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1.1 Preface

A study on the design of thin porous materials holds significant importance due to its
wide range of applications in various technological applications such as separation, catalysis,
energy storage, and sensing. By carefully designing the structure, pores distribution, and
surface properties of thin porous materials, one can optimize their performance for specific
applications, leading to improved efficiency, selectivity, and functionality [1,2]. Research
incorporating thin porous media and particles has made significant progress in recent years.
The combination of thin porous materials and particles has resulted in enhanced
functionalities and improved performance in areas such as in mixed-matrix membranes [3,4],
anti-fouling membranes [5—10], high quality paper production [11], anti-bacterial face mask
[12], and photothermal membrane [13]. A simple, inexpensive, and integrated method to
incorporate particles into a porous material matrix is therefore essential for the advancement
of many technologies.

The development of non-invasive visualization techniques to monitor liquid flow in
thin porous media is crucial in various scientific and engineering fields such as inkjet printing
[14], development of smart-fabric [15], microfluidic paper-based analytical devices [16], and
many more. It allows for the exploration of novel phenomena at the micro-scale, enabling the
development of innovative materials with unprecedented capabilities. Many studies have
proposed “visualization” techniques to monitor liquid flow in thin porous media, such as by
using X-ray tomography [15], high speed camera [17], nuclear magnetic resonance (NMR)
[18], magnetic resonance imaging (MRI) [19], fluorescence microscopy [20], optical
coherence tomography (OCT) [21], etc. However, there is only a little amount of study on
liquid movement in porous media under elevated temperature. Of which, to the best of our
knowledge, no studies have succeeded in visualizing liquid movement in the depth direction
of a porous media at an elevated temperature. An increase in temperature will affect the
liquid flow in porous media such as reducing the viscosity of the liquid, induce phase change,
enhance liquid diffusion, and may cause structure change in the porous media. Studying
liquid flow at an elevated temperature by means of liquid flow visualization in porous media
is therefore essential for understanding fluid behavior, heat and mass transfer prediction,
performance optimization and for further development of advanced materials and
technologies.

This chapter summarizes some key aspects on the design strategy of porous materials
and methods for incorporation of particles into the matrix of thin porous materials along with

the challenges needed to be addressed for each method. The state of the art insight on the
2



study of liquid flow movement in porous media is also summarized along with a review on
the existing visualization methods. At the end of this chapter, the significance of this

dissertation will be elaborated.

1.2 Definition of thin porous materials

A thin porous material is defined as a solid matrix that has void or pores whose
thickness is much smaller than their lateral dimension (approximately one order of magnitude
greater than its mean pore size) [1,2]. Research focused on thin porous material, including
theoretical, numerical, and experimental, holds significant value across diverse engineering
and environmental applications. Examples of thin porous material include membranes,
biological materials, papers, textiles, filters, fuel cells, and thin composites [2]. In the present
study, a fibrous and porous materials with a thickness of several hundred micro meter and a

lateral dimension in few cm order will be of focus.

1.3 Some types of thin porous material and its application

Plant leaf is an example of thin porous material that can be readily found in nature.
Leaf comprised of a solid matrix of cells and veins and contains tiny pores (a few
micrometers) called stomata, which allow for gas exchange between the plant and its
environment [22]. Leaf can be further processed to produce consumer products such as tea,
tobacco products, natural dyes, essential oil, natural mulch to retain water moisture in
gardening, and many more.

Paper is another important example of a thin porous material. Paper is made up of
bonded cellulose fibers, typically derived from wood pulp. Besides for applications such as
writing, printing, and food packaging, paper has attracted a growing interest for application as
a microfluidic analytical device due to its low cost, porous structure, ease of surface
modification, and biocompatibility [16].

Thin porous material in the form of membranes have found applications in numerous
industries. Biopolymer membrane is a thin flexible sheet made from natural polymer such as
cellulose, chitosan, carrageenan, or alginate [23-28] . Its application ranges from food
packaging [29-33], wound dressing [24,25], and drug delivery [34,35]. The use of natural
polymer for a wide range of applications of thin porous material is attractive due to its
biodegradability, biocompatibility, and sustainability. Despite its high carbon footprint, the
use of synthetic polymer as membrane matrix remains popular due to its versatility (can be
engineered to have a wide range of properties, i.e. chemical and heat resistance), stability

(can withstand harsher environmental conditions without losing their properties), and



compatibility with existing materials (can be easily integrated into existing products and
systems). Polyvinylidene fluoride (PVDF), polyethersulfone (PES), and polyimide (PI) are
some examples of widely used synthetic polymer for membranes application owing to their
excellent thermal and mechanical properties, permeability, and good chemical resistance [36—
38].

Since its first discovery in 1991 by Japanese physicist Sumio Iijima [39], carbon
nanotube (CNT) has attracted many interest. Buckypaper is an example of a CNT-based
membrane. Buckypaper is a thin sheet or film made from carbon nanotubes (CNTs) arranged
in a random or aligned network. Buckypaper membranes demonstrate the ability to
effectively separate water pollutants, encompassing both polar and non-polar contaminants.
This remarkable capability is accompanied by a notable water permeability feature, showing
a promising potential for implementation of buckypaper at the industry [40].

Early research on ceramic use as a thin membrane for gas separation dates back to
mid-1980s [41]. Inorganic materials, such as aluminum oxide, titanium dioxide, and
zirconium dioxides, are utilized to create ceramic thin membranes. These types of membranes
are commonly used in operations that involve liquid filtration, including wastewater and
water treatment, as well as in separations that involve harsh chemicals like strong solvents
and acids [42,43]. Due to their exceptional thermal stability, ceramic thin membranes are
ideal for high-temperature membrane operations [43].

Metal organic frameworks (MOFs) are organic-inorganic hybrid crystalline porous
materials that have an extraordinarily large internal surface area [44-46]. Early synthesis of
MOF was conducted in mid-1990s [47]. MOF thin membranes have potential applications in
gas separation, water purification, electrochemical energy conservation, and catalysis [45,46].
Multifunctionality, high drug loading capacity, and adjustable pore size made some
biocompatible MOFs a suitable candidate for drug delivery [45,46].

A membrane matrix can be combined with other materials such as particles to create a
composite. A well-known example is a mixed matrix membrane (MMM). MMM is a type of
membrane that combines two different materials, typically a polymer and a filler, to create a
membrane with improved properties for separation applications. The common selection for
filler includes zeolite, carbon molecular sieves, and other nano-sized particles [3]. Another
example is photothermal membrane made by incorporating photothermal particles into a
membrane matrix [13]. Photothermal particles can efficiently absorb light and convert it into

heat. The heat generated by the photothermal membranes can be harnessed for various



applications, such as photothermal therapy (PTT) for cancer treatment [48], water

desalination and purification [49—57], ice phobic surface [58], and antibacterial surface [59].

1.4 Design of thin porous materials

Some engineered thin porous materials draw inspiration from the intricate structures
and functionalities found in natural systems. These materials mimic the design principles
observed in biological organisms and natural surfaces to achieve unique properties and
performance. Researchers have developed thin porous material that exhibit remarkable
characteristics such as superwettability, antifouling capabilities, and enhanced mass transfer
[1,2]. Depending on the purpose and application of the porous material, there are some key
aspects that should be considered in the design such as, material selection, desired pore size
distribution, desired surface properties, and other functionalities. The summary of the design
in thin porous materials can be found in Figure 1.1.

Material selection. Selection of precursor materials to fabricate thin porous material
is important to yield a product that has the desired chemical compatibility, mechanical
strength, thermal stability, and desired surface properties.

Hierarchical pore size distribution. The pore size distribution and porosity of
porous materials have a significant impact on their susceptibility to fouling. To improve the
antifouling performance of the porous material, it is important to create hierarchical
structures that feature a uniform distribution of pore sizes on their surfaces [2]. Furthermore,
hierarchical pore structure can optimize the adsorption and transport properties of materials
[1]. Natural porous structures such as butterfly wings, leaf, and woods becomes a source of
inspiration for hierarchical porous design [60]. Some methods to create a hierarchical pore
size includes templating, sol-gel, phase separation, zeolitization process, supercritical fluids,
freeze drying, breath figures, and selective leaching [60].

Modification of surface properties. Surface properties of porous media determines
the interaction between the porous media and liquid which contains fouling agents and
contaminants. Improvement on the wettability property (i.e. superhydrophobicity and
superhydrophilicity) can help to prevent fouling and improve transport and life-time of
porous materials. Lotus leaf has served as an inspiration for a superhydrophobic substrate
while fish scale inspired fabrication of superhydrophilic substrate [2]. Some methods to

modify surface property of porous materials are listed in Table 1.1.



Table 1.1 Methods for surface modifications of some thin porous materials

Membrane matrix Fabrication Target Key design features Reference
method wettability
Polypropylene (PP) Plasma treatment, Superhydrophobic  Micro/nano [61]
immersion in structures by SiO,
particle suspension particles
Polyvinylidene Delayed phase Superhydrophobic Micro/ nano [62]
fluoride (PVDF) inversion structures on
membrane created
by SiO;
Some polymers Chemical vapor Hydrophilic, Micro/ nano [63]
deposition hydrophobic structures on
membrane
Polydimethylsiloxane Bio-templating, Hydrophilic Microstructure from  [64]
(PDMS) layer by layer L. japonica and
assembly hydrophilic polymer
layers
PVDF Electrospinning Superhydrophobic PVDF nanospheres [65]
on PVDF fiber
Polyamide 3D printing and Superhydrophobic  Micro/nano [66]
MOF growing structures from metal
organic framework
(MOF)
1.4.1 Particle incorporation in thin porous materials for enhanced

functionalities

Addition of particles into thin porous materials aims to give or enhance specific

properties on the materials to suit a certain application. For example, a polymeric membrane

on its own have a general trade-off between permeability and selectivity for gas separation

with an upper bound limit described in details by Robeson [67]. Particles such as zeolite and

silica have permeability and selectivity properties lying far beyond the upper bound limits for

polymer membranes. Addition of such particles into polymer matrix can achieve higher

permeability, selectivity, or both, relative to polymer membrane without particles [3,4].



In water treatment field, addition of metal oxide particles such as TiO2, Al>O3, Si0>
are also found to enhance separation performance, improve anti-fouling properties of the
membrane through self-cleaning or photocatalysis [5—10]. Additionally, for membranes made
from partially biodegradable polymer such as cellulose acetate (CA), degradation of the
membranes by microorganisms in water can happen. Addition of antibacterial particles such
as silver nanoparticles is essential to ensure the longevity of the membranes [68].

Filler and pigment particles are added into paper to enhance certain characteristics
such as opacity, brightness, printability, and the overall cost-effectiveness of the paper
production process. The most frequently used filler in paper making includes kaolin or clay,
talc, calcium carbonate, gypsum, and mica. Common types of pigment particles used to
improve the optical property of paper includes TiO>, AI(OH); crystalline, SiO2, ZnO, and
BaSOqparticles [11].

TiO2 is commonly utilized in the manufacture of face masks. It serves purposes such
as enhancing stability against ultraviolet light, acting as a white colorant, or functioning as a
matting agent. In response to COVID 19 pandemic, more textile companies are incorporating
nanoparticles such as TiO., silver and graphene to give self-cleaning property and
antibacterial effect [12].

On a more recent note, addition of photothermal particles into porous matrix has
attracted considerable attention. The mechanism of photothermal conversion involves the
following steps [13]:

1. Absorption of light: A photothermal material absorbs photons of light, which excite
the electrons in the material's atoms to a higher energy state.

2. Conversion of light to heat: The excited electrons in the photothermal material then
release their energy in the form of heat, which causes an increase in temperature in the
material.

3. Thermal diffusion: The heat generated in the photothermal material diffuses into the
surrounding environment through conduction or radiation.

4. Heat utilization: The heat generated by the photothermal material can be utilized for
various applications.

One important application of photothermal membrane is photothermal therapy (PTT) for
cancer treatment. The commonly used photothermal materials for cancer treatment are gold
nanoparticles, carbon nanotubes, and graphene oxide. These materials have strong light
absorption in the near-infrared (NIR) region, which is ideal for cancer treatment as NIR light

can penetrate deep into tissue without causing damage. By using light-responsive
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nanoparticles camouflaged with cell membranes, PTT reduces harm to healthy tissues,
improves tumor delivery, and enhances the effectiveness of thermal ablation. The membrane
matrix serves as a support for the photothermal material and also helps to control the release
of the photothermal material. To increase the specificity of the treatment, the photothermal
membranes can be modified with targeting ligands such as antibodies or peptides. These
ligands can selectively bind to cancer cells, allowing the photothermal membranes to
accumulate in the tumor. The photothermal membranes are activated by a light source such as
a laser or a light-emitting diode (LED). The light source is typically applied externally to the
body, allowing for non-invasive treatment. When the photothermal membrane is activated by
the light source, the photothermal material heats up and generates hyperthermia, which can
damage or kill cancer cells. This can lead to tumor shrinkage or destruction, depending on the
severity of the cancer [48].

Photothermal membranes have also been studied for other potential use in energy
conversion applications. The most used photothermal materials for energy conversion
applications are carbon-based materials such as carbon nanotubes, graphene, and carbon
black. These materials have strong light absorption in the UV, visible, and near-infrared
regions, making them suitable for a wide range of light sources [13]. The heat generated by
the photothermal membranes can be harnessed for various applications, such as water
desalination and purification [49-57], ice phobic surface [58], and antibacterial surface [59].
The efficiency of the photothermal membranes depends on various factors such as the
photothermal material used, the light source, and the membrane matrix. A schematic
representation on photothermal conversion mechanism in a solar distillation membrane can
be seen in Figure 1.2

Based on the types, photothermal particles can be classified into four categories: metallic,
carbon-based, inorganic semiconductor, and polymeric particles [13]. Carbon-based
photothermal particles is of interest due to its several advantages such as;

1. High photothermal conversion efficiency due to its black body like features

2. Biocompatibility

3. Versatility (can be easily functionalized)

4. Stability (generally more stable than metallic and inorganic particles which can

undergo degradation or oxidation over time)

5. Cost-effectiveness
Some state-of-the-art studies on the use of carbon-based photothermal particles in polymer

matrix for solar distillation purposes are summarized in Table 1.2.
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Table 1.2. State of the art studies on carbon-based photothermal membranes

Photothermal Matrix Solar Maximum Photothermal Evaporation Findings Ref
particles illumination surface efficiency flux (kg m2 h)
(kWm?) temperature (%)
(°O)
Diesel Cotton cloth, 1 43 91.75 1.5 Diesel soot particles help [50]
particulate Polystyrene foam absorption of incident solar
matter illumination, hydrophilicity
of cotton cloth assists supply
of water to produce constant
steam, PS foam helps heat
localization at the air-water
interface
Candle soot Cotton cloth, 1 44 80 1.19 Addition of PS foam as [49]

Polystyrene foam

10

insulation to avoid heat loss
to bulk water increases
evaporation flux and

photothermal efficiency



Table 1.2. State of the art studies on carbon-based photothermal membranes (cont.)

