for future studies, incorporation of different chromophore or catalyst layers for

altering reaction kinetics or the catalytic pathway.
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In another report, reversible photoisomerization of a photoreversibly tunable

superhydrophobic surfaces was prepared (Fig. 1.12D) by Lim et al.*® using LbL deposition (10 cycles)

A
CF AZO
B
(,, 2=, (PAA/PS-Ru),
trans S(ale
c E

RE - (PAA/PS-Ru),/
b D (m=2)=x (PAA/RUC),,

o oE i
(PAA/PS-Ru), m=1

Figure 1.12: (A) Molecular structures of polystyrene-based Ru polychromophore (PS-Ru) and Ru(tpy)(2-pyridyl-N-
methylbenzimidazole) (OH2)]** (RuC). (B-C) Schematic illustration for fabrication of porous multilayers coatings of
fluorine-doped tin oxide (FTO)// tin oxide (SnOy) /titanium dioxide (TiO2)// poly(acrylic acid) (PAA/PS-Ru), (B) and
FTO/I(SnO/TiO)/I(PAA/PS-Ru)n/(PAA/RUC)m (C). (D) Schematic illustration of the fabrication and reversible
photoisomerization of a photo-responsive superhydrophobic surface. (E) SEM images of a smooth (left) surface and a
rough (right) multilayer coating. Reprinted with permission from Ref. 89 Copyright 2016, American Chemical Society
(A-C). Reprinted with permission from Ref. 90 Copyright 2010, Royal Society of Chemistry (D-E).

of two oppositely charged polyelectrolytes— poly(allylamine hydrochloride) (PAH) and silica (SiO5)
nanoparticles. The highly porous micro/nano structures developed (Fig. 1.12E) on the substrate were
mainly formed by the complicated interconnections between silica nanoparticles. Finally, the post-
treatment with azobenzene molecules to the substrate produced the surface covered with string-like
fluorinated azobenzene derivatives on the topmost layer of the nanostructured substrate and switchable

superhydrophobicity was obtained on this highly textured multilayer.

1.4.1.2.2. Electrospinning method:

Electrospinning is a very simple and cost-effective technique for the fabrication of polymeric
nanofibers with well-defined topology. A high voltage is applied between the metallic collector and a
syringe containing the polymer solution which will be spun. Once the critical value of voltage is
reached, the electrostatic attractive force overcomes the surface tension of the solution and the solution

is dragged towards the collector from the needle/spinneret (Fig. 1.13A).1! Solvent from the extruded

e
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polymer fibre evaporates rapidly resulting in the formation of a long thread with a diameter as small
as several nanometres to tens of micrometres.'°%%2 The fibre diameter, the porosity of nanofiber mats,
etc. can be easily adjusted by controlling the process parameters like electric potential, flow rate,
polymer concentration, the distance between the capillary and collection screen, temperature,

humidity, and air velocity in the electrospinning chamber.'%39% In 2016, Arslan et al.*® developed an

i Syringe l I Polymeric Solution I l Needle ” Liquid Jet I ] . v Cured FS/CA-NF for hours in water
(
D =
High DC Voltage

Figure 1.13: (A) Schematic for standard electrospinning procedure. (B-C) SEM images of electrospun cellulose acetate
nanofibrous (CA-NF) mat and cured superhydrophobic 1H,1H,2H,2H Perfluorooctyltriethoxysilane (FS)/CA-NF mat
after 24 hours in water (inset: WCA angle measurement). Reprinted with permission from Ref. 11 Copyright 2013,
Royal Society of Chemistry (A). Reprinted with permission from Ref. 96 Copyright 2016, American Chemical Society
(B-C).

elctrospun nanofibrous mat (Fig. 1.13C) from cellulose acetate (CA) and made it superhydrophobic
by functionalizing the mat with 1H,1H,2H,2H Perfluorooctyltriethoxysilane (FS) via hydrolysis and
condensation reactions. In 2019,%” a fibrous membrane (Fig. 1.14B) was developed by electrospinning

of poly(styrene-butadiene-styrene) (SBS) and by subsequent hydrophobization with a fluoroalkyl
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A ety eyt | PAES-OH Fibrous Mat
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Figure 1.14: (A) Fabrication procedure of superhydrophobic fibrous membrane. (B-C) SEM images of (B) electrospun
poly(styrene-butadiene-styrene) (SBS) fibers and (C) fluoroalkyl silane (FAS)-modified SBS fibers (scale bar: 10 pm).
(D) The fabrication of electrospun fibrous membrane using poly(arylene ether sulfone) containing hydroxyl groups
(PAES-OH) grafted with octadecyltrichlorosilane (OTS). Reprinted with permission from Ref. 97 Copyright 2015,
Nature (A). Reprinted with permission from Ref. 98 Copyright 2019, Royal Society of Chemistry (B).

silane (FAS) (Fig. 1.14A). The FAS-modified membrane (Fig. 1.14C) had preternatural ability to
display superhydrophobicity even after being exposed to a large strain (1500% for uniaxial stretching
and 700% for biaxial stretching). Its extreme water repellency was intact even after 1,000 cycles of

stretching to uniaxial strain as high as 1500% or biaxial strain of 700%. In another report, Zhang et
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al.®® synthesized poly(arylene ether sulfone) containing hydroxy units (PAES-OH) and that was
electrospun into a highly porous nonwoven membrane, followed by the grafting of
octadecyltrichlorosilane (OTS) on this membrane (Fig. 1.14D). This OTS-modified fibrous membrane
displayed a CA of 159.2°. The existence of chemical bonding interactions between the hydroxyl group

and silane were responsible for the stability and durability of the superhydrophobic membrane.

Needle-based processes are very slow because one fibre is produced at a time and therefore it
takes hours to spin even one gram of polymer solution. To overcome this problem associated with
throughput, different needleless techniques were developed which are very efficient for bulk

production for practical applications.*
1.4.2. Underwater superoleophobic surfaces

Based on the reported designs, the synthesis approaches for underwater superoleophobic coatings
are categorized in the following three parts: i) Hydrogel-based coating’-2%37:100-102 jj) metal oxide-based
coating®>193-1% and iii) electrostatic multilayer based coating.%®-1%7 All these processes are widely used

in the preparation of fish-scale mimicked underwater superoleophobic interface.
1.4.2.1. Hydrogel-based coating:

The basic study behind this concept is to develop hierarchically featured interface that made

out of hydrophilic (high surface energy) constituents. In fact, hydrogel-based material that provided
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Figure 1.15: (A) Schematic for the fabrication of underwater superoleophobic coating using sodium polyacrylate-
grafted poly(vinylidene fluoride) (PAAS-g-PVDF) hydrogel in dimethylformamide (DMF). (B) Fabrication of
underwater superoleophobic membrane through deposition of polyacrylamide-polydimethylbezene (PAM-PDVB)
hydrogel in presence of azobisisobutyronitrile (AIBN) on nylon membrane. (A) Reprinted with permission from Ref.
108 Copyright 2016, Wiley-VCH. (B) Reprinted with permission from Ref. 109 Copyright 2016, American Chemical
Society.

hierarchical topography yielded a highly water-repellent interface under water.” Various approaches
are reported in the literature based on the hydrogel coating protocol to achieve artificial underwater
superoleophobicity. Here, some of the hydrogel-derived underwater superoleophobic interfaces are
presented:
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Gao et al.'® explored a polyionized hydrogel polymer (sodium polyacrylate-grafted
poly(vinylidene fluoride) (PAAS-g-PVDF)) in the fabrication of underwater superoleophobic coating
via a one-step alkaline-induced phase inversion process as shown in Fig. 1.15A. An outstanding anti-
oil fouling behaviour of the coating was observed for different oils like silicone oil, heavy diesel oil,
light crude oil, and even heavy crude oil under aqueous environment and exhibited underwater OCASs
all above 165° with nearly zero underwater oil adhesion. In another report, Zhang et al. introduced a
polyacrylamide-polydimethylbezene (PAM-PDVB) polymer to decorate a nylon microfiltration
membrane via a facile solvothermal route,'® where polyacrylamide (PAM) was used as the main
component, while the PDVB plays the role of a cross-linker to improve the interaction between the
polymer and the substrate (Fig. 1.15B). Due to the combination of the superhydrophilic and underwater
superoleophobic wettability of the PAM polymer with the appropriate pore size of the membrane, the
modified membrane was highly efficient in separating highly stabilized oil/water emulsions
(containing cationic, anionic and non-ionic surfactants). Various other hydrogels like polyvinyl alcohol
(PVA) hydrogel, "1° alginate hydrogel,*'! composite hydrogels'® etc. were also used in fabricating

underwater superoleophobic interfaces.

1.4.2.2. Metal oxide coating:

Another widely used approach to adopt underwater superoleophobicity is the preparation of
hierarchically featured metal oxide coating of nickel (Ni),'t? copper (Cu),*2% zinc (Zn),'*? titanium
(Ti),*4, aluminium®® etc. In that context, Zhang et al.''® reported an underwater superoleophobic
Ni/nickel oxide (NiO) surface which was based on an electro-deposition technique in combination
with post-annealing process. A piece of stainless steel cathode, platinum (Pt) counter electrode plate
and an electrolytic solution of nickel chloride and ammonium chloride were used in the electro-
deposition process. Based on the microstructures, the wettability of the surface can be tuned from high

adhesion (Wenzel state) to low adhesion (Cassie state) of oil under water as evidenced from Fig. 1.16C.

In another report, hierarchically porous NiTi/hydrogel nanocomposites were fabricated by
combining the electrochemical dealloying technique at room-temperature with in-situ
photopolymerization.'!” A TiO2 nanolayer (TiNL) was directly developed on NiTi sheets which led to
the growth of micro/nano featured surface during the electrochemical dealloying process which was
considered as first network (Fig. 1.16E). Then, PVA was incorporated as a second network to improve
the elastic modulus (about 0.2 MPa) of the composite material. The porous NiTi hydrogels
nanocomposites (PNH NCs) displayed the OCA of 167.2° + 5.6° for 1,2-dichloroethane underwater
as shown in Fig. 1.16F.

19 5P age
TH-2398 156122001



Chapter 1

25 WD U U W SO

HO [ oH () u a 0 NH O
Vinyl phosphoni N,N’-Meth A Polyvinyl
acid b'ls(acrylalmldo) o alcohol Glutaraldehyde
20 pm Hierarchical porous NiTi/hydrogels

NiTi
@Iectrochemlca stricuies Immersed

dealloyed PR N precursors (SRS (e oy

nanocomposites

c B Oil contact angle in water
200 B8 Oil sliding angle in water

Q
160- Q "Q' -.-

120

Angle (°)

80

Flat surface Sl S2 S3

Figure 1.16: (A-B) SEM images of Ni/ nickel oxide (NiO) interface after annealed at different temperatures at: (A)
500 °C; (B) 900 °C, respectively. (C) Plot depicting underwater OCAs and sliding angle measurements on different
surfaces. (D) Chemical structures of the precursors for fabricating porous nickel titanium (NiTi)/hydrogels
nanocomposites (PNHNCs). (E-F) Fabrication procedure of the micro/nano features on the NiTi sheet by
electrochemical dealloying technique which was further decorated with hydrogels to acheive underwater
superoleophobicity (F; CA images in the inset). Reprinted with permission from Ref. 116 Copyright 2009, Royal
Society of Chemistry (A-C). Reprinted with permission from Ref. 117 Copyright 2017, Wiley-VCH (D-F).

1.4.2.3. Electrostatic multilayer:

Polyelectrolyte multilayers (PEMSs), which can be fabricated via the LbL assembly technique
on a large variety of substrates, including polymers,'8-11° oxides,'!° and metals,***1?° of different sizes
and shapes, have emerged among others as promising coatings for surface wettability manipulation.
This is a very simple and versatile approach with easy execution protocol that is very much adequate

to tune the desired thickness and functionalities of the coating.

An organic/inorganic hybrid salt-added (gold nanoparticles/ poly(diallyldimethyl-ammonium
chloride)) ((AuNPs/PDDA)7-sai)) film (7 bilayers) was fabricated by Xu et al.'*® on a model glass
substrate by LbL deposition of the substrate into poly(diallyldimethyl-ammonium chloride) (PDDA)
(with NaCl) and poly(4-styrenesulfonic acid) (PSS) (with NaCl) solution for four times followed by
additional seven bilayers deposition of citrate-capped Au nanoparticle (abbreviated as cit-AuNPs) and
PDDA (Fig. 1.17A). In their experimental design, the presence of 0.5 M NaCl in the polyelectrolyte
solutions helped to achieve the adequate high-ion-strength very close to seawater. Therefore, the
(AuNPs/PDDA)7.sai film displayed superoleophobicity underwater with an OCA of 168.3° + 0.6°.
However, a very similar multilayer coating prepared in the absence of salt failed to display such

extreme oil-repellence under water.

Similarly, Zhang et al'*® fabricated an LbL assembly of silicate/TiO, composite coatings on

stainless steel mesh which was conducted automatically by a programmable dipping robot at room

e
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temperature. The assembly of silicate and TiO> was repeated until the desired cycle number was

reached. The LbL assembled silicate/TiO> coatings with 20 cycle deposition exhibited extreme oil-
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Figure 1.17: (A) Schematic representing the preparation of multilayer coatings (7 bilayers) of gold nanoparticles
(AuUNPs)/ poly(diallyldimethyl-ammonium chloride) (PDDA) in presence of sodium chloride (NaCl) salt. (B) Bar
graph accounting the OCAs of various oil droplets on the multilayer (20 bilayers) coating of sodium silicate/TiO;
nanoparticles on stainless steel mesh. (C) Schematic illustrating the fabrication of the titanium dioxide-(poly(phenylene
sulfide) (TiO.@h-PPS) membrane. Reprinted with permission from Ref. 118 Copyright 2013, Wiley-VCH (A).
Reprinted with permission from Ref. 119 Copyright 2013, Nature (B). Reprinted with permission from Ref. 119
Copyright 2019, American Chemical Society (C).
repellency for a wide range of oils under water as shown in Fig. 1.17B. Han et al.'® constructed a
TiO2-to-h-PPS-t0TiO2 sandwich structure using the in-situ growth of highly rough TiO; layers on the
surfaces of hydrophilic poly(phenylene sulfide) ( h-PPS) membrane that was prepared through
electrostatic interaction between the sulfoxide bond on the membrane surface and the TiO» precursor.
The rough superhydrophilic TiO> layer effectively reduced the contact of the h-PPS membrane with

oil droplets and therefore, underwater superoleophobicity was achieved with OCA above 150°.

1.5. Applications

Plenty of research attempts have been made and are still being made on these two extreme
liquid repellency properties (i.e. superhydrophobicity and underwater superoleophobicity) because of
their numerous potential applications in various fields (Fig. 1.18). Realizing the self-cleaning

phenomenon of lotus leaf was the beginning of this journey.® Cleaning of deposited dust and dirt on
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lotus leaves by rolling water droplets helps these superhydrophobic leaves to stay spotless even in
murky ponds. Inspiration from this property of lotus leaf led to many studies to fabricate materials
with self-cleaning performance.?"122 For instance, Lu et al.'?® prepared a superhydrophobic paint by
mixing two different size ranges of TiO2 nanoparticles (~60 to 200 nm and ~21 nm) in an ethanolic
solution containing perfluorooctyltriethoxysilane, and the coated substrates were able to display self-

cleaning performance in air as well as in oil. Superhydrophobicity has many other applications as well.
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Figure 1.18: Accounting various applications of both superhydrophobic (in air) and superoleophobic (under water)
properties.

For example, Zhang et al.** decorated a porous anodic alumina/aluminum substrate with laurate-
intercalated films of ZnAl layered double hydroxide to achieve superhydrophobicity for the successful
demonstration of promising anti-corrosion performance which may address the massive economic
losses due to corrosion of metals and metal alloys every year. Later, many other research groups have
extended this approach for addressing the corrosion-related challenges. Yohe et al.*? prepared 3D
superhydrophobic mesh by electrospinning technique and showed that superhydrophobic materials
may be ideal for extended drug delivery applications in which slow release of an active agent is
required. The entrapped air in the 3D mesh acted as a removable barrier against the aqueous phase and
therefore slow release of the loaded molecule of interest. But, the superhydrophobicity is not only
restricted to these applications, but it can also influence any phenomenon occurring at the solid-liquid
interface. Drag reduction is one such example which is very important due to its benefits such as an

increase in fuel efficiency, speed of marine vehicles, etc. The trapped air serves the role of a lubricating
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layer and reduces the drag. Shirtcliffe et al. %% displayed that superhydrophobic Cu tube had enhanced

flow rates and reduced drag as compared to non-superhydrophobic one.

The other property | am interested in is underwater superoleophobicity and it is no less than
superhydrophobicity as far practical applications are concerned. Research on underwater
superoleophobicity property started in 20097 and therefore, its full potential is yet to be realized. I will
discuss some of the applications reported in the literature. Designing blood-compatible devices and
materials are very important for implantation and many other medical uses because most implanted
material surfaces adsorb blood proteins, after which platelet activation and adhesion occur resulting in
blood coagulation and thrombosis. Among the many crucial factors (Charge, flexibility, surface
composition, etc.), wettability is one of the most important parameters affecting the aforesaid process
of blood coagulation. In 2009, Chen et al.'?’ constructed nanoscale topography on poly(N-
isopropylacrylamide) (PNIPAAmM) surface by introducing Si nanowire arrays. The surface displayed
significantly reduced activation and adhesion of platelets (as compared to the Si, SINWA, and Si-
PNIPAAmM surfaces) both below and above the lower critical solution temperature of PNIPAAmM
LCST. The results of contact angle and adhesive force measurements in water confirmed that the
nanoscale topography helped to maintain a relatively high ratio of water content on the PNIPAAm

surface and played a key role in significantly reducing the adhesion of platelets.

Underwater superoleophobicity provided a simple basis for manipulating water droplets for
open microfluidic application, which is another important topic of research. Precise manipulation of
individual microdroplets can offer lower cost, higher flexibility and less reagent consumption for
biochemical reactions, protein crystallization, miniature reaction systems, etc. Su et al.*?® prepared an
underwater superoleophobic tweezer using superhydrophilic materials and successfully demonstrated
arbitrary manipulation and on-demand transportation of oil droplets in water. Marine biofouling on
ships, oceanographic sensors, leisure vessels has been a great concern for ages. Underwater
superoleophobicity comes with immense prospects to address various relevant problems. However,
the synthesis of durable underwater superoleophobic interface is important for prospective
applications. In this context, Chen at al.'®® fabricated a self-healing underwater oil-repellent and
biofouling-resistant coating via self-assembly of hydrophilic polymeric chains grafted hierarchical
hybrid microgel spheres. The durability of bio-inspired wettability was demonstrated in the presence
of highly acidic, alkaline, and salty environments. Later, inspired by seaweeds, Cai et al.?® introduced
a salt-tolerant underwater superoleophobicity, where a salt-tolerant coating was developed using
calcium alginate. The performance of this coating in resisting fouling by various types of oil during

30-day immersion in artificial seawater was promising.
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Application of this property has even expanded for development of smart aquatic devices which
are able to move in oil/water system without any kind of oil contamination which may hamper its

function. Such an approach can also be adopted by underwater vent devices, underwater oil-cleaning
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Figure 1.19: (A-D) Images of the crude oil spillages on the ocean surface after oil spill accident in the Gulf of Mexico
which destroyed the aqua-eco system of ocean and coastal area. (E) Plot displaying the number of papers published on
oil-water separation. Reprinted with permission from Ref. 138 Copyright 2018, Royal Society of Chemistry.

devices for better performance or efficiency. Liu et al.™*® developed an ‘oil strider’ whose legs were
made of underwater superoleophobic copper wires. The copper wires were coated with micro/nano

hierarchical structured copper oxide by a base-corrosion process.

The continual progress of science and technology has made our life much easier, but this
progress is also associated with many environmental and energy issues. As the global demand for
energy continues to grow, oil-spill accidents and industrial wastewater with oily contaminants
discharges become very frequent.®31%¢ For example, the Exxon Valdez oil tanker accidentally spilt 11
million gallons of oil into Alaska’s Prince William Sound in 1989.%%7 In 2002, the tanker Prestige
encountered a storm and split up at sea and resulted in spreading of 20 million gallons of heavy fuel
oil onto Spanish coasts.'® Few years after that, oil spill in the Gulf of Mexico released 200 million
gallons of crude oil into the sea (Fig. 1.19A-D).3 These oil spills had disastrous effect on most animals
and plants living near the incident areas, natural resources, coastal zones, aquaculture activities, etc.
(Fig. 1.19C-D). Apart from these huge spills, many smaller spills (of less than 7 ton) happen frequently
contributing to 80% (by number) of all recorded spills, but most of the time remain unnoticed and
unreported. 14° On the other side, wastewater having oily contaminants is released into various water
reservoirs from many industries every day, such as biopharmaceuticals, mining, textiles, metal
smelting, petrochemicals, and foods.*! Such oily sewage has already become a common source of
pollutants across the globe and poses a great threat to the environment. The frequency of oil spills in

enormous quantities and the oily sewages are not only causing ecological problems but also cause huge
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economic losses. To resolve the above-mentioned problem, researchers have developed many
technologies and materials for effective oil/water separation, but oil/water separation remains an
exciting research topic to protect the environment and reduce its impact on the economy. An
exponential growth of published research articles on oil/water separation can be seen in recent years
as shown in Fig. 1.19E.

Conventional measures, including chemical dispersants, in-situ burning, skimming, etc.142-143

are mostly associated for removing the oil spills, however, such approaches are associated with low
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Figure 1.20: (A-B) SEM images of the superhydrophobic polytetrafluoroethylene (PTFE)-coated mesh film. (C)
Demonstration of oil/water separation by using the superhydrophobic film. (D-E) SEM images of polyacrylamide
(PAM) hydrogel-coated mesh. (F-G) Oil-water separation performance of the underwater superoleophobic mesh.
Reprinted with permission from Ref. 144 Copyright 2004, Wiley-VCH (A-C). Reprinted with permission from Ref.
147 Copyright 2011, Wiley-VCH (D-G).

Q’ Crude oil-

efficiency, secondary pollutions or involve highly energy consuming process. Therefore, the
development of an eco-friendly and energy-efficient approach for separating the oil/water mixture is
the need of the hour in the current context. The lotus leaf-inspired superhydrophobicity and fish scale-
inspired underwater superoleophobicity can be employed to resolve the existing issues in an
environment-friendly way. Superhydrophobic interfaces are inherently superoleophilic and allow the
spread of oil and oily liquids instantly and selectively. In 2004, Feng et al.'* exploited this principle
for the very first time in gravity-driven selective filtration of oil from oil/water mixture by using a
stainless steel mesh that was decorated with lotus leaf-inspired superhydrophobicity (Fig. 1.20A-C).
The water droplet beaded on the superhydrophobic mesh with WCA of ~156°, while oil passed
immediately through the membrane as shown in Fig. 1.20C. This principle was successfully used for
gravity-driven filtration-based separation of oil/oily contaminants from oil/water mixture. Later, this
bio-inspired superhydrophobicity was extended for selective absorption-based oil/water separation,
where porous superhydrophobic materials were used to collect the spilt oil, selectively, from aqueous
phase. 45146 However, the demonstration of oil/water separation using this strategy in the practically
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relevant severe settings is rare in the literature, likely due to the poor durability of artificial
superhydrophobicity in challenging scenarios. Xue et al.!*’ utilized underwater superoleophobicity
unprecedentedly for oil/water separation. An underwater superoleophobic hydrogel-coated mesh,
which consists of rough nanostructured hydrogel coatings and microscale porous metal substrate (Fig.
1.20D-E), was able to separate water from various oil/water mixtures (such as vegetable oil, gasoline,
diesel, and even crude oil/water mixtures) selectively and effectively ( > 99%) without any external
intervention as shown in Fig. 1.20F-G. A lot of other research articles were published later where
underwater superoleophobicity was used for efficient oil/water separation,48-15

These two properties are especially advantageous over the conventional methods because the purity of
the separated phase meets the requirements for reuse and such approaches do not have any adverse
effect on the environment. | intend to develop materials with durable and extreme anti-wettability
properties keeping the practical application of oil/water separation in mind because of its huge impact

on the environment.

