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Abstract

Many research works are striving to purify oil contaminated wastewater. Membrane with distinct
affinity toward oil or water is one of the most promising method for oil-induced wastewater
treatment. However, with the emulsifier present in most wastewater, the immiscible oil/water
mixture is more difficult to be separated. Meanwhile, making use of the most abundant resource
of seawater, solar vapour generation has emerged as a sustainable method for water distillation.
However, traditional solar steam technologies still rely on expensive or cumbersome optical
infrastructure or suffer from low energy efficiency. A water purification system with the ability
to treat industrial oily wastewater and distill seawater is yet to be developed. In this thesis, a
robust electrospun nanofibrous poly(vinyl alcohol) membrane (NPM) decorated with slow
oxidization of polypyrrole nanoparticles was synthesized to realise dual-functional water
purification. Scanning electron microscopy (SEM) was utilized to characterize the morphology
of the NPM. Fourier-transform infrared spectroscopy (FTIR) was used to verify the chemical
composition of the NPM. Contact angle tests were carried out to validate
superhydrophilicity/underwater superoleophobicity of the NPM. Repeated oil/water emulsion
separation tests were conducted to obtain the results of separation efficiency, separation flux and
anti-fouling property of the NPM. UV-vis was utilized to test the light absorption ability of the
NPM. Simulated sun tester was used to test the solar vapor generation capacity of the NPM. In
summary, the NPM is capable of separating sundry organic solvents-water emulsions with a
separation efficiency of over 99.99%. The NPM is also capable of desalinating the seawater

under one sun solar radiation with an evaporation rate of 2.87 kg m>h™",
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Chapter 1 Introduction

1.1 General Overview

With the pressure of climate change, the global water shortage will have repercussions of
economic development, food supply and human survival itself. According to a recent report by
World Health Organization on water scarcity, 2.2 billion people lack access to safely managed
drinking water because of the exploded population, the shrinkage and contamination of
freshwater resources[1, 2]. The dire warning of freshwater scarcity has gained impetus for many
researchers to find new freshwater resources, while harnessing the ever-increasing water

contamination problem.

To tackle the issue of water contamination, both academia and industry have developed methods
to treat the crude oil contaminated water, including in situ burning[3], chemical dispersants
degradation[4] and vacuum suction[5]. However, these methods may suffer from high cost,
secondary pollution or low efficiency. Meanwhile, it is highly sought after to remove not only
crude oil, but also non-water-soluble organic solvents as the rapid industrialization has led to
more wastewater emission. Therefore, it is of great importance to develop a feasible method that
can selectively remove the oil or non-soluble organic solvents in an efficient, sustainable manner

without bringing secondary pollution.

From the materials perspective, superwettable materials with specific affinities for oil or water

have drawn tremendous attention and believed to be a powerful solution to oil spill or oil



contamination[6-10]. Recently, metallic meshes[11, 12], fabrics[13], sponges[14-16] or
polymeric membranes[17, 18] with hydrophilic/oleophobic or hydrophobic/oleophilic properties
have been developed to separate oil/water mixture. Most of these advanced materials exploited
the synergistic effect of morphology and surface chemistry to tune the wetting behavior towards
water or oil[19]. For instance, the surface tension determines a material’s affinity towards oil or
water. Such affinity can be magnified by manipulating the surface architecture of the material,

tuning the wetting behavior from i.e., hydrophilic to superhydrophilic[20, 21].

Apart from treating contaminated water sources, many research works have been devoted to
finding new water sources to address the freshwater crisis. Desalination of the abundant resource
of seawater is considered a plausible method[21-23]. Using the ubiquitous solar energy, solar
vapor desalination has attracted tremendous attention due to its omnipresence and transformative
industrial potential[24]. Recently, localized heating at liquid/air interface implemented solar
steam generation was proposed as an alternative to traditional bulk heating steam generation[25,
26]. The solar-driven localized heating vapor generation involves higher efficiency of solar-
thermal conversion and less thermal loss. To date, advancement of this technique lies in several
aspects: light absorption, light-thermal conversion, water transportation and evaporation[27, 28].
Designing a steam generation system with thorough consideration of all these factors as well as

industrial implementation is challenging but rewarding.

1.2 Motivation

A series of “water removing” or “oil removing” materials were synthesized via constructing
superhydrophobic/superoleophilic[29-31] or superhydrophilic/superoleophobic[32-35] systems.

Both methods have generally shown a prominent separation efficiency of over 99.9%[36, 37].



However, because of the higher density of water compared to oils, separation process can be
quickly baffled as water can form a barrier layer on a superhydrophobic surface. Meanwhile,
from industrial wastewater to crude oil spill, the separation targets are usually water-rich oil-in-
water mixtures, making superhydrophobic materials unsuitable for the situation. Therefore,
superhydrophilic/superoleophobic materials are the more promising candidate in terms of
practicality and viability. Many strategies have been proposed to develop surface textures with
superoleophobicity[38]. Jiang et al. reported a Cu(OH), nanowire-haired copper mesh with high
flux oil/water separation property[33]. The superhydrophilicity was achieved by chemically
etching the copper mesh to acquire a high-surface-energy nanowire surface. However, the
separation efficiency is greatly dependent on the mesh size as the emulsion droplet size should
not exceed the pore size, making surfactant stabilized nano-droplet emulsion impossible to
separate. Some recent studies have successfully demonstrated surfactant stabilized emulsion
separation by creating nano-pores in the membranes[36, 39]. However, the mechanical strength
issue of the membrane remains to be tackled as the materials used to endow oil repellence are far
from robust, i.e. hydrogels[40], photocatalytic nanoparticles[41]. Additionally, the capability for
the material to function under harsh environments are generally not addressed.

Another solution to water scarcity is to increase the freshwater supply. Making use of the most
abundant resource of seawater, solar vapour generation has been emerged as a sustainable
method for water distillation. However, traditional solar steam technologies still rely on
expensive or cumbersome optical infrastructure or suffer from low energy efficiency. Solar
desalination of seawater is a promising methodology with least impact on environment[19, 42-
45]. Traditional seawater desalination methods such as thermal distillation and reverse osmosis

membrane filtration are highly energy-demanding or with low efficiency. Recently, plasmonic



nanoparticles for solar steam generation has attracted tremendous attention due to its high photo-
thermal conversion efficiency and localized heating[46-48]. The prominent localized heating is
due to the subsequent nonradiative relaxation of metals, causing absorbed energy to be converted
into heat[49]. However, noble metals used for plasmon-mediated solar desalination, i.e. platinum
and gold, are not cost-effective for large scale application[47, 50, 51]. Other more abundant
metals generally have higher plasma frequency, resulting in significant plasmonic resonance only

for a limited range of solar spectrum[52].

In that regard, it is highly sought-after to develop a facile method that is simultaneously
superoleophobic, capable of light-to-heat conversion and low thermo-conductivity that is good
for both efficient immiscible industrial wastewater purification and large-scale solar steam

generation.

1.3 Objective and Scope of Research

Regarding the previously discussed issues, the objective of this thesis is to develop effective
water purification materials that are capable of purifying oil contaminated wastewater,
desalinization of seawater with solar energy and scavenge water from atmosphere. The

objectives of this research work are as follows:

1. To develop a porous nanofibrous membrane with underwater superoelophobicity/
superhydrophilicity

2. The membrane should achieve highly effective separation for surfactant-stabilized
immiscible oil/water mixture

3. The membrane should possess robustness and durability under harsh working conditions

4. To achieve broadband light wavelengths absorption under solar radiation



5. To achieve high light-to-thermal energy conversion rate enabled effective solar steam

generation for seawater desalination

The synthesized membrane was characterized by SEM, FTIR to examine the morphology and
composition. Tensile tests were carried out to examine the mechanical properties of the
membrane. Oil and underwater contact angle tests were used to demonstrate superhydrophilicity
and underwater superoleophobicity of the membrane. The separation efficiency, separation flux
data was obtained via oil/water separation test. Underwater oil sliding angle test was carried out
to examine the oil adhesion property of the membrane. Cyclic separation test was conducted to
test the anti-fouling property of the membrane. UV-Vis spectrometer was utilized to test the light
absorption potential of the membrane. Simulated sun tester was utilized to measure the

evaporation rate and energy efficiency of the membrane.

1.4 Thesis Structure

This dissertation is composed of seven chapters. The layout is demonstrated as follow:

e Chapter 1 briefly introduces the background of freshwater crisis and several feasible
solutions to address the problem, followed by motivation and objective of this research.

e Chapter 2 contains the literature review of superwettable materials and solar vapor
generator serving the purpose of oil/water separation and seawater desalination,
respectively.

e Chapter 3 provides detailed experimental procedures of the synthesis of NPM

e Chapter 4 is comprised of the characterization of the NPM.



Chapter 5 presents analysis and discussion of the oil/water separation performance of the
NPM.

Chapter 6 presents solar vapor generation performance of the NPM.

Chapter 7 summarizes the results and conclusion of this research work and suggestions

for potential future work.



Chapter 2 Literature Review

2.1 Superwettable Oil/water Separation Materials

The rapid industrialization and growing energy demand have exacerbated the crude oil
exploitation, coming along with reoccurring oil spill accidents as well as more severe wastewater
pollution. The crude oil leakage accident or inappropriate oil discharge has serious ramification
on vulnerable ecosystems. For example, in 2010 around 600,000 tons of crude oil was leaked
into Gulf of Mexico, causing catastrophic damage to marine ecosystem and public health. More
recently, the Sanchi oil tanker collision has caused over 136,000 tons of natural-gas condensate
leaking into South China Sea. The leakage has immediate toxic effect on species in that habitat,
along with lasting ecological consequence[53]. To remediate the after-math of such incidents, it
is of urgent importance to develop feasible method to achieve efficient oil/water separation.
Traditional oil/water separation methods, i.e. skimming, centrifuge, absorption and in-situ
burning, suffer from numerous shortcomings including high cost, low efficiency, and having
negative impact on environment. More importantly, how to reclaim the oil separated from water
is highly looked-for as crude oil is a precious resource and should be recycled for future usage.
Therefore, finding solutions to overcome above mentioned limitations in oil/water separation
should be actively pursued. Recently, scientists and engineers have developed a series of
methods featuring materials with specific affinities to water or oil. These special wettable
materials are showing promising outlook for selective water or oil removal. Briefly, such
advanced wetting behavior is achieved through the synergistic effect of surface texture and
surface chemistry. Detailed mechanisms regarding superoleophilicity/superhydrophobicity or

superoleophobicity/superhydrophilicity will be explained later.



As one of the pioneering works in the field, Feng et al. proposed a proof-of-concept
superoleophilic/superhydrophobic material aiming at oil/water mixture separation. Numerous
materials with distinct affinity to water or oil have been proposed successively. Generally, the
materials fall into two categories: filtration and absorption materials. Filtration materials, i.e.
membranes, textiles and meshes, allow one phase to penetrate through, while blocking the other
phase above, therefore achieving selective removal. Absorption materials on the other hand,
usually have porous morphology and are capable of absorbing one phase and repel the other
while in a mix of oil and water environment. Both categories with their representative works will
be thoroughly discussed in the following paragraphs. The wettability, innovation, highlights and

limitations will also be reviewed.

2.1.1 Mechanism for Surface Wettability

The wettability of a material is normally gauged by contact angle (CA) of a droplet (e.g. water)
against the surface of aforementioned material. By definition, hydrophobicity means the CA of a
water droplet on the substrate is larger than 90° while hydrophilicity means the contact angle is
smaller than 90°. To make a material superhydrophobic or superhydrophilic, the contact angle
needs to be larger than 150° or smaller than 10° respectively. To explain why a material is

hydrophobic or hydrophilic, Young’s equation is commonly used[54]:

Ysv—VsL
YLv

cos 0 = Equation 1
in which ygy is the interfacial energy of the interface of solid and vapor phases, yg; is the
interfacial energy of the interface of solid and liquid phases and y; is the interfacial energy of
liquid-vapor phase.

Normally, the surfaces of the materials are not absolutely smooth and has some degree of

roughness. The surface architecture has a large impact on the wetting behaviour of the materials,



besides the surface chemistry. There are three wetting behaviours of a material with rough
surface: Cassie state, transition state and Wenzel state[55-60]. In a Wenzel state, the liquid phase
will wet the porous surface and the grooves of the rough microstructure will be filled by liquid.
Wenzel stated that the wettability of the materials is amplified by the porous nature of the
substrate because of the increased surface area of a rough surface. Consequently, the Young’s
equation is modified[61]:

R(ysv—vsL)
YLv

cosf* = = rcos6 (Equation 2)
in which 6* represents the apparent CA of a droplet on a textured substrate, 8 represents the CA
on a smooth subsrate, which is also the CA in Young’s equation. R represents the roughness
factor, which is the fraction of real surface area to projected area.

When the grooves inside of the rough surface repel the liquid phase so that the droplet does not
wet the grooves, the droplet will sit on the top of the rough surface, with air trapped in the

grooves. In this case, Cassie ef al. carried out another equation to describe such wetting state[60]:

cos@* = fcosO+f—1 (Equation 3)

in which 6" and 0 still represent the apparent CA of the droplet on the rough substrate and
intrinsic CA on the smooth substrate, respectively. The area fraction of the surface is referred as
the f.

There is another wetting state when the droplet partially fills the grooves of a textured surface,
which is considered a transition state of Cassie and Wenzel states[57, 62-65]. Wenzel state
usually exhibits extremely high adhesion between substrate and the liquid droplet, while on the
contrary, Cassie state usually shows extremely low adhesion. As for transition state, the adhesion
can be low or high, depending how much of the liquid fills the grooves and how much sit on the

surfaces of the substrate[66-68].



In Cassie state, the contact angle is reduced because of the air trapped in the rough
microstructure. The air phase in Cassie models can be replaced by water phase. For example,
when a hydrophilic surface is immersed in water, the porous textured surface is entirely wetted.
when oil droplets are put on a substrate, instead of the air trapped in the grooves, water phase
will replace the vapor phase and act as a cushion between the oil phase and the substrate. In this
state, oil droplets will be entirely repelled from the material and sit on the top of the
microstructure. The underwater Cassie model is originally used to explain the oil-repellent
characteristic of fish scales[17, 34, 69-71], which inspired invention of various superoleophobic

materials.
2.1.2 Oil/water Separation Materials in Filtration

Among all of the oil/water separation materials for filtration, polymer membranes are one of the
most used type because of their versatility and scalability. The major drawback of membrane is
the limited mechanical strength. In addition, membranes usually have small pores, which

requires raised pressure to maintain a reasonable flux.