Carbon soot
(from kerosene

lamp)

Plant-derived
carbon

nanosphere

Polydopamine
(PDA)-derived
graphitic

carbon spheres

Poly(ionic  liquid) 1 47.2 92.4 1.47
monolith
Polyvinyl  alcohol 1 44.6 92.38 1.53

(PVA) sponge

Polyvinylidene 1 45 92 1.29
fluoride

(PVDF) —

Hexafluoropropylene

(HFP)

11

The mesoporous 3D
architecture of the solar
evaporator  allows  high
localization and carbon soot
gives excellent light

absorption (92%)

Indirect capillary pathway
(no contact between the hot
zone and bulk water) assists

efficient solar distillation

Janus photothermal
membrane design (top layer
coated with hydrophobic
photothermal material,
bottom layer coated with
hydrophilic PDA) yields

efficient solar distillation

[56]

[51]

[69]



Table 1.2. State of the art studies on carbon-based photothermal membranes (cont.)

Candle soot Cellulose membrane 1 44 75.1 1.16
Candle soot Luffa sponge 1 36.2 64.79 1.30
Kerosene PVA 1 40.2 91.5 1.5

lantern soot

12

Low thermal conductivity of [54]

the membrane localize heat
at water surface and suppress

heat loss to bulk water

Luffa sponge is hydrophilic
and has low thermal
conductivity ~ which is
important to maintain water

flux and heat localization

Optimization of the porous
channel for fast water
transportation is essential to
improve photothermal

performance

[55]

[57]



Table 1.2. State of the art studies on carbon-based photothermal membranes (cont.)

Candle soot

Diesel
particulate

matter

Adsorbent cotton

PV A-based hydrogel

1

1

63.5

42.1

80.7

1.27

3.01

Introduction of 3D
photothermal  cone  can
separate the contact area
between bulk water and the
membrane to minimize heat
loss and improve water

evaporation rate

3D microporous structure
with vertically aligned water
channel promote rapid water
transport to the air-water

interface

[53]

[52]

13



1.4.2 Methods to incorporate particles into thin porous materials

In this section, methods to incorporate particles into thin porous materials will be
reviewed by using solar distillation membrane applications as a case study. Some known
methods to incorporate carbon-based particles into polymer matrix is listed in Table 1.3. The
schematic representation of the resulting photothermal membrane can be seen in Figure 1. 3.
In method 1 and 6, the particles can be strongly embedded within the polymer matrix.
However, achieving good dispersibility of carbon-based particles in polymer solution can be
challenging. If the particle agglomerates or distribute unevenly, it can lead to inconsistent
membrane properties and a reduced membrane performance. Chung et al [3] noted that
particle sedimentation and agglomeration in polymer solution may result in inhomogeneous
particles and polymer phases. The agglomeration of particles will cause pinholes that cannot
be reached by polymer solution and form a defect. This may lead to inconsistent properties
and reduced membrane performance. A way to mitigate this problem is by increasing the
viscosity of the polymer to slow down particle sedimentation or by increasing the rate of
membrane formation before particles settle at the bottom [3]. However, these two approaches
may not be suitable for all kinds of purposes.

Method 2, 3, and 5 offer the most straightforward fabrication steps. However, it is
feared that the resulting membrane will have only weak physical bonds with the photothermal
particles. During the solar distillation process, there is a possibility of particles leaching or
migrating out of the membrane. This can affect the membrane’s stability and long-term
performance.

In method 4, the control of the thickness of the polymer glue has not been properly
addressed. The thickness of the glue layer may affect the optical properties of the
photothermal layers. The glue layer may act as a medium that interacts with incoming light,
such as by refracting or reflecting it. Controlling the thickness allows for optimizing light
transmission or absorption, ensuring that the desired amount of light reaches the underlying

light-absorbing surface and optimum light to heat conversion is reached.
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Figure 1. 3 Illustration of the interaction between light and photothermal membrane resulting
from different fabrication methods
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Table 1.3. Some methods to incorporate carbon-based particles into thin porous matrix

No Fabrication Method Summary Reference

1 Electrospinning of 1. Polymer (Polyvinylidene fluoride) is [70]
polymer-carbon- dissolved in solvents (Dimethyl
based particles formamide/Acetone)
suspension 2. Carbon-based particles (soot) is added to the

solution

3. The good dispersibility of soot particles in
polymer solution is achieved by adjusting
the suitable polymer concentration and by
continuous stirring for 6 hours

4. Electrospinning of the polymer-particle
suspension

2 Dip coating of 1. Collection of soot particles [50,51,55]
prefabricated porous 2. Dispersion of soot particles into a solvent
membrane into 3. The porous membrane is dipped into soot
carbon-based particles particles suspension and allowed to dry
suspension

3 Direct coating of 1. A prefabricated membrane matrix [49,53]
prefabricated (adsorbent cotton) is coated with soot
membrane by soot particles by holding the membrane above a
particles from a burning candle
burning candle 2. Attaching the soot-embedded membrane to

a 3D structure (foam sheet)

4 Direct coating of 1. Selective deposition of soot particles from [54]
prefabricated the inner flame of the candle on hydrophilic
membrane by soot prefabricated membrane (cellulose filter
particles from a paper)
burning candle and 2. Reinforcement of the bonding between soot

reinforcement by

polymer glue

particles and the membrane by applying

polymer glue on the membrane surface
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Table 1.3. Some methods to incorporate carbon-based particles into polymer matrix (cont.)

5 Attachment of 1. Fabrication of fibrous membrane by [69]
carbon-based particles electrospinning
in a suspension by 2. Fabrication of graphitic carbon-spheres
vacuum suction (GCS) particles by hydrothermal method
filtration 3. Dispersing carbon-based particles in a

solvent (nafion ethanol) by ultrasonication
for 30 minutes
4. Attachment of carbon-based particles into
the membrane by vacuum suction filtration
6 Salt-assisted method 1. Collection of soot particles [57]
2. Mixing the carbon soot in polymer solution
(Polyvinyl alcohol) by stirring
3. Adding the mixture dropwise onto a circular
NaCl tablet and let to dry
4. NaCl tablet is removed by water, leaving

the membrane film
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1.5  Liquid flow in thin porous materials

Liquid flow in porous materials can occur in various natural and engineered systems,
such as membranes, filters, papers, fabrics, microfluidic devices, and biological tissues. The
behavior of liquid flow in thin porous materials is influenced by several factors, including the
properties of the liquid (such as viscosity and surface tension), the characteristics of the
porous material (such as pore size, thickness, and surface chemistry), and external conditions

(such as temperature and humidity) [16].

1.5.1 Interaction between liquid and thin porous materials
The interactions between liquid and porous media can be classified into four
fundamental phenomena, namely, impaction, spreading, penetration/ imbibition, and

evaporation. The illustration of each phenomenon can be found in Figure 1.4.
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Impaction Spreading Penetration Evaporation

Figure 1. 4 Various interactions between liquid droplet (few millimeter) and porous media

1.5.1.1 Impaction

The study of droplet impact on porous surfaces has important practical applications in
many fields. In environmental study for example, the infiltration of rain drops upon
impaction on soil surface is important to understand nutrient and pollutant transport [71]. In
agriculture, studying droplet impaction on plant leaves is crucial for optimizing spraying
practices. This knowledge helps farmers and agricultural professionals make informed
decisions on factors such as spray formulation, nozzle selection, application volume, plant
species, and growth stage. By considering these factors, they can achieve desired outcomes
while minimizing waste and reducing environmental impact. Additionally, studying droplet
behavior on plant surfaces enhances our understanding of plant-environment interactions and
how plants respond to external stimuli [78].

Related to air transport safety, study of droplet impact on canopy fabric is essential.
Droplet impact on canopy fabric cannot be avoided in cases such as airdropping relief
supplies or pilot ejection escape in rainy conditions. The droplet impact will have a great
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effect on the parachute working process. In the alpine region, the presence of supercool

droplets can lead to localized icing on the parachute, potentially resulting in recovery

difficulties or airborne failure. Therefore, understanding the spreading characteristics of

droplets on canopy fabric is important for improving the safety and effectiveness of these

applications [72].

There are several factors that affect droplet dynamics upon impaction [73];

1.

Surface temperature: Surface temperature plays a major role in droplet dynamics,
particularly at super-heated or super-cooled temperatures.

Surface wettability: The wettability of the surface can affect the degree to which a
droplet spreads or recoils upon impact. Weber number is a dimensionless parameter used
to describe the ratio of inertial forces to surface tension forces in fluid mechanics. Weber
number is often used to characterize the impact regime and predict droplet behavior.

Weber number can be calculated by equation (1.3).

Where We is the weber number, p is the density of the fluid, v is the velocity of the fluid,
L is a characteristic length, and o is the surface tension of the fluid. When Weber number
is higher than 200, wettability effect is secondary because of the increase in inertial force
[74].

Impact velocity: The velocity at which the droplet impacts the surface can affect whether
it spreads, splashes, rebounds or recedes. The behavior of a droplet upon impact is
heavily influenced by its velocity during impact. At low impact velocities, the droplet
tends to spread and create a thin film on the surface. As the impact velocity increases, the
droplet can undergo a phenomenon called splashing, where small droplets are ejected
from the main droplet due to the impact-induced deformation. At even higher velocities,
the droplet may experience atomization, breaking up into numerous small droplets. The
distribution of kinetic energy after impact also plays a role in determining the spreading
and splashing behavior. Following the recoil from the surface, the droplet may exhibit
rebounding depending on factors like surface wettability, temperature, and the remaining
kinetic energy.

Droplet shape and volume. Generally, asymmetrical droplets require a higher impact

velocity for rebounding.
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5. Liquid properties: Properties such as liquid surface tension and viscosity can also play a
role in determining the behavior of droplets upon impact. A higher viscosity can lead to a
slower spreading regime and a shorter recoiling regime. The surface tension of the liquid
also affects droplet dynamics, as it determines the contact angle between the droplet and

surface.

1.5.1.2 Spreading

Liquid spreading in porous media is influenced by several factors such as, the
wettability of the porous media, the surface tension of the liquid, pore size of the porous
media, roughness of the porous media, and the temperature of the porous media. Contact
angle is a commonly used parameter to assess the wettability of a surface, be it porous or not.
The surface tension of a liquid is a measure of its cohesive forces, or how strongly its
molecules are attracted to each other. There is an inverse relationship between surface tension
and contact angle: as surface tension decreases, the contact angle increases. This means that
liquids with lower surface tensions will tend to spread out more on a solid surface, while
liquids with higher surface tensions will tend to bead up and form a larger contact angle with
the solid surface [79]. In the case where particles are incorporated into the matrix of a porous
media, the presence of nano-roughness on particles surface helps to increase the wettability of
the porous media and eventually enhances the spreading behavior of drops on porous surfaces
[75].

According to the modified model proposed by Adamson [76], there should be a
critical temperature for spreading, which is a temperature above which the contact angle is
zero. This critical temperature of wetting is predicted not to remain linear but rather to show

increasing curvature with increasing temperature, with a final steep descent to 6 = 0 at a T..

1.5.1.3 Penetration and Imbibition

Flow of liquid through porous media has been explained by several models. One of
them is Darcy’s law. Darcy's Law is widely used in various fields, including hydrogeology,
petroleum engineering, and civil engineering, to study groundwater flow, fluid transport in
porous media, and the design and analysis of wells, aquifers, and subsurface systems.

Mathematically, Darcy's Law can be expressed as:

_ —kAAh
pnl

Where q is the volumetric flow rate of the fluid, A is the cross-sectional area through which

the fluid flows, Ah is the hydraulic gradient, which represents the change in hydraulic head
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over a given distance, k is the intrinsic permeability of the porous medium, which quantifies
how easily the fluid can flow through it, L is the length of the flow path, and p is the dynamic
viscosity of the fluid [77].

Washburn equation is an empirical equation that relates the capillary pressure to the
flow rate of a liquid through a porous medium. The equation assumes that the porous medium
is homogeneous and isotropic, and that the pores are cylindrical and non-intersecting. When a
liquid with a dynamic viscosity (1) and surface tension (y) flows through a capillary with a
pore radius (r), it will penetrate a distance (L) into the capillary. This relationship can be

described by the following equation:

L yrt cos6 15
= 2 e e (1.5)

0 represents the angle formed between the tube wall and the penetrating liquid [78]. The
presence of internal cavity in porous media such as paper is partially responsible for the
limited accuracy of the Washburn equation in real-world application [78].

When a droplet comes into contact with thin porous media such as paper, the liquid
infiltration starts through several mechanisms: (1) spreading across the surface and filling
surface pores and pits, (2) capillary transport within the pores and on the fiber surfaces, (3)
capillary transport into the micro pores and cracks of the fibers, and (4) diffusion within the
fiber structure [77].

The structure of thin porous materials plays a significant role in liquid penetration.
Factors such as pore volume, pore size distribution, and tortuosity are crucial in determining
fluid transport within thin porous materials. Additionally, the physico-chemical properties of
the liquid can also influence this phenomenon. During the imbibition process, the liquid
displaces air within the pores and cavities of thin porous media, leading to changes in light
reflection as wetting transforms air-fiber interfaces into liquid-fiber interfaces [77].

Additionally, a study found that heat is released at the wetting front during capillary
filling of cellulosic micro-substrates. Heat is released due to the solid-liquid interaction. The
magnitude of the temperature rise is mainly influenced by the energetics of the imbibition
compounds, particularly the acid-base interactions. Liquids that can be characterized as
Lewis acids, such as water and chloroform, interact strongly with the basic cellulosic fibers,
leading to a significant temperature rise. On the other hand, liquids that are energetically

similar to cellulose, such as ethanol, exhibit a lower temperature rise [79].
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1.5.1.4 Evaporation

Evaporation rate of liquid from porous media is affected by temperature, relative
humidity (RH), droplet size, wetting properties of the porous media, and porosity [80].
Capillary action is found to accelerate evaporation process of liquid in porous media through
distribution of liquid over a wide area of porous media [81]. Study on the evaporation profile
of liquid from porous media can give insight into several drying profile that is important to
understanding moisture removal process, assessing drying efficiency, determining product
quality, and optimizing drying conditions.

The study on evaporation of water from glass beads describes three stages of
evaporation: the constant rate period, characterized by shrinking evaporating patches (a
region where evaporation is actively taking place) on the surface and a gradual reduction in
evaporation rate; the falling rate period, marked by a rapid decrease in evaporation rate due to
reduced liquid content and increased air-filled porosity; and the final drying period, where
only a small amount of liquid remains and drying primarily occurs through diffusion [82].

Similarly, the drying process of latex particles suspension can be divided into three
distinct stages: initial drying, intermediate drying, and final drying. In the initial drying stage,
the global drying rate remains constant and comparable to that of de-ionized water. In the
intermediate drying stage, the global drying rate decreases as the particle packing density
increases. In the final drying stage, the global drying rate increases again due to a decrease in
particle mobility. [83].

The evaporation profile of liquid droplets from porous media such as buckypaper (a
thin sheet or film composed of carbon nanotubes) can be used to develop a new type of
sensor. The electrical resistance of the buckypaper changes during the evaporation process,
and this change can be used to detect the presence of a liquid. This makes it possible to use
buckypaper as a sensing material for various applications, such as environmental monitoring
or medical diagnostics [84].