1.6. Limitations of Conventional Methods

Most of the approaches which were sought to prepare smart materials with biomimicked
wettability properties with the afore-mentioned properties are not suitable for practical applications
owing to various durability issues. Demerits of the conventional designs for achieving extreme liquid

wettabilities both in air and under water are discussed below.
1.6.1. Superhydrophobic surfaces

Since the discovery, several top-down and bottom-up synthetic approaches have been
developed to achieve the prerequisites: 1) hierarchical topography generally using hydrophilic
elements, and 2) a thin layer of low surface energy coatings on top by mostly chemical vapour
deposition of fluorinated inert molecules.®**% This general procedure has been widely adopted and

modified to develop superhydrophobic materials, and some of them are used in demonstration of its

A B wear thickness: 251.2 um
Weight 200 g 2
Sample
p N Sandpaper
\B.—> o

,////’ / / /'/ 11177/ /( / /// '// '/ // // 1/ /// /4 /’/// /’, / //,// ///
Figure 1.21: (A-B) Sandpaper abrasion test performed on superoleophobic surface under water (A) and
superhydrophobic surface in air (B). Reprinted with permission from Ref. 181 Copyright 2018, Elesvier (A). Reprinted

with permission from Ref. 182 Copyright 2016, Royal Society of Chemistry (B).
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several prospective applications, however, the use of such materials is drastically restricted at practical
scenarios where exposure to different physical (scratching, creasing, etc.) and chemical (high salt,

acidic and alkaline conditions) insults are very common. Appropriate hierarchical (micro-/nano-
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Figure 1.22: (A) lllustrating the loss of superhyphobicity upon physical abrasion which causes removal of top surface
and exposes the hydrophilic bulk. (B) Schematic representation of self-healing superhydrophobic coatings that
sustained physical abrasions for few healing cycles through migration of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane
(POTYS) to the abraded top surface. Reprinted with permission from Ref. 154 Copyright 2011, Wiley-VCH. Reprinted
with permission from Ref. 161 Copyright 2010, Wiley-VCH.

scaled) topography and essential chemistry are likely to be perturbed even when a small amount of
force is applied to the material. The damaged interface under mechanical stresses exposed hydrophilic
interior as shown in Fig. 1.22A, and thus, the superhydrophobicity was compromised.’>* Often, the
essential low surface energy is optimized on top of the hierarchical features by depositing a thin (in
nm scale) layer of low surface energy molecules through weak covalent bonds (e.g. metal-sulfur
chemistry!®>-1%) or ionic interactions®>’-**® which is likely to fail under chemically complex and harsh
environments like extremes of pH or salt. Silane chemistry®>°1%° has also been widely employed to
achieve this extreme water-repelling property, but this approach has downsides as well, which is
mainly its inability to sustain prolonged UV exposure. These kinds of functionalization failed to
maintain low surface energy upon exposure to various chemical environments. By and large, it can be
inferred that physical and chemical insults lead to compromise of the anti-wetting property of the
artificial superhydrophobic materials. To overcome these limitations, self-healing (Fig. 1.22B) and
post-repairing approaches were introduced with improved durability. However, the performance of
such designs under harsh settings are limited for few cycles and such approaches also demand external
intervention to cure the damaged wettability.®11%2 Thus, the development of the chemically and

physically durable superhydrophobic interface remained an exciting research topic.
1.6.2. Underwater superoleophobic surfaces

The two prerequisites (i.e. hierarchical topography and high surface energy) to achieve

underwater superoleophobic surfaces are mostly fulfilled by the following approaches - (i) Hydrogel-
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based approach”1%11? (ii) metal oxide-based coating 216117 and (iii) Electrostatic multilayers'!8-120,

These approaches have been discussed earlier. A large number of reported underwater superoleophobic

surfaces, fabricated by the aforementioned methods one or the other, are available in the literature, but
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Figure 1.23: (A-B) Schematic illustration of the underwater oil wetting state on gold nanoparticle (AuNPSs)/
poly(diallyldimethyl-ammonium chloride) (PDDA) film consisting of 7 bilayers in presence (A) and absence (B) of
salt. Presence of ions effects roughness through coiling of polyelectrolyte chains and the ratio of water content, and
thereby changes the underwater superolephobicity (C-F) Swelling of clay-nanocomposite (NC) gel before (C,E) and
after (D,F) their immersion in seawater for one year which affected the topography of the gel material (E-F). Reprinted
with permission from Ref. 118 Copyright 2013, Wiley-VCH (A-B). Reprinted with permission from Ref. 164
Copyright 2019, Elsevier (B)
there are many disadvantages associated with these methods restricting their practical application. For
the hydrogel-based approach, the issue is the delicate nature (Fig. 1.23C-F) of the hydrogels whenever
exposed to aqueous phase!®®164 thereby unable to withstand any mechanical stresses (Fig. 1.21A)
which are inevitable during transportation, packing or intended use. In comparison to that, metal oxides
are much more rigid and tough. However, due to the reactive nature, such hydrophilic metal oxide
coatings are highly prone to disintegrate in practically relevant severe chemical environments like
extremes of pH, saline water, etc. and as a consequence, the bio-inspired wettability of the coating is
eventually compromised. On the other hand, the weak electrostatic interaction between the oppositely
charged polymers/nanoparticles in electrostatic multilayer coating that tightly holds the special

orientation of each polymer in the multilayer coating, easily gets compromised on various harsh
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physical as well as chemically complex exposures.'!81% For instance, Xu et al.}'® prepared an
electrostatic multilayer using gold nanoparticle (anionic in nature) and a cationic polymer which
changes its wettability depending on the salt concentration of the medium (Fig. 1.23A-B), and
therefore it cannot be used for real-life application. In short, the underwater superoleophobic interfaces
that are designed following these approaches are not suitable as far as practical applications are

concerned.

Therefore, it is very evident that the practical implementation of both the properties is highly
challenging due to the poor durability of the materials against physical and chemical manipulations.
Further, a common synthetic approach for adopting two different biomimicked wettability properties,
i.e. superhydrophobicity and underwater superoleophobicity by appropriate optimization of chemistry

and topography could be useful for various applied and fundamental contexts.
1.7. Use of Chemically Reactive Interfaces in Developing Bio-inspired Wettability

Various covalently crosslinking chemistries like thiol-ene click chemistry, epoxy ring-opening
reactions, Michael addition reaction, azlactone-amine reactions, etc.'®®1” are well established for
developing smart materials. Among these chemistries, Michael addition reaction (Fig. 1.24) stands out
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Figure 1.24: Schematic representation of 1,4-conjugate addition reaction (Michael Addition).

owing to the advantages it possesses—(a) facile, (b) catalyst-free, (c) mild condition and (d) flexibility
to react in liquid or solid phases.'®172 In general, Michael Addition reaction refers to the nucleophilic
addition of a nucleophile (mostly carbanion) to an a,B-unsaturated carbonyl compound, and this group
of reactions is very useful for carbon-carbon bond formation in mild condition (Fig. 1.24). During the
reaction, a resonance stabilized enolate intermediate is formed leading to the formation of a
thermodynamically stable 1,4-conjugate addition product. Nucleophiles based on amines, thiol and
phosphine groups can also participate in Michael addition because of considerable electron density to
serve as donors and therefore, C-O, C-N, C-S, C-P bonds can also be formed with the help of this

reaction,169-172

In the recent past, Ford et al. 3 developed a covalently cross-linked polymeric coating with
various nano-structures through Michael addition reaction, where branched poly(ethyleneimine) (PEI)

and small multifunctional acrylate (Fig. 1.25A) were consecutively deposited by adopting LbL
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deposition process. Later, Bechler et al.}’* extended this covalent LbL deposition of BPEI and

dipentaerythritol pentaacrylate (5Acl) for 80 cycles to achieve a porous ‘chemically reactive’
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Figure 1.25: (A) Schematic illustration of the fabrication and growth of hyperbranched poly(ester amine) through 1,4-
conjugate addition reaction on photo-crosslinked surfaces. (B) Schematic for the construction of reactive branched
poly(ethyleneimine) (PEI)/ dipentaerythritol pentaacrylate (5Acl) films consisting of 80 bilayers on silicon substrates
through Michael addition reaction. (C-F) Schematics (C,E) and WCA (D,F) images of the reactive PEI/ poly(2-vinyl-
4,4-dimethylazlactone) (PVDMA) films (C-D) before (E-F) after modification with decylamine. Reprinted with
permission from Ref. 173 Copyright 2009, American Chemical Society (A). Reprinted with permission from Ref. 174
Copyright 2012, American Chemical Society (B). Reprinted with permission from Ref. 175 Copyright 2013 Wiley-
VCH (C-F).
polymeric multilayer with thickness of 750 nm as shown in Fig. 1.25B. The developed multilayer was
decorated with residual acrylate functionalities that allowed post-modification with amine-containing
small molecules. After hydrophobization with decylamine, the multilayer became hydrophobic with a
contact angle of 138°, but remained inefficient to display superhydrophobicity. In the past, Manna et
al.}™ used azlactone-amine reaction to develop a bulk (80 um thick) superhydrophobic coating through
LbL deposition of poly(2-vinyl-4,4-dimethylazlactone) (PVDMA) and BPEI for 100 cycles, which
involves subsequent dipping of substrate in respective polymeric solutions and washing solution for
600 times. Hence, this approach is very laborious and time-consuming. Later, Rather et al.'’® extended
1,4-conjugate addition reaction for achieving a polymeric monolith with durable superhydrophobicity
through the formation of ‘reactive’ nanocomplex. This ‘reactive’ nanocomplex, prepared by
spontaneous reaction between amine groups of BPEI and acrylate groups of 5Acl through 1,4-

conjugate addition reaction (Fig. 1.26A-B), was randomly aggregated to form the gel matrix (Fig.
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1.26C) which exhibited superhydrophobic property after post-covalent modification with selected
alkyl amine. Owing to the covalent cross-linking of the polymeric matrix, the superhydrophobic gel
material can retain its property under physically and chemically harsh environments which would be

of great potential interest in practical use.

Besides, Manna et al.1’® explored the mutual reaction between azlactone and amine for
fabricating fish-scale inspired underwater superoleophobic interface (Fig. 1.27A-D), where residual
azlactone groups in multilayer coating of BPEI/PVDMA allowed to adopt essential chemistry that

conferred underwater superoleophobicity as shown in Fig. 1.27A. This chemically crosslinked
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Figure 1.26: (A) Chemical structures of branched poly(ethyleneimine) (BPEI) and dipentaerythritol pentaacrylate
(5Acl) molecules. (B) 1,4-conjugate addition reaction between primary amine and acrylate groups. (C) Schematic
illustrating the formation of reactive polymeric gel from BPEI/5Acl mixture via the formation of reactive nanocomplex
intermediate. Reprinted with permission from Ref. 176 Copyright 2016, American Chemical Society.

multilayer coating, having chemically stable amide/amide linkages exhibited robust underwater

superoleophobicity with tolerance to a broad range of physical, chemical, and environmental
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challenges, after modification with hydrophilic D-glucamine molecules (Fig. 1.27B-D). Therefore,
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Figure 1.27: (A-B) Schematic representation of the modification of reactive azlactone-functionalized multilayer with
hydrophilic (1, 2, 3) small molecules. (C-D) Underwater OCA (C) and digital image (D) of the post-modified multilayer
with hydrophilic glucamine. Reprinted with permission from Ref. 178 Copyright 2015, Wiley-VCH.

chemically reactive porous interface has a lot of potential for synthesizing various advanced materials

with durable anti-wetting properties.

1.8. Motivation and Objectives

It can be inferred from the discussions so far that in order to develop the essential hierarchical
topography and chemistry, 1,4-conjugate addition (Michael addition)*¢°-17? reaction can be rationally
used for designing various functional materials. In the past, 1,4-addition reaction between suitable
reactants provided an avenue to synthesize polymeric coatings with various complex nanostructures®”-
174 and modification of three dimensional objects!’”® through dendritic amplification of branched
functional groups.'® On the other side, the LbL deposition process provides facile control over
thickness and topography. Thus, the strategic association of 1,4-conjugate addition reaction with LbL
deposition process is likely to provide a common avenue to achieve various and durable bio-inspired
interfaces. Here, | assume that the LbL deposition of appropriate constituent would allow a rapid and
simple control over the topography of the coating. Further, the residual chemical reactivity of the LbL
coating would be available for facile modifications with various molecules of interest to tune various

bio-inspired wettability.
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In this thesis work, the LbL deposition technique and 1,4-conjugate addition reaction are

adopted for achieving different durable bio-inspired wettabilities. Two distinct chemically-‘reactive’

polymeric multilayer coatings were developed through the strategic use of 1,4-conjugate addition

reaction, and the appropriate post-covalent modifications of these multilayer coatings yielded

abrasion-tolerant and highly durable extreme liquid (oil/water) wettabilities. Such extremely durable

super-liquid wettabilites are believed to be invaluable weapons in the arsenal of methods to fight

against the adverse repercussions of oil spillages on the environment in an energy-efficient way in

practically relevant severe and diverse settings. Performance of these multilayer coatings was found

to be excellent in separating various forms of oil/water mixture. Thereby, we envision that this

promising single chemical avenue to design both the physical and chemical abrasion-tolerant

biomimicked wettability properties (superhydrophobicity and underwater superoleophobicity) would

be useful for different practical applications in the near future.
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Chapter 2

Title: Synthesis of Chemically-Reactive Polymeric Multilayer Coating”

An ‘amine-reactive’ polymeric multilayer of nanocomplex (NC) were developed by taking advantage of
1, 4-conjugate addition reaction between acrylate and amine to fabricate bulk underwater superoleophobic
coatings with impeccable physical/chemical durability. The acrylate groups of dipentaerythritol penta-
acrylate (5Acl) and amine groups of branched poly(ethylenimine) (BPEI) readily reacted to form a
‘chemically-reactive’ NC. This polymeric NC was further extended for developing ‘reactive’ multilayer
by following a simple layer-by-layer deposition process. The residual acrylate moiety in the synthesized
multilayer coating allowed covalent post-modification with amine-containing hydrophilic molecule (i.e.
glucamine (Glu)). Eventually, the multilayer coating displayed abrasion-tolerant under-water
superoleophobicity. The post-modified multilayer was with appropriate topography and chemistry that
conferred superoleophobicity underwater— throughout the multilayer coating including the top interface
and the interior of the polymeric coating. Thus, the superoleophobicity of the material remained intact
even after various severe physical damages, extremes of temperatures and continuous exposure to artificial
marine environment (for more than 80 days), surfactant-contaminated water, extremes of pH. Such highly
physically/chemically durable multilayer coating would be appropriate for various applications in

practically relevant severe settings.
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Chapter 2

2.1. Introduction
Underwater superoleophobic materials can extremely repel liquid oil (with advancing oil CA > 150° and

CA hysteresis < 5°) droplets under water, though such interfaces are with extreme liquid (oil and water)
affinity (superoleophilicity and superhydrophilicity, respectively) in air.!® Synthesis of underwater
superoleophobic coating, inspired by fish-scale features,* is of great importance owing to the potential of
this property in various fundamental and applied contexts such as synthesis of efficient organic field-effect
transistors, marine anti-fouling coatings, rapid oil/water separation, etc.2>1% The general requirements to
develop such coatings are significantly different from the conventional fluorine-based superoleophobicity
property that displays extreme oil-repellency mostly in air.}**? The underwater anti-oil-wetting property
Is often explained using the Cassie-Baxter model, where the trapped liquid water layer within the material
is solely responsible for the heterogeneous and extreme wettability under water.*!2 So, the fabrication of
hierarchical surface topography—made out of high surface energy materials, is hypothesized to achieve
desired under-water superoleophoibicity property. Jiang and coworkers first mimicked the fish-scale
topography using polyacrylamide (PAM) hydrogel and achieved the artificial underwater
superoleophobicity.* Thereafter, various materials have been developed to achieve such underwater
superoleophobicity property*8°141°_mostly based on polymeric hydrogels*8-°18-20 and metal oxide*?!-
23 coatings. However, such reported interfaces are highly susceptible to loss of this extreme wettability in
harsh physical/chemical environments (including extremes of pH, salt etc.)?*. However, such approaches
are well recognized and widely practiced in literature as it paved the way to reveal both the fundamentals
and prospective applications of this anti-wetting property. Examples of durable coatings with the
capability to withstand severe chemical/physical treatments are still rare in the literature. %24 Thus, further

development is essential to synthesize highly robust underwater superoleophobic coatings.

The work presented in this chapter is primarily motivated from the past demonstrations, where
several functional materials were fabricated by employing the robust Michael addition reaction?>2°
between primary amine group and acrylate at ambient conditions including 1) synthesis of polymeric
coatings with various complex nanostructures,??° 2) dendritic amplification of desired functional
groups,?® 3) selective and three-dimensional (3D) functionalization of polymer microstructures.?® The
appropriate use of this facile chemical approach would allowed to tailor both the essential chemistry and
topography that conferred superoleophobicity under water.2>2° In this chapter, | have introduced an amine-
‘reactive’ multilayer of polymeric NC exploiting the 1,4-conjugate addition reaction between amine and

acrylate groups of BPEI (polymer) and 5Acl, respectively, to synthesize a) covalently cross-linked, b)
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thick, c) chemically/physically durable and d) substrate-independent polymeric coating having durable
underwater superoleophobicity property. This current design is further explored in revealing the
fundamentals of the extremes of anti-oil wettability under water in detail. In my present design, we have
developed a heterogeneous three-phase (solid/water/oil) system for achieving superoleophobicity by
adopting the appropriate chemistry in the multilayer coating through strategic and facile post-chemical
modification with selected small molecule. Further, such bio-inspired coating has been exploited in the

demonstration of gravity driven and ‘No-loss’ transport of oil droplet under water.

2.2. Experimental Section

2.2.1. Materials

Branched poly(ethyleneimine) (BPEI, MW~ 25, 000 Da), Dipentaerythritol penta-acrylate (5Acl,
MW~ 524.21 g mol™), propylamine, bovine serum albumin (BSA), sodium dodecyl sulphate (SDS), Nile
red (Technical grade, Sigma-N3013) and dodecyltrimethylammonium bromide (DTAB) were purchased
from Sigma Aldrich, Bangalore, India. 1-octadecylamine was obtained from Alfa Aesar and n-heptane
was bought from Spectrochem Pvt. Ltd., Mumbai, India. HCI and dimethyl sulfoxide (DMSO) were
purchased from Fischer Scientific, Mumbai, India. Sodium hydroxide (NaOH), sodium chloride (NaCl),
magnesium sulfate (MgSO4), calcium chloride (CaClz) and toluene were bought from Merck Specialties
Private, Ltd. Ethyl alcohol was purchased from TEDIA Company (United States of America).
Tetrahydrofuran (THF) and chloroform were acquired from RANKEM, Maharashtra (India). Sandpaper
(grit no. 400) was obtained from Million International, India. Microscopic glass slides were purchased
from Jain Scientific Glass Works (JSGW), India. Aluminium foil (Al-foil) (Parekh Aluminex Ltd., India),
adhesive tape (Jonson tape Ltd. India) and plastic sheets were obtained from local sources.
Dichloromethane (DCM), dichloroethane (DCE) and ethyl acetate were acquired from Merck Life Science
Pvt. Ltd., New Delhi, India. D-glucamine (>95%) was purchased from TCI (Tokyo Chemical Industry).
n-hexane and n-heptane were purchased from Central Drug House Pvt. Ltd. (CDH), Mumbai, India. Sand

and wood were collected from a construction site of 11T Guwahati, Assam.
2.2.2. General characterization

The glass dipping vials were washed thoroughly with ethyl alcohol and then by acetone before
preparing the LbL dipping solutions, and compressed air was used to dry the synthesized multilayer of the

polymeric NC. CAs were measured at five different locations on each sample using the KRUSS Drop
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Shape Analyzer-DSAZ25 instrument with an automatic liquid dispenser at ambient temperature. A dynamic
light scattering (DLS) study was performed using a Zetasizer Nano ZS90 instrument with model no.
ZEN3690. All the samples were coated with a thin layer of gold using a gold sputterer prior to capturing
scanning electron microscopic images (SEM) of the multilayer using a Carl Zeiss field emission scanning
electron microscope (FESEM). Fourier transform infrared (FTIR) spectra were recorded using a Perkin-
Elmer FTIR spectrophotometer instrument at ambient temperature, where the digital images captured
using a Canon Power Shot SX420 IS digital camera. The thickness of the coatings was estimated using a

Veeco Dektak 150 surface profilometer.
2.2.3. Preparation of the ‘reactive’ layer by layer (LbL) coating

The solutions of 5Acl (265 mg mL) and BPEI (50 mg mL™) in ethanol were prepared first in two
separate glass vials. Then, a solution (500 mL) of BPEI was mixed with another solution (5 mL) of 5Acl
in ethanol and the mixture was kept with continuous agitation for 20 minutes to initiate the formation of
the ‘reactive’ polymeric NC. Then, a clean glass slide (5.5 cm x 1 cm) was taken as a model substrate,
where the layer-by-layer (LbL) deposition of ‘reactive’ NC was achieved with the help of another dipping
solution—that is the solution of BPEI in ethanol. The detailed LbL deposition process was as follows; (a)
glass substrates were placed in a solution of BPEI for 10 seconds; (b) the substrates were removed and
washed initially in an ethanol bath for 10 seconds followed by a second ethanol bath for another 10
seconds; (c) the substrates were then placed in a stable dispersion of ‘reactive’ NC in ethanol for 10
seconds; and (d) substrates were removed from the ‘reactive’ NC solution and washed again, following
the process described in step (b). This cycle was repeated 20 times to fabricate a porous polymeric
multilayer consisting of 20 BPEI/NC layer pairs, where subsequent deposition of BPEI and NC in single
cycle was referred as ‘bilayer’. Following similar protocol, another multilayer that consisting of
BPEI/5Acl was developed, where the ‘reactive” NC solution was replaced with solution of 5Acl (265 mg
mL-1) in ethanol. During the whole LbL deposition process, the concentrations of the polymer (or NC)
solutions were maintained by the addition of ethanol as needed after regular intervals to compensate the

solvent evaporation.
2.2.4. Post-modification of the multilayer

The ‘reactive’ multilayer (20 bilayers) coating consisting of BPEI/NC was chemically post-
functionalized with hydrophilic amine containing small molecule i.e. glucamine (2.5 mg ml, in DMSO)

following a previously reported procedures.®® After exposing the multilayer to the solutions of glucamine
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for overnight, the multilayer coating was thoroughly washed with ethyl alcohol/THF and exposed to
compressed air to dry, prior to further essential characterization or other relevant proof-of-concept
demonstrations. This post-modification of multilayer coating of NC with glucamine is denoted as ‘Glu-

treated’ multilayer of NC for rest of the discussion in the chapter.

2.2.5. Physical and chemical durability of the underwater superoleophobicity property

2.2.5.1. Sand drop test: The ‘Glu-treated” multilayer of NC on glass slide (1 cm x 1 cm) was immobilized
on a microscope glass slide using adhesive tape, where the multilayer coating was exposed to air. The
whole system was tilted at 45° prior to pouring a continuous stream of sand grains (100 g) from a height
of 20 cm using a funnel. The anti-wetting property of the material was examined by acquiring CAs and
digital images of beaded oil droplets under water, before and after performing the sand drop test on the

‘Glu-treated” multilayer of NC.

2.2.5.2. Sandpaper abrasion test: An abrasive sandpaper (size of 2 cm x 2 cm; grit no. 400) and a ‘Glu-
treated” multilayer of NC on a glass slide (1 cm x 1 cm) were immobilized on two separate bare microscope
glass slides using double-sided adhesive tape, where both the abrasive sandpaper surface and the
multilayer coating were exposed to air. Next, the abrasive sandpaper was manually rubbed over the ‘Glu-
treated’” multilayer of NC under a 200 g load. Afterwards, the anti-oil wetting property of the material was

examined via CA measurements and digital imaging using colored DCM.

2.2.5.3. Adhesive tape test: Double-sided adhesive tape (1 cm x 1 cm) was first attached onto a microscope
glass slide prior to bringing the adhesive surface into contact with ‘Glu-treated” multilayer of NC, and an
external load of 200 g was applied on the system to facilitate better and uniform contact of the polymeric
coating against the adhesive surface. After 30 min, the polymeric multilayer-coated glass slide was
manually peeled off from the adhesive tape surface, and the morphology of the coating and the oil-

wettability of the multilayer coatings were examined by FESEM study and CA instruments, respectively.

2.2.5.4. Effect of freezing on the anti-oil wetting property: Deionized water (DI) was first degassed under
high vacuum in an inert atmosphere (argon gas was used) prior to submerging ‘Glu-treated” multilayer of
NC on glass slide (0.6 cm x 0.6 cm). Then, a red coloured (due to the added Nile red dye for improved
visual inspection) DCM droplet was gently placed on the flat piece of the coated glass slide and kept in a
freezer for 2 hours at -20°C. Afterwards, the glass vial was removed from the freezer and the wettability

of the model oil droplets was further characterized by acquiring digital images and measuring the CAs,
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where the whole frozen system manually tilted at different angles including 0°, 90° and 180°. Furthermore,
the whole system was allowed to thaw at room temperature, and the anti-wetting property was examined

by measuring the CA of the beaded oil droplets.

2.2.5.5. Effect of heating on the anti-wetting property: The multilayer (that consists of 20 bilayers of
BPEI/NC) coated glass slide that was post-functionalized with glucamine was submerged in DI water (20
ml) in a glass beaker, which was later placed in a water bath (borosil; 450 mm x 150 mm, having 450 ml
of tap water). This was again placed on a hot plate, and a mercury thermometer was used for continuous
monitoring of the temperature of the system. Next a droplet (8 ml) of red coloured DCM was gently placed
on the ‘Glu-treated’ multilayer of NC, and the temperature of the system was gradually increased up to
100°C. The effect of this gradual heating of the aqueous phase on the underwater oil wettability was

examined by visual inspections and CA measurements.

2.2.5.6. Effect of water-steam on the anti-oil wetting property: The underwater superoleophobic multilayer
of NC was further exposed to steam for 2 hours using a tweezer which was again fixed with a clamp and
stand. The steam was generated by boiling tap water (450 ml) at above 100°C. The effect of this treatment
was further investigated by measuring the CA of the beaded oil droplets.

2.2.5.7. Chemical durability test: The chemical durability of underwater superoleophobicity was
examined by exposing the glucamine-treated multilayer of NC to different harsh and chemically complex
conditions including alkaline solution (0.1 M NHs; pH 11.13), acidic solution (0.1 M HCI; pH 1), SDS
solution (1 mM), DTAB solution (1 mM), BSA solution (5 weight% (wt%)) and artificial seawater. The
artificial seawater was prepared by mixing MgCl: (0.226 g), MgSO4 (0.325 g), NaCl (2.673 g) and CaCl;
(0.112 g) in 100 ml of DI water in a volumetric flask.

2.2.6. Coating on various substrates

Initially, the underwater oil wettability on various bare substrates (like plastic—made of polyester,
wood, sandpaper and Al-foil was examined to ensure that none of the selected substrates were capable of
displaying underwater superoleophobicity property. Next, all the above mentioned substrates were
submerged in solutions of BPEI in ethanol overnight, prior to introducing the consecutive LBL deposition
of BPEI and NC following the earlier described procedure. The underwater superoleophobicity was
characterized after the post-chemical modification of the ‘reactive’ multilayer of NC with glucamine.

Moreover, the interior of a glass tube was also successfully coated with this multilayer of NC to achieve
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the desired underwater superoleophobicity, and this material was further exploited in the demonstration
of guided ‘No-loss’ transport of tiny oil-droplet, which was not possible to achieve with the bare glass

tube.

2.3. Results and Discussions

2.3.1. Synthesis and characterizations of reactive and covalent multilayer

In the recent past,* the fabrication of an amine-‘reactive’ polymeric gel was reported by mixing
an appropriate composition of BPEI/5Acl in ethanol under ambient conditions, where the branched
polymeric amine (BPEI; Fig. 2.1B) and the multifunctional cross-linker (5Acl; Fig. 2.1C) readily reacted

A 1,4-Conjugate Addition Reaction
0
o}
R/\OJ\/ + HN_"~pg —_— RAOJK/\H/\/R

D
B HaN—~HN jNH-/\NH2 C Oﬁb O\B
NH, \LN 0 0
—_—
H HO. (o] o] =
HQNNN\/\NH N AL o r
H €:Q (o]
\ \ . ‘ . y
NH, BPEI 5Acl Solution of ‘Reactive

Nanocomplex (NC)

Ethanol Ethanol

Solution
of NC

Ethanol Ethanol

Figure 2.1: (A) lllustrating 1,4-conjugate addition reaction between primary amine and acrylate groups. (B-C) Chemical
structures of poly(ethylenimine) (BPEI: B) and dipentaerythritol penta-acrylate (5Acl: C). (D) Formation of the stable
dispersion of reactive nanocomplex (NC) by appropriate mixing of BPEI and 5Acl in ethanol. (E) Schematic representation
depicting the formation of reactive multilayer of NC through LBL deposition of BPEI and the reactive NC.

through a 1,4-conjugate addition reaction (Fig. 2.1A) to form a ‘reactive’ NC. Eventually, this polymeric
NC aggregated to form a polymeric gel matrix which further allowed development of a self-standing
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superhydrophobic monolith. By taking advantage of the same facile 1,4-conjugate addition chemistry (Fig.