2.2 The Electrospun Membranes for Oil/water Separation

2.2.1 Basic Mechanism of Electrospinning

Electrospinning is an electrodynamic technique that has long been used for fabricating non-
woven nanofibrous membrane. During electrospinning, the polymeric droplets are pushed from a
needle and electrified to generate a jet[72]. The jet is further stretched and solidified to form
nanofibers, which deposit on the collector screen to form a membrane[73]. Typically, an
electrospinning system is comprised of three elements: a capillary tube (typically a syringe to
store precursor solution and a spinneret), a direct current power device with high voltage and a

collector. At the beginning of electrospinning, the polymer droplet at the tip of the spinneret
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transform to a conical shape due the applied electric field[74]. The electrostatic repulsive force at
the tip of Taylor cone overcomes surface tension of the droplet, once electric field passes a
threshold value.[75] Afterwards, the jet transforms from a straight line to multiple jets due to the
rapid whipping. In the end, continuous nanofibers randomly deposit on the collector to generate a

non-woven membrane.[76]
2.2.2 Basic Electrospinning Parameters

Polymer properties, solution properties and operation parameters all play critical roles in the
architecture of the nanofibers, including diameter of the nanofibers, thickness and porosity of the
membrane. Polymer properties entail solubility, molecular weight and molecular weight
distribution. Operation factors including flow rate, ambient factor, electric field intensity also
have an impact on the electrospun nanofibers. Surface tension, viscosity and conductivity of
spinning liquid are parameters to be considered for optimal membrane synthesis. Take diameter
of the nanofibers as an example, it can be significantly reduced if the viscosity of the polymer is
decreased. Nevertheless, when the viscosity reaches a lower threshold, there will be beads on the
nanofibers, which endows the membrane with higher porosity. In addition, the high aspect ratio
of nanofibers endows the membrane with high flexibility and robustness.[77] Meanwhile, tuning
the conductivity of the solution can result in finely fabricated nanofibers with a diameter of 20
nm, which largely reduces the porosity of the electrospun membrane.[78-80]

Recently, several novel designs are developed in the electrospinning device to construct various
configurations and structures of nanofibers. The majority of the designs are based on advancing
the collector and the spinneret to fabricate Janus, core-shell, pattern, anisotropic, hollow and 3D
structures.[81] These new nanostructures notably expanded the versatility of the membranes for

oil/water separation.[82]
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2.2.3 Wettability in Electrospun Membranes

Wettability is the wetting behavior of liquid on the solid substrate. When it comes to oil/water
separation technique, wettability of a material is the most critical factor to assure efficiency of
the separation.[83] Most research works utilize the synergistic effect of surface chemistry and
surface architecture to manipulate the wettability of materials.[84] Surface chemistry is the
intrinsic characteristic that controls the free energy of the surface. Surface architecture also
determines the wettability of the membrane, which can be explained by Cassie or Wenzel model
in the previous chapter.[61, 85]

Up to now, there have been more than 200 types of synthetic or natural polymeric electrospun
nanofibers.[86-88] Inorganic materials (e.g. ceramic, metal and carbon) can also be electrospun
into nanofibers, indicating the versatility and potentials to tune the surface tension of the
membrane. Moreover, micro-roughness and nano-roughness can be inherently constructed in
electrospun membrane.[89, 90] These advantages enable the elestrospun membrane with great
capacity in adjusting wettability.

Generally, nanofibrous membranes with selective wettability are used to separate oil/water
emulsion, which means the membranes are affiliative to one phase (oil or water) and show
repellence to another phase. For example, when using a hydrophobic-oleophilic membrane for
micelle emulsion separation, oil can permeate the rough nanostructure with no air reversed as the
material has a strong affinity towards oil. As a result, water can be divided from oil at the solid

interface.
2.2.4 Polymeric Electrospun Membranes

Polymers possess many advantages including great processability, high flexibility, low cost,

which make them ideal candidates for oil/water separation.[82] To date, numerous polymeric
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membranes aimed for successful oil-water mixture or emulsion/micelle separation have been
synthesized. The polymer membranes can be categorized in mono-layer and multi-layer ones
based on the number of layers in the membrane. It is worth noting that inorganic nanoparticles
can be incorporated into the polymer-based membrane, hence the polymeric membrane are not
exclusive to membranes only composed of polymers and they will be discussed in the following
section.

Mono-layer structured membrane is the most straightforward and common type applied in
oil/water separation. Generally, selective wetting behavior in mono-layer structured membranes
is achieved by tuning surface morphology and surface chemistry. Till now, there are three kinds
of wettability in mono-layer polymeric membranes: hydrophobicity/oleophilicity for oil-
removing membrane, hydrophilicity/oleophobicity for water-removing membrane, and
switchable wettability for controllable water/oil removing.

2.2.4.1 Membranes with Hydrophilicity/underwater Oleophobicity

Theoretically, hydrophilicity/oleophobicity in mono-layer membrane is utilized to selectively
removing water from the emulsion. Nonetheless, because of the high surface energy of water
compared to 0il (Vyygrer = 72.8 mN m™ and y,;; is usually < 36 mN m™),[56, 91] hydrophilicity
and oleophobicity is difficult to obtain. Several works have been inspired by nature (e.g. fish
scale) and utilizing polymers with high surface tensions to achieve hydrophilicity and underwater
oleophobicity.[69, 92] Generally, underwater oleophobic/hydrophilic nanofibrous membranes
are fabricated via direct electrospinning, which is a facile method for single-texture membrane.
When the micro/nano-texture or hierarchy of the membrane is more sophisticated, biomimetic
methods including surface self-assembly, colloid electrospin and wet chemical reaction are

utilized.
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The polymers with high surface energy are high in polar groups (e.g. carboxyl group, hydrogen
bond, amidogen) and are prone to swelling, dissolving and water absorbing. Considering that the
working condition of the membranes is underwater, as-electrospun membranes need to be
processed before application. Till now, nanofibrous membrane with hydrophilicity and
oleophobicity are developed via three methods. The first and most utilized method is directly
using intrinsically hydrophilic polymers as spinning material. Polyacrylonitrile as a synthesic
polymer with excellent ability for electrospinning and accessibility is one of the most promising
material. The as-electrospun polyacrylonitrile membrane can be treated with sodium hydroxide
to further control the wettability.[93] After the treatment of sodium hydroxide, the nitrile groups
in polyacrylonitrile transform to carbonyl group and hydroxyl during the hydrolysis process, thus
enabling the membrane with hydrophilic/underwater oleophobic property. Due to the partial
hydrolysis, cyan groups are still present in the polymer, which prevent the membrane from
dissolving and swelling. More recently, natural polymers with intrinsic hydrophilicity, low cost
and insolubility have attracted significant attention as a candidate for selectively removing water
in oil/water mixture.[87, 94, 95] For instance, Lim et al. synthesized a cellulose membrane
through direct electrospinning.[96] Owing to the chemical resistant property and hydrophilic
nature of cellulose, the membrane exhibited great resilience under harsh environment while
maintaining high efficiency in separating oil from water. Other research work utilized silk fibroin
as a material for electrospinning.[97] Given the hydroxyl group and amine group in silk and the
nanostructure of electrospun membrane, the membrane displayed an superhydrophilicity
(exhibiting water CA of 0°) as well as underwater superoleophobicity (exhibiting underwater oil

CA beyond 150°). These prominent properties are vital in immiscible oil/water micelle
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separation or other non-soluble organic solvent/water emulsion separation (e.g. toluene,
chloroform, dichloromethane, etc.).

The second method that can effectively reduce solubility/swelling of as-electrospun membrane is
crosslinking treatment, which results in lower percentage of hydrophilic function groups.
Poly(vinyl alcohol) (PVA),[98, 99] poly(N-iso-propylacrylamide) (PNIPAM)[100], poly (acrylic
acid) (PAA)[101] and poly(methacrylic acid) (PMAA)[102] are polymers that can be electrospun
and further crosslinked and still remain hydrophilicity. For instance, a PMAA/cellulose acetate
core-shell nanofibrous membrane was reported with amphiphilicity, which can be used to
remove surfactant-stabilized micelle emulsions.[102] The core-shell structure was constructed
with synchronous phase separation, leading to acetate forming a supporting core while PMAA
forming a shell. Afterwards the uniaxial electrospinning, the membrane was thermally treated to
create ester bonding between the hydroxyl group in acetate and carboxyl group in PMAA. At the
same time, the insolubility of the nanofibers is increased due to the anhydride process in PMAA.
At a result, the membrane possesses high efficiency in removing water from immiscible oil/water
emulsions.

Most recently, another method to decrease solubility in hydrophilic nanofibrous membrane is
blending hydrophobic during electrospinning. Chen and coworkers reported polyethersulfone
(PES) solution blending with crosslinked PAA as the spinning solution to fabricate hydrophilic
membrane that can be kept intact underwater.[103] The hydrophobicity of PES helped to prevent
the dissolving of the membrane while the carboxyl group in PAA maintained the hydrophilicity
of the whole structure.

To sum up, direct electrospinning is considered as a facile and efficient method for constructing

hydrophilic nanofibrous structures. However, the drawbacks of this method include severe
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fouling issue, poor separation performance due to the lack of hierarchical nanostructure on the
nanofibers. Therefore, further approaches are required to achieve nanoscale structure on the
surface of nanofibers.

2) Colloid electrospinning. Colloidal electrospinning is a technique that involves spinning
solution with nanoparticles of high surface tension and is optimal to fabricate non-woven
membranes with superhydrophilicity in one step. The structure and surface tension are able to be
finely adjusted by varying the fraction of nanoparticles mixed in the polymer solution. A range
of shapes of nanoparticles (e.g. 0D, 1D and 2D, etc.) are electrospinnable. Typical 0D
nanoparticles are mainly ceramics, including silicon dioxide, manganese dioxide, and are
comprehensively used in constructing nano-protrusion biomimetic structure on the surface of
fibers. For example, by mixing silicon dioxide in the polyacrylamide spinning solution, a
structure mimicking lotus leaf is constructed with a rough surface, which enables the surface
with superhydrophilicity in air. [104] Once the membrane is immersed in oil and water mixture,
it is instantly wetted with water and form an aqueous barrier against the oil phase. As a result, the
oil droplet is capable of rolling on the membrane surface without permeating through, while
water can continuously pass through the membrane. In addition, another type of 0D
nanoparticles, metal-organic frameworks has also drawn attention in oil/water separation field
because of the substantially high specific surface area and porosity.[105] For example, Lu and
coworkers have reported a zeolite imidazole framework (ZIF-8) nanoparticles incorporated in a
polyacrylamide nanofibrous system.[106] Decorating ZIF-8 nanoparticles on the nanofibers
constructed a hierarchical rough structure with high surface tension that enables the membrane

with superoleophobicity under water. Compared to electrospun polyacrylamide (PAN)
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membrane, the ZIF-8/PAN membrane is capable of demulsifying oil/water micelle with a
permeating flux of over 900 L m™ h™ and a separation efficiency exceeding 99.9%.

Colloid electrospinning is considered as the most facile method to produce hierarchically
structured membranes. The drawback of this method is the poor distribution of nanoparticles in
the highly viscous spinning solution, which will possibly lead to aggregation of nanoparticles in
the membrane. Future development of colloid electrospinning should be devoted to increasing
homogeneous dispersion as well as the migration of the nanoparticles in the spinning solution
and on fiber surfaces, respectively.

3) Wet chemical reaction. During wet chemical reaction, nanoparticles are synthesized via
chemical processes and gradually deposited onto the surface of nanofibers. The fibres act as the
skeleton of the synthesized nanoparticles and are soaked in the precursor solution where the
reactions take place. Till now, there are three main types of chemical reactions utilized for in situ
nanoparticle synthesis: in sifu polymerization, hydrothermal treatment and successive ionic layer
absorption and reaction.[107-111] Wet chemical reaction is another common method to fabricate
multi-structured biomimetic membranes in the laboratory setting. The main obstacle preventing
this method from large-scale industrial application is the scalability of the fabricated membrane.
In addition, high pressure and temperature are usually required for the generation of nanocrystals
during the reaction, resulting in limited choice of substrates and reactants. Moreover, chemical
reaction process often requires long reaction time, which is another drawback that hindered its
industrial application.

2.2.4.2 Membranes with Hydrophobicity/oleophilicity

Contrary to membrane with hydrophilicity/underwater oleophobicity, hydrophobic membranes

have the affinity towards water and can remove oil from the emulsion. The underlying chemical
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principle of these membrane is having surface energy between water (¥, qrer = 72.8 mN m™1)
and oil (y,; < 35.0 mN m™1).[112] One of the most straightforward method is to directly
electrospin polymer with suitable surface energy. Typically, these polymers contain chemical
groups with low surface energy, such as —CH,, —CH3, —CF,, —CF,H and —CF3.[112] Another
method to fabricate membrane with hydrophobicity is to create nanoscale rough surface on the
prepared nanofibers, whether wusing pre-roughing/post-hydrophobization or pre-
hydrophobization/post-roughening method.

1) Direct electrospinning. Direct electrospinning is a facile method utilizing low-surface-energy
polymers, either polymers containing or not containing fluorine groups.

The most used polymer without fluorine groups in this method is polystyrene (PS) because of its
low cost, accessibility and considerable low surface energy. Lee and coworkers have effectively
synthesized a PS electrospun membrane with flexibility.[113] The membrane possesses decent
hydrophobicity because of the synergistic effect of the mesh structure and low surface tension
and thus is capable of separate micelle solutions. The flexibility of the PS nanofibrous membrane
was achieved by copolymerizing more elastic monomer in the styrene molecular chains. As a
result, the copolymer possesses the robustness and stiffness of both polymers and the oil/water
separation efficiency can reach more than 97%. Other than PS, polyvinyl butyral also possess
intrinsic hydrophobic property and can be electrospun onto metallic meshes with different pore
size to achieve emulsion separation.[114] The permeation rate can be enhanced by tuning the
pore size of the mesh and the permeability of the optimal rate is 10 folds higher than commercial
membranes. Aside from PS, other hydrophobic polymers including polysulfone,[115]

poly(methyl methacrylate)[116], polyurethane[117] and poly(vinyl chloride)[118] are also
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applied in electrospun membranes aiming for oil/water separation with promising water CA over
120°.

Lately, there is an emergent trend in using highly environmentally friendly and biodegradable
materials such as poly(lactic-co-glycolic acid),[119] poly(L-lactide)[120] and poly(e-
caprolactone)[121] to fabricate hydrophobic electrospun membranes. You et al., reported a
poly(L-lactide) membrane with nanopores on the nanofibers by mixing poly(ethylene oxide)
(PEO) in the spinning solution and etching PEO off after direct electrospinning.[122] The
resultant nanofibers are left with intersected channels that contribute to 20% higher oil

permeability during the separation process.

As for the polymers containing fluorine groups, poly(vinylidene fluoride) and triptycene-based
polyimide are commonly used in fabricating electrospun membrane with hydrophobicity and
oleophilicity.[123] For example, Qiu and colleagues reported a poly(vinylidene fluoride-
hexafluoropropylene) membrane with excellent oil absorption ability owing to the inherent
oleophilicity of the polymer and the rough surface of the membrane.[124] As a result, a high
water CA of 134° and an ultra-low oil CA of 0° are achieved which enable the membrane for
highly efficient emulsion separation. It is also worth mentioning that polymers containing
fluorine groups suffer from the drawback of toxicity and may pose harm to the environment and

should be handled with cautious in industrial application.