Heating is sometimes applied to study evaporation profile of liquid form porous
media. In a study [84], heating by a Peltier element was applied to maintain a constant
temperature throughout the experiment. This constant temperature ensured that the
evaporation process occurred under controlled conditions, which is important for accurate
measurements of electrical resistance and weight loss of the drying nanotube membrane.

Additionally, heating can accelerate the evaporation process, which can be useful for
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applications where rapid solvent removal is desired [84]. Another study [81], applied IR

heating to mimic natural conditions at soil-air boundary (heating by sunlight).

1.5.2 The effect of heat on liquid flow in porous materials

An increase in temperature will affect the liquid flow in porous media such as
reducing the viscosity of the liquid, induce phase change, enhance liquid diffusion, and may
cause structure change in the porous media. Studying liquid flow at an elevated temperature
by means of liquid flow visualization in porous media is therefore essential for understanding
fluid behavior, heat and mass transfer prediction, performance optimization and for further
development of advanced materials and technologies.

Some liquid transport in porous media occurred at an elevated temperature. For
example, the transport of moisture in textile layers. Slight increase in the temperature of the
porous media may occur during physical activities of the wearer. The transport of moisture in
textile layers plays an important role in the conveyance of thermal energy through those
layers. To maintain a constant core temperature during physical activity, the dissipation of
thermal energy is crucial. The process of moisture transport in textile layers directly impacts
the rate and effectiveness of heat transfer between the body and the surrounding environment.
Therefore, understanding moisture transport behavior is important for optimizing thermal
comfort and performance in clothing systems [16].

Liquid transport at high temperature environment is important for stope leaching
study. Stope leaching is a mining technique used for extracting minerals from underground
ore deposits. In stope leaching, a leaching solution is applied to the exposed ore surfaces
within the stopes. The leaching solution typically contains a solvent or reagent that dissolves
the desired mineral from the ore. High temperature is required to increase solubility of certain
metals in the leaching solution, increase leaching reaction kinetics, and reduce viscosity of
leaching solution. With an increase in temperature, the intra-particle liquid capillary rise
increases slightly, whereas the liquid distribution profile remains unchanged [19].

Radiative heating influences heat and mass transfer in porous media such as soil and
solar distillation membrane. In evaporation study of moisture from soil, IR heating is applied

to simulate the heat fluxes that occur in real-world applications [86, 87].
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1.5.3 Visualization of liquid flow in porous materials

Porous materials play a significant role in various natural and industrial processes involving
fluid flow. Visualizing the interaction between liquid and porous materials helps in
understanding the mechanisms and dynamics of fluid transport within the materials. This
knowledge is crucial for optimizing processes such as filtration, groundwater flow, oil
recovery, and chemical reactions occurring within porous structures. Some studies on liquid
flow visualization methods are summarized in Table 1.4. The difference in spatial resolution
and the penetration depth is summarized in Figure 1.5.

In the case of liquid flow monitoring in solar distillation membrane, a suitable
visualization method allows for membrane’s performance evaluation, membrane fouling
detection, optimization of operating conditions, and system diagnosis and maintenance. By
monitoring the interaction, one can assess the efficiency and effectiveness of the solar
distillation process and make necessary adjustments to improve performance. Additionally,
one can identify the conditions that maximize water production, energy efficiency, and

overall system productivity.
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Figure 1. 5 Comparison of the spatial resolution and penetration depth of various liquid flow
visualization method
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Table 1.4. State of the art research on liquid flow monitoring in porous material

Type of porous media Pore size =~ Thickness Type of liquid Phenomenon being Methods for monitoring Reference
investigated
Multi-layered clothing - ~6.5mm  Water Penetration and X-Ray Tomography [15]
system evaporation
Metallic porous layers 25-400 um  50-440 Water, acetone, and Impaction High-speed video camera [71]
pum glycerol-water
mixture
Micro- and nano-particles  Few 2 mm Water Impaction, Video camera [75]
that are sintered together to hundred spreading, and
form a porous structure nanometers penetration
Canopy fabric (polyamide - 80 pum Deionized water Impaction and High-speed camera [72]
grid silk) spreading
Buckypaper (mesoporous, 25-40nm 140 pum Acetone, 1- Spreading, Simultaneous electrical [84]
self-supporting, propanol, or N,N-  penetration, and resistivity measurement,
electrically conducting mat dimethylformamide evaporation weight measurement, and
of multiwall carbon high-speed camera
nanotubes)
Paper - ~300 um  Distilled water, Imbibition Camera-assisted observation  [78]

silicon oil
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Table 1.4. State of the art research on liquid flow monitoring in porous material (cont.)

Paper

Vertically aligned carbon
nanotubes array

Single layer textiles

Paper

Multi-layered liquid

repellent fabrics

0.1-0.8

pum

~3 um
(inter-fiber
pore),
~150 pm
(inter-yarn

pore)

~300 um

~400 pm
(non-

pressed),
~275 pym
(pressed)

Milli-Q water,

aqueous glycerol,

and hexelene
glycol
Ethanol and
acetone

Silicone fluids

Glycerol

Oil

26

Spreading and

imbibition

Spreading

Penetration

Penetration

Penetration

Camera

High-speed camera

X-ray computed tomography

Optical coherence

tomography (OCT)

Nuclear magnetic resonance

(NMR)

[85]

[86]

[87]

[21]

[18]



Table 1.4. State of the art research on liquid flow monitoring in porous material (cont.)

Paper

Paper

Glass beads bed

Cylindrical rock samples

Sintered copper materials

Glass beads bed

Around
1.35~3.87
um

Inter-fiber
pores: 1-5
pm, intra-
fiber pores:

10-100 nm

Around 67 Mineral oil,

— 80 um

~200 um

100 mm

70 — 100

pum

21.5 mm

deionized water,
and isopropanol
Water-based black
ink

Water mixed with

fluorescent dye

Distilled water

Water

Water

27

Penetration

Penetration

Evaporation

Capillary spread and
rise

Liquid flow near
nano- and micro-
porous layer

Evaporation

Diffuse light reflection

Optical microscope, confocal
laser scanning microscopy,
trasnmission electron

microscope (TEM)

Weighing balance, IR
imaging, fluorescence dye
mixed with water to visualize
drying fronts and evaporation
site

Magnetic Resonance Imaging
(MRI)

Optical microscope

Fluorescence dye, IR camera,

precision balance

[77]

[88]

[82]

[19]

[89]

[81]



Table 1.4. State of the art research on liquid flow monitoring in porous material (cont.)

Paper

Porous stones

Cellulosic micro-substrates

Porous fabrics

Commercial filter paper

Multi-layers washi paper
and tobacco sheet

Tobacco sheet

Paper and glass microfiber

filter

5-10 pm

~5 um

242 um

4 mm

~0.2 mm

218-221
pum
218-221

pum

104 — 260

pum

Water

Water

Water

Deionized water

Silicone oil

50% glycerol
solution

Water

Aqueous co-

solvent solutions

Imbibition

Spreading,
Imbibition
Imbibition
Spreading and
imbibition

Imbibition

Penetration

Evaporation

(drying)

Spreading,
penetration, and

evaporation

Mathematical modelling
based on empirical data from
other research

High-speed imaging and
neutron radiography

Optical and thermal imaging

X-ray computed tomography

Camera-assisted observation
of liquid flow through
horizontally placed paper strip
and theoretical modelling
Fluorescent particles with
fluorescence microscopy
Spectral Domain — Optical
Coherence Tomography (SD-
OCT)

Infrared thermography,

capacitance measurement

[90]

[91]

[79]
[92]

[17]

[20]

[93]

[14]
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1.6 Objective and significance of this dissertation

As mentioned in section 1.1, a fabrication method to enable robust design of
functionalized thin porous materials is essential for many engineering applications. There is a
growing body of knowledge aiming to develop low-cost and efficient fabrication methods to
incorporate particles for enhanced functionalities of porous materials (Section 1.3). However,
as discussed in section 1.3, the presently available fabrication methods still have some
drawbacks which may hamper the development of materials for advanced applications.
Additionally, as discussed in section 1.4, the development of a visualization technique to
track liquid movement inside a thin porous materials under elevated temperature is important
for performance optimization and further development of thin porous materials. The objective
and significance of each chapter are described as follows.

Chapter 2: In this chapter, a tunable design of thin porous media is realized through a
novel one-step membrane fabrication method by simultaneous electrospinning and carbon-
based particles production through candle burning. The fabricated membrane holds potential
applications as solar distillation membrane. A modification on the position of carbon-based
photothermal particles relative to the membrane’s fiber matrix was done by tuning
photothermal particle introduction position along the electrospinning jet. Analysis on the
water evaporation rate from the membrane and heat localization ability by the membrane was
conducted to test the efficacy of the present membrane’s design.

Chapter 3: In this chapter, a proof of concept on liquid flow visualization method on a
fibrous porous media under the influence of heating was conducted by using optical
coherence tomography (OCT). A porous tobacco layer is used as a model for this dissertation.
Porous tobacco substrates has similar material properties as papers, filters, and membranes,
such as similar thickness, with pores and fibrous structures. Additionally, these samples were
cost-effective and readily available. Liquid movement inside thin porous media was
monitored by observing the change in the attenuation coefficient from the OCT scan result of
the sample. Dynamics of liquid flow at an elevated temperature can serve as an inspiration to
many natural and engineering phenomena.

Chapter 4 (conclusion): in this chapter, the insights obtained in chapter 1, 2, and 3 are
summarized. This dissertation reveals a facile fabrication method to incorporate particles in

thin porous materials with tunable design and demonstrate a novel liquid flow visualization
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system for sample under heating based on OCT. The structure of this dissertation is depicted

in Figure 1.6.

Design Improvement

Chapter 2 Chapter 3

[ Tunable design property of particles-functionalized — | Visualization of liquid flow in porous media under
membranes through one-step fabrication method heating
e 7 Heating

-7 e

Spreading + Imbibition to Evaporation

imbibition to intra-fiber
Fibers cross-section inter-fiber pores
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Performance Analysis

|

Thin porous material with robust design

Figure 1. 6 The structure of this dissertation
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Chapter 2: Heat and Flow Phenomena in Liquid-Filled Soot Particle—
Embedded Porous Membranes: Fabrication by Candle Burning—Assisted

Electrospinning

Abbreviation

DMF Dimethylformamide

FE-SEM  Field emission-scanning electron microscopy
M Middle

NC Near collector

NIR Near Infrared

NM No membrane

NS Near syringe

PVDF Polyvinylidene fluoride

RH Relative humidity

TEM Transmission electron microscopy
WHO World Health Organization
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2.1 Introduction

Freshwater scarcity is a significant global challenge that affects millions of people [1].
Although water bodies cover two-thirds of the earth's surface, only 2.53% of them contain
freshwater [2]. The imbalance between freshwater withdrawal and natural renewal rates has
been caused by climate change, as well as the exploitation of freshwater due to population
growth and economic activities [3, 4]. Projections indicate that by 2050, approximately 57%
of the world's population will reside in areas where water scarcity will be experienced for at
least one month annually [5]. In order to ensure a sustainable water supply, it is crucial to
develop a cost-effective and efficient method for producing freshwater from seawater and
contaminated water sources.

The desalination of brackish and seawater holds promise as a potential solution to
address the growing global water demand [6, 7]. As of 2019, there were 15,906 active
desalination plants in operation across 177 countries [6]. Desalination methods such as
reverse osmosis, multistage flash distillation, and multi-effect distillation show potential.
However, their suitability for implementation in developing nations remains a subject of
debate due to concerns regarding their high operational costs, significant greenhouse gas
emissions, and the generation of toxic waste, which can have adverse effects on marine
ecosystems [7].

Solar distillation, a promising technique for water purification and desalination,
utilizes solar energy as the sole driving force to separate water from contaminated sources [8].
The absorption of water primarily occurs in the infrared (IR) light range with wavelengths
longer than 1200 nm, while the solar spectrum exhibits high intensity in the visible region
(400-700 nm) [9]. These disparities across different wavelength regions hinder the natural
process of solar distillation. To address this, photothermal materials have emerged as light-
absorbing substances capable of converting visible solar light into heat [10]. By employing
these materials at the interface between air and water, heat localization can be achieved,
leading to efficient solar distillation [10]. Examples of such materials include metallic
nanostructures [11], carbon-based materials [12], inorganic semiconductors [13], and
polymer materials [14]. Carbon-based photothermal materials, in particular, have gained
significant attention due to their black body-like characteristics, including high light
absorption efficiency, chemical stability, abundance in sources, and easy fabrication methods
[10, 15].

Carbon-based photothermal materials can be derived from the soot particles generated

during the incomplete combustion of a candle flame. These particles demonstrate excellent
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efficiency in converting light into heat [16—18]. The process of obtaining candle soot is
straightforward, cost-effective, and easily scalable, unlike the fabrication processes involved
in producing graphene or carbon nanotubes [16].

Previous research has primarily utilized two methods to incorporate soot particles into
a matrix. The first method involves direct deposition, where the particles are deposited from
the flame onto a matrix surface coated with a polymeric adhesive [18, 19]. The second
method is a two-step process, where the soot particles are initially dispersed in a solvent, and
then the polymer is dip-coated into the soot particle suspension [9], [15-17], [20-22].
However, both methods require a preexisting matrix. The direct deposition approach [18]
does not account for the potential impact of polymer coating on the photothermal conversion
efficiency of the soot particles. On the other hand, the two-step method [19] has not
adequately addressed the stability of the soot particle suspension. To ensure the prevention of
morphological defects and uneven particle distribution in polymer fibers and membranes, it is
crucial to maintain particle stability within the precursor polymer solution (suspension) by
preventing particle aggregation and settling [23]. It is believed that achieving an even
distribution of photothermal particles within the polymer matrix and fibers is vital for
efficient solar distillation utilizing a photothermal membrane.

Electrospinning is a versatile technique widely employed for the production of
polymer fibrous membranes, offering a large surface area and customizable morphology [24].
This method can also be utilized to create a polymer matrix embedded with photothermal
materials. Specifically, carbon-based nanomaterials can be integrated into fibers through the
electrospinning process using a mixed solution of polyvinylidene fluoride (PVDF) and candle
soot particles [24]. To ensure the stability of the soot particles within the initial liquid, it is
crucial to determine an appropriate polymer concentration and maintain continuous mixing of
the solution [24]. The properties of the electrospun fiber are influenced by significant
parameters such as size distribution, surface wettability, concentration, and stability of the
dispersed particles in the mixed solution [25]. Given the complexity of simultaneously
controlling all these parameters when fabricating various particle and polymer combinations,
Li et al. [25] proposed a method involving simultaneous electrospinning (for polymer fibers)
and electrospraying (for aerosol particles). This approach allows for the incorporation of
particles into polymer fibers without modifying their surface properties by separating the
polymer and particle sources [25].

In this chapter, a novel approach called candle burning—assisted electrospinning is

presented, which enables the production of "fresh" carbon-based aerosols. These aerosols are
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subsequently incorporated into polymer fibers to fabricate membranes suitable for solar
distillation. This method eliminates the necessity of employing extra chemicals or procedures
to achieve particle dispersion in the solution. The resulting membranes have the capability to

produce desalinated potable water [26] from brackish water sources.