2.1A), I have developed a thick and porous polymeric multilayer through layer-by-layer (LBL) deposition

Post Functionalization

A B
o R—-NH, H
\n/§ —_— (0] N,_R
o)
OH OH
R= H,.C OH Underwater Superoleophobic
OH OH
Glucamine

Figure 2.2: (A) Schematic representing the post-chemical modification of the multilayer of NC with glucamine, a
hydrophilic amine. (B) Schematic illustration of underwater superoleophobic multilayer after modification of multilayer
of NC with glucamine.

of BPEI and ‘reactive’ NC as shown in Fig. 2.1E. Further, this polymeric multilayer of NC having residual
acrylate group was post-modified with hydrophilic amine-containing small molecules (Fig. 2.2A) for
achieving underwater superoleophobicity (Fig. 2.2B). At first, a composition of BPEI/5Acl (Fig. 2.1B) in
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Figure 2.3: (A) Graphical depiction comparing the growth of NC with (Black) and without (red) LBL deposition process.
Inset images depicting the stable dispersion of NC solutions with (right-side vial) and without (left-side vial) LbL
deposition process. (B) FTIR spectra for reactive NC before (black) and after (red) treatment with glucamine (denoted as
‘Glu-treated’).

ethanol was optimized to obtain a stable dispersion of NC solution (Fig. 2.1D). However, the size of the

NC was further grown during the course of LBL deposition process. Both the formation of NC and the
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growth of the NC were investigated by visual inspection and a DLS study as shown in Fig. 2.3A. A faint
turbid solution of the NC with the size of ~151 nm rapidly transformed to a highly opaque and milky

3

Thickness (um)
o
1

Multilayer of BPEI
0 9 T

5 10 15 20 25
Number of Bilayers, n

Figure 2.4: The plot accounting the thickness of both the multilayer of NC (black line) and multilayer of BPEI (red line)
with increasing the number of respective bilayers depositions.

solution (size ~459 nm) in a span of ~3 min during the LBL deposition process, and the size of the NC
was observed to grow further with time without any sedimentation even after 21 min (size ~690 nm) (Fig.
2.3A: black curve). The same composition of BPEI/5Acl, which was not used in successive LbL
deposition process, was also capable of forming NC, however, the growth of the NC was slow as in Fig.
2.3A: red curve. The accelerated growth of the NC in the BPEI/SAcl mixture during LbL deposition was
likely due to the gradual and the additional transfer of the BPEI solution to the amine-‘reactive’ NC
solution (mixture of BPEI/5AcI) through consecutive dipping of the substrates in the respective dipping
solutions (Fig. 2.1E). Then, this dispersion of the NCs was thoroughly washed with ethanol prior to
examination by FTIR spectroscopy. Two characteristic IR signatures at 1739 cm™ and 1409 cm™ (Fig.
2.3B; black curve) were noticed due to the carbonyl stretching and the symmetric deformation of the C—
H bond for the B-carbon of the vinyl groups, respectively. This IR study revealed the presence of residual
acrylate groups in the polymeric NCs. Furthermore, the depletion of the characteristic peak intensity at
1409 cm™ (Fig. 2.3B; red curve) for the residual acrylate moieties upon treatment with primary amine-

containing small molecules (i.e. glucamine) unambiguously suggested the existence of residual chemical

48 bP age
TH-2398 156122001



Chapter 2

-
T
N
w

reactivity (Fig. 2.3B) in the synthesized NC. The chemically reactive residual acrylate group in the
polymeric NC provided an opportunity to develop a covalently cross-linked multilayer of NC in
combination with the multiple amine-containing BPEI polymer through consecutive 1,4-Michael addition
reactions (Fig. 2.1A). During LBL deposition process, no sedimentation of the NC solution was observed,
rather a rapid growth of multilayer of NC was observed at ambient conditions. The thickness of the

Multilayer of NC Multilayer of BPEI

10 Bilayers 15 Bilayer 20 Bilayers 20 Bilayers

Figure 2.5: (A-C, E-G) FESEM images of the reactive multilayer of NC in low magnification (A-C; scale bar = 10 um)
and high magnification (E-G; scale bar = 3 um), after depositions of 10 bilayers (A, E), 15 bilayers (B,F) and 20 bilayers
(C,G), where each bilayer consisted of sequential deposition of BPEI and NC. D,H) The FESEM images of multilayer of
BPEI in both low (D; scale bar = 10 um) and high (H; scale bar = 3 um) magnifications, after 20 bilayers deposition of
BPEI/5AcI.

multilayer increased exponentially with increasing the deposition cycles (Fig. 2.4; black curve). The
thickness of the multilayer (20 bilayers) of NC was measured to be 2.2 um (Fig. 2.4; black curve). In
comparison to that, the LbL growth for the multilayer of BEPI, which was constructed by replacing the
NC solution mixture with 5Acl solution, was observed to be significantly sluggish. The thickness of the
multilayer was only 174.09 nm, even after 20 cycles of LbL depositions (Fig. 2.4; red curve), where at
each cycle, each bilayer was referred to the sequential deposition of BPEI and 5Acl. This observation
supported that the deposition of branched polymeric amine (BPEI) through covalent cross-linking with
small molecules (5Acl) was much slower than the multilayer of NC. Furthermore, the topography of both
the multilayer of NC and multilayer of BPEI was examined by FESEM imaging (Fig. 2.5A-H). After
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deposition of 20 bilayers of NC, an arbitrary hierarchical and porous topography was observed under
FESEM (Fig. 2.5C,G). Whereas, the topography of the multilayer of BPEI was noticed to be featureless
and smooth (Fig. 2.5D,H), even after repeating deposition cycles for 20 times. The gradual change in the
morphology in the multilayer of NC was exploited later in revealing the role of surface topography behind
the underwater oil-wettability property.

2.3.1. Characterization of super-oil-wettability under water

Untreated

Glu-Treated

/ /

1409 cm-1 1739 cm-
B C-H deformation of c=0
vinyl group stretching

I T T T T 1
1000 1200 1400 1600 1800 2000

Wavenumber (cm-)

Figure 2.6: The FTIR spectra of reactive multilayer of NC before (black) and after (red) glucamine treatment.

Furthermore, the appearance of two characteristic peaks at 1739 cm™ and 1409 cm™ (for carbonyl
stretching and symmetric deformation of the C—H bond for the  carbon of the vinyl groups, respectively)
in the FTIR spectrum of the multilayer (20 bilayers) revealed the existence of residual acrylate moieties,
even after successive deposition of NC on a glass substrate (Fig. 2.6; black curve) through LbL method.
However, the peak at 1409 cm™ was significantly depleted after successful covalent modification of
multilayer of NC with amine-containing small molecule (glucamine; Fig. 2.6; red curve). Besides, oil and
water wettabilities were thoroughly examined on both the amine-‘reactive’ multilayer (20 bilayers) of NC
and multilayer of BPEI (20 bilayers) in air as well as under water. The hydrophilic (with a water CA of
72.1°; Fig. 2.7A) and superoleophilic (with an oil CA of 0°; Fig. 2.7C) multilayer of NC were found to be
inherently oleophilic under water with an oil CA of 64.1° (Fig. 2.7E), likely due to the preferable
interaction of the beaded oil droplet with the hydrophobic residual acrylate groups present in that

multilayer. However, the post-chemical modification of the multilayer (20 bilayers) of NC with
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strategically selected glucamine molecule through 1,4-conjugate addition reaction provided underwater
superoleophobicity with an advancing oil contact angle (OCA) of 170.8° (Fig. 2.7F). This post-chemical

modification is referred as ‘Glu-treated’ in rest of the discussion. In comparison to that, after same post-

Multilayer of NC Multilayer of BPEI

WCA in Air OCA in Air OCA Under Water OCA Under Water
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Figure 2.7: (A-F) The CA images of beaded water (A-B) and oil (C-F) droplets on multilayer of NC (A-F) in air (A-D)
and under water (E-F), before (A,C,E) and after (B,D,F) post modification with glucamine. (G-H) CA images of beaded oil
droplet on untreated (G) and glucamine treated multilayer (H) of BPEI under water.

chemical modification (with glucamine) of multilayer (20 bilayers) of BPEI, the featureless (Fig. 2.5D,H)
and inherently underwater oleophilic (OCA of 25.5°; Fig. 2.7G) coating became underwater oleophobic

Effect of Topography on Glu-Treated Multilayer of NC

2 Bilayers 5 Bilayers 10 Bilayers 15 Bilayers 20 Bilayers

Figure 2.8: CA images showing the change in static OCA of beaded oil droplets on post-modified (A-E: glucamine)
multilayer of NC with increasing the LbL deposition cycles.

with an OCA of 123.8° as shown in Fig. 2.7H. Thus, this study further revealed the need for a porous
hierarchical topography to achieve underwater superoleophobicity. Moreover, it was noticed that the
underwater oil-wettability of the ‘Glu-treated” multilayer of NC was varied by increasing the number of
bilayer depositions. The underwater static OCA gradually increased from 135.6° (2 bilayers; Fig. 2.8A)
to 165.2° (20 bilayers’ Fig. 2.8E) for the ‘Glu-treated’ multilayer of NC on increasing the number of
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bilayer depositions (Fig. 2.8) from 2 to 20. Thus, this current study confirmed the need for appropriate
chemical (hydrophilic/hydrophobic) and physical (surface topography) optimizations to achieve the
Hexane n-Heptane Ethyl Acetate Chloroform
(17.89 mN/m) (20.53 mN/m) (24.0 mN/m) (27.13 mN/m)
ol 170.3°

H,O
DCM Toluene DCE
(28.20 mN/m) (28.53 mN/m) (32.2 mN/m)

Figure 2.9: A-G) CA images of various water immiscible organic solvents that were beaded on the post-functionalized
(glucamine) multilayer of NC. The surface tensions of the selected model oils, varied from 17.89 mN m (hexane) to 32.2
mN m* (DCE).
desired underwater anti oil-wettability. Moreover, these ‘Glu-treated” multilayer of NC were capable of
displaying underwater super oil repellency with a wide range (in terms of surface tension) of water

immiscible model oils (Fig. 2.9) starting from hexane (17.89 mN m*; Fig. 2.9A) to DCE (32.2 mN m™%;

A - B E Cc e D 6 E b
O

Oms 119 ms 160 ms 220 ms 259 ms

Figure 2.10: (A-E) CA images accounting bouncing of DCM (model oil) droplet (11 pl of DCM) on ‘Glu-treated’
multilayer (20 bilayers) of NC.

Fig. 2.9G). On dropping of a model oil (DCM) droplet (11 mL) on to the ‘Glu-treated’ multilayer (20
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bilayers) of NC from a height of 12.5 mm, it was noted that the oil droplet bounced (Fig. 2.10) multiple
times before eventually settling on the multilayer with an OCA of 165° (Fig. 2.10E). On the other hand,
beaded oil droplet readily rolled off (Fig. 2.11) when the surface was tilted at 3°. This extreme oil-

repellency under water is often explained using the Cassie-Baxter model,* where the heterogeneous

L
A B C [ D
Oms O 39ms 81 ms 119 ms
e ] FES- SRS E——— e
[ W L W
E F G
580 ms 1158 ms 1297 ms

L J PO e |

Figure 2.11: CA images illustrating the rolling of 11 ul DCM droplet at tilting angle of 3°, where DCM droplet was
dispensed from a height of 0.7 cm.

wetting of oil on a multilayer of NC is due to the impregnation and confinement of aqueous phase within
the hierarchically featured surface. The confined water layer within the ‘Glu-treated” porous NC
multilayer reduced the contact area between the beaded oil droplet and ‘Glu-treated’ multilayer of NC.
Furthermore, the fractional area of contact between the liquid droplet (model oil DCM droplet) and the

‘Glu-treated” multilayer of NC was estimated using egn (2.1) and eqgn (2.2),

where, 01 and Ocg are the oil CAs on the multilayer (20 bilayers) of BPEI (smooth surface, glu-
treated:123.8°) and NC (porous, glu-treated: 165.2°), respectively. The fraction of contact areas of the
beaded oil droplet with both the ‘Glu-treated’ multilayer of NC and trapped aqueous phase were labelled
as f1 and fo, respectively. The estimated fraction of the contact area of the beaded oil droplet on the ‘Glu-
treated” NC multilayer (20 bilayers) was 0.075, whereas the values were 0.621 and 0.86 for the 15- and
10-bilayers coatings (where each coating was ‘Glu-treated’), respectively. The increase in fraction of
contact area between the beaded oil droplet and the solid NC multilayer induced more adhesive interaction

between the liquid and solid phases. This was mostly because of the difference in the surface topography
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Chapter 2

of the multilayer as confirmed by the FESEM study (Fig. 2.5). The topography of multilayer coatings
plays a critical role in controlling the adhesive interaction of the beaded liquid droplet on the solid
interfaces, and the appropriate hierarchical topography is essential for minimizing (Cassie state) the
contact area between the beaded oil droplet and the solid interface. After 20 bilayers of NC depositions
(Fig. 2.5C,G), the multilayer of NC was inherently decorated with an essential hierarchical topography,
and as a result, such interface displayed non-adhesive superoleophobicity under water. However, a less
prominent microdomains in the multilayer of NC having 10 (Fig. 2.5A,E) and 15 (Fig. 2.5B,F) bilayers of
depositions were attributed to the higher contact area between the beaded oil droplet and the NC
multilayer, and eventually the multilayer adopted a Cassie—Wenzel transition state.3!

2.3.2. Physical/chemical durability of underwater superoleophobicity property

Next, this covalently cross-linked multilayer of NC was exposed to various complex and harsh
physical/chemical settings to investigate the durability of the embedded underwater superoleophobicity.
First, this ‘Glu-treated’ multilayer of NC was exposed to hot water steam (Fig. 2.12A-B) and hot water
(100°C; Fig. 2.12C-D), however, there was no apparent change in the underwater anti-oil wetting property
before (Fig. 2.12A,C) and after the treatments (Fig. 2.12B,D). Next, an oil droplet (Fig. 2.12E, Advancing
OCA ~ 172°) was placed on the ‘Glu-treated” multilayer of NC that was submerged underwater and kept
at -20 °C. Over a duration of 2 hours, the liquid water phase was frozen into ice, however, the shape of
the beaded oil droplet remained intact after the freezing process (Fig. 2.12G), which indicated that the
underwater anti oil-fouling property of the material remained unaltered during the whole process. The
property remained unchanged, even after thawing the frozen ice with Advancing OCA ~172° (Fig. 2.12F).
Additionally, a droplet of DCM (model oil) was beaded on ‘Glu-treated” multilayer of NC, and it was
exposed to elevated temperature. The size of the beaded model-oil droplet on the multilayer-coated
substrate was observed to shrink on increasing the temperature of the aqueous phase, (Fig. 2.12H-K) due
to gradual evaporation of DCM at the elevated temperature. The droplet eventually disappeared at
prolonged exposure to 100 °C (Fig. 2.12K), however, the underwater superoleophobicity of the material
remained intact during the course of the experiment (Fig. 2.12H-K). Next, some standard physical abrasion
tests including sandpaper abrasion test, adhesive tape peeling test, and sand drop test were adopted to
investigate the physical durability of the underwater superoleophobicity. First, a sandpaper (2 cm x 2 cm)
was manually rubbed back and forth on the polymeric-material (1 cm x 1 cm) five times with an applied
load of 200 g leading to in substantial formation of white powdery material (that adhered on the abrasive
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sandpaper) as shown in Fig. 2.13A-D, however, the ‘Glu-treated’ multilayer of NC displayed extreme oil-
repelling property (Fig. 2.13E-F) without considerable changes in the OCA underwater, even after
removal of the top surface of the coating. Thus, the current study revealed the existence of ‘bulk’

underwater superoleophobicity property in the NC multilayer. Such robust materials are rare in the

Hot Water Steam Hot Water (100°C) Freezing (-20°C)

E H20

Before
Treatment

‘E F H20
5 2
E -
- )
S
-
Exposure to Freezing Continuous Exposure to Elevated
(-20°C) temperature Temperature upto 100°C

Digital Images

Tilted 180°

Figure 2.12: Advancing CA images (A-F) of beaded oil droplet on the ‘Glu-treated’ multilayer of NC before (A, C, E) and
after (B, D, F) different and harsh exposures of hot water steam, hot water (100°C) and freezing (-20°C) condition. (G-J)
Digital images illustrating the impact of with increasing temperature (up to 100°C) on the beaded DCM droplet on ‘Glu-
treated” multilayer of NC under water. (K) Digital image of beaded oil droplet at freezing (-20°C) condition, where the vial

was kept inverted.
literature. Furthermore, the FESEM image of the abraded multilayer revealed that the topography of the
material (Fig. 2.14A) was significantly different from the native coating (Fig. 2.5F), however, this
physically-damaged coating had appropriate hierarchical structures to display underwater anti oil-fouling

property (Fig. 2.13E-F). Further, an adhesive tape test was performed on underwater superoleophobic
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coating, however, any delamination of the polymeric coating from the substrate was not noticed after

performing the adhesive tape test. Moreover, a very porous morphology with arbitrary arrangement of

Physical Abrasion Tests on Underwater Superoleophobic Multilayer

Sandpaper Test

Figure 2.13: (A-D) Digital of superoleophobic coating (A-B) and abrasive sandpaper (C-D) before (A,C) and after (B,D)
performing the sandpaper abrasion test. E-F) Digital (E) and CA image (F) of beaded oil droplet on physically abraded
multilayer of NC. G-J) Digital images (G, 1) and CA image (H, J) of beaded oil droplet on the underwater
superoleophobicity interface after conducting the adhesive tape peeling test (G-H) and sand drop test (I-J).

granular domains, which is similar to untreated material, was observed under FESEM study (Fig. 2.14B).
As expected, the anti-oil wetting property remained unaffected even after the adhesive tape test (Fig.
TR A A B R

o

Prd
Pl

Figure 2.14: (A-B) FESEM images of multilayer of NC after performing (A) sandpaper and (B) adhesive tape tests,
respectively (scale bar = 1 um).

e
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2.13G-H). Lastly, the impact of sand grain (100 g) on the material from a distance of 20 cm was tested
following standard protocol and the anti-wetting property was found to be remained intact (Fig. 2.13I-J),

without causing any noticeable physical damage to the polymeric coating. Thus, the synthesized
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Figure 2.15: (A) Bar chart representation of advancing CA of beaded oil droplet on the Glu-treated multilayer after
exposure to various aqueous phase, including DI-water, alkaline solution (pH 11.13), acidic solution (pH 1), saline water,
BSA solution (5 wt %) and surfactant solutions (SDS, DTAB; concentration = 1 mM each). (B) Graphical depiction of
advancing CA (black) and CA hysteresis (grey) of beaded oil droplet on ‘Glu-treated” multilayer after continuous
submersion in milli-Q water (A ) and salt water (@) for 80 days.

underwater superoleophobic coating displayed extraordinary tolerance to various physical insults
including physical damage that eroded the top surface of the polymeric coating. Moreover, the underwater
superoleophobic property remained intact with Advancing OCA >165° (Fig. 2.15A), even after exposure
of this Glu-treated multilayer of NC to various harsh and complex aqueous systems including extremes of
pH (pH 1 and pH 11.13), surfactants (DTAB, SDS; 1 mM each), and BSA protein (5 wt%)-contaminated

57 bP age
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aqueous phases for 10 days. Furthermore, the multilayer of NC was separately submerged in DI water and
artificial seawater for continuous and prolonged (80 days) exposure, however, this material continued to
display robust underwater anti oil-fouling property with Advancing OCA of >165° and OCA hysteresis
of <5° (Fig. 2.15B). The impeccable chemical durability of the material and its anti-oil-fouling property
were mostly due to the existence of extensive covalent cross-linkages (through the 1,4-conjugate addition

reaction) in the multilayer of NC.
2.3.3 Substrate-independent underwater superoleophobic coating
The inherent ability of the LbL deposition approach allowed to coat various rigid and flexible objects with

multilayer of NC, irrespective of the dimension and geometry of the selected substrates (Fig.

Underwater Superoleophobic Multilayer Coating
on Various Substrates

Uncoated Glu-treated Digital image

Wood

Plastic

Sandpaper

Al-foil

Figure 2.16: (A-L) CA (A-B, D-E, G-H, J-K) and digital (C,F,I,L) images of uncoated (A,D,G,J) and multilayer of NC
coated (B,E,H,K; ‘Glu-treated’) wood (A-C), plastic (D-F), sandpaper (G-I) and Al-foil (J-L), respectively.

2.16A,D,G,J). The amine-‘reactive’ multilayer (20 bilayers) of NC was deposited on underwater both
oleophilic (plastic film, OCA <30°: Fig. 2.16D) and oleophobic (wood, sandpaper and Al-foil, OCA

58 bP age
TH-2398 156122001



Chapter 2

>130°: Fig. 2.16A, G, J) substrates. The strategic post-functionalization of the multilayer coating with
hydrophilic glucamine molecule provided underwater superoleophobicity (Fig. 2.16B-C, E-F, H-1, K-L).

Underwater Superoleophobic Multilayer-coated
Bare Glass Tube Glass Tube

Figure 2.17: (A-D) Digital images illustrating the movement of coloured DCM (model oil) droplets through both the bare
glass tube (A) and underwater superoleophobic multilayer-coated (interior part) glass tube (B-D) under water.

The ‘Glu-treated” multilayer of NC strongly repelled oil with Advancing OCA >165° and OCA hysteresis
<10°. Moreover, the interior of a glass tube (with OCA ~ 124°) could be successfully decorated with
underwater superoleophobicity (with OCA ~ 165°), which was further used in demonstration of facile and
guided transport of tiny (8 mL) oil droplets under water, without any adhesion or loss of oil during the
transportation process (Fig. 2.17B-D), which was impossible to achieve with a bare glass tube (Fig.
2.17A). Thus, this proof-of-concept demonstration revealed the ability of this anti-oil wettability property
in preventing unwanted oil contaminations and in providing energy-efficient as well as gravity-driven

guided transport of heavy oil or oily substances.

2.4. Conclusion

In conclusion, the design of amine-‘reactive’ multilayer of NC provided insight into the fundamentals of
underwater superoleophobic properties in detail. The ‘reactive’ multilayer of NC provided a facile avenue
to control both the chemistry and topography of the polymeric coating, and this fresh design independently
revalidated some key hypotheses that explained the superoleophobicity under water. Moreover, the
approach of using covalently cross-linked multilayer of NC resulted in an abrasion-tolerant underwater
superoleophobicity, which could withstand various severe both physical and chemical insults.

Furthermore, the LbL deposition process allows coating of a wide range of substrates with desired
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underwater superoleophobicity for protecting the substrates from unwanted oil-contamination under

water.