2)  Pre-hydrophibization/post-roughening  approach. This approach for fabricating
hydrophobic/oleophilic membrane consists of two steps: first synthesizing hydrophobic
nanoparticles and second electrospinning the fabricated nanoparticles with another hydrophobic
polymer solution to achieve rough surface texture of the membrane. Consequently, the

membrane shows an exceptionally high water CA (> 150°) and thus demonstrates
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superhydrophobic characteristic. The most used hydrophobic nanoparticles are silicon dioxide
and titanium dioxide coupled with organosilation treatment to further decrease the surface energy
of the nanoparticles.[125] More novel methods have emerged by using polyhedral oligomeric
silsesquioxane (POSS) to construct hydrophobic rough morphology on membranes. As one the
works using this method, Cao ef al. used POSS and a polymer with intrinsic microporosity to
construct a protrusion structure on the nanofibers via colloid electrospinning.[126] The
nanofibrous membrane has a water CA of 155°, which qualifies as superhydrophobicity. This
property allows the membrane to separate water/oil micelle with a separation efficiency of

99.95%.

3) Pre-roughening/post-hydrophobization approach. By utilizing this approach, fibers are
roughened first and chemically treated afterwards to achieve low surface tension. There are three
common roughening methods: in sifu crosslinking, self-assembly and wet chemical reaction. As
for the chemical modification, the materials are usually small organic molecular containing
fluorine groups or methyl groups. More recently, a new polymerized trifunctional phenolic
system with low surface energy and high stability, polybenzoxazine (PBZ) was developed as a
glue holding the nanofibers and the hydrophobic nanoparticles together.[127] For example,
poly(m-phenylene isophthalamide) nanofibers can be immersed in PBZ solution to form
Mannich structure during the in situ crosslinking, followed by silicon dioxide nanoparticles
attachment to achieve low surface tension.[128] As a result, the resultant membrane possesses
superhydrophobicity/superoleophilicity with a water CA of 160° and an ultralow oil CA of
approximately 0°. In addition, the membrane shows low adhesion to water droplets with a sliding
angle lower than 5°, which is a crucial characteristic for continuous oil/water separation

application.
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2.2.4.3 Membrane with Switchable Wettability

More recently, amphiphilic membranes have attracted much attention due to their switchable
wetting behavior.[129] The underlying principle to achieve such property is often associated
with external stimuli including changing pH,[130, 131] gas,[132] temperature,[133] etc. Several
stimuli responding electrospun membranes will be introduced in the following section.

pH responsive polymers have been widely investigated for the use of wettability-switchable
membranes. Poly(2-vinyl pyridine),[ 134] poly(4-vinyl pyridine)[135] and poly(acrylic acid)[130]
have been utilized in this field due to their variations of charges and conformations upon pH
changes. For example, poly(4-vinyl pyridine)-co-poly(methyl methacrylate) electrospun
membrane was prepared and showed promising wetting transition property.[135] Once the
membrane was immersed in solution with a pH of 3, the poly(4-vinyl pyridine) was protonated
due to the mild base nature of the polymer. The pyridine groups in the polymer chain are
extended to the nanofiber surface because of the electrostatic repulsive effect, leading to water
being trapped on the nanofiber surface. Once the membrane was immersed in solution with a
neutral pH, the protonated polymer chains were conformed, leading to membrane transforming
back to the hydrophobic state. The membrane can sustain 5 cycles of repeated wettability
switching upon the immersion in acidic and neutral solutions. This property enables the
membrane to selectively remove water from oil under a pH of 7 and remove oil from water once
the membrane was treated under a pH of 3.

As for wettability-switchable polymers with thermo-responsive property, PNIPAM is one of the
most applied material due to its convenience and low cost. The heat intrigued free energy change
is due to variations of entropy and enthalpy within molecular chains.[133] The major drawback

of PNIPAM is its water-soluble nature which hinders its application in oil/water separation. To
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reduce the solubility of PNIPAM, PNIPAM can be copolymerized with an insoluble monomer.
PMMA as a non-soluble polymer was copolymerized with PNIPAM and as a result, PMMA in
the glassy state can act as the intramolecular crosslinking point thus preventing the PNIPAM
from dissolving in water.[136]

Another external-stimuli strategy is gas composition, featuring advantages including
renewability, eco-friendliness and low cost. CO; is commonly used gas in this method and there
are several CO; responsive polymers including poly(N,N-dimethylaminoethyl methacrylate),
poly(N,N-diethylaminoethyl methacrylate).[132, 137, 138] The amine groups in these polymers
reacted with CO2 and as a result the polymer chains show a hydrophilic stretched state which
allow the water to permeate through. Once the gas is removed from the aqueous environment,
the polymer chains switch back to the aggregated hydrophobic state, allowing the oil to pass
through. Take Yuan and colleagues’ work as an example, poly(N,N-diethylaminoethyl
methacrylate) was copolymerized with PMMA, followed by electrospinning to fabricate
nanofibrous membrane.[132] The membrane can switch back and forth between
hydrophilic/oleophobic state to hydrophobic/oleophilic state with cyclic presence of CO; and N,
gas, which further realized tunable separation of oil or water from the micelle solution.

2.2.5 Conclusion

Until now, electrospinning technique has been matured and considered as a reliable method to
fabricate non-woven membrane for filtration and oil/water separation. The flexibility, tuneable
wettability and the nanoporous structure make electrospun membranes promising candidate for
water treatment. Although there has been notable progress in the advancement of electrospun
nanofibrous membrane, several major drawbacks are yet to be solved for more practical

applications.
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1) One of the major issue of nanofibrous membrane is the durability. The surface structure is
prone to abrasion and damage upon loading, which decrease the separation ability of the
oil/water mixture. Additionally, nanoparticles in the membranes can be leached over time and
cause secondary contamination during the filtration. Thus, developing robust, stable membranes
with nanohierarchical structure is highly demanded.

2) The oil/water emulsion utilized for laboratorial separation testing are simplified, whereas in
reality, the contaminated oily water has more complex composition and may contain
microorganisms, heavy metals, organic dyes, etc. Thus, membranes developed in laboratory may
not meet the separation requirement in industrial settings. Actual environmental condition should
be considered in future development of electrospun membranes.

3) One of the major issues of electrospinning is the large-scale application in industry. The high
voltage requirement and limited scalability hinder its realistic application in industry. At this
point, electrospinning technique is matured in academic setting, but more consideration and
adjustment should be taken to achieve more scalable, simple and cost-efficient manufacturing
process.

Despite the above challenges in the current oil/water separation technique, there are many
opportunities in this field as well. Currently, researches are striving to develop membranes with
high anti-fouling performance under continuous operation to treat more viscous heavy oils. A
growing number of anti-fouling membranes will be developed with exceptional efficiency and

separation performance to advance the field of oil/water separation.

2.3 Solar-driven Vapor Generation

Evaporation of water is a ubiquitous phenomenon that is observable from biological metabolism

to climate change. In modern industrial settings, evaporation is universally present in heat
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dissipation,[139] power generation[24] and energy storage that involves phase-change.[22]
Recently, the field of desalination technique involving water evaporation has attracted much
attention to remediate the freshwater crisis.[140, 141] The freshwater produced from evaporation
is highly pure but the vaporization process is often powered by fossil fuel, which brings
secondary pollution to the environment.[142] Aside from the development of environmentally-
friendly thermal-based distillation technique, one research field is emerged on novel materials
with tunable properties for solar-vapor generation and water purification.[143] Making use of the
abundant omnipresent resource, solar vapor generation (SVG) purify water with the similar
mechanism of natural hydrological cycle in nature.[144] SVG holds the advantages of low cost,
environmentally friendliness and fossil fuel-free, which are beneficial properties for water

purification.

During the process of vaporization, water transform from the form of liquid to gas at the water-
air interface. Generally, two routes can start evaporation: increasing the temperature and
decreasing the air pressure. Under ambient environment, water will naturally vaporize because of
the lower pressure in air comparing to saturated vapor pressure. Tuning temperature is a
straightforward method to regulate the water evaporation behavior. When the temperature
increases to a certain point, water molecules escape the interface of the liquid and air. If the
temperature exceeds the boiling point threshold, steam will be generated because of the
vaporization within bulk water. The process of boiling vaporization is fast but requires massive

energy.[145]

Many novel materials for SVG were developed over the last decade that can enhance evaporation
at the interface of water and air.[27, 146-150] Most of these materials thrive at conversing photo

energy to thermal energy. One of the strategies are adopting solar absorbers with low
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transmittance such as carbon nanotubes and graphene.[51] Common characteristics of these
materials are the black appearance and broadband light wavelengths absorption. More recently,
much effort has been devoted to enhancing the conversion of light-to-heat efficiency via nano-
scale structure and energy-band engineering. Traditional materials for SVG usually suffer from
light reflection and heat diffusion, which decrease the light-to-heat conversion efficiency.
Therefore, many research works are devoted to increasing the efficiency of heat harvesting.
However, SVG requires a high energy input of at least 40 kJ mol™”, which severely hinders
industrial applications of water vaporization technique. Innovative materials that can enhance the
solar-energy harvesting and decrease the energy input of SVG by tuning hydration behaviors are

plausible candidates for highly efficient solar-energy enabled water treatment.[151]
2.3.1 Photo-thermal Materials for SVG

In order to convert solar energy to thermal energy, the material should be able to absorb incident
light and avoid emittance or reflectance of light. Recent years have witnessed the innovation of
several materials with photo-thermal conversion property as solar energy absorber such as
plasmonic materials,[152, 153] semiconductor particles,[154, 155] carbonaceous[51, 156] and
polymers.[157, 158] These materials possess advantages including broadband light spectrum
absorption, chemical stability and eco-friendliness.

Polymers consisting n-conjugated backbones of sp*-bybridized carbon possess split energy levels,
giving them large potentials to absorb light.[159] Nevertheless, some conjugated polymers may
have unique energy-band configurations, limiting the bandwidth of the light that they can absorb,
which affect their light-to-heat conversion efficiency when exposed to natural sun light.[160]
Many strategies were developed to broaden the light bandwidth absorption, such as ionic

doping,[161, 162] co-polymerization[163, 164] and oxidative doping.[165, 166] These strategies
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are designated to increase the near-infrared light absorption by molecular reconstruction, namely,
doping with polymers of low fluorescence content. Polypyrrole (PPy) is a commonly used
polymer used to increase the light absorption due to the bipolar metallic state of doped pyrrole.
The slow oxidation process of pyrrole involves metal cations, such as Fe(Il).[167] Moreover, by
doping functional groups into PPy molecular chains, nanostructure can be controlled to construct
n-n stacking.[168] Applicable conjugated polymers that have been doped with PPy include
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate),[ 169] dopamine[170] and
polyaniline[171] and these doped polymers can absorb broadband light, which is promising for

SVG application.

Semiconductors, such as TiO; and Ti,03, are considered as more viable photothermal materials
because of their controllable energy band and intrinsic light-to-thermal conversion property. The
mechanism of intrinsic thermalizaiton is the formation of excitons when the energy of photons
exceeds the band gap, namely, electrons and holes.[172, 173] The electron-hole pairs later
reduce to the edge of the conduction and recombine, and the process lead to conversion of
irradiative energy to heat. Nevertheless, the recombination of excitons will cause energy loss
because of emission, which makes the energy conversion efficiency of semiconducting materials
highly dependent on the width of the band gap.[174] Approximately 50% of electromagnetic
radiation energy of sun light is from infrared light.[175] Therefore, increasing the light
absorption of the semiconductors around the infrared spectrum will substantially increase the
light-to-heat conversion efficiency and recent years have seen many semiconducting light

absorbers with heteroatom doping to decrease the energy gap.[176]

TiO, is a commonly used photo-responsive material for light harvesting because of the

compatible energy level configuration with the sum spectrum.[177] The band gap of TiO; is
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approximately 3 eV, which is most responsive to ultraviolet light. Higher efficiency of light-to-
heat conversion can be achieved by shortening the band gap.[178] Therefore, Ti,Os; was
synthesized with extremely short band gap (approximately 0.09 eV) which allows it to absorb a
broadband wavelengths of sun light from 500 nm to 2500 nm.[179] Light-absorbing
semiconductors with narrow band gap are promising candidates for solar water vaporization

considering their excellent light absorption ability under one sun radiation.

2.3.2 Micro-/nanoscale Structures for Enhanced Light Absorption

Carbon-rich materials including graphene, carbon nanotubes and amorphous carbon are capable
of broadband sun light absorption because of the hybrid bonds with continuous energy level.[180]
A drawback of these materials is their high reflectance due to the low emissivity.[181] Thus,
many nanoscale or microscale structures have been constructed to reduce the energy loss from
reflectance, e.g. porous,[182, 183] aligned[184, 185] and hierarchical structures.[186] One of the
strategies to increase the light absorption ability is by tuning the optical path length with
different structures.[187] This method reduces the refraction and scattering in the structure even
if the intrinsic reflective factor of the material is not changed. In a nanoscale structure, light can
be “trapped” in the structure due to the matching of the light wavelength and the dimension of
the nanostructure.[188] In this case, the refractive properties are changed and light is absorbed in
the structure due to several internal reflection.[189] Up to now, carbon nanotubes have been an
ideal candidate for constructing nano-scale structure, which shows a high emissivity of 0.99 with
a broadband of wavelengths.[184] Align structure is also applicable for carbon nanotubes and an
array with 2 um thickness and lower than 2% reflection rate was achieved. Hierarchical structure
such as graphene foam was also utilized to enhance the light absorption and reduce reflection as

light absorber. The graphene foam shows high light absorption over a broad range of solar
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spectrum with ultralow reflection, which enabled highly efficient light-to-heat conversion of over
90%.[51]

Another state-of-the-art light absorber technique utilizes the plasmonic effect of metals. These
metals are capable of free-carrier absorption, which is due to the high concentration of free
carriers.[190] However, due to the opaque nature of metals, the plasmonic effect only happen at
the surface of the materials, which limit its solar-to-heat conversion. In this regard, metal
nanoparticles, such as platinum, gold and silver, are fabricated to maximize the heat generation
by increasing the surface-to-volume ratio of materials. The electrons on the surface of the metal
change from lower energy level to higher ones when exposed to incident light, which creates hot
electrons. Afterwards, the harvested energy is transformed into thermal energy because of the
electron-phonon scattering and the heat is released due to phonon-phonon relaxation. Therefore,
the metals with localized surface-plasmon resonances are optimal to transform photon energy
thermal energy. One of the major drawbacks of plasmonic metal as light absorber is the narrow

inherent absorption spectra.[153]
2.3.3 Heat Management in Light Absorbers

Aside from the conversion efficiency of light to heat, the transfer efficiency of the obtained heat
also has an impact on the energy efficiency of the whole system. Heat is transferred in three
routes: radiation, convection and conduction. Radiation entails no direct contact because heat
was transferred via electromagnetic waves; convection occurs in fluids; while conduction
involves direct contact with the heat source and the target. All materials with an absolute
temperature > 0 K emit radiation. Therefore, every material can absorb and emit solar energy at
the same time. The radiation spectrum of a material is not related to its intrinsic material

properties including shape, structure or size, according to Planck’s law.[191] The radiation
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spectrum shifts to shorter wavelengths when the temperature increases. Within a solar vapor
generation system, the energy converted from light can be categorized into three types: energy
lost from the conversion process; energy used for the water evaporation; and conduction and
conversion heat loss to the environment. The higher the energy is used to power the water
evaporation, the more efficient the system is. In this regard, heat management is highly sought
after to increase the energy efficiency of the SVG aside from structural design of the
materials.[192]