2.2 Materials and methods

2.2.1 Preparation of polymer solution

Polyvinylidene fluoride (PVDF) (Polysciences, Inc., USA) was dissolved in an N, N-
dimethylformamide (DMF) (Wako Pure Chemical Industries, Ltd., Japan)/acetone (Wako
Pure Chemical Industries, Ltd., Japan) mixture to obtain 20 wt.% of PVDF solution. The
DMF to acetone volume ratio was 7:3. The mixture was stirred (150 rpm) at 70°C for 2 h
before use. PVDF was chosen due to its good thermal stability, UV resistance, and

mechanical strength {Formatting Citation}.

2.2.2 Candle burning-assisted electrospinning

Membranes were fabricated by introducing soot particles into a polymer jet during
electrospinning. Various concentrations of soot particles were obtained by burning candles
inside and outside the electrospinning chamber. Commercial paraffin wax candles (Daiko Co.
Ltd., Japan) with 175 mm height, 15 mm diameter, and 100 g weight were used to produce
soot particles in this study. Soot particles were introduced at three introduction points for
electrospinning: near the syringe (NS), in the middle of the needle tip and collector (M), and
near the collector (NC). The variations of the introduction point of the aerosols allowed
different positionings of the photothermal materials relative to the polymer fiber. The
membranes produced using the soot particles obtained from the candles burning inside and
outside the chamber are termed “in-membranes” and “out-membranes,” respectively. For in-
membranes (Figure 2.1), candle was burned inside the electrospinning chamber, whereas for
out-membranes, a conductive silicone tube was used to transport soot particles from outside
the chamber where the candle was burned, to the desired position in the electrospinning

chamber.

Soot particles are transported to the electrospinning jet by means of convective flow.
Candle burning is an exothermic process (releasing heat). The heat released by this process
increases the air temperature in the surrounding. The rise in air temperature increases its

kinetic energy, which leads to an increase in the frequency of the gas molecular collision.
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High energy collisions between gas molecules and soot particles (primary particle size
around 25-30 nm) can propel soot particles to move in the direction of temperature gradient

(towards areas with lower temperatures where gas kinetic energy is lower) [26].

Electrospinning was performed by applying a voltage of +15.38 kV to a stainless-steel
needle (inside diameter: 0.603 mm, outside diameter: 0.9081 mm) attached to a syringe filled
with polymer solution using a high-voltage power supply (HAR-20R 1.5, Matsusada Precision,
Inc., Japan). The polymer solution was supplied at a flow rate of 0.5 mL/h using a syringe
pump (KDS100, KD Scientific Inc., USA). An electrically grounded, 100 x 100 mm?
aluminum foil fixed on a wooden stand was used as the collector for the fiber. The tip-to-
collector distance was maintained at 200 mm. The relative humidity (RH) inside the chamber
was controlled at 30% using a humidity control unit (PAU-300S, Apiste Corp., Japan). The

temperature was maintained at approximately 22°C.

Electrospinning chamber Chamber opening

L] Humid air inlet
Lt Particles introduction point

Humﬁity sensor @ @ @

Thermocouple

Grounded

collector

I
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I
Polymer solution l]
I

Syringe
pump | oo C
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Lifter power supply

Syringe
pump

o] o
|

Humidity control unit

Figure 2. 1 A schematic illustration for simultaneous electrospinning and candle combustion

The candle flame was covered with a stainless-steel funnel to promote incomplete
combustion for producing more soot particles. The vertical distance between the tip of the

funnel to the center of the needle was kept at 200 mm. Another syringe pump (KDS 100, KD
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Scientific Inc., USA) was used to adjust the vertical position of the candle for maintaining the

flame position relative to the funnel.

2.2.3 Measurement of the rate of soot particle production from candle
burning and approximation of membrane loading efficiency

The number concentration of aerosol particles produced by the candle was measured
in real-time using a condensation particle counter (CPC; Model 3775, TSI Inc., USA). A
dilution was needed, especially for the particles from the in-membrane production route due
to the high particle concentrations. The schematic of particle counting measurement with a
dilution line is depicted in Figure 2.2. The gas stream from the electrospinning chamber t 1.5

1

L.min"! was mixed with air with low particle concentration (<10? particles.cm™) at a rate of

12.8 L.min"! in the dilution tube. Clean air was obtained through filtration of the air in the
experiment room by using a HEPA filter (HEPA-CAP, Whatman, USA) which can retain
99.97% of particles with a diameter larger than or equal to 0.3 pm.

H!EPA Flow meter
filter (128 Lmln1)

—F—6n
Air pump
Electrospinning [: | <] _ <~
chamber m

Flow controller
(1.5 L.min"")

CPC

Figure 2.2 Schematic of a dilution line for particle counting of the in-membrane
production route using a condensation particle counter (CPC)

The primary particle of candle soot (around 25-30 nm) and its aggregates (a few
hundred nanometers) were within the range of detectable particle size of the CPC instrument
(4 nm - 3 um). Aerosol sampling by CPC instrument was conducted for 5 minutes, with a

sampling flow rate of 1.5 L.min™".
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The rate of soot particle production inside the electrospinning chamber is calculated

from CPC measurement results using equations (1) and (2),

ne=Mmg—ng) X fooooini.o (D

where nc is the average number concentration of particles produced by the candle burning per
unit volume, no is the average of initial number concentration of particles present in the
chamber per unit volume, n; is the average of total number concentration of particles
measured by CPC when the candle was burned inside the electrospinning chamber, and f is
the dilution factor, that was 9.5. To obtain the average rate of soot particle production from
candle per unit of time (i), the calculated nc value is multiplied by the sampling flowrate,
which was set at 1.5 L.min™".

The result of the aerosol measurement after multiplication with a diluting factor of 9.5
can be found Figure 2.3 a-d. Number concentration measurement results processed by
equation 1 and 2 revealed that the rate of soot particles production by the candle inside the
electrospinning chamber on average is around 2.55 x 10° + 3 x 107 particles/ min, whereas the
rate of soot particles at the outlet of silicone rubber tube for the out-route is around 8.12 x 10’
+ 2.28 x 107 particles/ min, which is 3.19% of the in-route particle rate. The out-membrane
production method was carried out to demonstrate the possibility of solar distillation
membrane production with a separate electrospinning and particle production site. This
method is expected to give more flexibility to control the condition for particle production
without interfering with the electrospinning process.

The particle loading efficiency of the membrane (&) was approximated using equation
3, where net 1s the average of the total number of particles measured by CPC during the
electrospinning and candle burning experiment and neo is the average number of particles

measured by CPC during electrospinning without candle burning.

g = D @ermned D o 40004, ... 3)

Nc
It was found that the loading efficiency of the NS-Out, M-Out, and NC-Out membranes is
95.3%, 93.9%, and 98.6%, respectively. The loading efficiency of the NS-In and M-In
membranes is close to the loading efficiency of the NS-Out and M-Out membranes, which is
95.8% and 94.3%, respectively. In comparison, the loading efficiency of the NC-In
membrane is 91.8%. There is a possibility of particle deposition to the wall of the
electrospinning chamber or other surfaces, which cannot be quantified by the present analysis

method.
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production, (b) remaining particles in the air during different particle introduction points in
out-membrane production, (c)in-route particle production, and (d) remaining particles in

the air during different particle introduction points in in-membrane production

2.2.4 Membrane characterization

The membrane morphology was observed using a field emission scanning electron
microscope (FE-SEM, JSM-6330FS, JEOL, Ltd., Japan). The membrane surfaces were
coated with a thin layer of gold nanoparticles using a sputtering device (IB-3 Ion Coater, Eiko
Engineering Ltd., Japan) before FE-SEM observation to enhance their electrical conductivity.
The fiber diameters were analyzed using an open-source image processing and analysis
software, Image J (NIH, USA). The static contact angle of the membrane was measured using
a contact angle meter (Drop Master Series, Kyowa Interface Science Co., Ltd., Japan).
Membrane reflectance was analyzed using a UV—Vis—NIR microspectrophotometer (MSV-
370, Jasco Corp., Japan) at UV-to-NIR wavelength range (190-2500 nm). Each membrane

was cut into 20 x 20 mm pieces and put on top of a solid sample holder with an aperture for
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reflectance analysis. The sample is mounted perpendicular to the incident light. The
instrument uses a double-beam, single-monochromator system with a wavelength accuracy of
+ 0.3 nm. Deuterium and halogen lamps (automated switching) are used as the light source in
the instrument. The sampling area for the observation is 30 x 30 pm. All measurements were

performed by using a gold mirror (Jasco Corp., Japan) as the baseline.

2.2.5 Water evaporation test

The 100 x 100 mm? membrane was cut into dozens of 10 x 10 mm? samples for water
evaporation tests. A saline water sample was prepared by mixing NaCl (Wako Pure Chemical
Industries, Ltd., Japan) with distilled water until an electroconductivity of 5 S/m was obtained
(approximately 3.24 wt.%). This electroconductivity was similar to that of seawater. Distilled
water (0.391 mS/m) obtained from distillation equipment (Eyela Still Ace SA-2100E, Tokyo
Rikakikai Co., Ltd., Japan) and saline water were used to test the ability of the membrane to
evaporate liquid. The water sample was contained inside a cuvette sealed with an insulator
foam to direct the light from the solar light simulator to the liquid body from the top of the
cuvette. The membrane floated on the surface of the water. Solar light (Solax, Seric Co., Ltd.,
Japan) irradiance was controlled at 1 kW/m? (1 sun) throughout the experiment. The
experimental setup is shown in Figure 2.4a.

The water evaporation rates were determined by measuring the changes in the liquid's
mass over time. The initial mass of the liquid was recorded, and after 1 hour of exposure to
simulated solar light, the final mass was measured using an analytical balance (HR-202i,
AND, Co., Ltd., Japan). To assess the temperature variations, the surface water temperature
(5 mm below the surface) and bulk water temperature (40 mm below the surface) were
monitored using an ultrafine T-type thermocouple (¢ = 0.127 mm, As One Corp., Japan) and
recorded by a data logger (midi Logger GL200, Graphtec Co., Ltd., Japan). The temperature
measurement setup is depicted in Figure 2.4b. The ability of the membrane to concentrate
heat at the water surface was quantitatively evaluated by calculating the area between the
water surface temperature curve and the bulk water temperature curve for each membrane.
The area between the curves was computed using numerical integration with the trapezoidal
rule in MATLAB (Mathworks, USA). The temperature on the membrane surface was
captured using a thermal infrared camera (SGT, As One Corp., Japan). The quality of the
desalinated water was assessed through a desalination experiment utilizing the NS-In

membrane under 1-sun solar light irradiation. The desalinated water was collected using a
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custom-built apparatus shown in Figure 2.4c. The electrical conductivity of the desalinated

water was measured using a handheld conductivity meter (CM-21P, DKK-TOA Corp., Japan).

(b)

Foam
insulator
80 mm
Top view
Photothermal
= membrane
Surface temperature
(5 mm below surface)
Bulk temperature
{40 mm below surface)
Side view
(c) Solar light simulator

Quartz glass

Glass_ - | | , Solar distillation
container membrane
Desalinated g Slalme Wf:t?r (‘?Slde
whow B glass container

Figure 2.4 (a) Set-up for observation of water evaporation rate, (b) thermocouple position

during measurement of bulk and surface water temperature, and (c¢) homebuilt apparatus to
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collect desalinated water from solar distillation membrane

2.2.5 Statistical analysis
To assess the significance of differences within each group of the response variable, a

Duncan's multiple range test (p < 0.05) was performed. The statistical analysis was conducted

using IBM SPSS Statistics Software (IBM SPSS Statistics Ver. 25, IBM Corp., USA).

NP NS-Out M-Out NC-Out NS-In M-In

Figure 2.5 Appearance of the as-fabricated electrospun membranes (scale: 30 cm): (a)
membranes without particles (NP) and out-membranes at various particle introductionpoints
and (b) in-membranes at various particle introduction points; the red dash lines represent the

size and shape of the aluminum collector (100 x 100 mm).

2.3  Results and discussion
2. 3. 1Characterization of the fabricated membranes

The sizes of the membrane without particle deposition (NP), out membrane, and NS-
in membrane fit well with that of the grounded aluminum collector (red dashed line), as
shown in Figure 2. 5. The M-in and NC-in membranes are 1.45- and 3.63-fold larger in size
than the aluminum collector (100 x 100 mm?), respectively. Candle burning produces both
positively and negatively charged soot particles [27]. A high concentration of these charged
particles inside the electrospinning chamber may create an electric field that can manipulate
the electric field surrounding the charged polymer jet. At the NS position, the electric field of
the polymer jet was the strongest [28]. Although a high concentration of soot particles was
introduced at the NS-In position, the electric field created by these charged soot particles
could not strongly influence the electric field of the polymer jet. This is evidenced by the
similar size of the NS-In membrane to that of the NP membrane. The electric field weakened

as the jet moved away from the NS position [28] and the electric field created by the charged
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soot particles could strongly influence the electric field surrounding the polymer jet. This
electric field manipulation may deflect the jet trajectory, resulting in fiber deposition outside
of the electrically grounded aluminum collector and producing larger membranes at the M-In
and NC-In positions.

One of the key features for achieving high solar distillation performance is high solar
light absorption at a wide range of wavelengths [10]. Soot particles absorb solar radiation at
all wavelengths [29]. Deposition of soot particles on the polymer membrane is expected to
increase the membrane’s light absorption and decrease the intensity of the reflected light.
This result is confirmed via the reflectance spectra obtained in the UV-to-near-IR (NIR)
region, as shown in Figure 2. 6.

NP membrane has a low (below ~3%) light reflectance in the NIR region from 831—
2500 nm. The addition of particles from outside the electrospinning chamber further reduces
the maximum reflectance in this region to ~1.5%. For in-membranes, the reflectance
approaches zero. Light reflectance of all membranes increases at <830 nm.

The M-Out membrane shows slightly higher reflectance in the UV-to-visible region
compared with other out-membranes. This trend is also similar for the NS-In membrane
(compared to M-In and NC-In membranes). At 500 nm, the reflectance of the NP membrane
i1s 22.5%. Reflectance values of the NS-Out, M-Out, and NC-Out membranes are 13.5%,
16.5%, and 14.3%, respectively, whereas those of NS-In, M-In, and NC-In are 3.2%, 0.8%,
and 0.7%, respectively. Membrane reflectance at 500 nm must be characterized because
maximum solar radiation intensity occurs at approximately this wavelength [30]. As the light
reflectance of an opaque body decreases, its light absorption increases. Water has low light
absorption in the visible region [9]; therefore, increasing the light absorption in this region
using a photothermal membrane can increase the temperature at the air—water interface and
improve water distillation performance of the membrane. The decrease in light reflectance at
all wavelengths from NP to out-membranes, NS-In, and finally M-In and NC-In membranes

indicates the increase in photothermal conversion.
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Figure 2. 6 Reflectance spectra of solar distillation membranes in the UV—-Vis—NIR region.
Automatic switching of light source for reflectance analysis happened at the boundary
between NIR to the visible region (~800 nm) and at the boundary between visible to UV
region (~300 nm).