Such durable underwater superoleophobic coating would be more appropriate for prospective applications

in various practically relevant and severe conditions.
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Chapter 3

Title:  Synthesis of Stretchable and Durable Underwater
Superoleophobic Membrane for Filtration-based Oil/Water Separation”

Synthesis of stretchable biomimicked special wettability—particularly fish scale-inspired
superoleophobicity is challenging, but it could be useful in various potential applications in practical
scenarios. In general, ‘fish-scale’-inspired artificial interfaces were prepared by deposition of
polymeric hydrogel, metal oxide and electrostatic multilayer, which are inappropriate for practical
relevance due to lack of their durability in various and severe physical/chemical exposures. Thus,
developing such interfaces are highly challenging and examples of such interfaces are rare in the
literature. In this chapter, a highly stretchable (tolerating 150% strain) and physically/chemically
durable underwater superoleophobic membrane has been developed via simple and strategic
integration of covalently cross-linked ‘reactive’ multilayer with a stretchable fibrous substrate. This
as-synthesized interface with bio-mimicking wettability owned outstanding stability towards various
harsh physical and chemical conditions, like successive (1000 times) tensile deformations, different
physical abrasion tests, prolonged exposure (30 days) to both UV radiation and extremes of
temperatures (100°C and 10°C) and complex chemical environments. Furthermore, the as-synthesized
stretchable material was successfully found to be very efficient in the gravity-driven eco-friendly
separation of oil/water mixtures, even under severe physical/chemical conditions (e.g., extreme
conditions of temperatures, tensile strain, pH (1 and 12), artificial seawater, and river water). Such
durable and highly stretchable oil-repellent interface would be very useful in various submarine-related
and biomedical applications, including prevention of oil contamination, oil/water separations, and anti-

biofouling coating on flexible medically relevant substrates (e.g., catheter balloon).
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Chapter 3

3.1. Introduction

Synthesis of stretchable and smart interfaces is immensely acknowledged for its enormous potential in
addressing various biomedical challenges and designing advanced materials for different smart
applications.*® Recently, artificially designed bio-mimicked interfaces which have been mostly
synthesized through appropriate co-optimization of both topography and chemistry, are being widely
recognized owing to their innumerable prospective applications and the potential to revolutionize
scientific innovations.”*2 In general, any significant perturbation in the essential hierarchical
topography during tensile deformation of such special interfaces plausibly alter the bio-mimicked
wettabilities embedded in those interfaces.'*!* Such compromise of wettability property eventually
affects their highly prospective and eco-friendly applications in practically relevant harsh
conditions.*>® Nevertheless, ‘lotus leaf’-inspired dry and stretchable interfaces that extremely repelled
water in air, even after incurring physical deformations above 100% tensile strain, have been
successfully synthesized recently with few elegant designs, and such interfaces are strategically being
explored for various prospective applications.}”~?® Unlike ‘lotus leaf’-inspired wettability, the ‘fish-
scale’-inspired extreme oil-repellent property performs only under water.!142%-37 Therefore, the
synthesis of stretchable biomimicked wet interfaces that remain functional under water even after
exposure to various mechanical stresses, is even more difficult, and examples of such stretchable
superoleophobic interfaces are rare in the literature. Rather, the synthesis of artificial interfaces with
‘fish-scale’- mimicked wettability by using high-mechanical-strength coating have emerged as a
common strategy to avoid any large scale perturbation in topography, where the rigid/flexible
substrates having restricted tensile deformation were tactfully selected for developing stable artificial
underwater superoleophobic coatings.®>-3" Therefore, further progress in designing stretchable ‘fish-
scale’-mimicked wettability would be highly desirable and important in many relevant and smart
applications in real-world scenarios, including fabrication of stretchable and smart anti-oil-fouling
textiles, highly durable membranes for oil/water separation and stretchable anti-biofouling coatings on
a relevant and flexible medical device. The synthesis of interface with fish-scale’-inspired wettability
having the ability to sustain various physical manipulations (including winding, twisting, stretching
and scratching) which are commonly practiced during packaging, transportation and/or process of oil-
repelling performance at the outdoor location of interest, is highly relevant to its prospective
applications in realistic scenarios. After the seminal report from Jiang et al.}* on the ‘fish scale’-
mimicked artificial interfaces in 2009, the extremely oil-repellent heterogeneous wettability (Cassie—
Baxter state)* of liquid oil under water has been mostly designed by strategic incorporation of (a)

polymeric hydrogels'*?*?" and (b) metal oxides?®* with appropriate hierarchical topography. Both of
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these commonly used organic and inorganic coating approaches inherently and severely suffer from
various durability issues.®®%" The polymeric hydrogels are highly susceptible to swelling and
deformation in a chemically harsh aqueous phase and under application of external tensile strain.
Moreover, the brittle metal oxide coatings are expected to get damaged on prolonged exposure to
chemically complex aqueous phases and (or) under applied stress. Thus, the mechanically durable
artificial superoleophobic coatings have been mostly studied over the last few years to avoid any major
physical deformations of highly water-compatible hierarchical topography.®>3" As expected, such
approaches are inappropriate to design stretchable underwater superoleophobicity. In the Chapter 3, a
highly stretchable and robust underwater superoleophobic interface was synthesized by strategic
integration of ‘reactive’ nanocomplex (NC) onto a stretchable and fibrous substrate following a simple
and covalent layer-by-layer (LbL) deposition process as followed in the Chapter 2. The as-synthesized
material was capable of sustaining its extreme oil-repellence under the applied tensile strain of above
100%. Furthermore, as-synthesized underwater superoleophobic interface was capable of withstanding
repetitive physical deformations with 150% tensile strain for 1000 times, which is unprecedented in
the literature. Furthermore, the biomimicked wettability was found to be unaltered even after exposure
of the polymeric coating to various other severe physical and chemical treatments, including different
physical manipulations, abrasions and exposures to extreme conditions of pH and temperature,
artificial seawater, river water and prolonged (30 days) ultraviolet (UV) radiation. This robust and
stretchable wettability was further exploited in the separation of various forms of oil/water mixtures,
which resemble practically relevant scenarios, including extreme conditions of pH and temperature,
with a water separation/collection efficiency of 99 wt%. Moreover, the underwater superoleophobic
fibrous substrate that was exposed to various manual deformations, including bending, creasing,
winding, twisting, and repetitive stretching (for 1000 times), was also successfully extended in
selective filtration of the aqueous phase from oil/water mixtures. Further, the synthesized underwater
superoleophobic membrane was capable of successive (at least 50 times) oil/ water separation without

any alteration in the efficiency of selective filtration of the aqueous phase from oil-in-water emulsions.

3.2. Experimental Section

3.2.1. Materials

Fibrous polyurethane (PU) substrate (fabric), soybean oil (vegetable oil) and kerosene oil were
purchased from a local shop in Guwahati city (Assam, India). Motor oil (Castrol Active 20W-40) was

purchased from Castrol India Ltd. Detailed descriptions of other materials were already mentioned in

the Chapter 2.
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3.2.2. General consideration
The oil-in-water emulsion droplets were characterized by Nikon Eclipse Ts2R (Nikon digital
sight DS-U3). Other instruments for this piece of study are the same as Chapter 2.

3.2.3. Construction of reactive multilayer on stretchable fibrous substrate and post-covalent
modification of multilayer

The ‘reactive’ multilayer of NC/BPEI was prepared and further post-modified with primary
amine-containing hydrophilic small molecule (i.e., glucamine) following the same protocol that is
discussed in the Chapter 2. However, insists of using a model glass substrate, the multilayer was

embedded on a fibrous substrate (PU).

3.2.4. Physical and chemical durability of the bio-mimicked wettability

3.2.4.1. Sand drop test: The procedure for sand drop test was discussed in the Chapter 2 in detail. The
underwater oil wettability was examined by measuring the OCAs and digital images after performing
the test.

3.2.4.2. Sandpaper abrasion test: A detailed discussion on the protocol of sandpaper abrasion was
discussed in the Chapter 2. Finally, the oil wettability property of the sandpaper abraded material was

investigated with CA measurements and digital images.

3.2.4.3. Adhesive tape test: The procedure for adhesive tape test was same as mentioned in the Chapter
2. After performing the test, the underwater oil wettability was re-examined by measuring the OCAs
and digital images.

3.2.4.4. Effect of bending, creasing, twisting, and winding on bio-mimicked interface: The synthesized
‘fish scale” mimicked wettability was exposed to commonly practised various physical
manipulations—including bending, creasing, twisting and winding. The stretchable biomimicked
substrate was manually bent, creased, twisted and winded with random preferences for several times.
Thereafter, the OCAs were measured under water to examine the impact of these physical

manipulations on the embedded bio-mimicked wettability.

3.2.4.5. Chemical durability test: The chemical durability tests were performed on the bio-mimicked
interface following the same protocol as in Chapter 2. The property was still unaltered which was

confirmed by CA measurements.

3.2.5. Preparation of 2% (v/v) DCE-in-water emulsion solutions

49 mL of deionized water was taken in a clean 100 mL glass beaker and placed it inside the
water bath of the sonicator. Now 1 mL of DCE was added slowly using a graduated pipette with

TH-I3b8 156122001



Chapter 3

continuous sonication for 30 minutes to prepare a 2% (v/v) oil-in-water emulsion of DCE. Then the

emulsion solution was examined by DLS study and bright-field microscopic image analysis.

3.2.6. Calculation of percentage (%0) of oil-absorption

Efficiency of oil separation is defined as amount of oil phase is separated from the given

oil/water mixture after the filtration process and it was measured by following the given egn 3.1;

Weight of absorbed oil

% Efficiency of oil Separation =
% y f p Weight of oil present in the mixture

3.3. Results and Discussions

3.3.1. Synthesis of stretchable underwater oil-repellent interface

The synthesis of functional polymeric nanomaterials has been recognized as an important

avenue for tailoring various physical/chemical properties.®®“* In the Chapter 2, a chemically reactive
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Figure 3.1: (A) Representing the catalyst-free facile 1,4-conjugate addition reaction between acrylate group and
primary amine group. (B) The DLS study accounting the growth of the nanocomplex. (C) FTIR spectral analysis of
chemically reactive multilayer coating before (black curve) and after (red curve) glucamine modification. (D-E)
FESEM images of both the uncoated (C) and coated (D) fibrous substrate (scale bar: 4 um).
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nanocomplex (NC) that prepared using 1,4-conjugate addition reaction (Fig. 3.1A), was deposited

following layer-by-layer (LbL) coating process for achieving bio-inspired durable liquid wettability.

In this Chapter 3, the ‘reactive’” NC was strategically deposited on the stretchable fibrous
substrate through LbL deposition of BPEI polymer and NC (for 20 bilayers) for fabricating highly
stretchable and robust ‘fish-scale’-mimicked membrane. As expected, the size of the polymeric NC
gradually increased during the consecutive LbL deposition process (each bilayer consisted of two
layers, one of NC and the other one of BPEI), which was confirmed by dynamic light scattering (DLS)
study, as shown in Fig. 3.1B. After deposition of 20 bilayers, the available chemical functionalities
present in the covalently cross-linked multilayer were investigated by a standard Fourier transform
infrared (FTIR) spectroscopy study.***® The appearance of IR peaks at 1412 cm™ and 1735 cm™,
which were attributed to the C—-H deformation of the B-carbon of the vinyl groups and carbonyl

stretching, respectively (Fig. 3.1C; black curve), revealed the presence of residual acrylate groups in

OH OH

HZN‘HZC OH

OH OH
B

Glucamine

Figure 3.2: (A-B) The scheme illustrating the post-covalent modification of ‘reactive’ polymeric multilayer coating
on fibrous substrate with glucamine. (C-D,E-F) Digital images (C,E) and CA images (D,F) of beaded oil droplets
(under water) on the ‘reactive’ multilayer coated fibrous substrate before (C-D) and after (E-F) covalent modification
of with glucamine.

the polymeric coating. Further, these residual acrylate moieties were found to be highly reactive with
primary amine-containing small molecules. It was observed that the IR peak intensity at 1412 cm™,
decreased significantly after post-modification of the same multilayer coating with hydrophilic small
molecules (i.e., glucamine) via 1,4-conjugate addition reaction (Fig. 3.1C; red curve). Further, the
existence of micro/nano featured topography that consisted of randomly aggregated granular
polymeric domains on the smooth and native fibrous substrate was confirmed using FESEM imaging,
as shown in Fig. 3.1D-E. The LbL deposition of granular NC on the fibrous substrate rendered the
essential topography that conferred the ‘fish-scale’- mimicked wettability after the chemical
modulation of the reactive multilayer-coated substrate (Fig. 3.2B) with glucamine. As a result, the

coated fibrous substrate that instantly soaked the beaded oil droplet (red colour aided visual inspection)
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under water (Fig. 3.2C-D) became an extremely oil-repellent interface (Fig. 3.2E-F) with advancing
OCA of 163.7° (Fig. 3.2F) after the post-modification of the same ‘reactive’ interface with glucamine
(Fig. 3.2E). In the past, the elastomeric property of the selected fibrous substrate was exploited earlier
for developing various functional materials.*” In recent past, polyurethane (PU) based fibrous/porous
substrates, decorated with ‘lotus leaf’-inspired wettability, displayed a highly selective affinity towards
oil/oily phases, and such materials were explored as oil-absorbent materials.*®>° However, in this
chapter, the PU-based substrate was extended in the synthesis of fish-scale-mimicked underwater
extreme oil-repellent membrane with impeccable durability. The multilayer-coated stretchable fibrous
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Figure 3.3: (A) Graphical representation of the change in underwater oil wettability on the biomimicked stretchable
interface, where the tensile deformation was gradually increased from 0 to 200% under water. (B-G) Advancing
(B,D,F) and receding (C,E,G) CA images of beaded (under water) oil droplet on the underwater superoleophobic
interface after incurring tensile deformations with applied strains of 50% (B-C), 150% (D-E) and 200% (F-G),

respectively.

substrate, which was post-modified with glucamine, was gradually deformed under applied tensile
stress. The coated substrate was stretched up to 150% tensile strain without compromising the

embedded anti-oil-fouling property under water, as shown in Fig. 3.3A,D-E. Even after such high
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tensile deformation, the coated substrate was capable of repelling the beaded oil droplet with advancing
OCA above 160° and OCA hysteresis well below 10°. With further increase in the tensile strain from
150% to 175% of the as-synthesized material, a slight change in underwater OCA hysteresis (just
above 10°; but the beaded oil droplet still repelled extremely with advancing OCA above 160°) was
noticed, as shown in Fig. 3.3A. Upon further deforming the substrate with 200% tensile strain, the

coated fibrous substrate became more adhesive with OCA hysteresis of 16° as shown in Fig. 3.3F-G.
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Figure 3.4: The plot illustrating the change in both advancing OCA and OCA hysteresis of beaded oil droplet on the
biomimicked super-oil-repellent interface after incurring 1000 times of physical deformation with 150% of tensile
strain.

Nevertheless, the stretched interfaces again restored their non-adhesive super-oil-repellence under
water with an OCA hysteresis below 10° after releasing the tensile strain. As the bio-mimicked
interface was capable of withstanding up to 150% of tensile deformation, so the same interface was
manually and repetitively deformed with 150% tensile strain, and the underwater advancing OCA was
examined on the stretchable interface after every 100 times of tensile deformations as shown in Fig.
3.4. The synthesized underwater superoleophobic coating continued to display non-adhesive extreme
oil-repellence under water with advancing OCA of well above 160° and an OCA hysteresis of below
100, even after deforming the interfaces with 150% tensile strain for 1000 times, as observed in Fig.
3.4.

3.3.2. Physical and chemical durability of stretchable ‘fish-scale’- mimicked interfaces

Furthermore, the stretchable interface, embedded with ‘fish-scale’-inspired wettability, was
exposed to various other commonly practiced and widely accepted physical insults, including bending,

twisting, creasing, and winding. The extreme oil-repellence of the as-synthesized material was found
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to be capable of surviving all these practically relevant physical challenges with advancing OCA of
above 160° and OCA hysteresis below 10° as shown in Fig. 3.5. Thereafter, the coated fibrous
substrate was exposed to some standard abrasion tests that are highly relevant for outdoor applications
of such biomimicked interface.’>!® This stretchable underwater superoleophobic interface was
subjected to abrasive sandpaper test, sand drop test and adhesive tape-peeling test. However, the fish
scale-mimicked wettability remained unperturbed, as shown in Fig. 3.6. First, the abrasive sandpaper
(2 cm x 1 cm) was rubbed manually over the top surface of the stretchable fibrous substrate with back
and forth motion, repetitively (5 times) with a constant applied load of 700 g (equivalent to 34 kPa
applied pressure); the applied pressure helped in maintaining the homogeneous and uniform contact

between the abrasive sandpaper surface and the surface of biomimicked coating. However, no

Bending

Creasing

Twisting

Winding

Figure 3.5: (AF,K,P) Digital images illustrating various physical manipulation on highly stretchable underwater
superoleophobic interfaces. (B-D,G-1,L-N,Q-S) Advancing (B,G,L,Q) and receding (C-D,H-1,M-N,R-S) CA images
of beaded oil droplet on the physically manipulated (bended: B-D, creased: G-Z, twisted: L-N, winded: Q-S)
underwater oil-repellent interface. (E,J,O,T) Digital images of beaded oil droplets on the biomimicked interfaces after
performing various physical deformations—including bending (E), creasing (J), twisting (O) and winding (T).
noticeable change in underwater oil wettability was observed; instead, the oil droplets (red colour aided
visual inspection) that beaded on the interface with advancing OCA of above 160° completely receded
to the oil-dispensing needle without breaking or leaving the droplet on the biomimicked interfaces, as

shown in Fig. 3.6B-D. This simple demonstration unambiguously revealed the appropriate coexistence
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of hierarchical topography and high surface energy chemistry, which was essential to achieve such
robust extreme oil repellency even after performing these severe physical abrasion tests. Next, this
‘fish-scale’-inspired artificial interface was exposed to a continuous stream of sand grains (100 g) from
a height of 25 cm (Fig. 3.6F) and then, the oil-wettability was examined under water. The red coloured
(aids visual inspection) oil droplets were beaded on the sand-treated interfaces with advancing OCA

of 161° and an OCA hysteresis below 10°, as shown in Fig. 3.6G-J. Next, the as-synthesized material
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Figure 3.6: (A,F,K) Digital images depicting various physical abrasion tests—including sandpaper abrasion (A), sand
drop (F) and adhesive tape peeling (K) tests, on the as-synthesised underwater super-oil-repellent interface. (B-D,G-
I,L-N) Advancing (B,G,L) and (C-D,H-I1,M-N) receding CA images of beaded oil droplet on the coated fibrous
substrates after conducting the sandpaper abrasion (B-D), sand drop (G-1) and adhesive tape peeling (L-N) tests. (E,J,0)
Digital images of beaded oil droplets under water on the stretchable biomimicked interface after the performance of
various abrasive tests—including sandpaper abrasion test (E), sand drop test (J) and adhesive tape peeling test (O).
was subjected to another severe physical abrasion test, that was, the adhesive tape peeling test (Fig.
3.6K) in order to create a random rupture of the interface, in which the freshly exposed adhesive
surface was placed in contact with the biomimicked interface. Then, a 700 g load was applied over 2
cm? area of the as-synthesized underwater superoleophobic coating to facilitate the contact between
the material and the adhesive surface. The applied pressure (34 kPa) was significantly higher as
compared to other reported demonstrations.’® After peeling off the adhesive tape from the
biomimicked interface, some whitish polymeric material was found on the adhesive surface, which
was mostly transferred from the edge of the material (Fig. 3.6K). Thus, the edge of the fibrous material

was found to be physically distorted, as shown in Fig. 3.6K. However, no change in underwater oil
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wettability was noticed on the as-synthesized material, including the distorted edges and other areas
of the material. Even after the adhesive tape test, the randomly abraded interface was able to maintain
extreme oil repellence with OCA of 162°, as shown in Fig. 3.6L—O and the whole droplet receded to
the needle without any fragmentation of the beaded oil droplet on the biomimicked interfaces. Then,

the same biomimicked interface was repetitively subjected to adhesive tape-peeling test for multiple

Physical Insults B4y, (9) Bhys. ()
Cold Qil (10°C) 159.3+ 0.2 58+1.0
Hot Qil (100°C) 161.7 £ 0.3 7.5+06

Hot water treatment (100°C) | 160.2 + 0.4 7.3+£1.1
Cold water treatment (10°C) | 159.6 + 0.4 7.0+ 04

Table 3.1: Accounting advancing OCA (0a4v.) and OCA hysteresis (Bnys,) of the biomimicked wettability in the coated
interface after the exposures of extremes of temperature (e.g. cold oil (10°C), hot o0il (100°C), treatments of hot (100°C)
and cold (100°C) aqueous phase for 6 hours).

times, and the underwater oil wettability was investigated after regular intervals of every 10 times of
this test. Even after successive adhesive tape peeling test for 90 times, the non-adhesive underwater
superoleophobicity was unperturbed in the as-synthesized fibrous substrate with advancing OCA of
above 155° and an OCA hysteresis of below 10°. Generally, the ‘lotus leaf’-inspired superhydrophobic

interfaces that are well recognized for extremely repelling liquid water droplets in air are found to

pH 1 pH 12 Artificial Seawater  SDS (1 mM) DTAB (1 mM) BSA (5 wt%)

Advancing
OCA

Receding
OCA

Figure 3.7: (A-L) Advancing (A-F) and receding (G-L) OCA images of beaded oil droplet on the biomimicked super-
oil-repellent interface—after treating with different chemically complex harsh environments—including highly acidic
(pH 1, A,G) water, highly alkaline (pH 12, B,H) water, artificial seawater (C,I), surfactants (sodium dodecyl sulfate
(SDS; D,J) and dodecyltrimethylammonium bromide (DTAB; E,K)) contaminated (1 mM) aqueous phases and bovine
serum albumin (BSA; F,L) contaminated water (5 wt%) for continuous 10 days.

compromise its biomimicked wettability at extreme temperatures due to the instability of the meta-
stable trapped air present in the hierarchical interface.5'%? In contrast, the ‘fish-scale’ mimicked

wettability that mainly arises due to confinement of the aqueous phase in appropriately chemically

modulated hierarchical topography,* was found to be highly stable even after exposure to cold (10°C)
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and hot (100°C) oils as noted in Table 3.1. The as-synthesized stretchable underwater superoleophobic
interfaces were continuously exposed to extremes of temperature for 6 hours, and the embedded
underwater superoleophobicity remained intact with advancing OCA of above 160° and OCA
hysteresis of below 10°, as shown in Table 3.1. This inherent stability of such biomimicked wettability
in the as-synthesized material would be appropriate for prospective applications in outdoor scenarios,
including various severe physically/chemically challenging settings. Next, the coated fibrous substrate
was submerged into different chemically complex aqueous phases, prior to examining their impact on
the underwater super-oil-repellency. The artificially designed biomimicked wettability remained
unaffected with advancing OCA of above 160° (as shown in Fig. 3.7A-F) even after continuous and
prolonged (10 days) exposure of the as-synthesized underwater superoleophobic interface to various
chemically harsh aqueous phases, including highly acidic (pH 1; Fig. 3.7A and G) phase, alkaline (pH
12; Fig. 3.7B and H) phase, artificial seawater (35% salinity, composed of various metal salts; Fig.
3.7C and I) and surfactants (SDS (Fig. 3.7D,J) and DTAB (Fig. 3.7E,K); 1 mM) contaminated aqueous

phases. This impeccable chemical durability of the artificial ‘fish-scale’-inspired wettability is
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Figure 3.8: Accounting the impact of prolonged (30 days) exposure of both long (wavelength 364 nm) and short
(wavelength 254 nm) UV irradiations on the underwater superoleophobic coating.

attributed to the strategic design of the covalently cross-linked hierarchical topography, which was
further optimized with essential chemistry via 1,4-conjugate addition reaction. In this particular design,
glucamine molecules that have an inherent ability to prevent the adhesion of proteins and

microorganisms®>* were strategically integrated into the reactive multilayer (a) to make the
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hierarchical topography highly water-compatible and (b) to protect such interfaces from any unwanted
deposition of chemicals (e.g. proteins, and surfactants). As a result, the underwater anti-oil-fouling
property was preserved even after prolonged (10 days) exposure to BSA protein (5 wt%; Fig 3.7F and
L) contaminated aqueous phase. The investigation of the effect of UV irradiation on the coated fibrous
substrate was another important and relevant durability test with regard to its prospective outdoor
applications. The ‘fish-scale’-mimicked interface was exposed to both short (254 nm) and long (364
nm)-UV radiation for 30 days, and the advancing OCA and OCA hysteresis were examined at regular
intervals. The anti-oil-fouling property remained unaltered with the advancing OCA of above 160°, as

Physical and Chemical Manipulations On
Stretchable PU Fibrous Substrate with 150% Strain

Physical Insults % Strain B.av. () ehys. ()
Bending 150 159.3 0.1 78108
Creasing 150 159604 88+11
Twisting 150 1604 +1.2 8.0x0.2
Winding 150 160.3+0.4 6.3%15
Sandpaper 150 159.9+08 6.1*x15
Sand Drop 150 159.3 0.1 5804
Adhesive Tape 150 160.7 £1.1 7208
Acidic Water (pH=1) 150 159.4+0.2 89*09
Basic Water (pH=12) 150 1592+ 0.1 6.1+04
Artificial Sea Water 150 160.5 0.2 7.3%0.0
SDS Water 150 160.1 £0.2 7005
DTAB Water 150 159.7 0.6 6.3%0.7
BSA (5 wt%) Water 150 169.2 0.5 7801

Table 3.2: Accounting the effect of tensile deformation (150%) on the underwater superoleophobic interface that were
pre-treated with various and severe other physical and chemical insults.

shown in Fig. 3.8. Furthermore, the stretchable underwater superoleophobic interfaces, which were
pre-treated with various physical abrasions and chemical treatments, were exposed to large (150%
tensile strain) physical deformation. However, the embedded ‘fish-scale’-inspired wettability
remained unperturbed, as noted in Table 3.2. The exemplary physical, chemical and mechanical
durability of the as-synthesized interface with ‘fish-scale’-mimicked wettability is expected to greatly

enhance its performance in practically relevant challenging settings.
3.3.3. Oil/water separation under practically relevant severe conditions

Industrial waste-water discharge with oil/oily contaminants and oil spillage accidents are
severely polluting the environment and have raised serious concerns across the world in the recent

past. To the best of our knowledge, there are some existing approaches to remove oil contaminants
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from the aqueous phase, but most of them are energy-inefficient and/or other causing secondary
pollutions in the environment. As an alternative, biomimicked interfaces have emerged as a
prospective candidate for energy-efficient and eco-friendly separation of oil/water mixtures. Though
the ‘lotus leaf’-inspired wettability has been useful in selective filtration and collection of oil from
oil/water mixtures, the ‘fish-scale’-mimicked wettability has allowed to selectively filtrate aqueous
phase from various forms (i.e., floating oil, sediment oil and emulsified oil) of oil/water mixture even

at practically relevant extremely challenging conditions.