Volumetric heating strategy was developed to increase the energy efficiency of the SVG system
by increasing the heat transferred to water. In this strategy, the light absorber was uniformly
distributed and in direct contact with water, carrying out in situ heating of the water. The
drawback of this method is the occurrence site of the evaporation. The evaporation is located at
the surface of the water-air interface, whereas the heat is generated at the bulk of water, leading
to energy waste due to convection. Moreover, the material is prone to aggregation and
deterioration, which is not suitable for long-term application.[193]

To remediate this issue, nanostructures were developed to reduce energy loss by utilizing a
water-in-absorber strategy, which is named as interfacial SVG system. In this strategy, water
molecules are confined in the pores, gaps or channels of the nanostructure light absorber, which
is floating at the surface of the water-air interface where the heating is highly localized and it is
easy for evaporated water molecules to escape.[194] The efficiency can reach 90% with several
common materials including wood, carbon black and graphene.[50, 195-197]

Aside from the nanostructured materials, hydrophilic polymers have been developed applying
the same strategy to increase the water distribution in the light absorber. In the polymeric

network, water molecules are trapped in-between the hydrophilic polymer chains, which forms
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hydrogels.[198] The absorbed energy from sun light can be easily transferred to the water
molecules due to the close proximity of light absorber and water. The degree of crosslinking can
be tuned to change the pore size of the hydrogel, hence determining the amount of water in the
hydrogel. A recently reported hydrogel based SVG can convert sun light to heat with an overall

efficiency of 93% utilizing PVA as the polymer network.[199]
2.3.4 Conclusion

In contrast with the current distillation method that utilizes fossil fuel, SVG systems are
considerably eco-friendly. The SVG only utilizes the abundant resource of solar energy for water
distillation, largely reduces the dependency of cumbersome infrastructure and traditional fuel. In
addition, the state-of-the-art SVG systems are capable of water evaporation with lower than 1
sun irradiation, making future disaster relief, household freshwater supplement possible.[200]
Current SVG systems are still in the small-scale portable application stage, filling in the blanks
of centralized water purification. The scalability and high cost demand of SVG systems are the
main drawbacks that hold the technology develop beyond laboratory settings. These problems
can be addressed by developing more low-cost, stable nanostructured materials for industrial
application. Moreover, wastewater is often complex in its composition, including corrosive
chemicals and contaminants. The SVG systems are more focused on using seawater as the
resource for water purification, whereas more complicated wastewater treatment is largely
ignored. Thus, stability and robustness of materials used for SVG should be considered to
increase the durability as well as the versatility of the system.

In summary, SVG is a novel technology that is in its early development stage, which holds great
potential for industrial application if the above issues are solved. More innovation of materials

and studies on thermal-loss minimization, compact installation will largely improve the

30



development of SVG technology. In the future, SVG systems with multi-functionality of
wastewater collection, water purification and freshwater delivery will be of great demand for

practical solar-powered freshwater purification.
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Chapter 3 Dual-functional Superwettable

Nanofibrous Membrane

3.1 Introduction

The rapid industrialization has given rise to a severe deterioration in water quality[201]. Given
that 70% of the drinking water comes from rivers and streams, the industrial contamination of
these resources can bring about fatal damage to human health[202]. The wastewater emitted
from industrial processes, partially comprised of immiscible organic solvents/water mixture, has
tremendously increased the difficulty of water treatment[203]. Therefore, developing an effective
water purification process has drawn academic interest and industrial effort to address the issue

of clean water crisis.

As one of the solutions, much effort has been devoted to oil/water separation of wastewater
discharged from manufacturing processes[62, 204-209]. More recently, super-wettable materials
with distinct opposite affinities toward oil or water have been emerging in oil-water

separation[210-212].

Herein, we demonstrate a hierarchical nano-structured water purification membrane fabricated
with PVA nanofibers and PPy nanoparticles to achieve efficient emulsion separation with low
oil-adhesion property as well as high-rate seawater desalination. GO, as one of the most
important derivatives of graphene, is valued for its non-toxicity, excellent dispersity and has long
been used as reinforcement elements to strengthen the material. Therefore, 0.2% graphene oxide

was mixed into the PVA electrospinning solution as a reinforcement to strengthen the material.
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The nanofibrous PVA membrane (NPM) exhibits the integrated properties of mechanical
robustness, superhydrophilic/underwater superoleophobic wettability and broadband solar
absorption. The crosslinked electrospun PV A nanofibrous mat acts as a porous skeleton with fine
flexibility and internal gaps, leading to a high permeate flux during oil/water separation. The PPy
nanoparticles deposited on the surface of the PVA nanofibers in a close-packed fashion, giving
the membrane a rough surface with superhydrophilicity and underwater superoleophobicity
(158°) and an extremely low oil-adhesion property. The ultra-porous structure with
superwettability enables the membrane with the separation ability of surfactant-stabilized
immiscible mixtures, with high separation efficiency (oil residue after one-time separation no
more than 0.01wt %) and high flux. Unlike many membranes using oleophilic polymer[213, 214]
as the substrate, PVA is less likely to cause oil fouling because of its intrinsic hydrophilicity. The
PPy coated on the surface of PVA further creates a hierarchical structure and superhydrophilic
chemistry that act as an oil-repellent barrier, thus enhancing the anti-fouling performance. The
NPM exhibited a 98% flux recovery ratio after continuous cyclic separation of surfactant-
stabilized oil-in-water emulsion. On the other hand, solar steam generation was realized by
placing an NPM on the seawater-air interface with solar irradiation. Owing to the high area-to-
volume ratio of nanofibers and the high energy conversion efficiency of PPy, the densely packed
PPy nanoparticles on the PVA fibers can quickly harvest the solar light and convert it into
thermal energy. Furthermore, the hydrophilic nature of PVA helps efficient transportation of
water owing to capillary effect, sustaining a continuous water supply for steam generation. The
efficient solar energy absorption was verified by an over 99% light absorption of the material
within a broadband wavelength (250 to 1100nm). A water evaporation rate of 2.87 kg m™ h™' was

realized with one sun irradiation. To verify the practicality of the membrane, a solar steam
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generator was installed and utilized to collect purified water under natural sunlight and a
freshwater collection capability of solar water purification yield of 14.3 1 m > daily. The oil-
water separation and desalination performance of the NPM is compared with other related
materials (Table 3-1); the dual-functional NPM not only achieved a remarkably separation
efficiency (>99.99%) but also an excellent desalination performance (with the evaporation rate
of 2.87 kg m>h™"). The dual-functional superwetting membrane represents a new approach to
more effective purification of clean, safe drinkable water from any source, whether from the

ocean or contaminated industrial supplies.
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Material Function Separation Evaporation Price Scalability = Reference
capacity Rate (kg m™
)

Dual-functional nano- Oil/water >99.99% with 2.87 under 1 Low Large This work
structure NPM separation & solar  surfactant- sun

steam generation stabilized

emulsion

Nanoporous copper foam Solar vapor - 1.31 under 1 High Small [215]
decorated with carbon black  generation sun
nanoparticles
Porous 3D carbon foams Solar vapor - 1.26 under 1 Low Small [216]

generation sun
One-step melamine-derived ~ Solar vapor - 1.98 under 1 Low Large [217]
carbon sponges generation sun
MnO; nanowire-rGO Solar vapor - ~1.5 under 1 Low Large [218]
monolithic aerogels generation sun
3D polyacrylamide based Solar vapor - 2.0 under 1 Low Small [219]
aerogel generation sun
SiO2/cellulose Solar vapor - 1.2 under 1 Low Large [220]
nanofiber/carbon nanotube generation sun
based Janus evaporator
CusS yolk-shell nanocage- Solar vapor - 1.63 under 1 Medium Small [221]
agarose aerogel generation sun
Cupric Phosphate Oil/water high efficiency - High Large [222]
nanosheets-wrapped separation with surfactant-
inorganic membrane membrane free mixture
Nonflammable Oil/water 99.9% with - Low Low [223]
superhydrophobic paper separation surfactant-free

membrane mixture
Aliphatic polyketon Oil/water Near 100% - High Low [224]
composite membranes separation

membrane
Janus PANI-SiO, Oil/water >99.7% Medium Low [225]
nanoparticles-modified separation
membrane membrane
Ultrathin in situ silicification — Oil/water >99.9% - Medium Medium [226]
layer separation

membrane
TiO, modified Oil/water >98% - High Medium [227]
superhydrophilic separation
membrane membrane
Polydopamine coated cotton  Oil/water Near 100% - Low Medium [228]
coating separation

membrane

Table 3-1. The performances of oil water separation and solar steam generation of different

materials.
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3.2 Materials and Methods

3.2.1 Materials

PVA (Mw = 205,000, Mowiol®, Millipore Sigma), glutaraldehyde (GA, 25% aqueous solution,
Alfa Aesar), pyrrole (98%+, Alfa Aesar) and Iron(IIl) nitrate (anhydrous, 98%, Alfa Aesar),
hydrochloric acid (HCI, 37% reagent grade, Sigma Aldrich), GO (Tanfeng Tech. Inc., China),
Bovine Serum Albumins (BSA) (Sigma-Aldrich), humic acid (HA) (Millipore Sigma).

Deionized water was obtained water from EASYpure II LF ultrapure water system.

3.2.2 Electrospinning of PVA

10 g of PVA powder was dissolved in 90 g of DI water under vigorous stirring for 6 h to prepare
10% PVA solution. Different concentrations of GO were homogeneously mixed into the PVA
solution with vortex mixer. The PVA-GO mixture was added in a 10 ml syringe fitted with 18G
flat end stainless steel needle. Electrospinning of the PVA-GO mixture was set up with a 15-18
KV high voltage and the distance between the tip of the needle and the collector was 165 mm.
The PVA solution was pumped out by a syringe pump (PHD2000, Harvard Apparatus) at a flow
rate of 5 mL/h to achieve a continuous nanofiber deposition and the NPM were formed onto a

textiled nickel mesh (10 cm x 10 cm) as a collector.

3.2.3 Crosslinking of Electrospun PVA-GO Membrane

The obtained PVA-GO membranes were instantaneously dissolved in water as PVA has a high
swell ratio and fibers can fuse with each other. To stabilize the membrane, the electrospun GO-

PVA mat was pre-crosslinked with glutaraldehyde vapor. The pre-crosslink was carried out by
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exposure of the as-electrospun PVA-GO mat to with 600 pl GA(2.6M) and 200 pul HCI (37%) in
a sealed container for 24 hours. To further stabilize the membrane, the GO-PVA membrane was
immersed in 40 ml acetone solution with 500 ul GA for further crosslinking. The originally
separate nanofibers merged and entangled among each other and bonding was formed at the
intersection points between the nanofibers. Afterwards, the membranes were washed with
distilled water for 5 times, before drying under ambient atmosphere. The membrane was referred

as NPMI.

3.2.4 Preparation of NPM5

The crosslinked PVA-PPy-GO membrane was coated with PPy via in situ polymerization of
pyrrole. The crosslinked membrane was soaked in 10 ml solution of 8 wt% Fe(III) nitrate for 20
min under 4 °C. Afterwards, another solution containing 340 ul of pyrrole dissolved in 10 ml of
DI water was added under 4 °C. After polymerization for 3 days, the PPy coated membrane was

taken out of the solution, washed with deionized Milli-Q water and dried at ambient atmosphere.

3.2.5 Characterization

Field-emission scanning electron microscopy (JEOL, JSM-5900LV, SEM Tech Solution) was
conducted at an accelerating voltage of 20 eV. All specimens were sputter-coated with gold.
FTIR spectroscopy analysis was performed using a Thermo Nicolet iS10 FTIR Spectrometer
(Thermo Nicolet, Madison, WI, USA) from 4000 to 400 cm’' with a resolution of 2 cm™ and an
accumulation of 32 scans. Tensile tests were conducted at room temperature with samples of 20
mm in length, 5 mm in width and 200 pm in thickness on a tensile testing machine (LS5, Instron,

Inc., USA). The membranes were fixed by the grips and subjected to an crosshead speed of 10
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mm/min using a gauge length of 20 mm. Tensile test for each group were carried out with 3
specimens. Underwater oil CA and water CA were tested on a goniometer (JY-PHA, Shengding,
China). To test the underwater oil contact angle, a 5 pl chosen organic solvent or oil was
dispensed on a NPM placed in a water-filled petri-dish. To test the dynamic sliding angle of the
NPM, a 15 pl chosen organic solvent or oil droplet was placed on the membrane and the sliding
angle was the minimum tilt angle required for the droplet to move. The anti-fouling capability of
the NPM was evaluated by a self-cleaning experiment: a NPM was immersed in canola oil,
followed by transferring the NPM to a container filled with DI water. The container was gently
shacked to remove the oil from the NPM. Dynamic oil adhesion test was carried out to examine
the capability of the NPM to repel oil with high viscosity, in which a 5 ul of highly viscous
mechanical pump oil was pressed on the surface of NPM and subsequently detached from the

membrane surface.

3.2.6 Oil/water Emulsion Preparation and Filtration Evaluation

Surfactant-free oil/water emulsion was prepared by sonicating a 10% chosen organic solvent-in-
water mixture for 10 minutes in water bath. The surfactant-stabilized emulsion was prepared by
mixing 0.01% sodium dodecyl sulfate (SDS) into 500 ml of DI water, followed by adding 50 ml
chosen organic solvent or oil into the solution. A homogenized emulsion was obtained after
sonicating the oil/surfactant/water mixture for 2 h in water bath. The organic solvent/oil droplet
size was measure by a dynamic light scattering machine (Zetasizer, Nano-ZS, Malvern, UK) and

optical microscopy (Micromaster, Fisher Scientific).