Soot particles collected from the tip of the flame are hydrophilic, whereas those
collected from the middle of the flame are hydrophobic [31]. These production points of the
particles were not strictly controlled herein. Thus, both hydrophilic and hydrophobic particles
can be produced and deposited on the membrane. The static contact angles were almost
similar for membranes without and with the deposited soot particles (Figure 2. 7). The
membrane without any particles had a contact angle of 127.4 + 4.6°. The contact angle of
NS-Out, M-Out, and NC-Out membranes were 130.8 + 1.3°, 129.8 + 4.6°, and 127.6 + 0.3°.
The contact angle of NS-In, M-In, and NC-In membranes were 131 + 0.25°, 128.6 = 5.2°, and
130.8 = 5.2°, respectively. The measured contact angles show that all the membranes are

hydrophobic.
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Figure 2. 7 Static contact angle of a water droplet on the electrospun membranes

An additional experiment (Figure Al.1) was conducted by introducing hydrophobic
only (mostly), hydrophilic only (mostly), and a mixture of hydrophilic and hydrophobic soot
particles into the prefabricated PVDF membrane for 5 min. The result (Figure A1.2 a, b)
shows that the contact angles of membranes without particles particle, with hydrophobic-only
particles, with hydrophilic-only particles, and those containing both particles are 127.4 + 4.6°,
138.5+0.6°, 133.6 + 1.6°, and 135.9 + 1.8°, respectively. The measured contact angles of all
solar distillation membranes (Figure 2.7) were within the range of the contact angles of the
membranes with hydrophilic-only particles and those with a mixture of both hydrophilic and
hydrophobic particles. This result confirms the presence of hydrophilic soot particle networks
in the solar distillation membrane although the contact angle measurement indicates it as

hydrophobic.

All membranes in the present study are hydrophobic but have a strong attachment to
impinging water [32], see Figure 2.8. This hydrophobic property allows the membrane for
self-floating at the air-water interface and to have sufficient contact with the water surface for
an efficient heat transfer [14]. The result suggests that the presence of hydrophilic soot
particles in a hydrophobic membrane matrix adds merit to the presently fabricated membrane.
Hydrophilic particles can assist water supply by providing additional sites for liquid adhesion

and promoting the movement of liquid through the membrane pores. The combination of
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hydrophobic and hydrophilic properties in solar distillation membranes is expected to

promote efficient mass and heat transfer.

Figure 2.8 Adhesion of water droplet on the surface of a membrane (M-In); top view (a),

side view (b), membrane rotated 90° (c), and membrane rotated 180° (d)

The morphology of the particle networks on the polymer fiber and the fiber size
distribution are shown in Figure 2. 9. The primary particle size of the soot is ~25-30 nm [33].
Soot particle aggregates ranging from tens to hundreds of nanometers (sub-microns) in size
are found on polymer fibers at different concentrations between in-membrane and out-
membrane (indicated by red arrows in Figure 2. 9). Micro-meter sized polymer beads were
formed in the membrane due to jet instability resulting from the competition between surface

tension of the polymer solution and the electrostatic repulsion during electrospinning [34].
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These beads occupy around 2.5% of the membrane area (Figure Al.5). Further studies are

necessary to understand the influence of the polymer beads on water distillation performance.
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Figure 2. 9 FE-SEM micrographs and fiber diameter distribution of the electrospun
membranes; (a) with no particles (NP), (b) with particles introduced near syringe-inside the
electrospinning chamber (NS-Out), (¢) middle-outside (M-Out), (d) near-collector outside
(NC-Out), (e) near syringe-inside (NS-In), (f) middle-Inside (M-In), and (g) near collector-
inside (NC-In)

In the case of NS-Out membranes, because the polymer jet having relatively low
temperature operation is still wet, we believe that the soot particles can transport into the
interior of the polymer jet during electrospinning, resulting in a membrane with photothermal
materials positioned inside the polymer fiber. As for M-Out membranes, the polymer jet is
relatively drier. Thus, although the particles can still possibly be embedded inside the
polymer fiber, a large number of particles are deposited on the polymer surface. Comparison
of the FE-SEM micrographs of the NS-Out and M-Out membranes revealed an increase in
particle deposition on the surface of the polymer fiber. The number of deposited soot
agglomerates in the M-Out membrane is two-fold that in the NS-Out membrane. At the NC
position, the polymer jet may reach a stable surface charge and surface tension [35]. Due to
the evaporation process during spinning, polymer jet at the NC (near the collector) position is
the “driest” and “thinnest” among other samples. making it difficult for the soot particles to
be embedded into the fiber’s interior and resulting in the high deposition of particles at the
fiber’s surface (Figures 2. 9c and 2. 9d). The amount of soot agglomerates on the polymer
fiber surface in the NC-Out membrane is three-fold that on the M-Out membrane. Supporting
FE-SEM observational data of the membrane’s cross-section to clarify the position of the
particles relative to the fiber for NS-, M-, and NC- membranes can be found in the section 2

of the Appendix 1.

The distribution curve of the fiber diameter in Figure 2.9 shows a decrease in the
average fiber diameter of the membranes after soot particles are introduced. On average, the
fiber diameter of the out-membranes decreased by ~26% compared to the NP membranes.
Whereas NS-In, M-In, and NC-In membranes average diameter decreased by around 4%,
25%, and 37.5% compared to the NP membranes. The decrease in the average fiber diameter
for the in-membranes can be attributed to the increase in the temperature of the jet trajectory
due to the upstream of heated flow from the burning candle. The average temperature of the
jet trajectory at 20 cm above the burning candle inside the electrospinning chamber was
~51°C, higher than outside the chamber (~22°C). This temperature increase can accelerate the

evaporation rate of the solvent from the polymer fiber, resulting in a smaller fiber diameter.
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However, the average temperature of 51°C is considerably lower than thermal degradation
temperature of the PVDF membrane, which occurs above 400°C [36]. For out membranes,
the temperature of the jet trajectory is around 27°C. A graph of the temperature profile at the
jet trajectory during the experiment is shown in Figure A1.7. The disproportional correlation
between the increase in temperature at the jet trajectory and decrease in the average fiber
diameter suggests that another mechanism influences the fiber diameter. Electric field
manipulation of the polymer jet by charged soot particles may decrease the average polymer
fiber diameter. Herein, the fibers could not be cut for performing cross-sectional observations

using techniques such as transmission electron microscopy (TEM).

2. 3. 2Effect of particle position relative to the fiber on the photothermal
conversion performance of composites
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Figure 2. 10 Schematic of particle position on the fiber cross-section based on the particle
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introduction points and its interactions with the incident light
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Figure 2. 10 summarizes the interaction of particles on the polymer fiber with the
incident light. In the case wherein soot particles are positioned inside the membrane fiber (NS
membrane), incident light will first interact with the polymer fiber surface before reaching the
soot particles; the incident light may reflect or scatter before reaching the particles, resulting
in reduced photothermal conversion. This process may also occur in the case of the M
membrane, with the addition of the possibility that the light directly hits the particles. In the
case of the NC membrane, however, the particles are positioned on the surface of the fiber;
therefore, the incident light can directly interact with them and can directly absorb and
convert into thermal energy without much loss. Surface and bulk water temperature profiles
of samples with and without the solar distillation membrane are shown in Figure Al. 8. The
differences in the final surface water temperature among the sample without the solar
distillation membrane (NM), that with the NP membrane, that with the out membrane, and
that with the in-membrane are statistically insignificant. The membrane surface temperature
measured using a thermal camera (Figure Al. 9) also shows <1°C difference between the
final temperature on the surface of the in membrane and the bulk water temperature of

samples without membranes.
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Figure 2. 11 Changes in the rate of surface temperature in different solar distillation
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membranes. The inset shows the results for out-membranes (left) and in-membranes (right).

conversion by changing the position of particles on the membrane, the rate of increase in the
surface water temperature over the time of solar light irradiation was plotted (Figure 2. 11).
The rate of temperature increase for each membrane was obtained by calculating the slope of

surface temperature profile curve (Figure Al. 8a) at 10 discrete regions from 0 to 1 h with an

To further prove the proposed hypothesis regarding the improvement of photothermal

interval of 0.1 h.
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At the beginning of the experiment (0—0.1 h), the NC-In membrane showed a rapid
increase in temperature at a rate of 1.25°C min ™! followed by the M-In, NC-Out, NS-In, NM,
NP, M-Out, and NS-Out membranes. The rate of temperature increase for the NS-Out

membrane was 0.92°C min™!

. As time progressed, the solar evaporation system approached
equilibrium, decreasing the rate of temperature. Despite a seemingly higher temperature rate
of the NC membranes compared to the other membranes at the beginning of the experiment
(inset of Figure 2. 11), statistical analysis (p < 0.05) from the three measured data for each
membrane (n = 3) shows that the difference in the temperature increase rate among NC, M,
and NS membranes is insignificant. Thus, the effect of particle position relative to the
polymer fiber on its photothermal conversion performance cannot be confirmed. Notably, the
diameter of the polymer fibers (hundreds of nanometer regions) was approximately 4.7-7.2
times larger than those of the primary soot particles (approximately 25-30 nm). Further study
with a larger fiber diameter must be conducted to test our hypothesis. Additionally, the
insignificant temperature difference between the NP, out-, and in-membranes despite an
indication of the improved light absorption performance from the UV-Vis—NIR spectra
(Figure 2. 6) possibly confirms heat loss from the membranes to the surrounding. This heat
loss may be caused by unoptimized design parameters such as the thickness, pore size, and
porosity of membranes. A membrane design that promotes optimal thermal insulation at the
surface is desired for solar distillation [10]. The distribution of the thickness of each
membrane can be found in Figure A1.10).

The ability of each membrane to localize heat on the surface of a water body was
analyzed by plotting the surface and bulk water temperatures, as shown in Figure 2. 12. The
heat localization ability of the membranes can be determined based on the temperature
gradient between the surface and bulk water temperatures. After 1 h of 1-sun solar light
irradiation, the temperature gradient between surface and bulk temperatures for the sample
without membrane (NM) and those with NP and NS-Out membranes is only 0.1°C.
Temperature gradients for M-Out and NC-Out membranes are 0.7°C and 0.5°C, respectively.
The in-membranes have the strongest heat localization ability; the temperature gradient is 1°C
for the NS-In membrane and 1.4°C for the M-In and NC-In membranes at the end of the

experiment.

62



NM

Temperature (°C)
& &
1 1

n
o
1

Surface Water,

204
Bulk Water
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (h)
(c)
0| Ns-Out
~ 35
O -
e
g
=1
& 30
b
Q.
£
(]
Fo254)
Surface Water
201 Bulk Water
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (h)
(©)] ncou
~ 35+
O
<
2
=
& 30+
b
Qo
£
(1]
= 254
Surface Water
204 Bulk Water
0.0 0.2 04 0.6 0.8 1.0
Time (h)

63

(b) 1 np
35+
)
<
e
g .
30
[+
<% .
£
(7}
-
25
Surface Water
Bulk Water
20 T T T T
0.0 0.2 0.4 0.6 08 1.0
Time (h)
( )40 | M-Out -
—~ 354
(@]
o
[
=]
% 301
@
o
£
(7]
= 25 ]
/ Surface Water
20 | Bulk Water
0.0 02 04 0.6 0.8 1.0
Time (h)
(f) [nsin
40
O 35
1
e
2
o}
@ 30
5
[ ;o
254/
/f ——— Surface Water
Bulk Water
20 T T T T
00 0.2 0.4 0.6 08 1.0
Time (h)



(h) [ncn
40 -
(g)40_ M-In SR
O 354 / -

354 = . P -
8 9 /, - o
o} = // ’
= @
5 o
% g3 /S 7
@ 30+ £ /
£ e/
K /.

254/ /

25 s
1 Surface Water
Surface Water Bulk Water
Bulk Water 20 , i . i
20 . : . : 0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 06 0.8 1.0

Time (h)
Time (h)

Figure 2. 12 Average surface and bulk water temperature profiles of each sample under 1-

sun solar light irradiation.
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2.12

The area between the curve of surface and bulk water temperatures is calculated to
quantitatively compare the heat localization ability of each membrane (Figure 2. 13).
Compared with the NM membrane, the NP membrane improves heat localization by 39.7%.
NS-Out and NC-Out membranes improve heat localization to 80.6% and 92.2%, respectively.

The M-Out membrane only improves it by 15.4%, which can be correlated to its higher
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reflectance in the UV—Vis region compared to the other out-membranes. Moreover, the M-
Out membrane is the thinnest of all membranes (Figure A1.10), which hampers its heat
localization ability. The NS-In, M-In, and NC-In membranes show superior increase in the
heat localization ability by 138%, 177.5%, and 194.5%, respectively. The extensive
photothermal particle networks of the in-membranes help localize the heat at the water
surface.

2. 3. 3Effect of particle position relative to the fiber on the photothermal
conversion performance of composites
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Figure 2. 14 Water evaporation and desalination rates of each sample. DW: distilled water
and S5: saline water with an electroconductivity of 5 S/m (32.4 mg of NaCl/ mL distilled
water), similar to the electroconductivity of seawater. The letters (a, b) are assigned from the

statistical analysis and used to indicate significantly different means

Figure 2. 14 shows the water evaporation and desalination rates of each sample
obtained by measuring the change in mass of the test water under each solar distillation
membrane at 1-h time interval. Three experiments were conducted for each condition (n = 3).

Statistical analysis (p < 0.05) was conducted by comparing the reference value to the out-
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membranes and in-membranes to determine the samples with significant differences in
evaporation rates. Samples with the same alphabetical index belong to the same statistical
group (not significantly different from each other), whereas those indicated by different
alphabetical indexes belong to different statistical groups and are thus significantly different.

The evaporation rate of distilled water (DW) and saline water (S5) without any
membranes (NM) were ~1.30 and ~1.27 kg m2h!, respectively. There are no significant
increases in evaporation rate when membranes without particles (NP) and the out-membranes
were applied on the water surface based on statistical analysis. The water evaporation rate
significantly increases compared to NM by 22.6%, 17.3%, and 23.4% on average for NS-, M-,
and NC-In membranes. The desalination rate of the S5 solution was also increasing by 25%,
22.7%, and 22.2% on average for NS-, M-, and NC-In membranes, respectively.

In addition to the superior heat localization ability, the improved evaporation rate of
the in-membranes is suspected to be caused by the presence of a network of hydrophilic soot
particles within the hydrophobic membrane (explained in previous section), which facilitates
water transport into the membrane. Water affinity of hydrophilic soot particles may be lost in
cases wherein soot particles are generated outside the electrospinning chamber (out-
membranes). An aerosol measurement study [37] found that the exposure of conductive
silicone rubber tubes to high temperatures can emit organic contaminants containing siloxane
that can be adsorbed by soot particles passing through the tube. These adsorbed contaminants
make the soot particles hydrophobic.

Herein, the water evaporation rate under 1-sun solar irradiation is comparable or
higher (~ 1.16 kg m2h™!) than that reported for cellulose filter paper membranes embedded
with the candle-derived soot particles obtained using the two-step method [18]. The
electroconductivity of water after the desalination process using the NS-In membrane under
1-sun solar irradiation was 0.115 mS/m, which is below the maximum allowable electrical

conductivity standard for drinking water reported by WHO [38].
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Figure 2. 15 Two cycles of saline water desalination using a photothermal membrane (NS-
In). The letters (a, b) are assigned from the statistical analysis and used to indicate

significantly different means.