However, the demonstrations of oil/water separation in practically relevant different severe
settings are limited in the literature. In this chapter, the highly durable and stretchable fibrous substrate
was used as a membrane for energy-efficient and eco-friendly collection of oil-free aqueous phases in
various physically and chemically harsh scenarios. In this demonstration of oil/water separation, a
prototype was developed by customizing a falcon tube (50 mL capacity), where the opening of the
falcon tube was wrapped with the ‘fish-scale’-inspired stretchable membrane for selective filtration of
the aqueous phase from various oil/water mixtures, and a side hole was made near the closed end of
the tube for both (1) pouring the oil/ water mixture and (2) collecting the residual oil phase, simply by

tilting the falcon tube and rotating the side hole of the tube upside down (Fig. 3.9). To facilitate the

Figure 3.9: (A-H) Digital images depicting the selective filtration/collection (A-C) of aqueous phase (dyed with
methylene blue) from oil (soybean oil, dyed with Nile red)/water mixture. (D-H) Digital images illustrating the
collection of water-free residual oil phase in a separate container through the side hole of the prototype.
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gravity-driven and eco-friendly oil/water separation, the prototype was tilted at 25° angle. Moreover,
the end of the tube, which was wrapped with the underwater superoleophobic membrane, was kept at
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Figure 3.10: (A-B,D-E) Digital images illustrating the gravity-driven selective filtration/collection of aqueous phase
(methylene blue dye aided visual inspection) from oil/water mixtures, where both light (A,D) and heavy (B,E) oils
(Nile red aids visual inspection) were individually used for preparing respective oil/water mixture. (C,F) However, the
uncoated membrane allowed to pass both oil and water phases. (G) Plot accounting the performance of oil/water
separation through the biomimicked interface, irrespective of the viscosity of the used oil phases.

a downslope, as shown in Fig. 3.10A. The oil-water mixture consisting of both light and heavy oils

was poured from the side hole with the help of a funnel. This resulted in the selective passage of the
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aqueous phase through the ‘fish-scale’-mimicked stretchable membrane (Fig. 3.10A and B) and the

aqueous phase was collected in a separate beaker (placed under the prototype), as shown in Fig. 3.10D

and E. The residual oil phase was extremely repelled by the super-oil-repellent membrane and was
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Figure 3.11: (A-B,D-E) Digital images demonstrating the successful oil (dyed with nile red dye) / water (dyed with
methylene blue) separation through biomimicked interfaces at high (100°C; A,D) and low (10°C; B,E) temperatures.
(C,F) Digital images accounting the oil/water separation performance of the ‘fish-scale’ mimicked interface—which
was repetitively exposed to high (150 %) tensile deformation for 1000 times.

collected in another separate beaker by a downward rotation of the side hole of the prototype, as shown

in Fig. 3.9. However, the uncoated fibrous substrate which soaked oil under water (Fig. 3.2C-D), was

incapable of separating the oil from the aqueous phase as both the oil and water phases easily passed

through the membrane, as shown in Fig. 3.10C,F. The prototype, wrapped with the coated membrane

having stretchable ‘fish-scale’-mimicked wettability, was found to be highly efficient in separating the

oil/water mixture irrespective of the density and viscosity of the oils that were used in the preparation

of the oil/water mixtures. The separation efficiency was measured to be above 99 wt% on an average,

as shown in Fig. 3.10G. Then, the same prototype was used for the separation of oil/water mixtures

under severe physical and chemical conditions to simulate the harshness might be faced during outdoor

applications. A variation in the temperature is a practical issue and some of the bioinspired interfaces
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are prone to loss of anti-wettability under extreme conditions of temperature.>>> However, the as-
synthesized underwater superoleophobic coating on fibrous substrate remained highly capable of
surviving the exposures of extremes of temperatures, without compromising the anti-oil-fouling
property under water. Therefore, oil/water separation at both high and low temperatures was
demonstrated with the current prototype, where both the hot (100°C) and cold (10°C) aqueous phases
(blue colour aided visual inspection of water phase) were selectively and efficiently filtrated through
the underwater superoleophobic membrane, as shown in Fig. 3.11A-B,D-E. Then, the underwater
superoleophobic membrane, which was manually and repetitively deformed with 150% tensile strain
for 1000 times, was used for demonstrating the oil/water separation performance. The membrane was
noticed to be efficient in complete separation of the aqueous phase from the oil/water mixtures (red
colour aids visual inspection of oil phase) even after incurring successive tensile deformations, as
shown in Fig. 3.11C,F. Next, the current prototype was further used to investigate the oil/water
separation performance, where the aqueous phases were contaminated with harsh chemicals. Highly

acidic (pH 1)/alkaline (pH 12) aqueous phases, artificial seawater and river water were successfully
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Figure 3.12: (A) The bar graph depicting the water separation efficiency (wt%) from bulk oil/water mixtures under

various practically relevant severe conditions. (B) The plot estimating the water separation efficiency (wt%) after

repetitive separation of oil/water mixtures using the same biomimicked membrane for consecutive 50 times.
separated from the respective oil contaminated aqueous phases by using the superoleophobic
membrane, where the separation efficiency was calculated to be 99%, as shown in 3.12A. Moreover,
the current prototype was repetitively used for separating the aqueous phase from the contaminated oil
phase for 50 times (Fig. 3.12B). The same stretchable membrane, decorated with ‘fish-scale’-
mimicked wettability, was repetitively used in oil/water separation processes without washing or
application of any additional treatment, and there was barely any change in the selective filtration
performance. Thus, the current approach provided a highly prospective biomimicked interface for

outdoor applications, and it remained efficient for performing at practically relevant
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physically/chemically challenging scenarios. Among other forms of oil contaminations, emulsified

Figure 3.13: (A-F) Digital images demonstrating the ability of the underwater extreme oil-repellent membrane in the
oil-in-water emulsion separation, where the emulsion solution consisted of 2% (v/v) of DCE dyed with water-insoluble
Nile red.

form is the most difficult to separate. So, the current setup was extended to investigate the performance
of this underwater superoleophobic membrane for oil-in-water emulsion separation. While, the ‘lotus
leaf’-inspired extremely water-repellent interfaces are inherently incapable of separating oil droplets
that are dispersed in the aqueous phase, but the ‘fish-scale’- inspired wettability has been successfully
explored in the separation of oil-in-water emulsion droplets in the recent past.!*>® As expected, the
stretchable underwater superoleophobic interface was observed to be highly efficient in removing oil
droplets (with a diameter ranging from 600 nm to 3500 nm, coloured using Nile red for facilitating the
visual inspection) that were suspended in the aqueous phase, as shown in Fig. 3.13. Further, the
separated aqueous phase was examined using an optical fluorescence microscopy. The oil droplets that
were present initially (refereeing before separation process) in the oil-in-water emulsion were

completely removed from the separated aqueous phase, which was confirmed using the fluorescence
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images (Fig. 3.14A-B) and DLS (Fig. 3.14C) study, where the oil phase was labelled with the water

immiscible Nile red dye. Thus, the synthesized underwater superoleophobic membrane has a high
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Figure 3.14: (A-B) Fluorescence microscope images (scale bar: 100 um) of the oil-in-water emulsion before (A) and
after (B) performing the filtration through underwater superoleophobic membrane. The model oil phase was labelled
with water immiscible Nile red dye. (C) Accounting the DLS study of oil-in-water emulsion before (black curve) and
after (red curve) filtration through the as-synthesized biomimicked membrane.
potential for removing oil/oily contaminants from various forms of oil/water mixtures in various severe

and challenging scenarios.
3.4. Conclusion

In summary, the Chapter 3 introduced a simple approach to artificially synthesize a highly stretchable
and durable ‘fish-scale’-mimicked underwater oil-repellent membrane for gravity-driven filtration of
oil/water mixtures. In general, the synthesis of a durable and scalable underwater superoleophobic
interface is highly challenging by following the commonly used polymer-based hydrogel and metal-
oxide-based approaches. In this chapter, a covalently cross-linked multilayer of ‘reactive’ polymeric
NC was strategically constructed onto a fibrous and stretchable substrate through successive and rapid
1,4-conjugate addition reaction between amine groups of the BPEI polymer and residual acrylate
groups of the polymeric NC. The acrylate functional groups in the as-synthesized material enabled the
integration of desired chemical properties via covalent bond formation and eventually, the fibrous
substrate was embedded with chemically/physically robust underwater superoleophobicity. The wet
hierarchical interface was capable of surviving 150% tensile strain under water without compromising
the extreme oil-repellent property. Moreover, the bioinspired wettability remained unaffected in

various other physically/chemically complex scenarios, including bending, twisting, winding,
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creasing, exposure to extremes of temperatures (100°C and 10°C), pH (1 and 12), artificial seawater,

river water, and prolonged exposure to UV radiation. Thus, the current material has immense potential

for outdoor applications, and this special interface was successfully employed to separate various

forms of oil/water mixtures with high separation efficiency (99%) even under practically relevant

severe conditions. This current approach could be promising in designing various other functional and

smart materials for prospective outdoor and indoor applications, including design of super-oil-repellent

smart textiles and anti-oil/bio-fouling coatings on stretchable substrates for various submarine- and

biomedical-related prospective applications.

3.5. References

(1)
()

(3)
(4)

(5)
(6)
(")
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

(16)
(17)
(18)

(19)

(20)

J. A. Rogers, T. Someya and Y. Huang, Science, 2010, 327, 1603.

J.-Y. Sun, X. Zhao, W. R. K. llleperuma, O. Chaudhuri, K. H. Oh, D. J. Mooney, J. J. Vlassak
and Z. Suo, Nature, 2012, 489, 133.

M. L. Hammaock, A. Chortos, B. C.-K. Tee, J. B.-H. Tok and Z. Bao, Adv. Mater., 2013, 25,
5997.

X. Shi, L. Li, S. Ostrovidov, Y. Shu, A. Khademhosseini and H. Wu, ACS Appl. Mater.
Interfaces, 2014, 6, 11915.

Z.Pan, T. Wang, S. Sun and B. Zhao, ACS Appl. Mater. Interfaces, 2016, 8, 1795.

Y. Liu, M. Pharr and G. A. Salvatore, ACS Nano, 2017, 11, 9614.

T. Sun, L. Feng, X. Gao and L. Jiang, Acc. Chem. Res., 2005, 38, 644.

X. Zhang, F. Shi, J. Niu, Y. G. Jiang and Z. Q. Wang, J. Mater. Chem., 2008, 18, 621.
K. Liu, X. Yao and L. Jiang, Chem. Soc. Rev., 2010, 39, 3240.

E. Ueda and P. A. Levkin, Adv. Mater., 2013, 25, 1234.

L. Wen, Y. Tian and L. Jiang, Angew. Chem. Int. Ed., 2015, 54, 3387.

K. Chen, S. Zhou and L. Wu, ACS Nano, 2016, 10, 1386.

L. Gao and T. J. McCarthy, Langmuir, 2006, 22, 2966.

M. J. Liu, S. T. Wang, Z. X. Wei, Y. L. Song and L. Jiang, Adv. Mater., 2009, 21, 665.

T. Verho, C. Bower, P. Andrew, S. Franssila, O. lkkala, R. H. A. Ras, Adv. Mater., 2011, 23,
673.

X. Tian, T. Verho, R. H. A. Ras, Science, 2016, 352, 142.
S.J. Cho, H. Nam, H. Ryu and G. Lim, Adv. Funct. Mater., 2013, 23, 5577.

Z. Jianfeng, R. Seunghwa , P. Nicola, W. Qiming, T. Qing, J. B. Markus and Z. Xuanhe, Nat.
Mater., 2013, 12, 321.

D. Wu, S. Wu, Q. Chen, Y. Zhang, J. Yao, X. Yao, L. Niu, J. Wang, L. Jiang and H. Sun,
Adv. Mater., 2011, 23, 545.

E. Joseph. W. Mates, S. I. Bayer, J. M. Palumbo, J. Patrick, C. Carroll and M. Megaridis,
Nat. Comm., 2015, 6, 8874.

TH3h5b8 “1%6122001



Chapter 3

(21) L. Lin, M. J. Liu, L. Chen, P. P. Chen, J. Ma, D. Han and L. Jiang, Adv. Mater., 2010, 22,
4826.

(22) Z.Xue, S. Wang, L. Lin, L. Chen, M. Liu, L. Feng and L. Jiang, Adv. Mater., 2011, 23, 4270.
(23) Y. Cai, Q. Lu, X. Guo, S. Wang, J. Qiao and L. Jiang, Adv. Mater., 2015, 27, 4162.
(24) K. Chen, S. Zhou and L. Wu, ACS Nano, 2016, 10, 1386.

(25) S. Gao, J. Sun, P. Liu, F. Zhang, W. Zhang, S. Yuan, J. Li and J. Jin, Adv. Mater., 2016, 28,
5307.

(26) D. Zang, H. Yi, Z. Gu, L. Chen, D. Han, X. Guo, S. Wang, M. Liu, and L. Jiang, Adv. Mater.,
2017, 29, 1602869.

(27) X. Yuan, W.-C. Nig, C. Xu, X.-H. Wang, Q. Xiao, F. Song, X.-L. Wang, and Y.-Z. Wang,
Adv. Funct. Mater., 2018, 28, 1704956.

(28) X. Liu, J. Zhou, Z. Xue, J. Gao, J. Meng, S. Wang and L. Jiang, Adv. Mater., 2012, 24, 3401.

(29) Z. Cheng, H. Lai, Y. Du, K. Fu, R. Hou, C. Li, N. Zhang and K. Sun, ACS Appl. Mater.
Interfaces, 2014, 6, 636.

(30) J. Yong, F. Chen, Q. Yang, U. Farooq and X. Hou, J. Mater. Chem. A, 2015, 3, 10703.
(31) K. Han, L. Heng, and L. Jiang, ACS Nano, 2016, 10, 11087.

(32) X. Meng, and D. Deng, J. Mater. Chem. A, 2016, 4, 69109.

(33) C.-L. Xuand Y.-Z. Wang, J. Mater. Chem. A, 2018, 6, 2935.

(34) S. Zhang, G. Jiang, S. Gao, H. Jin, Y. Zhu, F. Zhang, and J. Jin, ACS Nano, 2018, 12, 795.

(35) L.-P. Xu, J. Peng, Y. Liu, Y. Wen, X. Zhang, L. Jiang, and S. Wang, ACS Nano, 2013, 7,
5077.

(36) T.Guo, L. Heng, M. Wang, J. Wang and L. Jiang, Adv. Mater., 2016, 28, 8505.
(37) X. Meng, M. Wang, L. Heng, and L. Jiang, Adv Mater., 2018, 30, 1706634.

(38) M. Shokeen, E. D. Pressly, A. Hagooly, A. Zheleznyak, N. Ramos, A. L. Fiamengo, M. J.
Welch, C. J. Hawker, and C. J. Anderson, ACS Nano, 2011, 5, 738.

(39) C. Feng, X. Pang, Y. He, B. Liand Z. Lin, Chem. Mater., 2014, 26, 6058.

(40) Y. Chen, Y. J. Yoon, X. Pang, Y. He, J. Jung, C. Feng, G. Zhang and Z. Lin, Small, 2016,
12, 6714.

(41) A. M. Rather, S. Mahato, K. Maji, N. Gogoi and U. Manna, Nanoscale, 2017, 9, 16154,

(42) Y. Chen, D. Yang, Y. J. Yoon, X. Pang, Z. Wang, J. Jung, Y. He, Y. W. Harn, M. He, S.
Zhang, G. Zhang and Z. Lin, J. Am. Chem. Soc., 2017, 139, 12956.

(43) A. M. Rather and Uttam Manna, Chem. Mater., 2016, 28, 8689.

(44) A. M. Rather, N. Jana, S. Begum, H. K. Srivastava and U. Manna, Green Chem., 2017, 19,
4527.

(45) D. Parbat and U. Manna, Chem. Sci., 2017, 8, 6092.

(46) S. L. Bechler and D. M. Lynn, Biomacromolecules, 2012, 13, 1523. H.-W. Engels, H.-G.
Pirkl, R. Albers, R. W. Albach, J. Krause, A. Hoffmann, H. Casselmann, and J. Dormis,
Angew. Chem. Int. Ed., 2013, 52, 9422.

(48) P. Calcagnile, D. Fragouli, I. S. Bayer, G. C. Anyfantis, L. Martiradonna, P. D. Cozzoli, R.
Cingolani, and A. Athanassiou, ACS Nano, 2012, 6, 5413.

(49) Q. Zhu, Y. Chu, Z. Wang, N. Chen, L. Lin, F. Liu and Q. Pan, J. Mater. Chem. A, 2013, 1,
5386.

THF3b8 156122001



Chapter 3

(50) L.Wu, L. Li, B. Li, J. Zhang, and A. Wang, ACS Appl. Mater. Interfaces, 2015, 7, 4936.
(51) Y. Liu, X. Chen and J. H. Xin, J. Mater. Chem., 2009, 19, 5602,

(52) P.Papadopoulos, L. Mammen, X. Deng, D. Vollmer, H.-J. Butt, Proc. Natl. Acad. Sci. U.S.A,
2013, 110, 3254.

(53) M. E. Buck, A. S. Breitbach, S. K. Belgrade, H. E. Blackwell and D. M. Lynn,
Biomacromolecules, 2009, 10, 1564.

(54) A. H. Broderick, S. M. Azarin, M. E. Buck, S. P. Palecek, and D. M. Lynn,
Biomacromolecules, 2011, 12, 1998.

(55) Y. Pengab and Z. Guo, J. Mater. Chem. A, 2016, 4, 15749.

TH55b8 “1%6122001



Chapter 4

Title: A Single Multilayer Coating for Controlled Tailoring of Different
Liquid Wettabilities™

In the recent past, various liquids (oil/water) wettabilities have been successfully extended in various
relevant applications, including oil/water separation, anti-corrosive coatings, underwater robotics,
protein crystallization, drug delivery, open microfluidics, water harvesting, etc. In general, separate
synthetic approaches were adopted to optimize different bio-inspired liquid wettabilities. In this
chapter, another ‘reactive” and covalently cross-linked multilayer coating has been reported, which is
suitable for the controlled and extreme regulation of both water and oil wettabilities in air and under
water, respectively. Along with extremes (super-philicity and super-phobicity) of water (in air) and oil
(under water) wettabilities, this single multilayer coating was also able to display special liquid
wettabilities (i.e., extremely liquid repellent—but with controlled adhesive properties) both in air and
under water, after strategic and appropriate post-chemical modifications of the multilayer coating
following 1,4-conjugate addition reaction. The super-liquid-wettability in the synthesized interfaces
was able to withstand various severe physical and chemical treatments including adhesive tape test,
sand drop test, and harsh chemical exposures like extremes of pH (1 and 11), salinity, river water and
surfactant-contaminated agqueous media. Moreover, this approach also allowed the decoration of
various flexible and rigid substrates (i.e., wood, Al-foil, synthetic fabric, etc.) with various bio-inspired
wettabilities including (1) non-adhesive superhydrophobicity (lotus leaf), (2) adhesive
superhydrophobicity (rose petal), (3) underwater superoleophobicity (fish scale), etc. Such single
polymeric coating that was capable of controlling the modulation of both oil (under water) and water
(in air) wettabilites would be useful in developing various functional materials for practical

applications.

84§¥P3%e
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4.1. Introduction

Bio-inspired heterogeneous wettability of liquids (oil and water)!~ on solid surfaces is instrumental in
developing various advanced materials that are useful in widespread applications such as oil/water
separation, drug delivery, protein crystallization, underwater robotics, water harvesting, open
microfluidics, etc.52° The Cassie-Baxter model (thoroughly discussed in Chapter 1) explains this
extreme repellency of liquids (oil and water) on solid surfaces by hypothesizing the presence of an
external third phase (either air or water) in the solid surface,??> which is responsible for the
heterogeneous wettability of the selected liquid (e.g., oil or water). For instance, the metastable trapped
air in the lotus leaf is mainly responsible for the extreme water repellency, where the water droplets
bead with an advancing water contact angle (WCA) of above 150°, and readily roll off on tilting the
surface below 10°. This anti-fouling property has been widely recognized as superhydrophobicity.?3
Several top-down and bottom-up approaches®2® have been introduced in the literature to fabricate
artificial superhydrophobic surfaces by following a general principle, where (1) hydrophilic building
blocks are mainly exploited to adopt the essential hierarchical topography (appropriate combination of
micro/nano features)—which is (2) again coated with inert and low surface energy chemicals (either
fluorinated molecules or with long hydrocarbon chain-containing molecules), generally through a
chemical vapour deposition process. However, due to the lack of a strong interaction between the
hydrophilic hierarchical structures and inert low surface energy coating, the materials were inherently
fragile and were prone to lose their anti-wetting property on exposure to harsh physical (bending,
twisting, scratching, etc.) or chemical (extremes of pH, salt, etc.) treatments.?’” 3! Recently, a few
approaches have been introduced to develop durable superhydrophobic materials, yet the synthesis of
such durable biomimicked surfaces remains a challenging and interesting research topic for
fundamental and applied contexts.®*3" In 2009, a seminal report by Jiang and co-workers revealed the
existence of another anti-fouling property that exists in fish scales—which displays extreme oil-
repellency under water with an advancing oil contact angle (OCA) of above 150° and a contact angle
(CA) hysteresis below 10°.2 Early demonstrations related to this underwater anti-oil-fouling property
revealed its prospective potential in separation of oil/water emulsions, underwater robotics, anti-
biofouling coatings, and developing smart microfluidic devices, etc.”*%418 Generally, metal
oxides, 3“4 polymeric hydrogels®!41842-45 and electrostatic multilayer*®“’ have been explored in
developing appropriate topography and surface chemistry—which confer the desired heterogeneous
oil-wettability under water through the impregnation and confinement of a meta-stable water layer
within the hierarchical topography of the coatings. These polymeric hydrogels, electrostatic multilayer

and metal oxide coating approaches are useful for understanding the fundamentals of this anti-oil-
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fouling property. However, most often, these synthesized interfaces fail to retain the embedded
artificial anti-fouling property on exposure to either harsh physical insults and/or complex chemical
environments as (1) polymeric hydrogels are highly susceptible to easy deformation under regular
physical/chemical manipulations and (2) brittle metal oxide and electrostatic multilayer are prone to
corrosion under harsh chemical treatments.*® Nevertheless, these two completely distinct anti-fouling
properties are undifferentiated in terms of the state of wettability—a common heterogeneous (Cassie—
Baxter state) liquid wettability is encountered in the respective materials. However, the entrapped third
media (either air or water) is unambiguously different as the third phase is (1) air for
superhydrophobicity and (2) water for superoleophobicity under water.23%1:22 As a consequence, the
general requirements to stabilize the appropriate external trapped phase in the respective
materials/coatings are significantly different: (a) a hierarchical topography with a low surface energy
is the basis to achieve metastable trapped air for superhydrophobicity,?? whereas (b)
superhydrophilic materials in air with appropriate micro/nano features are efficient for displaying
extreme oil repellency under water.>= In the Chapter 4, a single multilayer coating is introduced that
displayed multiple durable extreme/special liquid wettability properties including superhydrophobicity
in air and both superoleophobicity and superoleophilicity under water through facile and precise
control over the fraction of the solid contact area with beaded liquid phases both in air and under oil.
The facile and robust 1,4-conjugate addition reaction between acrylate and amine groups that was
discussed earlier, was strategically and differently exploited in this chapter for rapid construction of
chemically ‘reactive’ and thick coatings with the desired topography and chemical functionalities—
which are essential for adopting the desired super-liquid wettability in the synthesized material. First,
amine-‘reactive’ nanocomplex (NC) was synthesized by mixing branched polyethyleneimine (BPEI)
and dipentaerythritol penta-acrylate (5Acl) in presence of sodium chloride (NaCl). Then, a multilayer
coating was developed following a covalent and layer-by-layer (LbL) deposition of the NC and BPEI
polymer. In comparison to the synthesized multilayer coating that mentioned in the Chapter 2, an
accelerated growth of multilayer coating was achieved in presence of added salt. Then, the essential
surface chemistry was adopted in the multilayer coating by strategic post-chemical modification of the
residual acrylate moieties of the polymeric coating. Furthermore, the synthesized multilayer (9 bilayers
of NC/BPEI) was explored for the tailoring of various water and oil wettabilities both in air and under
water through a controlled change in both chemical functionality and topography of the multilayer.
Moreover, the multilayer of NC displayed impeccable physical and chemical durability, and was able
to withstand various kinds of insults without compromising the super-wetting properties of the coatings.

Furthermore, this chemical approach allowed the decoration of various rigid/flexible substrates
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including wood, fabric, Al-foil, etc. with desired super-anti-wetting properties. Such an exemplary
synthetic approach—that is capable of coating various objects with desired physically/chemically
durable super/special-liquid (water and oil) wettability properties both in air and under water, is
unprecedented in the literature.

4.2. Experimental Section
4.2.1. Materials

Propylamine, hexylamine, octylamine and decylamine were acquired from Sigma Aldrich,
Bangalore, India. n-butylamine was bought from Spectrochem Pvt. Ltd., Mumbai, India. 1-
pentylamine and heptylamine were purchased from Alfa-Aesar. Methanol was acquired from Merck
Life Science Pvt. Ltd., New Delhi, India. Sources of other chemicals have already been mentioned in
previous chapters.
4.2.2. General consideration

All the instrumental details have been provided in the Chapter 2.
4.2.3. Construction of salt-assisted reactive multilayer coating post-covalent modification of
multilayer

The solutions of 5Acl (265 mg mL™) and BPEI (50 mg mL™t) were prepared first in methanol—
which was doped with NaCl salt (0.5 mg mL™), separately in two glass vials. Then, 1250 uL of BPEI
was mixed with 5 ml of 5Acl solution in methanol and the mixture was kept for 5 minutes to initiate
the formation of ‘reactive’ polymeric NC. Then, a glass substrate (5.5 cm x 1 cm) was selected for
constructing multilayer coatings of NC/BPEI by exploiting a covalent LbL deposition process as
mentioned in the Chapter 2. In this chapter, the multilayer coatings of NC/BPEI were achieved both in
presence and absence of added salt (NaCl). This whole deposition cycle was repeated for desired times
and then either immediately used for other relevant studies or stored in vacuum desiccator. Further,
the multilayer of BPEI polymer was synthesized using same protocol, where solution of NC was

replaced with solution of 5Acl.

The ‘reactive’ multilayer coatings that are either consisted of BPEI and NC (in
presence/absence of salt) or consisted of BPEI and 5Acl, was chemically post-modified with
strategically selected amine-containing small molecules including propylamine (34.23 mg mL™, in
THF), butylamine (35.23 mg mL™, in THF), pentylamine (35.95 mg mL™, in THF), hexylamine (36.6
mg mL?, in THF), heptylamine (37 mg mL?, in THF), octylamine (37.23 mg mL?, in THF),
decylamine (37.47 mg mL™, in THF) and other relevant chemical modifications following the

previously reported procedures that mentioned in the Chapter 2. Each modified multilayer coating was
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thoroughly washed with ethyl alcohol/THF, and finally dried in compressed air, prior to further

essential characterization or other relevant proof of concept demonstrations.

4.2.4. Physical and chemical durability of the bio-mimicked wettability
4.2.4.1. Sand drop test: Sand drop test was performed following the same way as described in the
Chapter 2. Both the oil wettability (under water) and water wettability (in air) were examined by

measuring the OCAs and digital images.

4.2.4.2. Adhesive tape test: The adhesive tape test was performed and both the oil (under water) and

water (in air) wettabilities were further confirmed following the same protocol as Chapter 2.