For the fouling resistant testing, DI water was first poured into the filtration equipment and the

flux was recorded as F;. After 10 min of pure water filtration, oil/water emulsion was poured into
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the filtration equipment for 60 min of continuous filtration. The NPM was subsequently released
from the equipment and was with DI water to remove the oil residue. The flux of pure water was
tested again with the same NPM and the flux was recorded as F,. The anti-fouling capability of

the NPM was measured by the flux recovery ratio (FRR) according to the following equation:

FRR = 2 X 100% (Equation 4)
1

The separation efficiency of the NPM was calculated by comparing the oil droplet count before

(C,) and after (C,) filtration according to the following equation:

R (%) = ( - C—) x 100% (Equation 5)

14
Co
3.2.7 Solar Vapor Generation Experiment
A sun tester (Suntest XLS+, ATLAS) was utilized to test out the solar vapor generation
performance of NPM. The solar irradiance was set as 1 kW m™. The NPM5 sample was cut into
a round shape with diameter of 8 cm™. A NPM5 (~200 pm in thickness) was placed and floated
on simulated seawater water (or DI water as control group) in a beaker. The set-up was located in
the beam spot with various solar irradiance. A weight balance was utilized to measure the water
evaporation performance. Prior to radiation of the experimental set-up, the evaporation rate
without any light source was calculated with the beaker placed in dark environment for 1 h. The
evaporation rate without any light source was deducted from the solar irradiated evaporation rate.
All solar vapor generation rates were calculated after reaching equilibrium state under 1 kW m™

solar irradiance for 1h.
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3.2.8 COMSOL Heat Transfer Simulation

Boundary conditions: 1) input solar energy(1000 W m™), 2) temperature of the underlying bulk
water, and 3) temperature of evaporating surface. Parameters: 1) the surface emissivity of 0.95
was used on absorber, 2) A natural convection heat transfer coefficient of 5 W/m’K was used on
evaporation surfaces. 3) The evaporation heat transfer coefficient of the evaporating surface was
fit to match the boundary conditions. 4) The parameters of porous materials were based on the
water because the materials were filled with large amount of water. (the thermal conductivity ~

0.6 Wm™ K™, specific heat 4.2 J g K'!, and density 1000 kg m™).

40



Chapter 4 Membrane Characterization

4.1 Introduction

In this chapter, the effect of PPy on the NPM was elaborated through various characterization
methodologies. The morphologies of the NPM with various degrees of PPy nanoparticle
deposition was observed through SEM images. Tensile tests of different degrees of PPy coating
were conducted to study the effect of PPy on the mechanical properties of the membrane. Oil and
underwater contact angle tests were carried out to study the impact of PPy on the wettability of
the membrane. The initial intent of incorporating PPy in the NPM is two-folded. Firstly, PPy
may act as a mechanical reinforcement component in the membrane. During coating of PPy, PPy
is deposited and aggregated onto the PVA scaffold by strong hydrogen bonding interaction.
Theoretically, the overall Young’s modulus of the membrane is increased because of the
aggregation and deposition of PPy nanoparticles on the PVA scaffold without completely
sacrificing the flexibility of PVA. Secondly, the morphology of PPy should play a critical role in
the superhydrophilic/superoleophobic property of the membrane. Theoraticlly, PPy nanoparticle
is should largely roughen the surface of the PVA nanofibers, which should further contribute to
the underwater superoleophobicity of the membrane. For emulsified oil/water filtration process,
adhesion of the oil phase on the membrane surface is the main reason for deterioration of wetting
selectivity. Therefore, low adhesion of oil on the membrane is an important factor for long-term
oil-in-water emulsion separation with high selectivity and efficiency. Underwater oil sliding
angle tests were conducted to evaluate the impact of PPy on the underwater oil adhesion towards
NPM. The dynamic oil adhesion test was conducted to test the adhesion between the oil droplets

and the NPM.
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4.2 Hierarchical Nanostructure of the Membrane

To prepare the NPM (Figure 4-1), the electrospun PVA membrane was first pre-crosslinked with
glutaraldehyde vapor rather than solution, because the as-electrospun PVA nanofibers are
dissolvable in glutaraldehyde water solution (Figure 4-2). After 24 hours of vapor treatment, the
pre-crosslinked PVA membrane was processed with liquid phase crosslinking in glutaraldehyde
acetone solution to further crosslink the PVA nanofibers. Until now, the PVA membrane was
fully crosslinked and capable of keeping the integrity under water (referred as NPM1). Afterward,
the membrane was dipped in a mixture of Fe*" and pyrrole monomer solution. With the process
of the slow oxidation of the pyrrole monomers under 4°C, the scale of the PPy nanoparticle layer
on the surface was controlled to be much smaller than the PVA nanofibers to construct a
hierarchical nanostructure. The coated PPy nanoparticles significantly roughen the surface and
enable the membrane with superhydrophilicity/superolephobicity, which plays a critical role in
the separation of surfactant-stabilized immiscible oil/water mixture as well as fouling-resistant
property. As can be seen from Figure 4-2b, the entangled PVA fibers form a porous
interconnected 3D network with irregular interstice. After the deposition of in sifu synthesized
PPy on the PVA nanofiber skeleton, the membrane turned pitch black (Figure 4-2d) and clusters
of particles were observed in between the internal gaps (Figure 4-2¢). The enlarged SEM
illustration of the membrane surface (Figure 4-2f) shows that the added PPy roughened the
surface of PVA nanofibers by forming tightly packed nanoscale particles, which is different from
the smooth as-electrospun PVA fibers without PPy deposition (Figure 4-2c). These finer
particles are randomly deposited on the surface of nanofibers while closely attached with each
other, as a result forming a fairly coarse morphology, which explains the underwater

superoleophobicity according to the Cassie’s model in Young’s equation[85]. The micro- and
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nano-scale PPy particles play a critical role as light absorber with low reflectance because of the

dark appearance of PPy and the effect of PPy will be discussed later.
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Figure 4-1. (a) Schematic Illustration of the preparation process of the NPM membrane and the

dual functions of the membrane. (b) the on-site set-up illustration for seawater desalination.
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(a) Without crosslinking

Dissolving in DW

for1h

Dissolving in DW

for1h

Figure 4-2. Photographs of PVA membranes without (up) and with (down) crosslinking of 25%

glutaraldehyde after dissolving in distilled water (DW) for I h.
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Figure 4-3. Surface morphological changes of the NPM, tensile stress versus strain curves of the

crosslinked of the NPM, contact angles and FT-IR spectrum of NPMs.
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4.3 Mechanical Property of the NPM

Given that the membrane is designed to endure repeated oil/water separation and seawater
desalination, the durability of the membrane in aqueous condition is a crucial factor to be
considered. The mechanical property of the membrane was modified by adding GO during
electrospinning considering its high young’s modulus and strong mechanical property. The stress
and strain behavior of NPM was detailed in Figure 4-4. The ratio of GO and PVA was
investigated to understand its effect on the mechanical properties of the membrane. As presented
in Figure 4-4, the mechanical properties of the NPM can be adjusted with a various ratio of the
reinforcement (GO) and matrix (PVA). As predicted, by changing the ratio of GO to PVA from 0
to 0.3% led to the decrease of elongation from 60.07% to 17.14% and an increase of modulus
from 10.42 MPa to 114.36 MPa. With a decrease of the GO/PVA ratio, the tensile strength of the
nanofibers initially increased. At the 0.3% ratio of GO/PVA, the nanofiber membranes exhibited
the ultimate tensile strength of 6.08 MPa and the strain at break of 17.14%. However, the high
ratio of GO/PVA results in brittleness in mechanical property, which is undesirable in the
separation. Given that PPy will further strengthen the material, 0.2% GO/PVA was chosen as an

optimal amount which possesses high strength but also a reasonable flexibility.
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Figure 4-4. Tensile stress strain curves of the crosslinked PVA membranes mixed with 0.1%,

0.2%, 0.3% GO and no GO.
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To clarify the influence of PPy on mechanical properties and wetting behavior of the membrane,
tensile test and underwater contact angle test were carried out with various PPy content. Figure
4-3g shows typical stress—strains curve of the NPM with different extent of PPy coating. The
mechanical property of NPM is tunable via changing the proportion of rigid constituent (PPy)
and flexible constituent (PVA). The crosslinked PVA membranes(NPM1) are immersed in
pyrrole monomer solution for 5 hours (NPM2), 1 day (NPM3), 2 days (NPM4) and 3 days
(NPMS), respectively. As expected, with the PPy in situ polymerization proceeding, more PPy
particles were aggregated on PVA nanofibers (Figure 4-5), resulting in the elongation decrease
from 33.75% to 8.75% and the modulus increase from 41.51 MPa to 159.37 MPa. The ultimate
strength of NPM achieved 7.62 MPa after 2 days of PPy coating. With the slow oxidation of PPy
reacting for 3 days, the NPMS5 shows the highest strength at break of 9.69 MPa and a Young's
modulus of 159.37 MPa with an elongation of 8.75%, comparing to the NPM1 with lower

modulus (10.42 MPa) and higher flexibility (fracture strain at 33.75%).
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Figure 4-5. SEM images NPM1 to NPMS5.
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4.4 Water and Underwater QOil Contact Angle Tests

A hypothesis was raised that the surface wettability is directly influenced by the amount of PPy
coated onto PV A nanofibers. Therefore, the effect of PPy on the wetting behavior of membranes
was also investigated. As a result, the roughness of the surface of the NPM, tightly related to the
deposition of PPy nanoparticles on the PVA nanofibers, has great impact on the water or oil
wettability of the material. As can be observed in Figure 4-3h, NPM1 exhibits a water CA of 13°
and an underwater oil CA of 123°. After immersing the membrane in PPy solution for 5h, the
water CA reduces to 0° and the underwater oil CA increases to 132°. With continuous immersion
for 2 days, more PPy nanoparticles are synthesized and deposited onto the surface of the PVA
nanofibers, leading to higher hydrophilicity and oleophobicity with an underwater oil contact
angle of 148° after 1 day. After 2 days, the water contact angle stays at 0° while the underwater
oil contact angle increases to approximately 152°. Once the membrane was immersed in PPy for
3 days, water contact angle still remains a 0° and an average of 158° underwater oil contact angle
is observed, demonstrating superhydrophilicity and underwater superoleophobicity. This
phenomenon is in accordance with the hypothesis that the deviation of wettability is closely
associated with the amount of PPy nanoparticles packed on the PVA nanofibers surfaces. The
result can be explained by Wenzel’s model[61], where increased ratio of actual to geometric
surface area results in higher roughness factor, which brings about higher affinity toward oil or
water. Therefore, as for a particle-composed surface, more nanoparticles bring about a greater
coarseness, thus gives the membrane a superhydrophilic wettability. The detailed mechanism

will be presented in the following discussion.

To verify whether PPy nanoparticles are successfully deposited onto the PVA fibers, the FT-IR
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spectrum of the NPM was analyzed (Figure 4-31). As can be observed in the PVA spectrum (red

line in Figure 4-31), the broad band of PVA (3550 - 320001’1’1_1) is attributed to O—H stretching

from the hydrogen bond. The presence of alkyl groups in PVA results in vibrational band

between 3000 and 2850 cm™'. The characteristic peak around 1732 em | is attributed to the C=0
and C-O stretches in the acetate groups[229]. As can be seen from the PPy spectrum (Figure 4-31,

1

blue), absorption at 1,552 cm * is attributed to the in-ring stretching of C=C bonds in the pyrrole

ring[230], while the absorption at 1,315 em ! is associated with in-plane vibration of =C-H
bonds[231]. As can be seen in the black curve in Figure 4-3i, most of the characteristic
absorptions of PPy and PVA described above were observed in the FT-IR spectrum of NPM5

without shifts, therefore confirming the existence of PPy and PVA in the membrane.
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4.5 Organic Solvent Contact Angle and Sliding Angle Test

Aside from oil, the wetting behaviors of the membrane with several non-polar organic solvents
were also investigated. In under water contact angle test (Figure 4-6a), the process of the water
droplet being completely soaked by the membrane took less than 0.5s. Whereas the membrane
resisted the adhesion of organic solvents even after repeated contact (Figure 4-6b), indicating the
low adhesion force between NPM and organic solvents, which can be explained by its rough
nano-structured surface that allows for the approaching oils being repelled by the soaked water.
The underwater oil contact angles of canola oil and several versatile organic solvents, including
hexane, toluene, petroleum ether are all above 154° (Figure 4-6€). Wettability test of the
membrane using non-soluble organic solvents with densities higher than water (i.e. chloroform,
dichloromethane and carbon disulfide, excellent underwater superoleophobicity were also carried
out, with underwater oil contact angle of over 156°. The stability of this wetting behavior was
tested by immersing NPM5 in water for 30 consecutive days. As a result, the membrane
maintained its underwater superoleophobic property, suggesting its exceptional durability under
aqueous environment (Figure 4-7). The underwater superoleophobicity also suggests that the
NPM potentially possesses anti-fouling propensity due to its superior surface hydration and low
adhesion force towards oil. To further investigate the oil-repellent property of NPM, sliding
angle tests were carried out. It can be observed from Figure 4-6¢ that the dichloromethane
droplet easily rolled off the surface of NPMS5 with a SA of ~1°. In contrast, the dynamic SA
dichloromethane on NPM1 is ~10° (Figure 4-8) due to the lack of PPy nanoparticles on the PVA
nanofibers. The hydrophilicity of NPM was enhanced by the presence of PPy nanoparticles
because of the synergistic effect of surface energy and the nanoscale topography. The dynamic

sliding angles of various organic solvents on NPMS5 were comprehensively studied, as shown in
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Figure 4-6f. The sliding angles (SA) ranges from 1° (chloroform and dichloromethane) to 3°

(canola oil), showing outstanding underwater superoleophobicity.
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Figure 4-6. Underwater Oil Contact Angles and underwater sliding Angles of the NPM against

different oily droplets.
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Figure 4-7. Underwater Oil Contact Angles of the NPM against different oily droplets after

days.

tive

in artificial seawater for 30 consecu
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Figure 4-8. Dynamic sliding angle test of NPM1 with a droplet of dichloromethane
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Chapter S Oil/water Separation Performance

of the NPM

5.1 Introduction

This chapter will discuss the Oil/waters separation performance of the NPM under various
separation conditions. Non-polar organic solvents that share the non-solubility property of oil
were used to test the separation efficiency of the NPM. Six insoluble organic solvents that are
commonly used in industrial setting was chosen for the testing. The effect of surfactant on
separation process by emulsifying the oil/water mixture as stabilized emulsion for separation.
The separation permeation flux of surfactant-free and surfactant stabilized emulsions were
recorded, as with the separation efficiencies. The oil droplets sizes were measured by DLS.
Ability to operate under harsh conditions is another factor to ensure reliable and long-term
separation. Therefore, acid/alkaline seawater with pH ranging from 1 to 13 was utilized to test
the separation ability of the NPM under harsh environment. For emulsified oil/water filtration
process, adhesion of the oil phase on the membrane surface is the main reason for deterioration
of wetting selectivity. Therefore, low adhesion of oil on the membrane is an important factor for
long-term oil-in-water emulsion separation with high selectivity and efficiency. Therefore,
continuous and cyclic separations were carried out to test the ability of the membrane to resist
foulants such as surfactant, BSA and HA. Last, the mechanism of the superwettability of the

NPM was explained.
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5.2 Separation Efficiency of Sundry Organic Solvent/water

Emulsion

The separation efficiencies of the as-described NPM along oil/water separation process were
testified via a series of experiments presented in Figure 5-1. To demonstrate the separation
efficiency of the membrane, six types of insoluble organic solvents were chosen considering
their massive use in manufacturing, including petroleum ether, hexane, chloroform,
dichloromethane, toluene and carbon disulfide. A surfactant-free oil/water mixture was prepared
by sonicating a 10% petroleum ether-in-water mixture for 10 minutes in water bath. As shown in
Figure 5-1a, NPMS5 with a diameter of 8 mm and thickness of 200 um was fixated in between a
funnel and an Erlenmeyer flask. The oil-in-water emulsion was transferred into the funnel, which
was in direct contact with NPMS5. As can be seen from Supplementary Movie 2, water
instantaneously soaked into the membrane. The oil-water emulsion was demulsified once in
touch with the membrane with water permeated through NPMS5 and oil remained above. The
filtered water was examined (Figure 5-1d) to study the separation efficiency by counting the oil
droplet residue after separation. Observing from the optical microscopy collected from the
filtrate, no visible droplet was observed in images obtained from the same batch (Figure 5-1¢).
The diameter distribution of the oil droplets before separation demonstrates that the diameter of
oil droplets is most likely to fall into a range of 5-20 um (Figure 5-1g). The flux reduced as the
thickness of the membrane increased. The flux can reach 12740 L m”h™ when testing a single
layer of the NPM, while decreasing to 3981 L m™>h™ witha tri-layered membrane (Figure 5-If).
In addition, the separation efficiency and consistency were measured to assess the oil/water

separation performance. Similar phenomenon was observed among other organic solvents/water
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mixture. After organic solvent/water mixtures were poured into the funnel, water quickly
permeated through the membrane, whilst the organic solvents remained above the membrane,
showing excellent separation capability of the material among a wide range of immiscible

solutions.
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Figure 5-1. Oil/sea water emulsion separation installation with optical microscopy of emulsions
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petroleum ether-in-water mixture.