The self-recyclability of photothermal membranes is an important factor affecting
their practical applications. Figure 2. 15 shows two cycles of desalination using the NS-In
membrane. The first cycle ends after 5 h of desalination. The second cycle begins after 12 h
of remaining in the dark (without light), and then continues for the next 5 h (at 1 sun). No
significant decrease of evaporation rate was observed during the 5 h of each cycle. The
membrane performance significantly decreased within 12 h of being let in the dark. The self-
recyclability of the membrane [18] was not observed herein because the salt solution could
flow into the pores of the membrane through the hydrophilic soot particle network even under
dark conditions. Because of the absence of sunlight, the water evaporation rate significantly
decreases and the temperature gradient in the water body becomes nonexistent. This
condition allows the salt solution to be stationary and is retained in the membranes pores for a
long time. This long residence time allows the salt crystal to grow within the membrane. The
salt crystal is difficult to redissolve, particularly when the membrane matrix (polymer fibrous
matrix) is hydrophobic. The cycle performance of the membranes in the present study is
summarized in Table Al.1 in the appendix and compared with that of other related studies.

Figure 2. 16 shows the growth of salt crystals in the photothermal membrane pores.
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Figure 2. 16 Growth of salt particles in the photothermal membrane pores.

No soot particles were visibly detected to be detached from the solar distillation
membrane. Additional analysis based on the absorbency of the water body (the remaining
water that were not evaporated during evaporation test) was conducted to detect soot particle
release from the membrane to the water body (see section 8 of Appendix 1). This analysis
was conducted to judge whether the decrease in evaporation rate is strongly influenced by the
loss of photothermal particles from the membrane. It was found that significant change in
absorbance value in comparison to the reference was detected after 5 hours of evaporation
test in distilled water (Figure A1.12). The conversion of the change in absorbance value to
particle concentration was obtained by using a conversion curve (Figure Al.11). It was found
that the highest concentration of particle loss was around 1.6 ppm in the test water where NS-
Out and M-Out membrane was applied. The membrane which is suspected to have the
highest number of particles at the fiber surface (NC-In), shows particle loss of around 0.9
ppm after 5 hours. This suggests that the soot particles can be strongly bonded to the fiber
surface using the proposed one-step membrane fabrication method.

The result of the absorbance test for the remaining S5 (saline water) solutions after the
first and second cycle of evaporation tests are shown in Figure A1.14 and A1.15. The results
indicate that there is a decrease in absorbance of most of the samples where significant
change of absorbance was detected in comparison to the absorbance value of the reference
membrane (NM). A conversion curve relating the change in absorbance with the

concentration of carbonaceous particles in the solution cannot be established due to the
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instability of soot particles in S5 solution. However, given no observable particle
sedimentation and no color change during the test, we believe that there was only little
particle loss, as obtained on the result with evaporation test in distilled water. The role of salt
crystal growth in the pores of the membrane is more dominant in causing a decrease in the
desalination rate after the light-dark cycle rather than the detachment of soot particles from
the membrane. Further study is required to investigate the mechanism of particle loss from

the polymer membrane.

24 Conclusion

In this chapter, soot particles were embedded in fibrous polymer membranes using a novel
method that involved burning candles and electrospinning simultaneously. Using this method,
solar distillation membranes can be fabricated in a single step without any additional
chemicals. The position of the soot particles was controlled relative to the polymer fiber by
changing the location of the aerosol particle injection through the polymer jet. Results
revealed that the position of the soot particles did not affect the photothermal conversion
performance; moreover, the fiber diameter was in the range of hundreds of nanometers. By
applying the as-fabricated solar distillation membranes on the water surface, a heat
localization enhancement of 194.5% was achieved compared to the water samples without a
membrane. Under 1-sun solar irradiation, the NC-Out membranes exhibited water
evaporation and desalination rates of 1.60 and 1.59 kg. m2h™!. The present study also has
some limitations that need to be addressed in future studies. For instance, the stability and
durability of the membranes under long-term exposure to solar irradiation and seawater were
not evaluated. Additionally, some key parameters such as polymer concentration, nozzle-to-
collector distance, particle-to-fiber loading ratio defining the properties of the membranes
were not yet optimized. Future studies should focus on these aspects to improve the
applicability and feasibility of the novel method and the resulting membranes for solar water

desalination.
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Chapter 3: Heat and Flow Phenomena in Liquid-Filled Porous Tobacco
Substrate: Visualization by Optical Coherence Tomography

Abbreviation

CT Computed tomography
HTP Heated tobacco product
NIR Near infrared

NMR Nuclear magnetic resonance
SD Standard deviation

SD-OCT  Spectral domain-optical coherence tomography

SLD Superluminescent diode
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3.1 Introduction

Visualizing liquid transport in porous media is important in applications such as
microfluidic analytical devices [1], food packaging [2], and inkjet printing [3]. Visualizing
in-plane liquid spreading is common [4-6], but visualization of trans-plane liquid penetration
is challenging due to factors such as the complex geometry of the multilayered porous
structure and liquid volatility [7].

To help visualize liquid transmission in multilayered planes, previous studies have
proposed methods such as X-ray computed tomography [8], micro-CT [9], nuclear magnetic
resonance (NMR) [10], digital camera-based light reflection measurement [11], light
transmission and impedance spectroscopy [3], micromodels combined with confocal laser
scan microscopy [12], and optical coherence tomography (OCT) [13-16]. X-ray and micro-
CT offer non-destructive visualization of liquid flow in porous media, such as smart textiles
[8] and powder beds [9],with a spatial resolution of around 5-150 um [17]. However,
repeated observations may cause potential health hazards due to exposure to X-ray radiation.
NMR is another example of a non-invasive imaging technique. Nonetheless, the quality of
the obtained data is heavily dependent on the intricate sample preparation, which can limit
the practicality of this approach. Digital camera-based imaging technique offers practicality
and a wide range of applicability. Nevertheless, it mainly relies on a 2D surface imaging
system which may not accurately capture the behavior of liquid flow in a 3D system.
Micromodels are often adapted to study fluid flow and transport phenomena at the pore-scale
level of an opaque porous media [12]. The transparent nature of a micromodel allows a
straightforward observation of liquid flow in the pore channel. However, the simplification of
a pore network by the fabricated pore models raises an issue with the accuracy of its
modeling in comparison to a complex natural system.

OCT captures cross-sectional images of materials by emitting a beam of light into the
sample and measuring the intensity of the light that scattered back to the detector. OCT can
reach a penetration depth of up to 1 mm with a resolution of up to 1 um [18]. In previous
studies, OCT has been used to monitor viscous liquid sorption into paper [13], drying of
colloid droplets [15, 16], and evaporation of water from porous tobacco substrates [14]. To
the best of my knowledge, all studies on liquid flow using OCT technique were conducted
under ambient conditions. This limits the system’s ability to study dynamic processes, such
as the effect of changing temperature, on the liquid flow in porous media.

In this chapter, a porous tobacco layer is used as a model to study the dynamic of

liquid flow in thin porous material. Porous tobacco layer comprised of fibrous structure made
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of cellulose with fiber diameter of around 30-50 pum and average inter-fiber pore diameter of
~5 um with a thickness of ~200 um [19]. Additionally, the materials are abundant and
inexpensive. Dynamics of liquid flow at an elevated temperature in porous tobacco layer can
serve as an inspiration to many natural and engineering phenomena.

Besides being a model for this study, porous tobacco layer has an actual application
which involves interaction with liquid and heat: heated tobacco products. A new concept of
heated tobacco products (HTP)—inspired by the evaporation of nicotine in tobacco leaves at
temperatures below 300°C (far below the combustion temperature of conventional
cigarettes)—has attracted attention in recent years [20, 21]. Viscous liquid such as glycerol is
used as humectants and as the main aerosol former, i.e. without the presence of glycerol, the
gas-vapor mixtures cannot condense as inhalable aerosol droplets [22, 23]. A detailed study
on the transport of glycerol in tobacco sheets during heating is yet to be conducted [19]. This
knowledge is needed to understand the control of aerosol formation from heated tobacco
products so that the system (i.e., heated tobacco device) can be designed to have little impact
on indoor air quality. However, it should be noted that lower indoor emissions of HTP
compared to conventional cigarettes may not necessarily correlate to lower health risks [21].

This chapter aims to demonstrate, for the first time, the use of optical coherence
tomography (OCT), integrated with a specially designed heating chamber and an air pump, to
monitor the behavior of viscous liquids (e.g., glycerol) in a porous tobacco-based layer during
heating. The OCT method is flexible, can be integrated with other systems, and can provide

tomographic images of samples under atmospheric pressure.

3.2  Materials and methods

The setup for real-time observation of liquid transport in porous biomass under heating is
shown in Figure 3.1. It consists of a spectral-domain optical coherence tomography (SD-
OCT) system coupled with a specially-designed heating chamber connected to an air pump's
suction line. The light source in the OCT system is a near-infrared superluminescent diode
(SLD) with a wavelength of 1470 nm and a bandwidth of 44 nm. The depth resolution of the
OCT tomogram is 22 pm. The tomogram was obtained by scanning the beam focused on the
sample’s surface with a galvanometer mirror. The horizontal scanning range was 500 pm
with a spot size (diameter of a focused beam of light on the sample surface) of 5 um. The

OCT system scanned the sample in 10 seconds, from start to finish, for each run.
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Figure 3. 1 A spectral-domain optical coherence tomography (SD-OCT) system coupled with
a heating chamber (with a biomass sample) and an air pump. SLD is a near-infrared

superluminescent diode

A reconstituted tobacco sheet [JT, Japan] was used because the reconstitution process
yielded a chemically homogenous sample. The tobacco substrate—a densely connected fiber
with a heterogeneous inter-fiber pore size of several micrometers—218 £3 5 um thick and
2.5 x 2.5 cm large. It was fixed on top of the ceramic heater [Sakaguchi E.H Voc Corp.,
Japan with heat-resistant tape. The heating temperature was controlled by a desktop-type
temperature control unit [Shimaden Co., Ltd., Japan] and was set to heat to 100, 120, and
200°C. The ceramic heater and the sample were mounted inside the heating chamber, which
was then placed under the objective lens of the OCT system, as illustrated in Figure 3.1. The
temperature profiles of the top and bottom surfaces of the tobacco substrates during the
experiment were measured using a T-type ultrafine (¢ = 0.127 mm) thermocouple [As One

Corp., Japan] and recorded in a data logger [Graphtec Corp., Japan].
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Figure 3.2 (a) Geometry of the heating chamber, for heater temperature set at 200°C and
suction velocity of 0.2 m/s; (b) calculated velocity profile inside the chamber and (c)

calculated temperature profile in the chamber after/before operating the suction-pump

The time-dependent temperature and airflow profile in the chamber during the experiment
were simulated using a heat/fluid dynamics analysis software (COMSOL Multiphysics®).
Figure 3.2 (a) shows the chamber's geometry and dimensions. For the numerical simulation,
the heating element was set at 200°C. The hot vapour inside the chamber was pumped at 0.2
m/s from the right side of the chamber. One side of the chamber and the hole at the top of the
chamber were set as open boundaries. The simulation proved that even at temperatures as
high as 200°C, suction flow as low as 0.2 m/s prevented the runaway hot vapour from flowing
upward toward the objective lens. [Figure 3.2(b),(c)] In this experiment, the suction flow rate,
set at 6 1/min, caused no condensation on the glass plate temporally placed above the upper
hole of the chamber. This setup was essential to prevent hot vapour flow to the optical lens,

which could affect the results and damage the lens.
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At the beginning of each observation, the dry sample was scanned before dropping 20 ul
of glycerol (99.5% purity and 290°C boiling point at 1 atm). [Wako Pure Chemicals
Industries Ltd., Japan] Heating started simultaneously with the dropping of glycerol on the
sample; the observation was completed in 15 minutes.

The output from the OCT analysis system is backscattered light intensity (I,) as a
function of depth (z) and horizontal scanning length/transverse length. The raw data from the
OCT system was processed in MATLAB® to construct the matrix for producing the
tomographic image and to calculate the attenuation coefficient (u¢) based on Lambert-Beer’s

law [99].

Iy = 1o exp[—2 (u; + HUa) Z] (3.1)
1d Iz /

Iy is the incident light intensity, z is the optical path length, p.is the absorption coefficient,
and pg is the equivalent scattering coefficient. The constructed matrix for the tomographic
image was then plotted in OriginPro (OriginLab) to produce the final contour of the
tomogram.

Duncan's Multiple Range Test was conducted to estimate the transitional points for the
transport (penetration and evaporation) of glycerol in porous biomass using the International
Business Machines Corporation’s Statistical Package for the Social Sciences (IBM SPSS)
software. A thin film of platinum particles were coated using the sputtering process (Smart
Coater, JEOL Ltd., Japan) and observed the morphology before and after heating with a
scanning electron microscope (SEM JSM 6510, JEOL Ltd., Japan).

3.3  Results and discussion
Barontini et al. [25, 26] noted that coupling Thermogravimetric Analysis (TGA) and
Fourier Transform Infrared Spectroscopy (FTIR) gas analysis of tobacco at low heating rates
resulted in four regions of weight loss. Region I (30-120°C) indicates moisture release;
regions II (120-250°C) and III (250-370°C) indicate two stages—thermal decomposition and
evaporation; and region IV (370-550°C) indicates further thermal decomposition and
combustion. In this study, the heating temperature was set at 100, 120, and 200°C to study in
detail the phenomena in regions I and II of previous studies [25, 26].
Figure 3.3 (a-c) shows the temperature at the top and bottom surfaces of the tobacco

substrates at each temperature set point with suction from the air pump. There was a
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significant difference between the bottom (direct contact with the heater) and the top (solid-
air interface) surface temperatures of the tobacco substrates. The lower temperature at the top
was due to forced convection at the solid-air interface activated by air-pump suction. The
evaporation of compounds such as water, glycerol, and nicotine require energy, resulting in
the cooling of the substrate [22]. Additionally, the Knudsen effect and phonon (heat carrier in
solid) scattering at the solid-gas interphase within the pores of the sample’s structure
decreased the effective thermal conductivity of the sample [27], resulting in a lower
temperature at the surface away from the heat source.

When glycerol was first dropped on the tobacco substrates surface, glycerol did not
spontaneously wet and spread on the surface. The glycerol formed a sessile droplet with a
diameter of ~3 mm (see Figure A2.1). A contact angle at the glycerol, substrate, and air
interface was observed. The surface tension of glycerol was high, and the effect of viscous
resistance was dominant at about 25°C (u = ~812 cP). At this stage, gravity counteracted
viscous resistance because of the high mass per unit area of the glycerol.

As heating progresses, the contact angle disappears gradually. The time needed for the
contact angle to disappear based on video observation is ~35 s for 100°C heating and ~25 s
for 120 and 200°C heating. This time corresponds to tobacco surface temperature of 74.8,
85.2, and 95.5°C (Figure 3.3 (a-c)), and by assuming that the glycerol temperature equals to
surface temperature, the glycerol viscosity is ~36, ~23, and ~16 cP for 100, 120, and 200°C
respectively. The decrease in the viscosity of glycerol due to the increase in temperature, as
fitted from the glycerol viscosity data at various temperatures provided by [28], can be seen
in Figure 3.3(d). Significant reduction in viscous flow resistance due to heating promotes
glycerol spreading (movement of liquid in the x-axis direction) and penetration (movement of
liquid in the y-axis direction), predominantly due to capillary forces.