4.2.4.3. Chemical durability test: The multilayer coatings (9 bilayers) of NC/BPEI, which were
individually post-functionalized with glucamine and octadecylamine (ODA), were treated with

different harsh and chemically complex conditions as in the Chapter 2,

4.3. Results and Discussions

4.3.1. Fabrication and characterization of the salt-assisted multilayer of NC

In the past, the 1,4-conjugate addition reaction was strategically exploited in the chemical
modifications (dendritic amplification of functional groups or selective modification of polymeric
microstructures)*®® as well as the development of complex nanostructures (multilayer coatings,
porous and moldable gels).>*>2 In the Chapter 2, a chemically reactive multilayer (20 bilayers) coating
of nanocomplex (NC) has been introduced following a covalent LbL deposition process, where the
multilayer coating of NC display underwater superoleophobicity after appropriate chemical
modification with selected hydrophilic small molecule—that is glucamine. However, such multilayer
coating remained inappropriate to display superhydrophobicity, even after hydrophobic modification.
In this chapter, a single chemical avenue was designed by exploiting the 1,4-conjugate addition
reaction (Fig. 4.1A) between acrylates of 5Acl and amine groups of BPEI (Fig. 4.1B) through LBL
deposition (Fig. 4.1C) to develop a multilayer coating (Fig. 4.1D) that is capable of tailoring various
special wettabilities including superhydrophobicity (Fig. 4.1E; in air) and superoleophobicity (Fig.
4.1F; under water). In that context, stable dispersions of NC were individually prepared by mixing
BPEI/5Acl in methanol (Fig. 4.1B), both in the presence and absence of salt (0.5 mg ml™?). These
dispersions of NC were later strategically used in the multilayer constructions (Fig. 4.1D) in
association with the amine-containing branched polymer (BPEI). During the LbL deposition process,
with increasing number of LbL deposition cycles, an expedited growth in the size of NC was observed

in the presence of NaCl (0.5 mg mL™?), as confirmed by a DLS study as shown in Fig. 4.2A. Later, the
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growths of multilayer coatings of NC that were prepared both in the presence and absence of salt, were
monitored by measuring the thickness of the respective multilayer at regular intervals as shown in Fig.
4.2B. The growth of the multilayer of NC in the presence of salt was noticed to be exponential and
yielded a thick (3.15 mm) multilayer coating after 9 bilayers (a pair of NC and BPEI layers are together
denoted as a single bilayer) depositions. However, the growth of the multilayer of NC that were
prepared in the absence of salt was noticed to be sluggish and the thickness of the coating (9 bilayers
of NC/BPEI) was found to be only 830 nm. In comparison, the multilayer of the polymer that was
directly constructed by sequential deposition of BPEI and 5Acl, provided a coating with 700 nm

A 1,4-Conjugate Addition Reaction
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Figure 4.1: (A) Schematic representation of the 1,4-conjugate addition reaction between primary amine and acrylate
group. (B) Chemical structural of 5Acl (top panel) and BPEI (bottom panel). (C) lllustrating the formation of ‘reactive’
polymeric NC (in methanol) in presence of NaCl salt which was further extended for constructing a ‘reactive’
multilayer coating in combination with BPEI through covalent LbL deposition process. (D) Schematic representation
of the salt-assisted multilayer of NC having residual acrylate groups. (E-F) Strategic post-chemical modifications of
the multilayer of the NC with appropriate small molecules (ODA and glucamine) provided extremes of liquid
wettabilities both in air (superhydrophobicity, (E)) and under water (superoleophobicity, (F)).
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thickness after 80 bilayers (each bilayer has been referred as a pair of BPEI and 5Acl deposition)
deposition.> Thus, the strategic and rapid incorporation of the same components (BPEI and 5Acl) in
the form of NC in the covalent multilayer through the 1,4-conjugate addition*’~*° reaction allowed a
high throughput synthesis of a thick and reactive polymeric coating. Next, the topography of the
coatings was examined by field emission scanning electron microscope (FESEM) imaging. At low
magnification, the multilayer coatings of NC that were prepared in the presence of salt, were found to
have a prominent and random micro structure throughout the coating as shown in Fig. 4.3A-B.
Whereas, in the absence of salt, such dominated micro structures were not observed in the multilayer
of NC, rather, comparatively smaller micro-domains appeared as evident from the images in Fig. 4.3D-
E. These micro-domains in both of these multilayer coatings (that are prepared in presence and absence
of salt) were developed due to random arrangements of granular NC structures as evident from the
FESEM images at higher magnification in Fig. 4.3C,F. In contrast, the morphology of the multilayer
of BPEI polymer that constructed in the presence of salt, was observed to be mostly featureless under

FESEM as shown in Fig. 4.3G-I. As expected, the size of the granules is comparatively smaller in the
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Figure 4.2: (A) Illustrating the growth (size) of the NC in the presence (black line, 0.5 mg ml-*) and absence (red line)
of salt (NaCl) in the LbL deposition process. (B) A comparison of the growth (thickness) of the multilayer of NC with
LbL deposition cycles both in the presence (black line) and absence (red line) of salt in the NC solution (one of the
dipping solutions in the LbL deposition process).

multilayer of NC that are prepared in the absence of salt as shown in Fig. 4.3F, which is consistent
with the DLS study in Fig. 4.2A where the growth of NC was observed to be rapid in the presence of
salt. However, the exact role of salt behind this expedited growth of NC is not understood yet. This
accelerated growth of NC and the difference in the size of the granular structures would have
eventually influenced the growth of the micro domains in the respective multilayer. Further, Fourier

transform infra-red (FTIR) spectroscopy was used to investigate the residual chemical functionalities
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in the synthesized multilayer coatings (prepared in the presence of salt). The appearance of
characteristic IR peaks at 1409 cm™ and 1739 cm™ for g C-H deformation of vinyl group and carbonyl
stretching, strongly suggested the existence of residual acrylate groups—which eventually made the
multilayer coating chemically reactive as shown in Fig. 4.4 (black). A significant depletion in
characteristic IR peak (ODA: blue curve and glucamine: red curve in Fig. 4.4) at 1409 cm for the
symmetric deformation of the C—H bond for the 3 carbon of the vinyl group with respect to another IR
peak at 1739 cm™ which corresponds to ester carbonyl stretching,**°° was noticed in the multilayer of
NC (in presence of salt) after successful post-chemical modifications of the multilayer coatings of NC
with primary amine-containing small molecules (e.g., ODA and glucamine). This simple IR study

Multilayer of NC
With Salt Without Salt Multilayer of Polymer

Figure 4.3: (A-F) Field emission scanning electron microscope (FESEM) images of the multilayer (9 bilayers) of the
NC/BPEI in low (A,D; scale bar = 20 pm), medium (B,E; scale bar: 15 um) and high (C,F; scale bar: 500 nm)
magnifications, which were constructed in presence (A-C) and absence (D-F) of salt. (G-1) FESEM images of
multilayer coating of polymer (multilayer of 5Acl/BPEI prepared in presence of salt) in low (G, scale bar: 20 pm),
medium (H; scale bar: 15 um) and high (1, scale bar: 500 nm) magnifications.

validating that the residual acrylate groups in the multilayer of NC allowed a successful and covalent
post-modification with primary amine-containing small molecules (glucamine and ODA) through 1,4-
conjugate addition reaction. Based on the past reports on the Michael addition reaction,*”~° this

carbonyl stretching most likely appeared due to amino ester-type cross-linkages in the multilayer
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through the repetitive 1,4-conjugate addition reaction between the amine and acrylate from BPEI and
5Acl, respectively. A very similar result was noticed with the multilayer of NC that are prepared in the

absence of salt.

Untreated

ODA-Treated
A Glu-Treated

V

7 4
1739 cm-1

1409 cm- C=O_
B C-H deformation stretching
of Vinyl group

I I 1 ; 1 I
1000 1250 1500 1750 2000

Wavenumber (cm-1)

Figure 4.4: FTIR spectra of multilayer coatings of NC, which were synthesized both in presence of salt, before (black)
and after post-chemical treatments with small molecules, i.e., ODA (blue) and glucamine (red).

4.3.2. Characterization of extreme liquid wettabilities in the multilayer of NC

The synthesized multilayer (9 bilayers) of NC, which was prepared in the presence and absence of
NaCl salt, was noticed to be moderately hydrophobic in air (Fig. 4.5A,D). However, after post-
chemical modification with ODA molecules (having a long hydrocarbon tail), the multilayer of NC
constructed in the presence of salt, became superhydrophobic with an advancing WCA of 167° (Fig.
4.5B) and with a roll-off angle of 3° (Fig. 4.5H-K). Moreover, a jet of water was noticed to immediately
bounce away from the superhydrophobic surface as shown in Fig. 4.5L. In contrast, the hydrophobicity
of the multilayer of NC prepared in the absence of salt, was improved slightly and the water droplet
beaded with a WCA of 104° after post-chemical modification with the same ODA molecules as shown
in Fig. 4.5E. Furthermore, with gradual increase in LbL deposition cycles from 2 to 9 bilayers, the
changes in water wettability were examined in detail for the post-modified (ODA) both the multilayer
of NC (both in the presence and absence of salt) and multilayer of BPEI. The water repellency of the
post-modified (ODA treated) multilayer of NC was gradually increased with the number of LbL
deposition cycles, the WCA was increased from 88° (2 bilayers) to 112° (7 bilayers), and suddenly,
after 8 bilayer depositions, the hydrophobicity of the multilayer of NC was significantly improved with
a static WCA of 148°, and the multilayer of NC was embedded with superhydrophobicity (static WCA
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of 153°) after 9 bilayer depositions (black curve in Fig. 4.5G). However, the change in the WCA of the
post-modified multilayer of NC that were prepared in the absence of salt was noticed to be completely
different, and the WCA was measured to be 104° even after 9 bilayer depositions (red curve in Fig.
4.5G). In another control study, the multilayer (9 bilayers) of BPEI polymer that was prepared in the
presence of salt was found to be moderately hydrophobic with a static WCA of 81° after post-chemical

modification with ODA molecules as shown in Fig. 4.5G (blue curve). On the other hand, the strategic
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Figure 4.5: (A-F) Contact angle (A-B, D-E) and digital (C,F) images of beaded water droplets (the red colour aided
visual inspection) on both the multilayer of NC (that were constructed in the presence (A-C) and absence (D-F) of
salt) before (A,D) and after (B-C,E-F) post-chemical modification with ODA molecules. (G) A plot showing the change
in the static WCA of the beaded water droplets (4.5 uL) on ODA-treated multilayer of the NC (built in the presence
(black line) and absence (red line) of NaCl salt) and BPEI (in the presence of salt, blue line) in air with an increase in
the number of bilayer deposition cycles. (H-K) Contact angle images showing the rolling of a water droplet (5 uL) on
an ODA-treated multilayer of NC (which was synthesized in presence of salt) that was tilted at 3° angle in air. (L)
Digital image of a bounced water jet on the ODA-treated multilayer.

post-modification of the same multilayer (9 bilayers) of NC (that was fabricated in the presence of salt,

and having an inherent static OCA of 31°, Fig. 4.6A) with hydrophilic small molecules (i.e., glucamine)

TH-55b8 156122001



Chapter 4

provided a completely different bio-inspired liquid wettability, which has been recognized as
underwater superoleophobicity. The oil droplet beaded with an advancing OCA of 169° under water
as shown in Fig. 4.6B. In comparison, the multilayer (9 bilayers) of NC (having an inherent static OCA
of 36° (Fig. 4.6D)) which was built in the absence of salt, failed to display extreme oil-repellency under

water even after post-chemical modification with the same glucamine molecules (Fig. 4.6F). The oil

Underwater Oil-Wettability
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Figure 4.6: (A-F) Contact angle images (A-B,D-E) and digital images (C-F) show the underwater oil (the red colour
aided visual inspection) wettability on the multilayer of NC prepared in the presence (A—C) and absence (D-F) of
NacCl, before (A,D) and after (B-C,E-F) post-chemical modification with glucamine molecules. (G) The change in static
OCA on the glu-treated multilayer of NC (black and red curves represented the multilayer which were prepared in the
presence and absence of salt, respectively) and polymer (BPEI, blue curve) with an increase in the number of deposition
cycles is shown in the plot. (H-K) Accounting the rolling of an oil droplet (11 uL) under water, on the glu-treated
multilayer of NC. (L-P) The bouncing of the oil droplet under water (DCM, 11 pL) on the glu-treated multilayer (9
bilayers) which was built in the presence of salt.

droplet was beaded on the post-modified multilayer with a static OCA of 140° (Fig. 4.6E). Furthermore,
the effect of the gradual increase in the number (from 2 to 9 bilayers) of bilayers depositions on the
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oil-wettability was examined in the post-modified (glucamine) multilayer of both NC (that are
fabricated in the presence/absence of salt) and polymer (BPEI) (Fig. 4.6G). The change in oil-
wettability was observed to be more sluggish with increasing the bilayer deposition cycles for the post-
modified (glucamine) multilayer of BPEI, where the underwater oil wettability was increased by only
13° (Fig. 4.6G, blue curve) on increasing the bilayers deposition from 2 bilayers (static OCA of 106°)
to 9 bilayers (static OCA of 119°; Fig. 4.6G), and the static OCA was similarly increased (by 15°) from
125° (2 bilayers) to 140° (9 bilayers) in the post-modified multilayer of NC that were prepared in the
absence of salt. However, the change in oil-wettability was noticed to be completely different in the
modified multilayer of NC that were constructed in the presence of salt, and the static OCA was
increased significantly from 125° (2 bilayers) to 162° (9 bilayers) as shown in Fig. 4.6G (black curve).
These significant changes in the pattern of liquid (water/oil) wettability in air and under water most
likely arise from the difference in topography of the multilayer of NC that were fabricated in the
presence and absence of NaCl salt. The oil droplet rolled off on tilting the surface at an angle of 4°
(Fig. 4.6H-K). Moreover, an 11 mL DCM (model oil) droplet was observed to bounce on the surface

as shown in Fig. 4.6L-P.
4.3.3. Controlled and extreme tailoring of liquid wettability

In the recent past, a few approaches have been introduced in the literature to control the liquid
wettability through a change in topography®®2 and chemistry®*>’ of the coatings. However, in most
of the designs, either the topography was tailored by adopting a complex fabrication process®® -2 or

different chemical modifications was introduced using delicate chemistry®®>~ (e.g., metal-sulfur bond,
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Figure 4.7: (A) The plot is illustrating the controlled and extreme change in both the WCA (red line) in air and the
OCA (black line) under water through facile post-chemical modification with strategically selected primary amine-
containing small molecules. (B) The plot shows the change in advancing OCA (black) and OCA hysteresis (red) under
water after post-chemical treatment of the multilayer with selected alkyl amines.

metal-ion interaction, etc.). In this chapter, (1) the reactive and covalent LbL deposition process
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inherently provided a simple avenue to control the topography of the multilayer, and (2) the amine-
‘reactive’ residual acrylate groups in the salt-doped multilayer of NC further allowed the modification
of the polymeric coatings with a wide range of chemical functionalities through the facile 1,4-
conjugate addition reaction. Hence, the salt-doped multilayer of NC allowed to tailor various oil and
water wettabilities. The same multilayer of NC (prepared in presence of salt) was post-modified with
different primary amine-containing small molecules, where the hydrocarbon tail length of the reacted
small molecules was strategically and progressively increased from —CzH7 (propyl) to —CisHa7
(octadecyl). As expected, the WCA (in air) of the beaded water droplet on the post-modified multilayer
of NC gradually increased from 75° (propylamine) to 153° (ODA) (Fig. 4.7A, red curve).
Simultaneously, the advancing OCA of the beaded oil droplet (under water) on the post-modified
multilayer coating continuously depleted from 158° to 0° (Fig. 4.7A, black curve), and eventually, the
oil wettability in the multilayer coating was transformed from superoleophobic (extreme repellency to
oil) to superoleophilic (extreme attraction to oil) as shown in Fig. 4.7A. To the best of my knowledge,
such continuous and extreme regulation of both oil and water wettabilities using a single polymeric
multilayer coating is unprecedented in the literature. Furthermore, other special oil-wettabilities (under
water) were also achieved in the multilayer coating during these strategic post-chemical modifications
of the multilayer of NC (prepared in the presence of salt), where the oil droplets were beaded on the
differently post-modified multilayer with advancing OCAs of above 155° as shown in Fig. 4.7B.
However, OCA hysteresis gradually enhanced from 21° to 53° with increasing hydrocarbon tail length
of the selected small molecules from —CsH7 (propyl) to —C1oH21 (decyl) for post-modification as shown
in Fig. 4.7B. This unambiguously revealed the gradual increment in adhesive interaction between the
beaded oil droplet and multilayer coating. Eventually, more deformations of the beaded oil droplet at
the liquid/solid interface were observed during the receding of the beaded oil droplet. However, post-
modification of the same multilayer of NC with small molecules having a much longer hydrocarbon
tail (ODA, —CigHs7) provided a completely different super-wettability—called underwater
superoleophilicity—which soaked oil with a CA of 0° (as discussed in the previous section of this
chapter, Fig. 4.7A). Thus, this current approach provided facile basis for tailoring various liquid (water
and oil) wettabilities including extremes of wettabilities and special wettabilities (with controlled
adhesiveness) on solid surfaces both in air (for water wettability) and under water (for oil wettability)
through the controlled modulation of chemical functionality in the reactive multilayer of NC. The
topography of the coating is another important criteria that confers the heterogeneous wettability of
liquids (oil and water) on solid surfaces both in air and under water. In the past various different

approaches—which were generally either complex designs or require specialized equipment>®-52—
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have been introduced to tailor the topography of the materials for adopting adhesive, but extreme,
liquid repellent interfaces both in air and under water. The current approach provided a simple avenue
to tune the appropriate topography in the multilayer of NC for adopting desired special wettability of
liquids through facile and controlled regulation on the LbL deposition cycles. The ODA-modified
multilayer of NC (prepared in presence of salt) displayed extreme water repellency with advancing
WCA of >160° and WCA hysteresis of 8° after 8 bilayer depositions (Fig. 4.8C-D). However, after 9
bilayer depositions, the same multilayer coating of NC was observed to be ultra-non-adhesive
superhydrophobic with advancing WCA of >160° (Fig. 4.8E) and WCA hysteresis of 3°. Similarly, the
oil-wettability under water was modulated in the glucamine-treated (glu-treated) multilayer of NC by
changing the LbL deposition cycles. The glu-treated multilayer of NC displayed adhesive
superoleophobicity with an advancing OCA of 166° and with a OCA hysteresis of 34° after 7 bilayer
depositions, and the shape of the beaded oil droplets was significantly deformed at the oil/solid
interface as shown in Fig. 4.8G-H. Whereas, after 8 bilayer depositions, the same multilayer of NC
was found to be non-adhesive with an advancing OCA of 167° (Fig. 4.81) and with a OCA hysteresis
of 6°. The non-adhesive superoleophobicity was further improved with an advancing OCA of 168° and
a OCA hysteresis of 4° after 9 bilayer depositions (Fig. 4.8K,L) of multilayer of NC (glu-treated) in

In Air Water-Wettability Underwater Oil-Wettability
7 Bilayers 8 Bilayers 9 Bilayers 7 Bilayers 8 Bilayers 9 Bilayers

!

Advancing CA

Receding CA

Figure 4.8: (A-L) Advancing (A,C,E,G,1,K) and receding (B,D,F,H,J,L) contact angle images of both the beaded
water (A—F, in air) and oil (G—L, under water) droplets on the multilayer (7 bilayers: A-B, and G-H; 8 bilayers: C-D,
and 1-J; 9 bilayers: E-F, and K-L) of NC that were post-chemically modified with ODA (A-F) and glucamine (G-L).

the presence of salt. The whole amount of beaded oil completely receded without a noticeable
deformation of the shape of the beaded oil droplets at the oil/solid interfaces as shown in Fig. 4.8J,L.
Thus, the current design of a ‘reactive’ multilayer construction through covalent LbL deposition

allowed us to examine independently the role of the essential parameters— (1) topography and (2)
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chemical functionality—which confer the heterogeneous liquid wettability on a solid surface, without
perturbing the other parameters at the same time. For example, the effect of the change in chemical
functionality could be studied independently without perturbing the topography of the material, and
vice versa. The heterogeneous wettability of water and oil in air and under water, respectively has often
been described by adopting the Cassie—Baxter model,* where either the metastable trapped air (for
water wettability in air) or the confined liquid water layer (for oil-wettability under water) within the
featured solid surfaces were attributed to the heterogeneous wettability for both water and oil,
respectively through limited access to the contact area between the solid surface and respective beaded
liquid phases.

The fraction of the contact area between the beaded liquid (water and oil) phase and multilayer of NC
(that were either modified with ODA or glucamine) was calculated using eqn (4.1) and (4.2), where 0
and 6r were denoted as the liquid (water/oil) CAs on a multilayer of BPEI/5Acl (smooth surface, 9
bilayers) and multilayer of NC (featured surface prepared in the presence of salt; 9 bilayers),
respectively. The fraction of the solid contact area and either the trapped air or confined water contact

area with the respective beaded liquid (water and oil) phases were labelled as f1 and f, respectively.

>
W

12 12 1 1
1 - 1 =
£ = < 0.8 - L 0s =
o % £ @
8 £ ] 2
£ 08 o8 2 ] S
@ E E 06 r 06 8
5 06 06 3 | = 5
o x| 3 z
] = [ ®o4 L 04 T
5 04 os 8 | 3 3
3 I 5
o =
s s 802 - L 02 €
w 4 L b= o =]
02 0.2 5 | £ 2
o _ o a a a s E
0 0 r x ’ ' 0
é‘& ST @R R R 0 2 4 6 8 10
Q\'\' ‘z,q' = 5 s & X LY
o\o(? o® ¥ c,g\ 0@ 03“ 0\&\ O:QM 0\3‘"" Number of Bilayers

Figure 4.9: (A-B) The plot accounting the change in the fraction of the solid surface area with the beaded water (red
line) and oil (black line) phases both in air (red line) and under water (black line), respectively through the modulation
of chemical functionality (A) of the multilayer of NC and controlling the deposition cycles (B) during LBL multilayer
construction of NC in the presence of salt.

The fraction of the solid contact area with the beaded water droplet on the strategically post-modified
multilayer of NC (in the presence of salt) in air was noticed to gradually decrease with the increasing

hydrocarbon tail length of the amine-containing small molecules from 0.844 (—C3H7: propylamine) to
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0.091 (—CigHs7: ODA) as shown in Fig. 4.9A (red curve). As a consequence, the hydrophobicity in the
multilayer of NC was progressively increased, and eventually, the multilayer was embedded with
superhydrophobicity in case of ODA treatment. However, on increasing the hydrophobic tail length of
the reacted small molecules in the post-modified multilayer of NC from—CzH (propylamine) to—
C1oH21 (decylamine), the change in the fraction of the solid contact area for the beaded oil phase on
the multilayer coatings was comparatively more sluggish under water, and the solid contact area was
only increased from 0.067 to 0.276 as shown in Fig. 4.9A (black curve). This controlled and sluggish
change in the fraction of the solid contact area with the beaded oil phase effectively controls the
adhesive interaction between the multilayer and beaded oil phase—but the multilayer surfaces
continued to display underwater extreme oil repellency with an advancing OCA of above 155° as the
fraction of the solid contact area with the beaded liquid phase remained low in general, even after post-
chemical modification with decylamine molecules. However, the fraction of the solid contact area
suddenly increased to 1 on the modification of the multilayer with ODA molecules—which essentially
transformed the multilayer to be underwater superoleophilic. Thus, the same multilayer of NC (9
bilayers) with an identical topography controlled the access of contact area between the solid surface
(multilayer of NC) and beaded liquid (water/oil) phases both under water (for oil droplets) and in air
(for water droplets), depending on the selection of appropriate post-chemical modifications with small
molecules. Eventually, the simple chemical modification tailored the liquid (oil/water) wettabilities
both in air and under water. However, the trends in the change of the fraction of the solid contact area
with beaded liquid phases both in air and under water were considerably different. With increasing the
hydrocarbon tail length of the reacted small molecules from —C3sH7 (propyl) to —Ci0H21 (decyl) in the
post-modified multilayer of NC, the hydrophobicity (in air) was found to undergo a change of WCA
from 76° to 121°. In comparison, the multilayer of NC was proficient in displaying superoleophobicity
(with an advancing OCA of above 155°) under water, and the adhesive property increased with
increasing hydrocarbon tail length of the reacted small molecules (Fig. 4.7A). Next, the effect of
consecutive LbL deposition (or the topography of multilayer) of NC on the fraction of the solid contact
area with the respective liquid (either water or oil) phase was examined both in air and under water,
where the chemical functionalities (ODA-treatment (Fig. 4.1E) for water wettability in air and glu-
treatment (Fig. 4.1F) for oil wettability under water) of the multilayer were kept unaltered during the
entire study. The fraction of the solid contact area of the beaded water droplet on the multilayer of NC
(which was post-modified with ODA molecules) in air was initially decreased slowly from 0.88 (2
bilayers) to 0.54 (7 bilayers) with increasing the number of LbL deposition cycles, and after 7 bilayers
depositions, the fraction of the solid contact area had significantly dropped as shown in Fig. 4.9B (red
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curve), and eventually provided superhydrophobicity to the multilayer. However, in the case of the
underwater beaded oil droplet on the multilayer of NC that was post-functionalized with glucamine
molecules, the fraction of solid contact area decreased following a ‘linear-like’ trend from 0.78 to 0.09
on increasing the number of consecutive LbL dipping cycles as observed in Fig. 4.9B (black curve).
Thus, this study re-established that both the chemical functionality and topography of the material
actively contribute to the heterogeneous wettability of both water and oil in air and under water,

respectively through the appropriate change in the solid contact area with beaded liquid droplets.
4.3.4. Physical and chemical durability of the anti-fouling properties

In general, several reported anti-fouling materials (having either superhydrophobicity in air or
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Figure 4.10: (A,E-F) Digital images depicting the adhesive tape test (A) and sand drop test (E-F). (B-D,G-1) Digital

images (D,l) and CA images (B-C,G-H) of beaded oil (under water) droplets on the glu-treated multilayer of NC (9

bilayers) after performing the adhesive tape test (B-D) and sand drop test (G-1).
superoleophobicity under water), which were developed from metal oxides,*®*! polymeric hydro-
gels®1418:42-44 o other organic substances,*> are highly delicate and susceptible to perturbation of the
chemical functionality and/or the topography that existed in the synthesized interfaces, after exposure
to common physical manipulations or harsh chemical environments.?’14¢ So, the as-synthesized
multilayer that were embedded with super-anti-fouling properties, were exposed to various harsh
chemical and physical insults to investigate the durability of the embedded anti-liquid-wettability
properties in the strategically post-modified multilayer of NC (prepared in presence of salt). First, the
adhesive tape test (Fig. 4.10A) was performed, where adhesive tapes were manually and individually
placed on both the glucamine and ODA-treated multilayer coatings of NC with an applied load of 50
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g to facilitate uniform contact between the adhesive surface and multilayer coating, prior to peeling

off the adhesive tapes from both the underwater superoleophobic coating and superhydrophobic
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Figure 4.11: (A-F) Contact angle (A-B, D-E) and digital images (C,F) of the beaded water droplets (in air) on the
ODA-modified multilayer of NC after carrying out the adhesive tape test (A-C) and sand drop test (D-F).
coating. Both the biomimicked extreme liquid wettabilities under water (Fig. 4.10B-D) and in air (Fig.
4.11A-C) were noticed to be intact even after abrasive exposures. A very similar result was also noticed

after performing another conventional physical abrasive test, recognized as sand drop test (Fig. 4.10E-

) Underwater Superoleophobic In Air Superhydrophobic
Chemical
Insults Advancing OCA | OCA Hysteresis | Advancing WCA | WCA Hysteresis
() ©) ©) ©)

pH 1 165.7 £ 0.7 53+08 1644+ 04 41+086

pH 11 165.9 £ 0.7 6.1+22 1649+ 1.5 53+ 2.1

River Water 166.6 £ 0.3 8.1+05 161.0+0.3 21+£13

SDS Water 165.7 £ 0.5 3.0+1.1 165.7 + 0.6 18+14

Sea Water 166.3 + 1.0 25x14 166.9 + 0.8 6.0+0.8

Table 4.1: Accounting both the advancing liquid (oil/water) CAs and CA hysteresis both in air and under water after
exposing the multilayer to different chemical- (extremes of pH (pH 1, 11), river water, sea water and surfactant (SDS
1 mM)) contaminated aqueous environments.