59



5.3 Membrane Permeability

Membrane permeability was comprehensively investigated. The fluxes of sundry solvent-in-

water emulsions were measured as shown in

Figure 5-2a. As oceanic crude oil spill is one of the most encountered scenarios in industrial
oil/water separation, artificial sea water was prepared to simulate real-life separation condition
(Table 5-1). Among all the organic solvents and oils used, the separation fluxes are all above
2638 L m “h for surfactant free emulsion and 1271 L m >h™' for surfactant-stabilized emulsion.
The flux of hexane-in-water emulsion is the highest (12689 L m > h™"), while the flux of
surfactant-stabilized hexane-in-water emulsion is 3962 L m > h™'. There is a slight higher
difference of fluxes between surfactant-free and surfactant-stabilized emulsion in hexane than
other organic solvent. This phenomenon is possibly due to higher impact of SDS (surfactant used
in this thesis) on emulsification of hexane compared to the impact of SDS on the dispersion of
other non-soluble organic solvents in water, which further result in smaller hexane droplets in the
surfactant-stabilized emulsion. With smaller oil droplets, the emulsion is harder to be
demulsified at the surface of NPM, hence the lower flux and more significant difference between
the surfactant-free and surfactant-stabilized emulsion. To further confirm this assumption,
dynamic light scattering (DLS) were carried out to test the droplet size of hexane and other
organic solvents-in-water surfactant-stabilized emulsion. Here, we will compare hexane and

petroleum ether as an example. As can be seen from the DLS results in
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Figure 5-3a-d, the average droplet size of surfactant free hexane-in-water emulsion is 2327 nm
while the average droplet size of surfactant stabilized hexane-in-water emulsion is 510.4 nm,
which is a 78% reduction in hexane droplet size with the presence of surfactant. Meanwhile, the
average droplet size of surfactant free petroleum ether-in-water emulsion is 1873 nm while the
average droplet size of surfactant stabilized petroleum ether-in-water emulsion is 713.4 nm,
which is 62% reduction in petroleum ether droplet size with the presence of surfactant. The
moderately larger change of hexane micelle size after inducing surfactant is coherent with the
bigger difference of fluxes of separating surfactant-free and surfactant-stabilized emulsions. In
addition, when comparing surfactant free hexane-in-water emulsion and petroleum ether-in-
water emulsion, the larger droplet size of hexane is consistent with the result of slightly higher

flux during the separation compared to petroleum ether.
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Compound Mass (g)
NaCl 23.98
MgCl, 5.03
Nast4 4.01
CaCl, 1.14
KCl 0.70
NaHCO; 0.17
KBr 0.10
H;BO,4 0.025

Table 5-1. The composition of artificial seawater (The total mass of the compound and the

seawater is 1 kg).
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To characterize the consistency of the separation performance, repeated separation was carried
out. As a result, the membrane exhibited high separation efficiency (>99.99%) in oil-in-water

emulsions after 20 times of separation, indicating the stability of the membrane (

Figure 5-3b). Furthermore, the 0.01% SDS stabilized emulsions are left unshaken for a

prolonged period of time. As can be seen from

Figure 5-3e-f, no stratification was observed after 15 days, exhibiting excellent separation
efficiency of stabilized emulsions of the membrane. According to the above separation results,
the NPM shows prominent performance in oil or organic solvents/water separation for
surfactant-free or surfactant-stabilized oil-in-water emulsion. The membrane can quickly absorb
water as soon as in contact with the emulsion mixture. Afterwards, the superhydrophilic and
underwater superoleophobic properties allow water to instantly permeate through the membrane

with the oil phase remaining above.
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5.4 Emulsion Separation Under Harsh Environment

Another feature of this work is to show the excellent functionality under harsh conditions. The

NPM is capable of resisting acidic/alkaline condition under severe pH environment.

Figure 5-2c¢ shows water contact angles of NPM in artificial sea water with various pH. When
the membrane was immersed in acid/alkaline seawater with pH ranging from 1 to 13, the oil
droplets exhibit spherical shape and all the underwater contact angles are above 151°, showing
consistent superoleophobic characteristic. The oil-in-water acidic or alkaline emulsion was
prepared by mixing 10% of organic solvent and artificial seawater with the addition of HCI or
NaOH solution to adjust the pH. The filtration device was the same as in the previous one, with
the membrane fixated in between the rims of flask and the funnel. After the equipment was set
up, the emulsion was poured into the funnel under 0.2 bar pressure. In this case, hexane-in-water
emulsion was selected as an example. During the separation, the cloudy emulsion transformed
into transparent, clear water in the flask, indicting excellent separation result. The as-prepared
NPM can separate stabilized micro and nanoscale oil-in-water emulsion effectively under acid,
basic and briny conditions. Owing to the chemical-resistance nature of PVA, the described
membrane can retain the superhydrophilicity/underwater superoleophobicity property under
harsh environment. To gauge the separation efficiency under severe environment, the water

purity after separation was measured as can be seen from

Figure 5-2d. The membrane shows extremely high efficiency (>99.6%) under a wide range of pH
value, indicating its stability under complex separation environment. The above results suggest
that the NPM has the capability of resisting acidic/basic environment under a series of pH

conditions.
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5.5 Anti-fouling Capability of the NPM

Filtration efficiency in emulsion separation is often impeded by the fouling of oil on the
membrane surface or clogging in pores. The oil/organic solvent residue adheres to the membrane
and weaken the superoleophobicity of the membrane, affecting the separation efficiency as well
as permeation flux. Therefore, low adhesion between oil and the membrane is an important
characteristic to remediate oil fouling and ensure highly efficient oil/water emulsion separation.
[224, 232, 233] Surface dynamic adhesion test was carried out to assess the adhesion behavior
between oil droplets and the NPM underwater. As can be seen from Supplementary Movie 1, a
dichloromethane droplet was pressed onto a NPMS5 and lifted up. During the pressing process,
the droplet was deformed into an ellipsoid while during the lifting process, the droplet returned
its shape to a sphere and no further deformation was observed when the droplet was detached
from the membrane surface. similar phenomenon was observed when highly viscous mechanical
pump oil was utilized in the test. The results prove the extremely low adhesion between the oil

droplet and the NPM, which is beneficial for relieving oil-fouling during separation.

In addition, the NPMS5 also possess easy-cleaning property. During the self-cleaning experiment,
the NPM1 and NPMS5 were immersed in mechanical pump oil, followed by shaking in DI water.
As can be seen from Figure 5-4a, oil droplets were easily shed from the NPMS5 after shaking in
water and the oil droplets can be observed from surface of the water. In contrast, the NPM1 was
immersed the mechanical pump oil, and after shaking in water, almost no oil droplet was
observed at the top of the water surface, indicating oil fouling on the membrane. The results

suggest low adhesion of oil on NPMS5 and easy cleaning once fouled with oil.
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To test the long-term anti-fouling property of the NPM, cyclic filtration test was carried out on
the NPM with several foulants including surfactant (SDS), BSA and HA. The flux recovery ratio
(FRR) was calculated after each cycle of emulsion separation and washing. Mechanical pump oil
was utilized in this test considering its similar composition to crude oil (petroleum distillates)
and high viscosity. Firstly, surfactant free mechanical pump oil-in-water emulsion was tested and
the relative flux result is shown in Figure 5-4b. The FRR of NPMS5 maintained beyond 98% after
420 min of repeated separation and washing process, comparing the FRR of 87% of NPM1. The
relative flux of NPMS5 dropped to 0.51 after 6 cycles, while the relative flux of NPM1 dropped to
0.37, demonstrating that the lower hydrophilicity of NPM1 due to the lack of PPy nanoparticles
coating results in more severe fouling even without the surfactants or other contaminants. 0.1mg
ml”' surfactant (SDS) was mixed into the mechanical pump oil and water and as can be seen from
Figure 5-4c, the FRR of NPMS5 remained 97% while the FRR of NPM1 dropped to 85% after
420 min of cyclic separation and washing procedure. The relative flux of NPM1 decreased from
0.47 after first cycle of separation to 0.34 after 6 cycles, suggesting more severe fouling during
the surfactant stabilized emulsion separation. The results for another two contaminants, HA and
BSA are shown in Figure 5-4d and Figure 5-4e, in which 1mg ml" HA and 1mg ml"' BSA were
added to the surfactant stabilized emulsion, respectively. The FRR of NPM 5 maintained at the
level of 95% after cyclic test of both HA mixed emulsion and BSA mixed emulsion. In contract,
the FRR of NPM1 decreased to 71% for HA mixed emulsion and 73% for BSA mixed emulsion,
respectively. The results confirmed the effect of PPy nanoparticles in the fouling-resistant
property of the membrane against heavy oil and multiple contaminants. The NPMS5 shows

outstanding anti-fouling property as well as longevity for heavy-duty emulsion separation.
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Figure 5-4. Anti-fouling and resilience characteristics of the NPM.
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5.6 Super Wettability Mechanism

To thoroughly explain the ultrahigh oil-water separation performance, the
superoleophobicity/superhydrophilicity of the NPM was studied. According to Young’s equation,

the solid surface wetting behavior is generally calculated by the contact angle as follows:

VYsg—Vsl .
cosf = =L = (Equation 6)
Yig

in which vy, is the solid—vapor interfacial energy, vy is the solid-liquid interfacial energy and v,

is the liquid—vapor interfacial energy.

Young’s equation is originally applied to the oil on the solid interface with the presence of air.
However, it is also applicable to the oil droplet on a solid surface in water. Thus, the following

equation can be generated

Yoil—ag €0S 81 —Ywater—q €OS 03
cos 03 = >4 vy (Equation 7)

Yoil-water

Where y,i1_g is the oil-gas interface tension, 8 is the oil contact angle with the presence of air,
Ywater—g 18 the water/gas interface tension, 0, is the water contact angle with the presence of

air, Yoil—water 1S interface tension of oil and water interface, and 05 is the oil contact angle with

the presence of water.

According to Equation 7, the phenomenon of a hydrophilic surface in air becoming oleophobic

can be explained. If we use dichloromethane as an example, the water surface tension Yy ater—gis
73 mN m™ ,while the interfacial tension of gas Yoil-g 18 25.6 mN m’'.[234] The dichloromethane-

water interfacial tension Yoj_water iS 28.3 mN m".[235] With the presence of air, the
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dichloromethane contact angle on NPM 0, measured is almost 0, while water contact angle
B,was 57.5. As indicated in Equation 7, cos 0;= -0.49, therefore, 05 equals to 155°, indicating
the NPM behaved as a superoleophobic surface in water. This theoretical speculation aligns with
the experimental results, in which the membrane is oleophilic in air while showing
superoleophobicity property under water. In a regular water contact angle situation, the material
will show a hydrophobic property if only liquid surface tension is larger than 4 times of the solid
surface tension. Since typical surface tensions of non-polar organic solvents and oils are
generally 20 to 30 mN m', the surface tension of a material should be smaller than 10 mN m™ to
make it oleophobic. Nonetheless, the air phase was exchanged by water phase in this study,
which implemented oleophobic characteristic on materials with high surface tension. Cassie et
al.[85] established a model related to the contact angle in a solid/water/air system. When the air

phase was displaced by the water phase, Cassie’s model can be written as:

cosO0; = fcosO;+f—1 (Equation 8)
where area fraction of solid is referred as f, contact angle of an oil droplet on a smooth surface in
water is referred as 85, and the contact angle of an oil droplet on a rough surface in water is
referred as 5. The rougher the solid phase is, the lower is the area fraction. For a nano-
structured surface as NPM, f is close to 0. Thus, 65 is close to 180° according Equation 8. In this
study, the PPy particles coated on the electrospun PVA nanofibers, resulting in lower area
fraction of the solid substrate. Thus, the PPy coated PVA membrane(NPM5) shows higher
superoleophobicity than PVA membranes prior to PPy coating (NPM1). This assumption is
validated with the experiment result, where the underwater contact angle of PVA membrane

increased from 123° to 158° with coated PPy nanoparticles.
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Chapter 6 Solar Vapor Generation

6.1 Introduction

In this chapter, NPM as a solar vapor generator is discussed regarding the effect of PPy on the
solar vapor efficiency, evaporation rate and desalination performance. The densely packed PPy
nanoparticles on the PVA fibers is serving the purpose of quickly harvesting the solar light and
converting it into thermal energy. The converted solar energy can be directly delivered to the
small amount of water in the molecular meshes. Compared to other research using PPy as light
absorber, the PPy in this work is an elastic network formed by slow oxidation process, which
made the PPy coverage on the nanofibers surface homogeneous and continuous. Lastly, on-site

desalination testing of the NPM was carried out to assess small scale application of NPM.

6.2 The Solar Steam Installation Under Various Illumination

Concentration

The hierarchical nano-structure membrane possesses many special characteristics to realize high
energy efficiency seawater desalination. The broad band absorption of light and high energy
conversion contributes to the localized water heating and high energy efficiency. In water
distillation, localized heating is considered as an important quality as the traditional bulk heating
of water lead to unnecessary energy loss to the unevaporated bulk portion of the water[236]. The

experiment installation of solar vapor generation is shown in

Figure 6-1a. The installation is composed of water supply, sunlight simulator and a NPM as the

functional light converter. The membrane is floating on the surface of a container filled with
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water, while the sun simulator is perpendicularly illuminating the whole system from above.
Under solar irradiance, the water molecules at the interface of membrane and air will escape the
pores and channels on the membrane and later condense in the chamber as distilled water. The
gaps and pores between different layers of the PVA nanofibers (typically 400 nm in diameter)
give rise to channels for sufficient water supply. Considering the characteristics of NPM
including the broadband light absorption, low thermal conductivity and high light-to-heat energy
conversion, such material is exceptionally suitable for the solar desalination process. NPM5

samples with a diameter 10 mm and a thickness of 200 um are utilized for solar steam generation.