Observation by the camera also revealed the time needed by liquid glycerol to spread
to a maximum surface area. For heating temperatures of 100, 120, and 200°C, it took 240,
155, and 90 s, respectively, for glycerol to spread in-plane before a further change in surface
area due to liquid spreading was undetected by the camera (see figure A2.2). The OCT
system characterizes the change in the trans-planar (depth direction) of the substrate due to
liquid flow. Because the scanning area of OCT is much smaller than the initial diameter of
the glycerol on the surface of the sample, we expect that the variation in liquid distribution

due to liquid spreading on the sample will not strongly influence the cross-sectional OCT
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scanning result. However, variations in scattered light from the sample may be observed by

OCT when the point of observation is too far off the initial point of spreading.
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Figure 3.3 The temperature profile of the upper part of samples during heating; (a) 100°C, (b)
120°C, () 200°C, and (d) temperature dependence of glycerol viscosity (data fitted for
Glycerol 99.5% w/w from Segur & Oberstar [28])

Figure 3.4 shows four OCT tomograms of the porous tobacco substrates during the
experiment. OCT tomograms help visualize the liquid flow in the media by capturing the
cross-section image of the sample at each point in time. It is important to understand that the
sample, a porous tobacco substrate, was produced by the papermaking process and is
primarily composed of cellulose from tobacco stems and leaf scraps [29, 30]. On average, the
cellulose content of a large tobacco leaf stalk is 31-34%, while the tobacco leaf itself

contains 16—17% cellulose [100]. Therefore, we assumed that cellulose was the major
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component of the sample. The refractive index (n) of cellulose is around 1.4613 (at A = 1052
nm) [32].

At initial conditions, all tomograms show a bright (whitish) image on the surface of the
sample due to air distribution inside the cellulose matrix of the tobacco substrates. Light
scattering occurred when light traveled from the air (n = 1) to the tobacco substrates; the
difference in the refractive indices of the two media caused intense scattering creating a

bright tomogram.
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Figure 3.4 OCT tomograms of cross-sections of samples before, during, and after heating at
different temperatures
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The brightness of the tomogram reduces with time until approximately point A where the
glycerol penetration is around its peak. At this point, the majority of the air inside the
cellulose matrix had been displaced by the glycerol which had spread and penetrated due to
capillary forces. The refractive index of glycerol is very close to the refractive index of
cellulose in the near-infrared region—1.4631 (at A = 1050 nm) [33]. The closeness of the
refractive indices of glycerol and cellulose caused refractive index matching. As a result, the
light was transmitted more effectively and deeper into the sample instead of being scattered
on the surface. This resulted in lower backscattered light intensity [34-36]. Additionally, the
glycerol absorbed some of the incident light, decreasing the intensity of the backscattered
light further. The absorption coefficient of glycerol at 1470 nm wavelength is 10.113 cm™
[37]. Makino et al. [14] used SD-OCT with two NIR wavelengths to see the evaporation
process of water from the porous tobacco substrate under ambient conditions. They noted that
the presence of water in the pores of the medium darkens the appearance of the tomographic
image due to refractive index matching. Their finding supported the observation made in this
chapter.

It was also observed that the higher heating temperature in point A produced a darker
tomogram, probably because the surface tension of glycerol dropped significantly, helping to
wet tobacco substrates and displace air “completely” in the cellulose matrix. Hence, the effect
of refractive index matching became more pronounced and backscattering intensity decreased
significantly [34].

After point A, evaporation became more dominant than liquid penetration. Capillary
action distributed the liquid glycerol over a wide surface area, increasing the contact between
the glycerol and air. This condition, coupled with the heating, allowed the majority of the
glycerol to evaporate out of the sample far below its boiling point. Further heating evaporated
more glycerol allowing air to re-enter the cellulose matrix. The presence of air in the
cellulose matrix increased the backscattering intensity and terminated the effect of refractive
index matching. This produced a brighter tomogram, as shown in point B and “end of
experiment” tomograms.

Liquid penetration and evaporation from the biomass substrates caused changes in the
sample’s morphology as seen, to an extent, in the appearance of the time-lapsed tomogram at
each temperature. The “unnatural” straight cuts on the surface of samples at 120°C (e.g., first
image from right) and 200°C (e.g., second image from right) are attributed to the swelling of
cellulose fibers when the glycerol penetrated the sample [7, 34], and/ or coiling of the
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samples when the glycerol evaporated. These morphological changes caused the sample to
rise beyond the field of view of the OCT lens, resulting in “unnatural” tomograms.

SEM was also used to observe the change in the microstructure of the sample. [Figure 3.5]
The SEM images suggest that the penetrating and evaporating glycerol shrunk some pores of
tobacco substrates and “destroyed” some of the cellulose fiber networks. This effect became
stronger at higher temperatures. At the end of the heating experiment at 200°C, the tobacco
substrates turned dark brown (Figure A2.2).

The movement of glycerol inside the tobacco substrates is quantified by calculating the
attenuation coefficient using the scattered intensity data from the OCT system according to
equation 2. The attenuation coefficient characterizes the strength of backscattering from the
sample and is widely used to differentiate “healthy” and “non-healthy” tissues in clinical
analysis [38-40]. A high attenuation coefficient represents high backscattering intensity while
a low attenuation coefficient represents the contrary. In previous research [14], the movement
of liquid water in porous tobacco substrates under ambient condition has been successfully

quantified by the attenuation coefficient.
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Figure 3. 6 Temporal change in attenuation coefficient of tobacco substrates after dropping
glycerol at; (a) 100°C, (b) 120°C, and (c) 200°C. Values are mean + standard deviation (SD)

of three independent experiments

The attenuation coefficient plotted against elapsed time for each temperature is shown in
Figure 3.6 (a-c). Point A and B for each temperature were estimated using Duncan’s test. The
attenuation coefficient data (n = 3) at several time intervals of each heating temperature was
used as the input. Duncan's test assigned each point in the data set to one or more groups. The
data that were significantly different from each other (p < 0.05) were assigned to different
groups. Similar data shared the same group.

Point A is a time approximation where maximum penetration occurs before further heat
transfer in an evaporation-dominant zone. Point A is the latest time in which the obtained

attenuation coefficient is significantly different from the attenuation coefficient of the

87



tobacco substrates at the initial condition (untreated sample). In Duncan’s test result, critical
point A belongs to the group farthest from the group where the attenuation coefficient of the
untreated sample belonged.

Point B is a time approximation where liquid evaporation starts to slow down because
most of the free liquid has evaporated. Point B is the earliest time in which the obtained
attenuation coefficient becomes non-significantly different from the attenuation coefficient of
the tobacco substrates at the initial condition (untreated sample). In Duncan's test result,
critical point B belongs to the same group as the untreated sample.

It should be noted that point A and B are just approximation based on the significant
difference relative to the initial condition that we propose in this first study. Variations in the
timing of points A and B may occur. Additional study to address this issue is needed.

The two points divide the attenuation data into 3 different zones, namely zone 1, 2, and 3.
Zone 1 (blue) is the penetration-dominant zone and begins immediately when heating starts
after dropping the glycerol. Liquid penetration reaches a maximum at around point A, which
occurs at ~300, ~240, and ~10 seconds for temperatures 100, 120, and 200°C, respectively.
Heat transfer in this region is mainly sensible heat transfer and the energy gained by the
sample increases the temperature of the sample and the glycerol within it. The temperature
increase decreases the glycerol’s viscous resistance making penetration due to capillary force
dominant. Interestingly, there were little variations in the temperature difference between the
top/upper and bottom surface (AT) of all samples during point A; average AT at point A =
53.1+3.8°C.

Fabritius and Myllyla [13] tracked the sorption of glycerol in a paper medium using
OCT at ambient temperature. By observing the OCT tomogram, they found that there is a 6.1
s delay before the capillary penetration begins. They noted that glycerol takes 10.3 s to
penetrate from the front side to the backside of 420 um paper. There is a deviation between
the result of the observation in their study and the Washburn equation for the capillary flow
of liquids in the porous medium due to the non-uniform pore size distribution of their
medium. Additionally, the effect of substrate (multi-layered biomass) temperature on the
penetration of glycerol was investigated previously by Asanuma et al. [19] by using colloidal
fluorescence particles and fluorescence microscopy. They found that for the same 1-minute
heating observation, glycerol droplet that is exposed to a higher temperature can penetrate
deeper layers faster than the glycerol at a lower temperature. They also found that glycerol

can spread more in the x-axis direction when the heating temperature is lower. Their
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observation validated the finding in this chapter regarding the relationship between heating
temperature and maximum penetration time. However, similar to the study by Fabritius et al.
both studies identified the wetting front of the liquid but did not discuss the possibility that
the pores behind the visible wetting front are not fully saturated. We expect that the gradual
decrease of the attenuation coefficient before reaching to a maximum suggested a
characterization of the state of intra-fiber pore-filling behind the wetting front.

Cellulose fiber in tobacco substrates are typically made of micrometre-sized inter-fiber
pores and nanometre-sized intra-fiber pores [3]. Inter-fiber pores are pores constructed from
entangling individual cellulose fibers, while intra-fiber pores are the internal cavities in
individual cellulose fiber. Liquid can be absorbed in both the inter-fiber and the intra-fiber
pores [7], but the inter-fiber pores are more permeable because they are larger [3]. Hence,
glycerol penetrates under capillary pressure into the inter-fiber pores and diffuses into the
intra-fiber pores due to the concentration gradient. A detailed discussion on this phenomenon
can be found in [7].

Energy accumulation in the sample after point A promotes glycerol evaporation due to
latent heat transfer. Zones 2 (yellow; between A and B) and 3 (light red; after B) are
evaporation-dominant zones. Zone 2 begins approximately after point A and ends at around
point B; ~720, ~600, and ~120 seconds for temperatures 100, 120, and 200°C, respectively.
Evaporation in zone 2 is considered the evaporation of free liquid in the sample matrix. Free
liquid in this case is the glycerol which remained on the upper surface of the sample and in

the inter-fiber pores.
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After point B, there are slow and subtle changes in the attenuation coefficient. The drying
rate is expected to decrease from point B because the liquid movement to the exposed surface
is unable to replenish the liquid at the surface. At this point, most of the free liquid has
evaporated and the “bound” liquid combined with the “trapped” liquid begins to evaporate.
“Trapped” liquid is defined as a liquid that is not “bound” to the fibers but is difficult to
transport to the exposed surface. Liquid trapped in nanoscale pores is considered a non-
freezing bound liquid [41].

To reduce the effect of structural change in our data interpretation, an analysis of light
interaction with the surface of the sample is included. The upper sample surface is chosen
because it is the first point of contact for the incident light before volumetric structural
change further modifies the interaction between light and the sample. Additionally, the upper
surface of the sample is assumed to be the main transport direction for the evaporating liquid,
meaning if the surface is dry before the experiment is completed, it is reasonable to assume
that there is no evaporation mass flux from below the surface and evaporation has terminated.
To understand this phenomenon better, we plotted the backscattering intensity from the
sample surface against the elapsed time at each temperature [Figure 3.7].

In Figure 3.7, the sample is considered dry only at 200°C after point B because the
backscattered light intensity from the sample’s surface after the point B was almost the same
as that of the “dry” (initial) sample, and there was no notable change until the end of the
heating experiment. In addition, the attenuation coefficient is stable after point B even though
it does not return to the “original" attenuation coefficient value of the dry sample.

At 100 and 120°C, both the attenuation coefficient and backscattered light intensity from
the surface value did not return to the sample's initial value. This indicates that the samples
may not have been completely dried. The changes in attenuation coefficient after point B
indicate slow evaporation of trapped liquid and bound liquid from the sample. The bound
liquid is defined as the initial water [41] present in the sample, plus the glycerol bound to the
hydrophilic surfaces of cellulose fiber by hydrogen bonds.

The phenomenon at the boundary between the sample’s upper surface and the
surrounding air is influenced by conduction from the heater to the sample and forced
convection due to the air pump's suction flow. In some applications, such as food dehydration,
convective drying results in low-porosity and high-density materials, which are undesired for
some purposes [42]. For further studies, the dimensionless approach, for example, the Nusselt

number (Nu), gives our research another advantage. For instance, Nu > 1 indicates that

90



convective heat transfer influences the system more than conductive heat transfer. By
increasing laminar flow in the chamber, convective heat transfer can be minimized.

The results of this chapter could have implications for other porous materials, such as
paper and fabrics, where capillary forces play a role in the penetration and spreading of
liquids. The integration of a heating system and the use of attenuation coefficients calculated
from OCT results to characterize liquid penetration and evaporation is expected to shed light
on a better understanding of dynamic liquid flow in a medium with a non-uniform pore size
whose behavior deviates from the Washburn equation.

In the future, it is expected that a heating system such as the one proposed in the present
study, can be integrated with functional extensions of OCT such as phase-sensitive/
polarization-sensitive and Doppler OCT for a more thorough understanding on the dynamics
of temperature-dependent liquid flow phenomena in hundreds of micrometre-thick porous
materials. Polarization-sensitive (PS) OCT provides not just imaging based on tissue
reflectivity but also enables the mapping of sample polarization properties with depth
resolution [43]. By analysing the changes in polarization as the light passes through the
porous material, polarization-sensitive OCT can distinguish between areas with and without
the liquid. Doppler OCT on the other hand, allows the quantification of velocity as well as the
direction of flow within a tissue by applying Doppler principle, in addition to structural
imaging [44]. By measuring the Doppler frequency shift, one can try to quantify the
temperature-dependent velocity of liquid imbibition in porous materials. Additionally, on a
more recent developments, the speckle patterns (i.e random pattern of bright and dark spots
that appear when coherent light interacts with a rough or scattering surface) from OCT [45]

can be further analysed to characterize liquid-filled porous materials.

3.4  Conclusion

Optical coherence tomography (OCT) system coupled with a heating chamber
connected to an air pump suction line has allowed an unprecedented, non-destructive, and
real-time observation of the penetration and evaporation of viscous liquid in porous biomass
during heating. The movement of liquid in a porous tobacco substrates can be observed
through the OCT tomogram at several time lapses and can be quantified by the attenuation
coefficient of the sample at a given temperature and time. By testing the time-lapse
attenuation coefficient data using a statistical procedure (Duncan's multiple range test), we
were able to approximate the transitional points in penetration and evaporation at each

temperature. The proposed analytical system is an attractive alternative for tracking liquid
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transport in porous biomass when contact heating is applied, and is also useful for

understanding inward and outward mass transfer.
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Chapter 4: Conclusion

The heat and flow phenomena in liquid-filled thin porous materials have been
investigated both in an hydrophobic porous membrane and a hydrophilic, swellable porous
material. A one step method to functionalize a porous material matrix through incorporation
of particles based on simultaneous electrospinning and carbon-based particle production from
candle burning is proposed for the first time. Additionally, a liquid flow visualization
technique for porous materials under heating based on optical coherence tomography is also
proposed for the first time. A combination of the tunable design and liquid flow visualization
technique is expected to contribute to the advancement of the state-of-the-art knowledge
towards fabrication of porous materials with robust design. The significant findings in this

study are summarized in this chapter.