F), where both superhydrophobic coating and underwater superoleophobic coatings were placed under
a continuous flow of sand grains (60 g) that was dropped from a height of 20 cm, (Fig. 4.10E-F).
Eventually, both the bio-inspired multilayer coatings were recovered with their respective anti-fouling

properties intact. Both the water and the oil droplets were beaded on the respective multilayer coatings
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with advancing CAs above 160° and CA hysteresis below 10° both in air (Fig. 4.10G-1) and under
water (4.11D-F). Next, the multilayer coatings were exposed to complex and corrosive agqueous
solutions including extremes of pH (pH 1 and pH 11), SDS surfactant (as model detergent, 1 mM),
artificial sea water and river water (Brahmaputra river, Guwabhati, India). However, the multilayer
coatings retained the ability to repel both water (in air) and oil (under water) droplets with advancing
CAs of >160° and CA hysteresis of <10° as listed in Table 4.1. This impeccable durability of the liquid
wettability in the synthesized bio-inspired coatings might arise from the covalent cross-linkages in the

multilayer through the 1,4-conjugate addition reaction.
4.3.5. Salt-assisted multilayer coatings on various substrates

There are few reported approaches*®% in the literature that allow to coat various substrates
irrespective of their composition (metallic, polymeric, etc.), wettability (hydrophilic, hydrophobic, etc.)
and geometry (rigid, flexible, smooth, fibrous, etc.) of the substrates. In this current chapter, the salt-
assisted covalent and ‘reactive’ multilayer coating can be achieved on various substrates including
smooth (glass or Al-foil), rough (synthetic fabric, wood) substrates to decorate those substrates with
the desired anti-wettability properties in air and under water through facile and appropriate post-
chemical modifications as shown in Fig. 4.12A-R. The uncoated synthetic fabric, which inherently

soaked both water in air (Fig. 4.12A) and oil under water (Fig. 4.12J), was observed to display extreme
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Figure 4.12: (A-R) CA images (A-F, J-O) and digital images (G-I, P-R) of the uncoated (A-C, J-L) glu-treated (D-
I) and ODA-treated (M-R) multilayer (9 bilayers, in presence of salt) of NC coated fibrous (cotton fabric;
AD,G,J,M,P), flexible (Al-foil; B,E,H,K,N,Q) and rigid (wood; C,F,I,L,O,R) substrates under water.

liquid (water/oil) repellency both in air and under water with an advancing CA of above 160° (Fig.
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4.12D,G,M,P), where the respective liquid droplets (red colour aided visual inspection) were beaded
on the appropriately post-functionalized multilayer coatings with spherical shapes (Fig. 4.12G,P). This
study revealed the existence of both superhydrophobicity (in air) and super-oleophobicity (under water)
in the respective multilayer coatings. Similarly, a smooth metal surface, Al-foil, which is inherently
oleophobic (Fig. 4.12B) and hydrophilic (Fig. 4.12K), was decorated with under water
superoleophobicity (Fig. 4.12E,H) and superhydrophobicity (Fig. 4.12N,Q) in air by exploiting the
current design. Another model substrate—wood—which moderately repels both oil (OCA of 136°
under water; Fig. 4.12C) and water (WCA of 114° in air; Fig. 4.12L) became superoleophobic under
water and superhydrophobic in air after coating the substrate with the multilayer of NC and followed
by post-chemical modifications with appropriate small molecules through the facile Michael addition
reaction. The stability of the coating on these substrates was investigated by the adhesive tape peeling
test, and the polymeric coating was found to retain their anti-fouling properties even after the adhesive
tape peeling test. Thus, this current strategy could be highly useful for marine and other relevant
applications including prevention of oil contamination, oil/water separation, protein crystallization,
developing smart fabrics, etc. Moreover, this approach would enable the coating of a wide range of
other useful substrates with desired anti-fouling properties for a specific or wide variety of applications

related to energy, health and the environment.

4.4 Conclusion

In this chapter, a multilayer was constructed by strategically exploiting a robust 1,4-conjugate addition
reaction between acrylate and amine groups in presence of salt for the controlled and extreme
regulation of both water and oil wettability in air and under water, respectively. The growth of
multilayer of NC was comparatively rapid and exponential in the presence of salt, and provided
appropriate topography that was capable of displaying extreme liquid wettability properties including
superhydrophobicity/superhydrophilicity in air and superoleophobicity/superoleophilicity under water.
Moreover, the consecutive LbL deposition allowed a facile control over the topography of the
multilayer coatings, to adopt special adhesive anti-fouling properties by controlling the fraction of the
contact area of the solid with the beaded liquid droplets. On the other hand, residual acrylate groups in
the multilayer provided a convenient basis for the precise control of the fraction of the solid contact
area with the beaded liquid phases both under water and in air through suitable and appropriate post-
chemical modification of the multilayer of NC with small molecules. As a result, the appropriately
post-functionalized multilayer was eventually embedded with various special water (in air) and oil

(under water) wettability properties. The current design allowed a comprehensive and comparative
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investigation on the homogeneous/heterogeneous wettability of both water and oil in air and under

water, respectively. However, the same extent of change in the chemistry and topography in the

material has an independent implication on the water (in air) and oil (under water) wettability.

Moreover, the synthesized multilayer of NC was able to withstand various physical and chemical

insults without compromising the anti-fouling properties of the materials, and the current strategy also

provided a facile avenue to decorate a wide variety of substrates with the desired anti-fouling properties.

Thus, this material would be useful in various relevant applications including the synthesis of patterned

interfaces through site-specific functionalization of the ‘reactive’ multilayer of NC, and could be useful

in various advanced applications.®’
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Title: A Facile Approach for Stabilizing Underwater Superoleophilicity”

Extremely water-repellent, bio-inspired superhydrophobic interfaces having ability to soak oil/oily
phase, provide a simple basis for the selective filtration and absorbance based separation of the bulk
oil/oily phases from oil/water mixtures. However, the extreme water repellence in such interfaces
appears as “Achilles' heel” for the separation of another practically relevant and complex form of
oil/water mixture, i.e. oil-in-water emulsion, as the suspended oil droplets in bulk aqueous phase are
inaccessible to the selectively oil-absorbent superhydrophobic interface. Moreover, the
superhydrophobic interface that inherently embedded with underwater superoleophilicity, is less
appropriate for prolonged performance under water and at elevated temperature as the continuous
trapped air layer is readily displaced on continuous exposure to aqueous phase and at elevated
temperature. In the Chapter 5, a moderately hydrophobic (WCA <130°) multilayer coating, designed
though the co-optimization of appropriate topography (following the procedure of chapter 2) and low
surface energy chemistry by using 1,4-conjugate addition reaction, displayed a highly durable
underwater superoleophilicity. The stability of underwater superoleophilicity in hydrophobic
multilayer coating was superior than the superhydrophobic multilayer coating due to the existence of
discontinuous trapped air in the hydrophobic multilayer coating. Such hydrophobic multilayer coating
was further extended for developing a unique super-oil-absorbent, where naturally abundant fibrous
cotton used as porous substrate. The super-oil-absorbent possessed a highly selective affinity towards
oil phases even in physically and chemically harsh conditions (extremes of temperature (100°C and
10°C), pressure (184.7 mbar), and prolonged (7 days) exposures to extremes of pH (1/12), surfactant-
contaminated water, artificial seawater, etc.) with absorption capacity of above 1000 wt%. Further,
this super-oil-absorbent having impeccable durability was exploited in demonstrations of
comprehensive and facile clean-up of oil spillages from various forms of oil/water mixtures, including
bulk-oil/water mixture, oil-in-water emulsions etc. The oil/separation performance remained unaltered
in extremes and complex settings that are relevant to practical scenarios following eco-friendly and

energy-efficient selective-absorption/active-filtration principles.

P
TH%Q%H%%%OB%S K. Maji and U. Manna, J. Mater. Chem. A, 2020, 8, 97; D. Parbat and U. Manna
ChemSusChem, 2017, 10, 48309.
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5.1. Introduction

Nature-inspired superhydrophobic interfaces, which are defined in the chapter 1, are artificially
synthesized by the appropriate co-optimization of both essential hierarchical topography and
appropriate low surface energy chemistry.X® The metastable and continuous trapped air layer in the
hierarchical topography is the primary basis for minimizing the contact between the beaded aqueous
phase and the biomimicked superhydrophobic interfaces, which results in super-water-repellence with
effortless rolling of the beaded water droplet on slight tilting of such interfaces.® ! This metastable
and continuous trapped air layer is also hypothesized to be the prime criterion for achieving extreme
oil-affinity under water which is termed as underwater superoleophilicity, in superhydrophobic
interfaces.’>** In the past, superhydrophobic interfaces successfully explored in the separation of
various forms of oil/ water mixtures (i.e., floating light oil, sedimented heavy oil and emulsified oil)
following either selective absorption or filtration principles.’>2?> However, in superhydrophobic
interface repels an oil-in-water emulsion, where the oil droplets are dispersed in a continuous aqueous
phase. Thus, superhydrophobicity is inherently inappropriate for the separation of an oil-in-water
emulsion, which is practically a more relevant and complex form of oil contaminations that has severe
and adverse impacts on the environment.?32* In recent past, a superhydrophilic porous substrate was
used strategically for the separation of oil-in-water emulsions;? however, this principle is ineffective

for the selective absorption-based removal of oil spillage from vast and open water reservoirs.

The underwater and selective superoleophilicity is an important and emerging oil-wettability.
In 2012, Wang and co-workers investigated the reason behind the transition of underwater
superoleophilicity to superoleophobicity in superhydrophobic interfaces,® where the impact of a
continuous layer of metastable trapped air on the spreading and soaking of an oil phase underwater
was examined. In an earlier demonstration, the embedded underwater superoleophilicity was
compromised within a few hours and gradually switched to underwater superoleophobicity over 48
hours.!® Furthermore, this continuous trapped air layer in the superhydrophobic interface is known to
be highly labile above 50°C,%® which makes such biomimicked interfaces inherently inappropriate to
perform at elevated temperatures.?®?” In this current chapter, a very unusual property of a moderately
hydrophobic (referred to the interface that displayed water wettability with CAs in the range of 120°
to 130°) multilayer coating was compared with that of a superhydrophobic multilayer coating that
introduced in the Chapter 4. Unlike, the superhydrophobic interface, the hydrophobic coating can
coexist with both ‘discontinuous’ trapped air and infiltrated aqueous phase when submerged under
water. However, such interfaces are highly efficient for displaying underwater superoleophilicity, as

similar to the freshly exposed superhydrophobic interface under water. Furthermore, the complete
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switching between two extreme oil wettabilities under water for hydrophobic coating was significantly
delayed to 100 days in comparison to that of the superhydrophobic coating (2 days). Even at a highly
elevated temperature (90°C), the hydrophobic multilayer coating continued to display uninterrupted
underwater superoleophilicity, which is extremely difficult to achieve with superhydrophobic
interfaces. Further, this approach was extended for synthesizing a sustainable super-oil-absorbent by
associating the hydrophobic multi-layered coating on a naturally abundant fibrous cotton. Moreover,
similar to that of the superhydrophobic coating, the as-synthesized hydrophobic super-oil-absorbent
was highly efficient (1000 wt%) in selective absorption-based bulk oil phase separation from the
aqueous phase even at diverse complex scenarios. Unlike superhydrophobic interfaces, this moderately
hydrophobic multilayer coating, which was filled with discontinuous trapped air and inherently
allowed the selective infiltration of the aqueous phase, was unprecedentedly extended for oil-in-water
emulsion separations following the selective absorption principle even under challenging conditions,

including extreme pH, temperatures, and salinity etc.
5.2. Experimental Section

5.2.1. Materials

Fibrous cotton was collected from the medical store of 11 T-Guwahati hospital. Sources of other

chemical/materials were already mentioned in the Chapter 2 and Chapter 4.
5.2.2. General consideration

The digital images were captured using a Nikon COOLPIX B700 digital camera. The oil in
water emulsion droplets were characterized with Nikon Eclipse Ts2R (Nikon digital sight DS-U3).
600MHz NMR instrument was used for determining the total organic carbon value of the filtrate after
oil-in-water emulsion separation. Other instrumental specifications were already mentioned in the
Chapter 2 and Chapter 4.

5.2.3. Preparation of superhydrophobic and hydrophobic multilayer coatings

Superhydrophobic multilayer (9 bilayers) coating was synthesized in the presence of salt,
following the procedure mentioned in the Chapter 4. Hydrophobic multilayer (20 bilayers) coating was
constructed on glass substrate—in absence of any salt. The chemically reactive multilayer coating that
prepared in the Chapter 2, was used to develop hydrophobic coating. The repeated 20 consecutive LbL
depositions of ‘reactive’ NC and BPEI polymer in absence of salt provided chemically reactive
polymeric coating. Further, the multilayer-consisted of 20 BPEI/NC bilayers were post-modified with
different amine containing small molecules i.e. decylamine (DA in THF; 0.055 M), dodecylamine
(DDA in THF; 0.054 M) and octadecylamine (ODA in THF; 0.0185 M). Finally, all the multilayer
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coatings were washed with THF for 3 to 4 times and dried completely in compressed air prior to further
essential characterisation. Further, both the hydrophobic and superhydrophobic multilayer coatings
were deposited on selected substrates (fibrous cotton) for comparing the performance of the respective

super-oil-absorbents towards oil-in-water emulsion separation.
5.2.4. Physical and chemical abrasions

5.2.4.1. Sand drop test: The sand drop test was performed following the earlier procedure mentioned
in the Chapter 2.

5.2.4.2. Adhesive tape test: The experimental procedure for this durability was adopted from chapter
2.

5.2.4.3. Chemical durability test: The ODA-modified hydrophobic multilayer-coated cotton was
exposed to various complex and harsh chemical environments including alkaline solution (pH 12),
acidic solution (pH 1), SDS solution (1 mM), DTAB solution (1 mM) and artificial sea-water for 7
days to study the chemical durability of the embedded underwater superoleophilicity.

5.2.5. Preparation of 5% (v/v) DCE-in-water emulsion solutions

100 mL of deionized water was taken in a clean 250 mL glass beaker and placed it inside the
water bath of the sonicator. Now total 5 mL of DCE was added using a graduated pipette (1 mL in
each time) with continuous sonication for 1 hour to prepare a water-in-oil emulsion of DCE 5 (v/v)%.

Then the emulsion solution was examined by DLS study and bright-field microscopic image analysis.
5.2.6. Calculation of percentage (%) of oil-absorption

The percentage (wt %) of oil-absorption is defined as the ability of absorbing oil by the given
dry materials (both the ODA-treated coated cotton and bare cotton) and the parameter is calculated by
following the given equation;

Weight of absorbed oil
Weight of oil absorbent

% of oil absorption =

5.3. Results and Discussions

5.3.1. Comparative underwater oil wettability study on superhydrophobic and hydrophobic

multilayer coatings

The superhydrophobic coating that already introduced in the last chapter has been extended further to
understand the underwater superoleophilicity in detail in this chapter. The catalyst-free and facile 1,4-
conjugate addition reaction between amine and acrylate groups at ambient conditions was extended
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for building chemically reactive multilayer coatings of NC in both the presence and the absence of

A Superhydrophqbic Multilayer B Hydrophobic Multilayer
Coating Coating

-~

o &

9 bilayers in presence of salt

20 bilayers in absence of salt

Figure 5.1: (A-B) Schematic illustration of two distinct ODA-modified multilayer coatings that displayed
superhydrophobicity (A; 9 bilayers constructed in the presence of NaCl salt) and hydrophobicity (B; 20 bilayers coating

fabricated in the absence of salt).

sodium chloride (NaCl, 0.5 mg mL™?) salt?®, following the procedure that discussed in the Chapter 4.
The multilayer (9 bilayers) coating that prepared in the presence of the salt, displayed
superhydrophobicity, (Fig. 5.1A and Fig. 5.2A), after post modification with selected alkylamine (i.e.,
octadecylamine (ODA)).?® However, the multilayer (9 bilayers) coating prepared in absence of the salt

displayed low hydrophobicity with a WCA of 104° after identical post-covalent modification as shown

ODA-treated Multilayer Coatings

Superhydrophobic Hydrophobic Superhydrophobic Hydrophobic
(Al ¥ ] W al. [e] F wolle] W ro
[ Q ~ .

g ES Released Air Released Air
£ S8 |
< g ®
2 8*
(]
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5= s |
S© 5
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[ 157, 6

Figure 5.2: (A-D) CAs of beaded water droplets on both superhydrophobic (A,C) and hydrophobic (B,D) multilayer
coatings in air (A-B) and under oil (C-D), respectively. (E-H) CA (E-F) and digital images (G-H) depicting the soaking
of beaded oil droplet on both superhydrophobic (E,G) and hydrophobic (F,H) multilayer coatings under water followed
by the release of continuous and discontinuous trapped air from respective multilayer coatings.

in Fig. 4.5E (in the Chapter 4). Such low hydrophobicity was inappropriate in the relevance to the
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design of underwater superoleophilicity in this current chapter. However, another chemically reactive
multilayer coating (20 bilayers) that introduced in the Chapter 2, displayed moderate hydrophobicity
(Fig. 5.1B) in air with a WCA of 130° (Fig. 5.2B), after post-covalent modification with the same
alkylamine (i.e., ODA). Interestingly, the moderately hydrophobic multilayer coating (20 bilayers,
ODA treated; prepared in absence of salt) displayed extreme water repellence under oil with WCA of
157°, similar to the superhydrophobic multilayer coating (9 bilayers, ODA treated; prepared in
presence of salt) as shown in Fig. 5.2C-D. This heterogeneous water-wettability under oil was likely
due to the appropriate confinement of an external oil phase in both the hydrophobic and

superhydrophobic multilayer coatings.

On the other hand, both the superhydrophobic and hydrophobic multilayer coatings displayed super-
affinity for oil phase with OCA of 0° under water, as shown in Fig. 5.2E-H. Eventually, both the

continuous and discontinuous trapped meta-stable air layers, which were present in the

>

{\/ \ '—ﬁgt;eated B Hydrophobic Multilayer Superhydrophobic Multilayer
\/\ ODA-treated . / \ \
0

Y 7
1409 cm-! 1739 cm-

B C-H deformation C=0
of vinyl group  stretching

Hydrophobic
Multilayer

1000 1200 1400 1600 1800 2000
Wavenumber (cm-)

Figure 5.3: A FTIR spectra of the multilayer (20 bilayers) coating before (black) and after post-modification (yellow)

with ODA. Three dimensional atomic force microscope (AFM) images of hydrophobic (A) and superhydrophobic (B)

multilayer coatings over an area of 20 um x 20 um. Both the images are calibrated at the same Z value.
superhydrophobic and hydrophobic interfaces, respectively, were released from the respective
multilayer coatings (Fig. 5.2E-H). The characterization of post-chemical modification (with ODA) of
multilayer (9 bilayers, prepared in presence of salt) coating that provided superhydrophobicity has
been already discussed in the Chapter 4 (Fig. 4.4). However, the same post covalent modification (with
ODA\) of the multilayer (20 bilayers) coating that prepared in absence of salt was characterized with
standard and widely accepted Fourier transform infra-red spectroscopy (FTIR) analysis. After
treatment with selected alkylamine (ODA), significant depletion in IR peak intensity at 1409 cm
(corresponding to the C—H deformation of the B-carbon of vinyl group) with respect to the IR peak
intensity for the carbonyl stretching at 1739 cm™ (Fig. 5.3A), which revealed the successful post-
covalent reaction between the primary amine groups of ODA and the residual acrylate groups present

in the synthesized multilayer coating. Further, atomic force microscopy (AFM) imaging of both the
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multilayer (hydrophobic and superhydrophobic) coatings were carried out; it confirmed the existence
of completely distinct topography in both the superhydrophobic and hydrophobic multilayer coatings
(Fig. 5.3B-C), where both the multilayer (20 bilayers and 9 bilayers) coatings were post modified with
ODA. The roughness in both the hydrophobic and superhydrophobic multilayer coating were also
calculated to be 423.5 + 15.7 nm and 735.2 + 20.8 nm, respectively. This change in the roughness for
the hydrophobic and superhydrophobic multilayer has a significant impact on minimizing the contact
area between the beaded aqueous phase and the respective multilayer coatings. The fraction of contact
area was measured following the modified Cassie—Baxter equation (eqn (5.2)),132° where 0 and 0; are
the static WCAs of the ODA-treated smooth (80.7°, 2 bilayered coatings) and rough hydrophobic
(130.2°) and superhydrophobic (153.7°) multilayer coatings.

cosOr=FfrcosO+f ... (5.2)

The fractions of contact area for the beaded water droplet with both multilayer coatings

(hydrophobic and superhydrophobic) and the trapped air were denoted as f1 and f2, respectively, and
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Figure 5.4: The plot shows the change in WCA (in air) and OCA (under water) of beaded water (black) and oil (red)
phase on the multilayer (20 bilayers) coatings after post-modification with various alkylamines, including propylamine,
butylamine, pentylamine, hexylamine, heptylamine, octylamine, decylamine, dodecylamine and ODA
(octadecylamine).

the total fraction of contact area (f1 + f2) between the beaded water droplet with multilayer coatings

and trapped metastable air was considered to be 1.2° Smooth and featureless multilayer was built from
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the same chemical ingredients following the procedure discussed in the Chapter 4. The dominant
hierarchical roughness in the superhydrophobic multilayer allowed the trapping of a continuous layer
of metastable air, which reduced the fraction of contact area between the aqueous phase and the
multilayer coating to 0.089. In contrast, the hydrophobic multilayer that was loaded with discontinuous
trapped air allowed the beading of a liquid water droplet with a higher fraction (0.305) of contact area
than that of the superhydrophobic coating. Nevertheless, the hydrophobic multilayer displayed
underwater superoleophilicity very similar to that of the superhydrophobic interface (Fig. 5.2E-H).
Furthermore, experiments were designed to investigate the relation between the water wettability (in

air) and oil wettability (under water) of the multilayer coatings depending on the selection of post-

0 second 2 seconds 6 seconds Digital Images

c . H20 D

DA Treated

DDA Treated

Hydrophobic Multilayer

ODA Treated

Superhydrophobic
Multilayer
ODA Treated

Figure 5.5: (A-L) CA images comparing the extent of release of trapped air on soaking oil droplet on both hydrophobic

(DA treated: A-C; DDA treated: D-F and ODA treated: G-I) and superhydrophobic (ODA treated: J-L) multilayer

coatings under water.
chemical modifications. The multilayer (20 bilayers, prepared in absence of salt) coatings were
individually post-modified with different alkylamines (i.e., propylamine, butylamine, pentylamine,
hexylamine, heptylamine, octylamine, decylamine, dodecylamine and octadecylamine) through the
1,4-conjugate addition reaction for tailoring a wide range of water wettabilities in air. A variation in
underwater oil wettability was also noted for the multilayer (20 bilayers) coatings having different
water wettabilities depending on the post-chemical modifications, as shown in Fig. 5.4. The multilayer
coatings having WCA =120° displayed underwater superoleophilicity with an OCA of 0° as shown in
Fig. 5.4. On exposure of both superhydrophobic and moderately hydrophobic (WCA =120°) coatings
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to oil phase under water, the release of the continuous trapped air from the superhydrophobic interfaces
was observed to be much faster compared to that of the hydrophobic interfaces which were packed
with discontinuous trapped air, as evident from Fig. 5.5. In fact, the stability of the underwater
superoleophilicity in the hydrophobic multilayer coating was noticed to be exceptionally superior over

that of the superhydrophobic interface, as clearly evidenced in Fig. 5.6. The inherent extreme oil
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Figure 5.6: The plot accounts the change in underwater oil wettability with time (days) for both the hydrophobic
(purple, green and yellow) and the superhydrophobic multilayer (ODA, red) coatings, where the hydrophobic
multilayer (20 bilayers) coatings were post-modified with decylamine (DA, purple), dodecylamine (DDA, green),
octadecylamine (ODA, yellow).
affinity underwater in the superhydrophobic multilayer coating was noticed to be compromised within
a few hours and resulted in altering the superoleophilicity to superoleophobicity of the same multilayer
coating under water after continuous exposure to the aqueous phase for 2 days, as shown in Fig. 5.7A.
In contrast, moderately hydrophobic multilayer coating, which were loaded with discontinuous trapped
air (Fig. 5.7B), remained as underwater superoleophilic with OCA of 0° even after submerging the
interface for consecutive 7 days. Moreover, in case of the moderately hydrophobic multilayer coating,
the duration for a complete transition between the two extreme oil wettabilities from superoleophilicity
to superoleophobicity was significantly delayed to 100 days (Fig. 5.6 and Fig. 5.7B,D), which was
remarkably higher than that for the superhydrophobic interface (2 days). However, the hydrophobic
multilayer, which were post-chemically optimized with the lower analogues (e.g., DDA and DA) of
ODA, displayed less stability of underwater superoleophilicity with respect to the ODA-treated
hydrophobic interface, as noted in Fig. 5.6, and the release of trapped air was also slower for such
multilayer coatings as shown in Fig. 5.5A-H. Thus, both the chemistry and topography in multilayer
coatings played a crucial role in modulating the stability of underwater superoleophilicity.
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Furthermore, the continuous trapped air layer in the superhydrophobic interfaces is known to be labile

at elevated temperatures and therefore, the superhydrophobic multilayer readily and completely failed

to display underwater superoleophilicity at 50 °C, rather displayed underwater superoleophobicity as

shown in Fig. 5.8A-B. In contrast, the ODA-treated hydrophobic multilayer coating remained
Underwater Oil Wettability
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Figure 5.7: (A-B) The underwater oil wettability on both the superhydrophobic (A; having continuous trapped air
phase) and hydrophobic (B; having discontinuous trapped air phase) multilayer coatings. (C-D) The complete and
extreme switching of underwater oil wettability (from superoleophilic to superoleophobic) in superhydrophobic (C)
and hydrophobic (D) multilayer coatings after continuous submersion of the respective multilayer coatings for 2 days
and 100 days, respectively.
superoleophilic at 50°C, and this extreme oil affinity of the hydrophobic multilayer remained
unperturbed even at 90°C, as illustrated in Fig. 5.8C-D. The exact reason for this superior thermal
stability of hydrophobic multilayer has yet to be revealed experimentally. The discontinuous trapped
air layer (Fig. 5.7B) in the hydrophobic multilayer played a crucial role in such superior thermal
stability. In the past, experiments were designed to reveal the reason behind the failure of
superhydrophobicity at high temperatures. It was experimentally validated that superhydrophobicity
was readily compromised when the temperature of the superhydrophobic surface was lower than that
of the beaded aqueous phase due to the condensation process at the interface.®® In general, at high
temperatures, the thermally insulating continuous trapped air layer in the superhydrophobic coating is
expected to keep the superhydrophobic surface cooler than the aqueous phase as the continuous
metastable trapped air (Fig. 5.7A) prevented the transport of heat across the solid/liquid interface. As

a result, the superhydrophobic multilayer coating failed to perform at high temperatures. In contrast,

THYob 156 22001



Chapter 5

in hydrophobic multilayer coatings, the discontinuous trapped air layer allowed the infiltration of the
aqueous phase into the hydrophobic coating, as evident from Fig. 5.9A-D. Thus, the heat transported
across the interface of the hydrophobic multilayer coating and the aqueous phase remained continuous,
and this process was likely to prevent any difference in temperature at the solid/liquid interface for the

ODA-treated Multilayer Coatings

Digital Images OCA Under Water

B l H,O

Superhydrophobic

Hydrophobic

Figure 5.8: (A-D) Digital (A,C) images and underwater OCA images (B,D) of the beaded oil droplets on
superhydrophobic (A-B, ODA-modified) and hydrophobic (C-D, ODA-modified) multilayer coatings at elevated
temperatures (50°C for superhydrophobic coating and 90°C for hydrophobic coating).

hydrophobic multilayer coating. Eventually, the hydrophobic multilayer coating continued to perform
at high temperatures in reality. Thus, the hydrophobic multilayer coating was inherently endowed with
superior stability of embedded superoleophilicity under water even at elevated temperatures in

comparison to the superhydrophobic multilayer coating.