Figure 6-1b shows the temperature change with respect to time under 1 sun irradiation. With
ambient temperature of 22 °C, bulk water started with a temperature of 18.9 °C and reached 27.3
°C after 5 min of illumination. On the contrary, with the presence of NPMS5, the temperature of
water rapidly increased to 39.4 °C after 5 min of irradiation, demonstrating a remarkable solar-
to-heat conversion ability. It is noticeable that with the presence of NPMS5 in the water, the
temperature reached equilibrium after 10 min of sun illumination, demonstrating the rapid

response time for this water distillation system.

Figure 6-Ic represents the effect of PPy on mass change under 1 sunlight and 0.5 sun
illumination with respect to time. Once the solar steam reaches an equilibrium state, the

evaporation rates under various Copt were recorded in

Figure 6-1d. As can be observed in

Figure 6-1d, solar vapor generation with the NPM is more substantial than without NPM present

in the bulk water under all solar concentration conditions. In particular, the evaporation rate with
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the NPM structure for Copt = 1 reaches ~2.87 kg m—2 h—1, which is almost 7 times higher than

the evaporation rate of pure water.

Figure 6-/e represents the experimental thermal efficiency of the solar vapor system. The
efficiency of solar vapor generation of the NPM5 reaches up to 76.1% under 0.8 kW m™ solar
flux, 87.5% under 1 kW m™ solar flux, contrasting 22.7% of pure water. The equilibrium
evaporation rates and energy efficiencies of NPM1, NPM2, NPM3, NPM4 and NPMS5 under 1

sun irradiation were summarized in

Figure 6-1f. As can be observed, the evaporation rate of NPM increase along with the reaction
time of PPy polymerization. Accordingly, the equilibrium evaporation rates of NPM1, NPM2,
NPM3, NPM4 and NPM5 are 1.568, 2.257, 2.464, 2.71 and 2.872 kg m >h™", and the energy

efficiencies are 52.21%, 73.37%, 79.09%, 85.1% and 87.5%, respectively.

6.3 Effect of PPy on Solar Vapor Efficiency

To understand why NPM5 shows such outstanding solar vapor efficiency, the optical properties
of NPM1 and NPM5 were measured via a UV-vis Spectrometer Ultraspec 4300 pro from 250-
1100 nm. As can be seen from Figure 6-2a, the electrospun PVA membrane (NPM1) shows
mediocre light absorption property due to the intrinsically high reflectivity of PVA nanofibers.
After the PVA nanofibers are deposited with a layer of closely packed PPy nanoparticles, the
surface becomes less reflective (the sunlight cannot be reflected, thus it shows a dark black
appearance in macro scale) because of the excellent light absorbability of the PPy. The light
absorption of the NPMS5 can reach 99.9% within a broad wavelength range from 250 nm to 1100

nm. While the absorption of PVA membrane can only reach 65% at the wavelength of 250 nm
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and 90% absorption along most of the wavelength.
The effect of the PPy nanoparticles on the swelling ratios of the NPM is shown in Figure 6-2b. It
can be observed that an increase in the deposition of PPy nanoparticles on the PVA fibers yields
a slight increase in the swelling ratio of the membrane. The increase of swelling ratio can be
explained that the presence of PPy increases the hydrophilicity of the membrane, which results in
slightly higher equilibrium swelling ratio.
To systematically evaluate the energy efficiency of the NPM solar vapor devise, the
corresponding energy efficiency () for solar steam generation was calculated using the
following formula:

n= Tflhv/COptPO (Equation 9)
where m refers to the mass flux, hy refers the evaporation enthalpy of water stored in the
membrane, Py refers to the solar radiation power of 1 sun (1 kW m™), while Copt 1s the optical
concentration of the sunlight simulator. It is observed that the evaporation enthalpy of bulk water
is larger than that in the NPM (Figure 6-3). Here, water cluster theory can be used to understand
this increase in evaporation enthalpy. Either as one molecule or clusters with multiple molecules,
water can evaporate and escape the liquid-air interface. Compared to single water molecule, a
cluster of water molecules trapped in a porous structure is more likely to escape the matrix.
Therefore, with the NPM, the water is more likely to be evaporated from the porous matrix as a
result of lower enthalpy.
Figure 6-2c is the IR images of heat distribution of the NPM floating at the air-liquid interface
while sunlight irradiation starts from 0 s to 300 s. Starting from an 18.9 °C water temperature,
the surface temperature of the NPM rapidly increases to 41.6 °C during the first 300 s of

irradiation. The thermal distribution of the membrane surface shows minor changes after 300 s,
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ultimately reached the highest at 42.3 °C, comparing to the water temperature underneath the
membrane shows insignificant rise owing to the low thermal conductivity of the material. These

data suggest that the membrane has a highly localized heating property which is beneficial to

energy efficiency and steam generation.
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Figure 6-1. Schematic set up for solar—vapor desalination unit used in the experiment and the
summary of energy efficiencies and evaporation rates of NPM with various degree of PPy

coating.
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NPMS5 and IR images of the thermal dispersion of the NPM5.
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6.4 Desalination Performance

To quantitatively gauge the distilled water quality, four artificial seawater of various salinities,
were used and carefully evaluated by conductivity tests, the Baltic sea (0.8 wt%), the average
salinity of the world ocean (3.5 wt%), the Red Sea (4 wt%) and the Dead Sea (10 wt%),
respectively[237]. It is obvious that the Na" concentrations in the collected desalinized water are
all distinctively decreased compared with the ion concentrations prior to the desalination. The
salinity results of the four samples are all below the WHO and Health Canada drinking water
standards (Figure 6-4a). Moreover, a real sea water sample (from North Pacific Ocean) was
utilized for on-site desalination test with NPMS5. The concentration of Na, Ca, Mg and K ions are
monitored to measure the desalination efficiency. From Figure 6-4b, it is observed that the ion
concentrations after desalination are 2 orders of magnitude below the original ion concentrations
in seawater among all four samples. Durability is another feature of the NPM, which enables a
durable and consistent desalination performance. Figure 6-4c illustrates the evaporation
efficiency of a NPM under cyclic test of 20 times. The test was held under 1 sun irradiance and
the membrane was washed and dried after each use. The evaporation rates of the 20 cycles fit in
a narrow range between 2.72 and 2.91 kg m™ h'. The stability of solar vapor generation
performance was also tested under acidic/base harsh environment, where seawater was treated to
achieve specific pH (ranging from 1 to 13). As shown from Figure 6-4d, the evaporation rates of
NPMS5 are all above 2.74 L m > h™' with the energy efficiencies all above 83.02%, presenting

excellent solar vapor generation ability over a wide range of pH conditions.
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comparison to after desalination and the evaporation rate and energy efficiencies of NPMS5

under various seawater conditions with 1 sun illumination.
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6.5 On-site Solar Vapor Generation Performance

A prototype of water purification system utilizing NPM5 was carried outdoor for on-site
purification testing. Here, an NPMS5 was fabricated in the dimension of 10 cm in diameter and
200 pum in thickness (Figure 6-5¢). the brine tank with a floating NPMS5 at the surface was
placed in a plastic chamber for steam condensation. The purified water was delivered by a tube
connecting condensation chamber and a water bottle. To testify the desalination function of the
water purification system, the system was then exposed to sunlight. The natural sunlight led to an
average all-day purified water yield of ~1.2 L m > h™'. The temperature of seawater in the flask
remained around 30 °C under sun exposure, despite that the temperature inside of the condenser
climbed up to 42 °C, demonstrating a prominent heating localization effect of the NPM. In
addition, the fact that the system is still collecting purified water during cloudy days proved that
the NPM supported solar vapor generation under periods of various solar exposure, revealing its
significant potential for industrial applications.

Additionally, to demonstrate a thermal distribution of the solar vapor system, a COMSOL
Multiphysics (a simulation software for multiphysics simulation) was constructed to simulate the
heat loss of the system (Figure 6-5c, d). A steady-state heat transfer module was used because
the actual experiment occurred under quasi-steady conditions, with constant evaporation rate.
Here, some boundary conditions and parameters were used in the COMSOL model are listed

below.

The results of the COMSOL model are shown in Figure 6-5c,d. With these boundary and
parameters matched, the temperature mapping in the COMSOL model matches the experimental
results, and the fitted evaporation rate are 2D direct contact (53%) and cone-shape transpiration

device (83%) respectively. The radiation losses, convection losses and conduction loss of 2D
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direct contact have account for ~7% and ~30%. 3D artificial transpiration device have account

for ~5% and ~1%. These data are consistent with the results of experiment.
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Chapter 7 Conclusion and Future Works

We have successfully established a highly effective water purification system with facile
synthesis of NPM as light absorber and oil/water separator. Instead of representing oil/water
separation or solar steam generation as the single feature of the purification system, for the first
time we combined these two elements together and created a dual-functional purification system.
The deposition of PPy nanoparticles onto PVA nanofiber enbales NPMS5 with
superhydrophilicity which facilitates rapid water permeation. Making most use of the
superhydrophic/superoleophobic hierachical nano-structure and ultra-high light absorption of
NPMS, the system is capable of fisrtly, separate the mixed oil and water and secondly, generate
solar steam for water desalination. The oil/water separation efficiency is over 99.99% with the
highest flux of 12740 L m™ h™' for surfactant free oil/water emulsions and 6503 L m™>h™ for
surfactant-stabilized emulsions with sundry organic solvents emulsions. Due to the porous
architecture of NPMS5 and high thermal insulation, the conductive heat loss to bulk water during
sunlight illumination was reduced, thus increasing the solar energy efficiency. The PPy coated
PVA membrane demonstrate the ability to absorb a wide range of wavelenghs (250-1100 nm) of
sun light to thermal energy with an absorbance of over 99.9%. Thanks to the low thermal
conductivity of PVA, the thermal energy was restrained in the NPM, achieving high energy
localization. Interestingly, the pores and gaps in between the PVA nanofibers serves as a 3D
networks, where continuous water supply was provided to guarantee adequate water for solar
vapor generation. The NPM solar steam system demonstrates a solar steam generation efficiency
around 87.5% with an evaporation rate of 2.87 kg m >h™' under 1 sun irradiation. The proof-of-

concept method toward oil/water separation and seawater desalination provides a possible
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solution for the real-life application of efficient, scalable oil/water separation, desalination and
wastewater purification.

Despite excellent oil/water separation capability and solar vapor generation performance of the
NPM, there are several drawbacks that remain for improvement in future works. The oil/water
emulsion utilized for laboratorial separation testing is simplified. However, the industrial
contaminated oily water has more complex composition and may contain microorganisms, heavy
metals, organic dyes, etc. Thus, NPM may not meet the separation requirement in industrial
settings. Besides, the anti-fouling performance under continuous operation is in urgent need,
especially for highly viscous oil (e.g. crude oil). In the future work, real industrial contamination
in the wastewater or crude oil spillage should be considered when preparing for oil/water mixture
for testing. Another drawback in this work is the scalability of the membrane in industrial setting.
At this point, electrospinning technique is matured in academic setting, but more consideration
and adjustment should be taken to achieve more scalable, simple and cost-efficient
manufacturing process. In addition, the two functions in NPM are realized in separate
installations. Large-scale water transportation brings in excessive energy waste. Therefore, it is
highly preferable to design a compact water purification system that combines the two functions
together. The new water purification system would largely improve the water transportation

efficiency as well as purification efficiency.
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Appendix

1. Hygroscopic Hydrogel for Ambient Moisture Scavenging

1.1 Abstract

Ambient humidity as a potential new freshwater resource is utilized in this study. A hygroscopic
hydrogel was synthesized with an aim of collecting ambient moisture. The hydrogel is composed
of PVP and PPy, in which the superhydrophilicity enables the gel to absorb moisture from air.
PNIPAM was incorporated in the gel for water releasing after the water absorption due to the

thermos-responsive effect of PNIPAM.
1.2 Introduction

One of the universally present but largely overlooked water sources is ambient humidity. It is
reported that the atmosphere contains 141 million billion liters of water, which is equivalent to
approximately 10% of the freshwater from lakes and rivers[238]. A few attempts have
demonstrated the possibility of scavenging water vapor from air by hygroscopic materials based
on surface water absorption[239-243]. Such materials show prominent humidity scavenging
capability but suffers from low-efficient water releasing[244], hindering their possibility as
ambient water harvester. However, it has been widely found in animals and plants to harvest
water from atmosphere for survival[245]. For instance, Agamid lizard, dune grass and cacti
adopted the technique of using atmospheric moisture, which inspires biomimetic hygroscopic
hydrogels for ambient humidity collection[246]. Until now, multiple artificial atmospheric water
harvesters have been proposed, using hygroscopic materials such as molecular sieves, polymeric

desiccants and silica gels.[247, 248] However, these materials exhibit strong interaction with
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water, which hinders the water releasing. A moisture scavenging system with the ability to
absorb atmospheric water at low relative humidity (RH) level and release liquid water is yet to be
developed.

Herein, an ambient humid harvesting hydrogel that is capable of absorbing vapor from
atmosphere and converting to collectable liquid water was synthesized. The hydrogel is
composed of hygroscopic polyvinylpyrrolidone (PVP), PPy and temperature-responsive poly N-
isopropylacrylamide (PNIPAM). The synergistic effect of this interpenetrating hydrogel network
enables controllable water capturing and water releasing under various relative humidity.
Furthermore, the functionality of the hydrogel network opens the possibility of water
management with high-capacity storage, water transportation through polymeric network and
controllable phase transformation. This material provides a possible solution to freshwater crisis

through advanced atmospheric water harvesting.

1.3 Experimental Section

1.3.1 Material and Chemicals

PVP (100,000 g mol™), ammonium persulfate (APS), Agar, N, N’-methylenebisacrylamide
(MBA) were purchased from Sigma Aldrich. Pyrrole was purchased from fisher scientific.

1.3.2 Fabrications

PVP was dissolved in DI water to prepare for 20 wt% PVP solution. 4 wt% Agar was prepared
and heated at 95 °C for 30 minutes prior to use. APS was dissolved in water to prepare for 40 wt%
solution. In a typical synthesis of PVP hydrogel, 12% PVP, 1% agar and 10% APS solution were
mixed. The bubbles in the solution were removed by centrifugation for 5 minutes at a speed of
8000 rpm. The polymerization was carried out in water bath at 60 °C for 1 hour. To synthesize

PVP-PNIPAM hydrogel, 1 ml of 120 mg/ml NIPAM, 10 pl of 10 mg/ml MBA, 10 ul of 200
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mg/ml APS were mixed with the solution used to prepare for PVP. The bubbles in the solution
were removed by centrifugation for 5 minutes at a speed of 8000 rpm. The polymerization was
carried out in water bath at 60 °C for 1 hour. The obtained hydrogel was immersed in cold water
(4 °C) and hot DI water (80 °C) alternately for 3 hours to remove unreacted monomers. The
purification step was repeated 3 times.

The final step of the fabrication of hygroscopic hydrogel is coating the hydrogel with PPy. The
hydrogel was dipped in a mixture of Fe’" and pyrrole monomer solution. The slow oxidation of
the pyrrole monomers was carried out at 4°C for 3 days. The reaction was stopped by washing
the PPy coated hydrogel with running DI water for 5 minutes.