In Chapter 2, a new technique involving the simultaneous burning of candles and
electrospinning was used to integrate soot particles into fibrous polymer membranes. The
position of the soot particles within the polymer fibers was controlled by adjusting the
injection location of the aerosol particles during electrospinning. The study demonstrated that
the placement of the soot particles had no impact on the performance of photothermal
conversion. When the resulting solar distillation membranes were applied to the water surface,
there was a significant 194.5% improvement in heat localization compared to water samples
without membranes. The membranes exhibited water evaporation and desalination rates of up

to 1.60 and 1.59 kg.m >h! respectively under 1-sun solar irradiation.

In Chapter 3, a novel approach utilizing an optical coherence tomography (OCT)
system, combined with a heating chamber connected to an air pump suction line, has enabled
the non-destructive and real-time observation of the penetration and evaporation of viscous
liquid within porous biomass during heating. The OCT tomogram allows for the visualization
of liquid movement within tobacco substrates over different time intervals, and the
quantification is achieved through the attenuation coefficient of the sample at specific
temperatures and times. By subjecting the time-lapse attenuation coefficient data to a
statistical procedure, such as Duncan's multiple range test, we were able to estimate the
transitional points during penetration and evaporation at each temperature. This analytical
system provides an appealing alternative for tracking liquid transport in porous biomass
under contact heating conditions, while also contributing to the comprehension of inward and

outward mass transfer processes.
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To conclude, this dissertation demonstrates a new way to design thin porous materials
and to visualize the interaction between the thin porous materials with liquid under heating.
The findings in this dissertation can aid the development of a thin porous material with

rationale design.
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Appendix 1

1. Experiment to deposit hydrophobic only-, hydrophilic only-, and a mixture of
hydrophobic and hydrophilic soot particles on a prefabricated PVDF membrane
Hydrophobic only-, hydrophilic only-, and a mixture of both particles were deposited

onto a prefabricated PVDF membrane to check the effect of the deposition of each type of

particle on the contact angle of the membrane. Different types of soot particles were
obtained by varying the position of the flame relative to slide glass 1. Soot particle produced
from the tip of the flame has hydrophilic property, while the one produced from the middle
of the flame is hydrophobic [1]. Slide glass 1 helps to promote incomplete combustion to
produce candle soot particles and to dissipate heat produced by candle flame. Heat
dissipation at slide glass 1 helps to lower the deposition temperature at slide glass 2. The
measured temperature at slide glass 2 after 5 minutes was ~60°C. PVDF membrane was
attached to the slide glass without any application of glue. The membrane could be firmly
attached by the electrostatic force between the membrane and the slide glass. Soot particle
deposition was conducted for 5 minutes for each experiment. The mixed hydrophobic and
hydrophilic particles were introduced by adjusting the candle so that slide glass 1 could be
positioned at the tip or the middle of the flame interchangeably for every 1 minute until the
fourth minute, then every 30 seconds until the fifth minute. The appearance of the
membrane after being deposited with soot particle with different wettability can be seen in

Figure Al.2(a) and the corresponding contact angle is shown in Figure A1.2(b). The

morphology of PVDF membrane after the deposition of soot particles by the method shown

in Figure Al.1 is depicted in Figure A1.3. Soot particle deposition by the method shown in

Figure A1.1 did not cause observable change in the morphology of the fiber’s surface.
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Figure Al. 1 Experiment set up to deposit hydrophobic only-, hydrophilic only-, and a
mixture of hydrophilic and hydrophobic soot candle soot particles
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Figure Al. 2 (a) The appearance of the PVDF membrane after the deposition of soot
particles, (b) Contact angle of the PVDF membrane before and after deposition of soot

particles with different property
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Figure Al. 3. FE-SEM micrograph of

s b L I

PVDF membrane after deposition of soot parties

by the method shown in Figure S2

2. FE-SEM observation of the fiber’s cross-section

FE-SEM observation of the fiber’s cross-section was conducted to check whether the
particles can be positioned at the fiber’s interior. For this analysis, the flat membranes were
rolled to form a cylinder. The rolled-up membranes were then immersed into liquid nitrogen
to harden the structure prior to sectioning. This was done to avoid the destruction of the
fibers structure due to the pressure given by the cutter. The rolled-up membranes were cut
into several millimeter sections which were then fixed to a carbon tape on top of the FE-
SEM stub. A layer of gold nanoparticles was coated on the samples prior to FE-SEM
analysis using a sputtering device (IB-3 Ion Coater, Eiko Engineering Ltd., Japan) to

enhance the sample’s electroconductivity. The pictures of the membrane fixed on top of the
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FE-SEM stub can be shown in figure A1.4.

(b) M4n

10 pm

5, - § 2 _
Figure A1.4. The appearce of the membras (a: NS-In, b: -In, c: NC-) aer eing
rolled up, cut, and fixed on FE-SEM stubs

As observation of particles having sizes between a few tens of nanometers to sub-
micrometer in the cross-section of sub-micrometer fiber is challenging, we opted to check
the presence of particles in the interior of micro-structured beads that were present in our as-
fabricated membranes (Figure A1.5). The micro-meter scale size of these beads eases the
process of detecting particles having sizes between a few tens of nanometers to sub-
micrometer in the bead’s interior. The beads were formed due to the instability of the jet in
the competition between the surface tension of polymer solution and electrostatic repulsion
during the electrospinning [2]. The FE-SEM observation of the bead’s cross-section (Figure
A1.6) shows that some particles having sizes between a few tens of nanometers to sub-
micrometer are found in the bead’s interior for the NS-In and M-In membranes (indicated by
red arrows). As for the NC-In membrane, aggregated soot particles were found to surround
the exterior of the beads) and little to none of the particles were found in the bead’s interior.
We believe that if particles can enter the interior of micrometer-sized polymer beads
structures using our one-step membrane fabrication method, the particles can also penetrate
into the interior of a sub-micrometer polymer fibers, especially for the NS- and M-

membranes.

(¢)NC-In >

~ 2

10 uln

F | ee—

Figure A1.5. Beaded microstructures found in the membranes (a: NS-In, b: M-In, c: NC-
In)
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(b) M-In

e
S ¥

Figure A1.6. Particles having sizes between a few tens of nanometers to sub-micrometer
can be found in the interior and exterior of a micrometer beads (red arrows the particles)

(a: NS-In, b: M-In, c¢: NC-In)

3. The temperature profile at the polymer jet trajectory above the particle source
(inside and outside of the membranes)

The introduction of particles directly from a burning candle elevated the temperature at
the jet trajectory. The increase in temperature was measured by a T-type thermocouple
connected to a data logger. The average temperature of the jet trajectory when the candle
was placed inside the electrospinning chamber was 51°C. The fluctuation in the temperature
was caused by the candle position adjustment by the syringe pump as well as the flickering
of the candle flame. It should be noted that the candles ran out after ~20 minutes of burning,
so the candles were changed around 6 times until 2 hours of electrospinning were completed.
The changing of the candles also affected the temperature profile. The candles for the “Out”
experiment were also changed around 6 times. However, the change did not fluctuate the
temperature of the jet trajectory as much as the “In” membranes. The average temperature of
the jet trajectory during the “Out” experiment was around 27°C. The “chamber” temperature
shows the temperature at arbitrary point in the chamber that is not around the soot particles

introduction point.
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Figure A1l. 7 The temperature of the jet trajectory above the source of the particles at

different experiment conditions

4. Surface and bulk water temperature of each sample under the illumination of 1
sun simulated solar light

Because there were some variations at the initial temperature of the water (~1°C for
both surface and bulk water temperature), a direct conclusion from Figure A1.8 cannot be
drawn. The rate of surface temperature increase at every 0.1 hour time interval was
calculated based on Figure A1.8 to justly characterize the photothermal conversion ability

of each membrane.
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Figure A1l. 8 The temperature profile of the samples under 1 sun solar light

illumination; (a) surface water temperature, (b) bulk water temperature

5. Membranes’ surface temperature measured by a thermal camera
The membrane’s surface temperature was measured using a thermal camera, assuming
that the emissivity of the membrane was around 0.95. This value is approximated from the

emissivity of the soot particles produced from candle burning [3].
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Figure Al. 9 The change of membranes’ surface temperature under 1 sun of simulated solar

light as captured by IR thermography

6. Electrospinning productivity as reflected by the membrane thickness

The membrane’s thickness was measured using a micrometer screw with an accuracy of
up to 0.01 mm. Figure A1.10 shows the thickness of each membrane. The statistical analysis
result (p < 0.05) showed that the thickness of the membranes with particles produced inside
the electrospinning chamber (In-membranes) have a comparable thickness as the NP
membrane. However, the Out-membranes’ thickness is significantly lower than the NP
membrane, despite the number of particles that can modify the electric field of the polymer
jet being significantly smaller than the In-membranes. The reason for this is the presence of a

silicone rubber conductive tube (used for transporting particles into the electrospinning
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chamber) which can strongly affect the electric field around the jet. Many of the polymer
fibers were deposited around the conductive tube rather than the collector during the

experiment. Reduction of the deposited polymer mass in the collector results in a thin

membrane.
400
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Figure A1l. 10 The thickness of the electrospun membranes

A silicone rubber conductive tube was chosen as the conduit to flow particles from the funnel
to the electrospinning chamber due to its flexibility, good thermal stability, and ability to
prevent a build-up of charge on the tube walls, thereby reducing loss of particles due to

electrostatic reason.

7. Brief summary of comparison of cycle performance of the membrane fabricated in
the present study with other previous studies

Table Al.1. Comparison of cycle performance in this study and pervious studies

Matrix/ particle Test liquid Cycle Evaporation rate at the Reference

end of cycle (kg.m2.h"D

Cotton cloth/ diesel soot Deionized 10 ~1.5 [4]
water

Cotton cloth/ candle Deionized 10 ~1.3 [5]

soot water

Poly-ionic monolith/ Pure water 10 - [6]
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carbon soot

PVA sponge/ soot from
camphor pellet

Luffa sponge/ candle
soot

PV A/ kerosene lantern
soot

Cotton/ candle soot

Hydrogel/ diesel soot
PVDF-HFP/ graphitic
carbon spheres
Cellulose filter/ candle

soot

SS mesh/ polypyrrole

PVDF fibrous matrix/

candle soot

Water

Freshwater

Distilled water

Deionized
water
Water
Salt

3.5 wt. %

solution

Salt solution

Deionized
water
NaCl
3.24 wt. %

solution

50

21

10

15

10

20

cycles,

hours

2

cycles,

5

hours

~0.8 after 8 hours, then
return to ~1.2 after being
let in the dark

n/a

~1.2 at the end of first
cycle, then ~0.8 at the
beginning until the end

of second cycle

[7]

[8]

[9]

[10]

[11]
[12]

[13]

[14]

Our study

8. Analyzing particle loss from solar distillation membranes to the water body

To detect the presence of soot particles in the water sample after the evaporation test, we

collected the remaining water sample (not-evaporated water sample) after each cycle of the

evaporation test and analyzed the absorbance at a wavelength of 300 nm by an analytical

apparatus using fluorescence in the ultraviolet range (M1000 Pro, Tecan Japan Co., Ltd.).

Each water sample was ultrasonicated at 43 kHz for 5 minutes before the absorbance test to

ensure the stability of soot particles, if any, in the suspension. 300 nm wavelength was chosen

because all carbonaceous particles shows absorption peak at ~220 nm, 250 nm, and 300 nm

along with other peaks [15]. Triplicate absorbance measurements were conducted for each

test water sample. The data was then processed using Duncan’s multiple range test (p < 0.05)

in SPSS software (IBM SPSS Statistics Ver. 25, IBM Corp., USA) to find the condition in
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which the absorbance value was significantly different from the reference sample (only
distilled water without membranes). Additionally, a conversion curve was created to correlate
the absorbance reading to the concentration of soot particles in the suspension. Eight
suspensions with a known soot particle concentration, i.e 103, 10, 107, 10 107, 10°'°, 107!,
and 10712 g particles/ g distilled water were prepared to obtain absorbance data to generate a
conversion curve (Figure Al.11). The equation obtained from the trendline of the conversion
curve was used to convert absorbance data from each water sample into particle

concentration value.

0.7

0.6

o
in
T

y =0.042x +0.2225
------ 2=.9993

Absorbance |[-]
o o
[F5] +=

<
]
T

e
—_
T

0 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11

Particle concentration [ug/ g]

Figure A1.11. Conversion curve correlating absorbance and concentration of carbonaceous

particles
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Figure A1.12. The measured absorbance from the remaining water sample (average + SD).

The star index shows the data that is significantly different from the reference (NM)

Based on statistical analysis, the absorbance value given by the reference sample
(NM) is not significantly different from the absorbance value given by suspension with soot
particle concentration of 10® g/g. Hence our technique can only detect the presence of soot
particles with the concentration higher than 10 g/g. From statistical analysis result presented
in Figure A1.12, we could observe that significant particle release was found after 5 hours of
evaporation test in distilled water for all types of membranes. The absorbance data of all
membranes at t=5 hours are converted into particle concentration using equation obtained in

Figure A1.11. The conversion result can be seen in Figure A1.13.
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Figure A1.13. Concentration of particles detected in the remaining water sample after 5
hours of evaporation test

We were not able to establish a conversion curve for soot particles in 3.24% wt. NaCl
solution due to the problems in the stability of soot particles in NaCl solution. Here we would
like to provide the absorbance reading and the statistical test result for NaCl solution which
was used in the two cycles of evaporation test in Figure A1.14 and A1.15. It is shown that
there i1s a decrease in absorbance in most of the samples where significant change of
absorbance was detected in comparison to the absorbance value of the reference membrane
(NM). Further study is needed to obtain a conclusion regarding the decrease in absorbance in

300 nm wavelength in relation to particle release from the membrane.
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Figure Al.14. The measured absorbance from the remaining S5 solution in the first cycle

(average = SD). The star index shows the data that is significantly different from the
reference (NM)
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Figure A1.15. The measured absorbance from the remaining S5 solution in the second

cycle (average = SD). The star index shows the data that is significantly different from the
reference (NM)
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Appendix 2

1. The appearance of glycerol droplet on the surface of porous tobacco substrates
When the glycerol was first dropped on the surface of tobacco substrates, the glycerol formed
a sessile droplet with a contact angle at the glycerol, substrate, and air interface. The droplet

diameter is ~3 mm.

Figure A2. 1 The appearance of glycerol droplet on the surface of porous tobacco substrates

2. The evolution of glycerol droplet with elapsed time at various heating temperature

100°C 120°C 200°C
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End of experiment End of experiment End of experiment

Figure A2.2 The evolution of glycerol droplet with elapsed time at heating temperature of
100, 120, and 200°C

Figure A2.2 shows the evolution of glycerol droplet with elapsed time at various heating
temperatures. The contact angle at glycerol, substrate, and air interface becomes
unobservable by a video camera at 35 s for 100°C and 25 s for 120 and 200°C. The video
camera observation shows the in-plane spreading of glycerol on the substrate. The maximum
spreading surface area of glycerol was reached after 240, 155, and 90 s for heating
temperatures of 100, 120, and 200°C. A change of colour into darker brown was observed at

the end of the experiment of tobacco substrate heating at 200°C.
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