5.3.2. Investigation on selective underwater oil-affinity for hydrophobic and superhydrophobic
multilayer coatings

Furthermore, experiments were designed to investigate the selective affinity of both the
superhydrophobic and hydrophobic multilayer (20 bilayers, ODA treated) coatings towards the oil/oily
phase under water, where the as-synthesized superhydrophobic and hydrophobic multilayer coatings
were submerged in a dye (water soluble fluorescein dye displays green fluorescence) added aqueous
phase. In the case of the hydrophobic multilayer, the aqueous phase immediately infiltrated the porous

multilayer coating, as evident from the appearance of the green fluorescence signal from the
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hydrophobic polymeric coating (Fig. 5.9B). However, no fluorescence signal was observed for the

Hydrophobic Multilayer Coating

Bright Field Image
After Submerging
In Dyed Water

After Beading of
Dyed Oil
Merged Image

Figure 5.9: (A-D) Bright field (A) and fluorescence (B-D) images of hydrophobic multilayer (20 bilayers and ODA-
treated) coating after submerging into aqueous phase (dyed with fluorescein; B), followed by beading of oil phase
(dyed with Nile red; C) under water. (D) Merged image of B and C. Scale bar: 200 um.

superhydrophobic coating as the continuous layer of trapped air in the superhydrophobic multilayer
restricted the infiltration of the aqueous phase inside the coating (Fig. 5.10B). After this aqueous (dye

Bright Field Image
After Submerging
In Dyed Water

After Beading of
Dyed Oil
Merged Image

Figure 5.10: (A-D) Bright field (A) and fluorescence (B-D) images of superhydrophobic multilayer (9 bilayers and
ODA treated) coating after submerging into aqueous phase (dyed with fluorescein; B), followed by beading of oil
phase (dyed with Nile red; C) under water. (D) Merged image of B and C. Scale bar: 200 pum.

added) submersion, immediately, both the hydrophobic and superhydrophobic multilayer coatings
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were exposed to the Nile red dye (water immiscible dye provides a red fluorescence signal)
contaminated oil phase under water. The dye-added oil phase was immediately soaked by both the
multilayer coatings, as evident from the red fluorescence signal from respective hydrophobic (Fig.
5.9C) and superhydrophobic (Fig. 5.10C) polymeric coatings. Interestingly, the infiltrated aqueous
phase in the hydrophobic multilayer was completely replaced by the beaded oil phase underwater. The
merged image (Fig. 5.9D) of hydrophobic multilayer coating (after consecutive exposures to aqueous
phase and followed by oil phase), unambiguously confirmed the gradual replacement of entrapped
aqueous phase by beaded oil phase in the hydrophobic multilayer coating. However, such replacement
of aqueous phase was not observed in superhydrophobic interface (Fig. 5.10D, merged image) as the
continuous trapped air layer prevented the penetration of aqueous phase during short exposure (few
minutes) to the dye added aqueous phase. Thus, both hydrophobic and superhydrophobic multilayer
coatings have highly selective affinity towards oil phase under water.

5.3.3. Synthesis and characterization of hydrophobic coating based super-oil-absorbent
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Figure 5.11: (A-C) Schematic illustrating the deposition of chemically reactive multilayer (20 bilayers) coatings on
the fibrous cotton (A-B) followed by post-chemical modification of the multilayer coating with ODA (C). (D-K) CA
images (D-F, H-J) and digital images (G,K) of beaded oil (D,H; in air and F-G, J-K; under water) and water (E,I; in
air) droplets on bare (D-G) and ODA-treated coated cotton (H-K).
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Inspired from this robust underwater superoleophilicity in hydrophobic multilayer coating, a
sustainable super-oil-absorbent was designed through appropriate association of naturally abundant
fibrous substrate and hydrophobic multilayer coating of NC (Fig. 5.11A-C), for facile and
environment-friendly removal of different forms of oil spills at practically relevant diverse and severe
conditions. In the past, fibrous substrates were strategically used in developing efficient materials for
removing the oil-spills.3¥3 In this chapter, the naturally abundant oleophilic and hydrophilic (Fig.
5.11D-E, in air) fibrous cotton—that inherently and extremely repels oil droplets (red colour for visual
inspection) under water with Advancing OCA of ~165° (Fig. 5.11F-G) was judiciously chosen as a

substrate for constructing durable underwater superoleophilic coating, with a hypothesis that the

A
Untreated
ODA-treated
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Uncoated Cotton

Coated Cotton

Figure 5.12: (A) FTIR spectra of multilayer (20 bilayer) coated fibrous cotton before (black) and after (red) post-
modification with ODA. (B-G) FESEM images of bare (B-D) and hydrophobic multilayer-coated (E-G) cotton in
different magnifications. Scale bar: 20 um (B,E); 10 um (C,F); 2 um (D,G).

optimum integration of i) multilayer coatings with essential chemistry/topography and ii) inherent
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capillary effect of fibrous substrate would provide the desired extreme oil-absorption property. Further,
iii) the squashy cotton allowed distillation free easy recovery of the absorbed oil by applying simple
compressive strain on the material. After optimizing the appropriate chemistry and topography in the
coated cotton (Fig. 5.11A-C) the underwater oil wettability was drastically changed and the beaded oil
droplet was instantly soaked in the material (Fig. 5.11J-K) with concomitant release of some air-
bubbles from the interior of the material to the surface (Fig. 5.11J). The release of the trapped air was
very rapid after beading the oil droplet on the material under water as similar to the hydrophobic
coating on glass substrate that discussed in the earlier section (Fig. 5.2F) in this chapter. Thus, the

In Air

Soaked Water

Modified Cotton

Figure 5.13: (A-B) Demonstration of selective replacement of preloaded aqueous phase (blue coloured) from the
super-oil-absorbent by instant influx of oil (red coloured) phase. (C-E) Digital images of super-oil-absorbent that has
soaked blue (methylene blue dye) coloured aqueous phase in air (C), after placing under red dyed (Nile red) oil phase
(D), and subsequently, after removal of oil phase (E). (F-G) Digital images of super-oil-absorbent (under water) after
preloading of green coloured (dyed with fluorescein) aqueous phase (F) and after ejection of water soluble green dye
molecules on the exposure to red coloured oil phase (G). The ejected dye was pointed out with white arrows (G). (H-
K) Bright-field (H; scale bar: 100 pm) and fluorescence images (I-K; scale bar: 100 um) of the super-oil-absorbent
after soaking the aqueous solution of fluorescein in air and followed by keeping it under water for 5 minutes (H-1), and
after exposure to the red coloured oil phase (J-K), (K) No fluorescence signal for fluorescein was noticed in green
channel after exposure of super-oil absorbent to the oil phase.

extremely oil repelling cotton became super-oil-absorbent under water. Further, the topography and
post covalent modification of the multilayer coating were investigated with FTIR analysis and field
emission scanning electron microscope (FESEM) images, respectively. The post-chemical
modification of coating on fibrous cotton was examined with FTIR analysis, where the intensity of IR
peak at 1409 cm™ was significantly depleted with reference to the carbonyl stretching at 1739 cm™
(Fig. 5.12A), mainly due to the mutual covalent reaction between the residual acrylate groups and

primary amine groups from ODA molecules. Moreover, the featureless (Fig. 5.12B-D) fibers of cotton
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were uniformly coated with granular polymeric domains as evidenced from Fig. 5.12E-G. Thus, after
consecutive multilayer deposition of NC and following covalent modification with ODA molecules,
the fibrous cotton was decorated with an appropriate topography and essential chemistry for a) instant
absorption of oil and b) even ejection of penetrated water (that was absorbed in air) from the material,
under both oil and water. The water droplets beaded on the synthesized material with a temporary
WCA of ~ 96° in air and the entire droplet was soaked in the porous coated cotton within few minutes.
Interestingly, the material that was wet with aqueous phase in air was proficient in spontaneous
absorption of oil by displacing the metastable impregnated aqueous phase from the material once
exposed to the oil phase (Fig. 5.13A-B). The blue coloured (due to methylene blue dye) trapped water
was instantly released from the synthesized material on placing the wet (by aqueous phase in air)
coated cotton in red coloured (Nile red dye) oil (DCM, model oil) phase (Fig. 5.13C), and the blue
coloured cotton was completely transformed to red (Fig. 5.13D-E)—due to selective infiltration of oil
phase and complete removal of water phase from the synthesized material. Moreover, such excellent
super-oil-absorption and the instant release of impregnated water were also observed even under
water—which is unprecedented and remarkable. First, the coated and post-modified (with ODA)
cotton (denoted as super-oil-absorbent in the rest of the text), which was wetted by green coloured
(fluorescein: water soluble dye) aqueous solution in air, was immersed in DI water for 5 minutes, and
the super-oil-absorbent appeared green due to the presence of fluorescein dye added aqueous phase in
the material (Fig. 5.13F). However, after exposing the material to the red coloured (water insoluble
Nile red dye) oil phase, the impregnated green dye (fluorescein—which is only soluble in water) was
continuously being ejected out from the material (Fig. 5.13G)—mostly due to removal of the
metastable aqueous phase—which was pre-confined in the material prior to exposure of oil phase.
Further, the material that soaked aqueous solution of fluorescein in air, was characterized with
fluorescence microscope, before and after submerging under water, and even after exposing to red
(Nile red dye)-oil phase. As expected, a strong fluorescence signal for fluorescein molecule was
noticed from the material that soaked aqueous solution of fluorescence in air, and after the immersion
of the same material under water (Fig. 5.13H-1) for 5 minutes. However, after exposing the material
to the Nile red (water insoluble dye) added oil phase, only the fluorescence signal for the Nile red dye
was observed—and the characteristic signal for fluorescein from the material disappeared completely
(Fig. 5.13J-K). Thus, the metastable aqueous phase—which was pre-infused in the synthesized
material in air, was readily removed from the material once it get contact with the oil phase. The
chemistry and topography in the material provided better interaction with the oil phase over the
aqueous phase. Therefore, the current synthesized material soaked water in air and repelled water

extremely under oil as shown in Fig. 5.13C-E and Fig. 5.2D. Next, the super-oil-absorbent that was
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Physical/Chemical Oil Absorption
Insults Ability
Adhesive Tape Test Unperturbed
Sand Drop Test Unperturbed
Alkaline (pH 1) Water Unperturbed
Acidic (pH 12) Water Unperturbed
Artificial Seawater Unperturbed
SDS (1 mM) Water Unperturbed
DTAB (1 mM) Water Unperturbed

Table 5.1: Accounted the performance of super-oil-absorption at physically harsh settings like adhesive tape test, sand
drop test and chemically diverse and complex scenarios including extremes of pH, artificial seawater and surfactants
(SDS, DTAB)-contaminated water.

wetted by water in air, was subsequently exposed to oil/water mixtures—which were kept at extremes
of temperatures (100°C and at 10°C), and the oil (red colour aids visual inspection) phase was
immediately soaked in the material as accounted in Table 5.1. This interesting and remarkable oil
absorption ability of the coated (ODA-treated) cotton under water, remained unaltered, even after
physical harsh manipulations (Table 5.1) and prolonged (7 days) exposure of the synthesized super-
oil-absorbent to various chemically challenging agueous media, e.g., extremes of pH, artificial

seawater, cationic and anionic surfactant contaminated aqueous media (Table 5.1).
5.3.4. Performance of the super-oil-absorbent in bulk oil/water separation

Further, this material was explored in separation and collection of oil from diverse and complex
oil/water mixtures including the floating oil (on water), sediment oil phase (under water) and oil-in-
water emulsion, through both the selective absorption and the filtration processes. Moreover, the
oil/water separation performance was compared with the bare cotton—which has intrinsic underwater
extreme-oil-repellence. As a proof of concept demonstration, the super-oil-absorbent material was
brought in contact with a floating oil droplets (i.e. motor oil), and immediately the oil droplet was
soaked in the material and the absorbed oil (Fig. 5.14A-C) was collected in a separate place just by
manually compressing the oil absorbent. Next, the super-oil-absorbent was strategically exploited in
collection of sediment oil phase under water (Fig. 5.14E-G). In contrast, the underwater
superoleophobic-cotton (uncoated cotton) was inappropriate for such absorption based oil/water
separation as shown in Fig. 5.14D,H. The oil-absorption capacity of the super-oil-absorbent was
measured (using eq. 5.1) to be above 1000 wt% for the model heavy oil (DCM) and light oil (silicone
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oil) at ambient condition (Fig. 5.15A). Moreover, this super-oil-absorbent separated (with efficiency

Bulk Oil/water Separation by Hydrophobic Cotton

Hydrophobic Multilayer-coated Cotton Bare Cotton
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Figure 5.14: (A-H) Digital images demonstrating absorption-based removal of floating light oil (motor-oil; A-D) and
sedimented heavy oil (DCM; E-H) by the (A-C, E-G). This oil/water separation performance of the super-oil-absorbent
was compared with the bare cotton (D,H).

around 100 wt%, Fig. 5.15B) the bulk oil/water mixture through instant and selective absorption of oil

from diverse and chemically-complexed agueous media including extremes of pH, artificial seawater,
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Figure 5.15: (A) Representing the oil (heavy and light) absorption capacity (wt%) of the super-oil-absorbent. (B)
Accounting the oil/water separation efficiency by the super-oil-absorbent in diverse and complex practically relevant
settings.

boiling water, highly cold (10°C) water (Fig. 5.15B). Such materials would be useful in cleaning of

oil-spillages from open and vast water reservoirs at practically relevant settings.
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5.3.5. Oil-in-water emulsion separation by the super-oil-absorbent

Next, the performances of the hydrophobic and superhydrophobic multilayer coated fibrous

cotton in separating oil-in-water emulsions were compared in detail. In general, the continuous meta-

Separation of 5% (v/v) of Oil-in-Water Emulsion Solution
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Figure 5.16: (A-E) Comparing the performances of oil-in-water emulsion (5% (v/v) DCE in water) separation with
superhydrophobic (A-B) and hydrophobic (C-E) multilayer coated fibrous cottons. (F-H) DLS plot (F) and bright field
microscopic images (G-H) accounting the oil-in-water emulsions before (F: black curve, G) and after (F: red curve, H)
separation with hydrophobic multilayer-coated cotton; scale bar: 100 um.

stable trapped air in the superhydrophobic interfaces minimize the physical contact between the beaded
water and solid interface. Eventually, the oil-in-water emulsion consisting of tiny oil droplets with the
diameter of hundreds/ thousands of nanometers, dispersed in the bulk water phase, was unable to pass
through the superhydrophobic coating under the gravitational force, as shown in Fig. 5.16A-B.
Eventually, no oil/water separation was observed (Fig. 5.16 A-B). However, the hydrophobic interface
having a discontinuous trapped air readily allowed the passage of the aqueous oil-in-water emulsion
and the embedded underwater superoleophilicity in the hydrophobic multilayer coating readily and
selectively absorbed the oil/oily phase as already demonstrated in Fig. 5.9B,D. Eventually, this
selective and super oil-affinity of the hydrophobic coating helped in separating the oil-in-water

emulsions during the gravity driven filtration process as shown in Fig. 5.16C-E.

Under the gravitational force, the milky oil-in-water emulsion phase (5 (v/iv) % 1, 2-
dichloroethane (DCE)) passed through the super-oil-absorbent, and the micro oil droplets that were

dispersed in the bulk aqueous phase of the oil-in-water emulsion were immediately and selectively
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separated by the hydrophobic multilayer coating. Eventually, a clear aqueous phase was selectively
filtrated and collected in a separate conical flask/beaker (Fig. 5.16E). The successful separation of oil
contamination was further characterized by studying DLS profiles (Fig. 5.16F), optical microscopy

A Before emulsion CDCl,
separation-13C
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Figure 5.17: (A-B) “C-NMR analysis of the (5% DCE, model oil) oil-in-water emulsion before (A) and after (B)
performing separation using hydrophobic multilayer-coated cotton. In the “C-NMR spectrum, no carbon peak at 43.46

ppm for DCE was observed for the filtrated aqueous phase (B).
images (Fig. 5.16G-H) and **C nuclear magnetic resonance (NMR) spectra (Fig. 5.17). No peak for
DCE (model oil) was noticed in the of the filtrate after performing the oil-in-water emulsion (5 (v/v)
% DCE) separation using the hydrophobic multilayer-coated cotton, as shown in Fig. 5.17A-B. Thus,
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the hydrophobic multilayer coated cotton that embedded with super-oil-affinity underwater was
efficient for separating both oil-in-water emulsions and bulk oil/water mixtures following both the
selective filtration and absorption processes. In this relevance, the hydrophobic multilayer-coated
cotton displayed superior performance over the superhydrophobic multilayer coated cotton.
Furthermore, this oil/water emulsion separation process was expedited by the application of vacuum,
and the separation was successfully carried out with a high flux rate of 238.744 x 10° Lm 2 h™bar?,
which is more than five times higher than other reported materials.®®3" Moreover, this oil/water
separation was performed under various practically relevant challenging settings including extreme

pH, seawater, river water, and extreme temperatures (Fig. 5.18A). Unlike, the superhydrophobic
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Figure 5.18: (A) Separation efficiency of 5% (v/v) of oil-in-water emulsions in diverse chemically complex
environments like pH 1, pH 12, river water, artificial seawater, at elevated temperature (70°C) and at low temperature
(10°C). (B) Separation efficiency of oil-in-water emulsion for consecutive 50 times.

interface, the as-synthesized hydrophobic multilayer coating remained very efficient to separate an oil-
in-water emulsion repetitively at challenging settings, as shown in Fig. 5.18A-B. Thus, the
hydrophobic multilayer coatings were capable of cleaning up different forms of oil spillages including
oil-in-water emulsions and bulk oil/water mixtures following both the selective absorption and

filtration processes; a report of this demonstration is unprecedented in the literature.
5.4. Conclusion

In conclusion, a simple chemical approach was explored for the very first time to stabilize underwater
superoleophilicity by appropriate tailoring of topography and chemistry. Multilayer coatings having
moderate hydrophobicity and superhydrophobicty were extended for investigating the stability of
underwater superoleophilicity. The synthesized moderately hydrophobic multilayer, comprising

discontinuous trapped air, had superior stability of superoleophilicity properties under water over the
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superhydrophobic interfaces irrespective of the conditions like a prolonged and continuous exposure
to the aqueous phase or elevated temperatures. The interesting findings of this study instigated me to
prepare a multilayer-coated fibrous cotton which is moderately hydrophobic in nature and acts as
super-oil-absorbent which is a seemingly apt term for this material because of its extreme affinity
towards oil. The hydrophobic multilayer-coated cotton, optimized with appropriate alkylamine, were
highly efficient in separating both bulk and emulsified oil/oily phases from the aqueous phase
following the selective absorption process and the energy-efficient gravity-driven filtration process,
respectively. In comparison, the superhydrophobic cotton was not capable of separating an oil-in-water
emulsion following the filtration process due to the presence of continuous trapper air layer. In addition
to this, covalently cross-linked, hydrophobic cotton was able to perform exceptionally well in oil-in-
water emulsion separation in diverse and practically relevant severe settings. Thus, such a simple but
unprecedented approach for optimizing durable underwater superoleophilicity and designing super-
oil-absorbent is expected to be of great potential for various fundamental studies and practical

applications.
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Conclusion and Future Plan

This chapter includes the overview of the current thesis work thoroughly explained in the earlier chapters
followed by the future work plan related to this study in various possible directions. The current thesis
work comprises a detailed explanation of facile fabrication of two different amine-reactive polymeric
multilayer coatings on different flexible and rigid substrates by strategically depositing a branched
polymeric amine and reactive-nanocomplex (NC) (of BPEI/5AcI) following LbL deposition. A catalyst-
free 1,4-conjugate addition reaction at ambient conditions was adopted for covalent cross-linking of the
multilayer coating and its post covalent modification with desired and selected small molecules. The
reactive multilayer coating consisting of 20 bilayers displayed a durable and bulk extreme anti-oil
wettability, i.e. underwater superoleophobicity, after post-modification of the multilayer coating with
selected hydrophilic small molecule—glucamine. This synthetic procedure provides an opportunity to
tailor such underwater extreme oil repellency on various substrates irrespective of their physical state or
compositions with impeccable durability. The LbL deposition process allowed to develop a substrate-
independent coating of chemically reactive multilayer coating that remained capable of displaying extreme
oil-repellency property under water. Next, | further extend this work by developing a durable and
stretchable underwater superoleophobic membrane by constructing the multilayer coating on a stretchable
fibrous substrate. The underwater anti-oil wetting property of the membrane remained unaltered after
incurring various physical abrasions like, bending, twisting, winding, adhesive tape test, etc., exposure to
various chemically harsh environments (like, pH (1, 12), artificial sea water, river water, etc.) and even
after incurring 150% tensile strain repetitively for 1000 times. This membrane was highly capable of
separating various oil-water mixtures, including bulk oil, sedimented oil and emulsified oil following
gravity driven filtration-based separation process—even under diverse chemically complex conditions,
and the efficiency of the oil-water separations was observed to be remained greater than 99 wt%. However,
this multilayer coating displayed hydrophobicity after post-modification with hydrophobic
octadecylamine (ODA) which has a long hydrocarbon tail that constitutes of 18-carbon atoms. Hence, it
was assumed that due to the lack of essential topography, this multilayer coating was incapable of
displaying superhydrophobicity even after low surface energy modification. Therefore, another reactive
multilayer coating was developed in presence of NaCl salt, where the doping of appropriate amount of
salt significantly accelerated the rate of the reaction which led to rapid growth of NC, resulting in
formation of a highly porous and durable multilayer coating even after depositing less than half (9 bilayers)
of the bilayers, in comparison to the other multilayer (20 bilayers) coating. This multilayer was displaying
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superhydrophobicity after successful post-modification with same ODA. Besides, this single multilayer
was designed with various wettability properties including, superhydrophobicity, underwater
superoleophobicity and also other adhesive wettabilities both in air and underwater by changing the post-
chemical modification of the residual acrylate moeity of the coatings with various primary amine-
containing small molecules (having different hydrocarbon chain length) through 1,4-conjugate addition
reaction. These as-synthesized multilayer coatings can withstand various physical insults, including
adhesive tape test, sand drop test, extremes of temperatures (10°C, 100°C), etc. and exposure to various
chemically harsh environments (like, pH (1, 12), artificial sea water, river water, etc.) as well as UV
radiation. Moreover, the salt-doped ODA-treated multilayer coating was showing an extreme oil-
absorption property under water due to the presence of continuous trapped air phase confined in the
micro/nano grooves of the multilayer. Interestingly, the hydrophobic multilayer having discontinuous
trapped air layer (consisting of 20 bilayers) was also exhibiting the underwater superoleophilicity property
similar to the superhydrophobic multilayer. In that context, both these moderately hydrophobic and
superhydrophobic multilayer coatings were thoroughly investigated to compare the performance of the
embedded underwater superoleophilicity at harsh settings. The detailed studies validated that the
hydrophobic multilayer coating having discontinuous trapped air layer was with superior stability than
that of the superhydrophobic multilayer coating having continuous trapped air in stabilizing underwater
superoleophilicity. The remarkable stability of underwater superoleophilicity of the hydrophobic
multilayer led me to extend this work further to develop super-oil-absorbent by coating fibrous cotton
substrate. This super-oil-absorbent was demonstrated to be highly efficient (separation efficiency of > 95
wt%) in separating various kind of oil/water mixtures, including floating oil, heavy oil and oil-in-water
emulsion following both the selective absorption and the filtration processes, whereas the
superhydrophobic multilayer-coated cotton failed to separate oil-in-water emulsion. This study
conspicuously suggests that this hydrophobic super-oil-absorbent has more potential than

superhyrophobic one as far as oil/water separation in practical scenarios are concerned.

Realizing the importance of this current research work, it can be clearly stated that this work can be further
extended in various practically relevant biological and other environmental aspects. For instance,
underwater superoleophobicity and superhydrophobicity properties had been explored for applications
like anti-platelet adhesion, prevention of biofilm formation, etc. The chemically reactive multilayer
coatings developed and explored for this thesis work is believed to have great potential for biologically

important applications like blood-compatible materials because wettability plays a crucial role in protein
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absorption, platelet activation/adhesion, and blood coagulation. In the future, these multilayer coating can

be exploited for controlled prevention and promotion of platelet adhesion on medically relavent substrates.
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