Characterization

1.3.3 FTIR Test
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Figure Al-1. FTIR spectrum of PVP hydrogel (red), PPy particles (black) and PVP-PPy (blue).
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As can be observed from Figure Al-1, characteristic peaks for —CH groups of PVP at 2923 and
1460 cm™ are present. The peak at 1290 cm™ typical for —C-N bond in PVP was also present in
the FTIR spectrum. The characteristic peak observed at 1660 cm™ indicates the presence of
carbonyl group in PVP. The characteristic peak at 1290 cm™ represents presence of —C-N bond,
which is present in both PVP sample and PVP-PPy sample. Peaks for -CH groups of PVP at
2923 and 1460 cm-1 are present; the —CH peaks are present in PVP-PPy samples. Absorption
peak 1315, which is the characteristic for =C-H of PPy was observed in PVP-PPy samples;
proves the presence of PPy in PVP-PPy sample. The presence of these characteristic peaks of
PVP and PPy in the PVP-PPy sample prove the composition of PVP-PPy.

1.3.4 Rheology
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Figure AI-2. Rheology results of PVP hydrogel and PVP-PPy hydrogel.
The rheology test was performed at constant frequency of 1 Hz. The elastic modulus and storage

modulus of both pure PVP and PVP-PPy gel were tested. A wide linear viscoelastic region of
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PVP and PVP-PPy gels were observed in the dynamic frequency sweep experiments. The elastic
modulus of both PVP and PVP-PPy gels are larger than their storage modulus. This result
confirms the polymer skeleton of each gel. The higher elastic modulus of PVP-PPy suggests that
the gel is more densely crosslinked than the PVP gel. The higher storage modulus of the PVP-
PPy shows that the polymer chains are restricted from slippage. The above results show that PPy

molecules were incorporated in the network of PVP molecular mesh.

e RH=90%
= RH=80%
—A— RH=40%
44 ° . o °
Cl» o ™1 [ ] ] o
)
[0} | |
a2
©
a
=
& 27
s |8
= m
A A A ——A———— A
0 g T T T g T T T
0 500 1000 1500 2000

Time (Min)

Figure AI-3. Water intake results of PVP-PPy gel under different humidity levels.

PVP-PPy gels were placed at three humidity environment (RH), 40%, 80% and 90%,
respectively. It took approximately 500 minutes, 530 minutes and 700 minutes for sufficient
hydration of by absorbing water from air at humidity level of 90%, 80% and 40%. The amount
of absorbed water (when the hourly absorption increases lower than 1%) are 4.2,3.4and 09 g g

" of the corresponding dried PVP-PPy samples.

1.3.5 Thermo-responsive Behavior
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PVP, PVP-PNIPAM and PNIPAM gels were prepared to compare the thermal-responsive
behavior of the three gels. To achieve the water oozing goal, the ratio of PNIPAM and PVP were

tuned. Pure PVP, 2.5 mol% PVP in PNIPAM and 5 mol% PVP in PNIPAM and pure PNIPAM

were synthesized.
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Figure A1-4. Water releasing performances of pure PVP, pure PNIPAM and PVP with different
content of PNIPAM.

The lower critical solution temperature (LCST) of the PVP/PNIPAM is increased with higher
molar concentration of PVP. The pure PVP shows no significant low critical solution
temperature. The PNIPAM shows an LCST of 32 °C. 2.5 mol% and 5 mol% PVP-PNIPAM have
higher LCST than pure PNIPAM. It is also observed that the shriecked PVP or PVP/PNIPAM has
higher water content in the get, which indicate that the introduction of PNIPAM enhanced the

moisture absorption capacity of the hydrogel but also increased the LCST.
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Figure AI-5. Water oozing from 2.5 mol% PVP/PNIPAM gel beyond LCST.

With microscopic image under x4 magnification, the water oozing behavior was captured under
heating of 50 °C. Initially, the PVP/PNIPAM gel was saturated with water as shown in image at
0 min. Visible water was observed on the surface of the gel when heating to 50 °C. The water
absorption continues to increase as the heating proceeds. This phenomenon indicates that
thermos-responsive gel can be used to collect water previously absorbed.

1.3.6 PVP with Various Crosslinking Densities

The hydrogels of various crosslinking densities were prepared to compare the water absorbing

abilities. The water absorbing performance tests were carried out at 80% RH

PVP-30 20% 30% 40 min 0.372
PVP-40 20% 40% 40 min 0.693
PVP-50 20% 50% 40 min 1.073

Table Al-1. Different crosslinking densities were achieved by changing APS concentrations.
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Figure AI-6. Water uptake performance of PVP gels with different crosslinking densities.

The initial weight for PVP-30, PVP-40 and PVP-50 are 1.285, 1.238 and 1.256g, respectively.
Figure A1-6 illustrates that the increased crosslinking density (from 30% to 50% of APS),
increases the amount of water absorbed from the hydrogels. Water absorbing capacities for PVP-

30, PVP-40 and PVP-50 are 0.289 g g, 0.559 and 0.854 g g, respectively after 90 minutes

under 80% RH.
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Figure AI-7. Images of PVP, PVP/PNIPAM, PVP-PPy and PVP/PNIPAM-PPy hydrogels.

1.4 Conclusion

In summary, PVP-PPy gel was prepared for scavenging humidity in atmosphere. FTIR and
Rheology tests were carried out to characterize the hydrogel. PNIPAM was incorporated in the
hydrogel to achieve thermal-responsive property. Three initiator concentrations were tested to
study the impact of crosslinking densities on the water absorption ability of the hygroscopic gel.

When the crosslinking densities increase, the water absorption capacities also increase.
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2. Optically Transparent Wood-derived Glass

2.1 Abstract

Wood polymer composites have been applied as structural materials in smart buildings,
biomedical devices, electronics.[249, 250] The transparent wood composite shows potential in
the above described applications as well as protection shield due to its low cost and high strength.
In this study, Bulk Balsa wood was utilized as raw material to fabricate transparent wood-

PMMA composite.
2.2 Introduction

Optically transparent cellulose-based composites have attracted much attention as plausible
material for structural material and electronic devices.[251] Wood as one of the most common
resource of the cellulose-based composite shows multi-hierarchical structure shows strong
mechanical properties.[252] Its anisotropic feature can be used for water transportation.[253]
However, the opaque nature of wood makes the application in devices requiring transparency in
materials nonviable.[254, 255] In this regard, optically transparent wood is an excellent asset for
transparent structural materials and electronics application.

Pulp fibres as a source of cellulose nanofibers have been used in transparent films and paper
manufacturing.[256] The main components of the pulp fibres are amorphous hemicellulose and
cellulous fibres.[257] The major steps of transparent paper making is cellulose dissolution and
regeneration and polymer impregnation.[258] However, the final products lack the mechanical
strength of untreated wood with regard to their oriented cell structure and hierarchical

construction, and this makes application in complex structures nonviable.[259]

124



Transparent wood was first manufactured for preserved structure and it was later prepared for
engineering applications.[260] Besides, several applications of transparent wood in structural
optics and photonics and smart buildings were made. The anisotropic structure of wood endows
the transparent wood composite with anisotropic property. Here in this project, the lignin in
Balsa wood was removed and the deligninfied wood was filled with index matching polymers to
achieve transparency. The original channels in wood samples are aligned with the wood plane.
Different lignin removal processes and filling polymers were tested to improve transparency of

the wood composites.
2.3 Experimental Section

2.3.1 Material and Chemicals

Balsa wood was air dried prior to chemical reaction. Sodium hydroxide (Fishers), hydrogen
peroxide (35% solution) and sodium sulphite (Sigma Aldrich). PMMA and PS were used as
filtration polymers. Ethanol alcohol and deionized water were used for washing the wood
samples.

2.3.2 Delignification Treatment

The chemical solution used for lignin removal was comprised of Na,SO; (0.4 mol L) and
NaOH (2.5 mol L") and heated to 90 °C. Wood samples were prepared by cutting wood laminate
with a thickness of 1 mm in the dimension of 20 mm * 20mm. The wood samples were
immersed in delignification solution for 48 hours. After delignification, the wood samples were
bleached with H>O, solution at 100 °C without stirring until the samples turned white after the
bleaching step. The reaction was stopped by washing and rinsing the samples with distilled water,
followed by air drying.

2.3.3 Polymer Infiltration
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Sml methyl methacrylate (MMA) monomer with 0.3 wt % the initiator 2,2 — Azobis (2-
methylpropionitrile) (AIBN) was pre-polymerized at 70 °C for 20 minutes. The wood sample
was infiltrated with the pre-polymerized MMA solution under vacuum for 40 minutes. The
filtration was repeated for 3 times to ensure the polymer fully penetrated the wood sample.
Lastly, the infiltrated wood was completed by heating the infiltrated wood sample at 70 °C for 4

hours. The fully polymerized wood composite was peeled off from the dish.

Original

Figure A2-1. Lignin removal process of the wood samples.

Figure A2-2. Wood samples immersed in H,O; solution for 8 hours (left) and 12 hours (right).
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In the experiment, chemicals of conventional paper pulping procedure were used in this
experiment. Sodium hydroxide and sodium sulphite solution was heated to 100 °C to remove the
lignin in the wood. As can be seen in Figure A2-1, the colour of the solution became darker as
the lignin removal process proceeds. The wood blocks were further delignified in H,O, solution
to eliminate the residual lignin in the sample (Figure A2-2). PMMA was infiltrated in the

channel of the wood sample with repeated vacuum and devacuum process (Figure A2-3).

Figure A2-3. Wood sample immediately after immersed in MMA monomer (a), after vacuum

and devacuum cycles for 3 times (b), and after polymerization of PMMA (c¢).
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Figure A2-4. PMMA infiltrated wood sample on paper.
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2.4 Conclusion

Utilizing the unique structural nature of bulk wood, transparent wood-PMMA composite was
fabricated in this study. The fabrication follows two mains steps: 1. Removing the lignin in the
channel of the wood laminate. And 2. filling the deligninfied wood sample with optically
transparent polymer, in this case, PMMA. After the first step, white opaque wood sample with
preserved nanostructure is obtained. Mechanical properties and optical properties can be studied

in the future work, as well as potential applications.
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3. Transparent Arthropods-derived Glass

3.1 Abstract

Transparent chitin derived biopolymers hold the advantages of low toxicity, flexibility and
toughness, which makes them potential alternatives to metallic incorporated or halogenated
polymer films.[261, 262] In this study, transparent bioplastic with integrate arthropods
exoskeleton was fabricated. The novel transparent shell biocomposite shows possible application

as exterior for bio-mimetic robots.
3.2 Introduction

Chitin is the second most abundant biopolymers in nature.[263, 264] Chitin is produced from
shellfish, fungi and insects.[265] Chitin exhibits a high modulus and tensile strength, making it
potential candidate for barrier film, bone repair materials.[266-268] Chitin as a natural polymer
extracted from biomass is biodegradable and biocompatible,[269] which is ideal for cell
adhesion, differentiation and proliferation.[270] There have been previous studies utilizing chitin
powder for transparent food, beverage and medical packaging and bone repair materials.[271,
272] However, no study has directly utilized shell of arthropods for transparent chitin
biocomposite. In this study, raw arthropods shell (shrimp and crab) were used to fabricate

transparent chitin biocomposite.
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3.3 Experiment Section

3.3.1 Materials and Chemicals

Raw shrimps and snow crab purchased from local markets. NaOH, HCl and H,O, were
purchased from Sigma Aldrich. PMMA was used as filtration polymers. MBA and AIBN were
purchased from Sigma Aldrich. Ethanol alcohol was used for washing.

3.3.2 Shell Treatment

The raw shell was treated in 5 wt % sodium hydroxides, 7 wt % hydrochloric acid for 24 hours.
The protein and mineral removal procedure was followed by bleaching the samples in 4 wt %
H,O, at pH of 8 and 100 °C. The resultant chitin shell was washed under running water
afterwards. The purified shell was dehydrated in the oven at 60 °C and reserved in the desiccator.
3.3.3. Polymer Infiltration

S5ml methyl methacrylate (MMA) monomer with 0.3 wt % the initiator 2,2 — Azobis (2-
methylpropionitrile) (AIBN) was pre-polymerized at 70 °C for 20 minutes. The shell was
infiltrated with the pre-polymerized MMA solution under vacuum for 40 minutes. The filtration
was repeated for 3 times to ensure the polymer fully penetrate the shell sample. Lastly, the
infiltrated shell was completed by heating the sample at 70 °C for 4 hours. The fully polymerized

shell-derived glass was peeled off from the dish.
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Original 24H of 8% NaOH 3 Times

24H ethanol 24H toluene

Figure A3-1. Mineral and protein removal of the crab sample.

Original 18H of 12.3% HCl 8% NaOH 1%t time 8% NaOH 2"time 8% NaOH 3' time

Figure A3-2. Mineral and protein removal of the shrimp sample
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Figure A3-3. Polymerized shrimp (a,b) and crab PMMA sample (c,d).

As can be seen from Figure A3-3, both shrimp and crab samples after PMMA filtration shows
moderate transparency with uneven opaque patched within the samples. The hypothesis of this
result is as follows:

The crab shell constitutes only 20% - 25% of chitin nanofibrils. The nanofibrils are only 2 — 5
nm in diameter and approximately 20 nm in length. The nanofibrils are wrapped with proteins
and protein-chitin fibers are embedded in protein-mineral matrix. It is highly possible that the

proteins and minerals were not completely removed from the shell. This hypothesis was verified
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by increasing the shell treatment time. The samples were treated with NaOH and HCI for 48

hours, respectively. However, the improvement of transparency was not obvious.

Figure A3-4. (a,d) Shrimp shell after ethanol treatment; (b,e) Shrimp shell impregnated in

glycerol; (c) glycerol filtrated shrimp shell under natural light; (f) Glycerol infiltrated shrimp
sample comparing with PMMA infiltrated shrimp sample.

Accidently, it was found that shrimp samples immersed in glycerol show marginally improved
transparency compared to PMMA infiltrated shrimp sample. A hypothesis was made that the

phenomenon was due to the refractive indexes of the crab samples and the polymer. The higher
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the refractive index, the slower the light travels, causing the materials bending the light more.
The more the refractive index of the shell matches that of the polymer, the more likely the
sample to achieve transparency. The refractive index of glycerol, MMA and chitin are 1.4731,
1.414 and 1.5, respectively. The optimum refractive index of the polymer is around 1.5 — 1.51 to

fabricate the most transparent chitin nanocomposite.[273]

Figure A3-5. (a) Protein and mineral removed crab shell (b) Polystyrene infiltrated crab shell.
To test this hypothesis, polystyrene (PS) was infiltrated in the crab shell considering their similar
refractive index. As can be seen, the PS-crab biocomposite shows marginally improved

transparency comparing to PMMA infiltrated crab
3.4 Conclusion

Transparent arthropods-derived glass was developed for potential bio-mimetic robotic
application. PMMA and PS have been utilized as infiltration materials to achieve maximum

transparency. Infraction index was determined as the main factor affecting transparency of the
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resultant glass. This project can be continued with potential application in antibacterial materials,

photo-sensitive electronics, etc.
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